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ABSTRACT

|dentification and functional characterization of novel plasma membrane carboxylate transporters

Organic acids are recognized as versatile chemical compounds with a vast variety of applications in
sectors ranging from food and beverages, pharmaceutical, personal care, cosmetic products, consumer
goods to the chemical industry. Due to the strong demand for these compounds, alternative approaches
to non-sustainable processes, e.g. chemical synthesis from petroleum derivatives, are being developed.
Sustainable strategies rely on the utilization of microbial cell factories, where transporter proteins play a
crucial role through the control of substrate influx and product efflux. In particular, the expression of
suitable carboxylic acid exporters avoids the internal cell toxicity due to the accumulation of these
compounds, while facilitating its purification from the culture broth. The biodiversity of the microbial world
is an excellent pool to uncover new organic acid transporters. In this study, wild yeast species isolated
from acidic environments were explored regarding their ability to utilize organic acids. The yeast
Cyberlindnera jadinii was selected for further studies due to its ability to utilize a vast range of organic
acids as sole carbon and energy source, to synthesize a variety of valuable compounds for the food and
pharmaceutical sectors, its intrinsic robust characteristics, and its capacity to use inexpensive media with
high productivity levels. Using an /n silico approach, we have explored the predicted transportome of
C. jadinii and selected putative carboxylate transporters for functional characterization by heterologous
expression in Saccharomyces cerevisiae. A total of 16 plasma membrane carboxylate transporters,
members of the AceTr, SHS, SSS, TDT, DASS, and MCT families, were characterized in terms of transport
activity and specificity, structural features, and evolutionary relationships. S. cerevisiae was also used as
expression host to deepen the knowledge of the citrate exporter CexAp from Aspergillus niger, a member
of the DHA1 transporter family. The structural characterization of AceTr family members Atol and SatP
led to the identification of a conserved motif essential for protein function. In addition, the plasma
membrane proteins Gprl from Yarrowia ljpolytica and AceP from the archaea Methanosarcina acetivorans
were functionally characterized as acetate transporters. The role of AceTr members from S. cerevisiae,
Atol, Ato2, and Ato3, in the transport of monocarboxylic acids was evaluated via a combination of directed
evolution, whole-genome resequencing, and reverse engineering, leading to the discovery of Ato2 and
Ato3 mutants as two novel lactic acid transport proteins. Structural insights were also provided using 3D

structure predictions combined with molecular docking.

KEYWORDS: biotechnology; carboxylic acids; membrane transporters; microbial cell factories



RESUMO

|dentificacdo e caracterizagéo funcional de novos transportadores de carboxilatos da membrana
plasmatica

Os acidos organicos sao reconhecidos como compostos versateis com uma vasta aplicabilidade em
sectores desde a area alimentar a industria quimica. A forte procura por estes compostos exige
abordagens alternativas a sua producéo convencional, como a sintese quimica a partir de derivados de
petréleo. As estratégias sustentaveis incluem a utilizacao de fabricas celulares microbianas nas quais as
proteinas transportadoras desempenham um papel crucial no controlo do importe de substratos e o
exporte de produtos. O exporte de acidos carboxilicos evita a sua toxicidade intracelular, facilitando a sua
purificacdo do meio de cultura. A biodiversidade microbiana é um excelente reservatorio para a
descoberta de novos transportadores de acidos organicos. Neste estudo, foram estudadas espécies de
leveduras provenientes de ambientes acidos e avaliada a sua capacidade de utilizacdo de acidos
organicos. A levedura Cyberlindnera jadinii foi selecionada para estudos posteriores dada a sua
capacidade de utilizacdo de uma gama alargada de acidos organicos como fonte Unica de carbono e
energia, para além de sintetizar varios compostos relevantes para os setores industriais. Esta levedura
apresenta ainda uma grande robustez e tem capacidade para crescer em meios de cultura baratos
apresentando elevados niveis de produtividade. Numa abordagem /n sifico, exploramos o transportoma
inferido de C. jadinii selecionando varios potenciais transportadores de carboxilatos para uma
caracterizacdo funcional por expressdo heterdloga em Saccharomyces cerevisiae. Um total de 16
proteinas-alvo, membros das familias AceTr, SHS, SSS, TDT, DASS e MCT, foram caracterizadas quanto
a sua capacidade transporte de carboxilatos, especificidade, caracteristicas estruturais e relacdes
evolutivas. O exportador de citrato CexA de Aspergillus niger, membro da familia DHA1, foi também
caracterizado por expressao heterdloga na levedura S. cerevisiae. A caracterizacdo estrutural dos
membros da familia AceTr, Atol e SatP, levou a identificacdo de um motivo conservado nestas proteinas
transportadoras, essencial para a sua funcdo. As proteinas Gprl da levedura Yarrowia lipolytica e AceP
da archaea Methanosarcina acetivorans foram ainda caracterizadas como transportadores de acetato. O
papel no transporte de acidos carboxilicos de outros membros desta familia, Atol, Ato2 e Ato3 de
S. cerevisiae, foi avaliado por uma abordagem combinada de evolucdo dirigida, ressequenciacao do
genoma e engenharia reversa, levando a descoberta dos mutantes Ato2 e Ato3 como dois novos
transportadores de lactato. As caracteristicas estruturais destas proteinas foram avaliadas por modelacéo
de estruturas 3D e estudos de docking molecular.

PALAVRAS-CHAVE: acidos carboxilicos; biotecnologia; microfabricas celulares; transportadores de membrana
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THESIS OVERVIEW

Several strategies are currently being developed for the improvement of microbial cell factories towards
the production of fine chemicals by more eco-friendly and sustainable processes as an alternative to
petrochemical-based ones. One of these strategies relies on the expression of cell membrane
transporters, importers or exporters, and also transporters that mediate the translocation of metabolites
between cell compartments. This strategy aims to improve the range and efficiency of substrate
consumption, improve cell metabolic fluxes, and avoid intracellular product toxicity that consequently
decreased productivities in microbial cell factories. Organic acids, such as carboxylic acids, are among
the top platform chemicals due to their wide applicability. Their biosynthesis in high yields demands,
aside from the engineering of the cell metabolic and enzymatic machinery, effective plasma membrane
transporters able to export the acids to the extracellular media to avoid cell toxicity and further associated
costs of downstream processing. In this context, increased knowledge on carboxylic acid transporters will
promote the development of efficient biorefineries for the bioproduction of these acids. This work aims to
expand the current knowledge on eukaryotic carboxylate transporters focusing on the identification of new
carboxylate transporters, their functional characterization, and the study of structural features.

Overall, the thesis is structured into nine chapters.

Chapter | provides a general introduction to the topic of the thesis as well as the main goals of this work.
The introduction describes promising microorganisms that can be used as efficient microbial cell
factories, discloses the existing cell transporter systems, and addresses their role in the improvement of
cell robustness. A special focus is given to carboxylic acid transporters along with their relevance in
biorefineries. The status of the carboxylates market is also highlighted and the companies working on the

bioproduction of organic acids at the industrial and pilot level.

Chapter Il presents a first authorship published review entitled “Expanding the knowledge on the skillful
yeast Cyberlindnera jadinil’, which describes the specific features that turn this yeast attractive to the
biotechnological industry. A robust phylogenetic analysis was also done in this study revealing its
evolutionary position. Moreover, the relevant traits of its physiology are also described together with the

solute membrane transporters so far characterized.



Chapter Il includes a bibliographic revision entitled “Membrane transporters in the bioproduction of
organic acids: state of the art and future perspectives for industrial applications”. This review focuses on
microbial-based production of chemical building blocks, namely organic acids, as an alternative to
chemical synthesis from petroleum derivatives. It also provides an overview of the different strategies
employed for the import of renewable substrates and the optimization of organic acid efflux. Finally, the
future perspectives for transporter engineering are presented, to increase the productivity and

sustainability of microbial cell factories.

Chapter IV describes the bioprospection of wild yeast species for the utilization and production of
carboxylic acids. The identification and characterization steps included the evaluation of morpho- and
physiological traits, coupled with the evaluation of growth on organic acids as unique carbon and energy
sources. The species Cyberfindnera jadiniiwere selected for further comparative genomic analysis due to
its strong growth on carboxylates, presenting distinct carboxylic acids transporters whose encoding genes

were still unidentified.

Chapter V presents a combination of /7 siico and genetic approaches for the study of the
Cyberlindnera jadinii transportome. In this work, novel carboxylate transporters from C. jadinii were
uncovered and functionally characterized by heterologous expression in the Saccharomyces cerevisiae
IMX1000 strain (deleted in 25-genes related with carboxylate transport). Sixteen carboxylate transporters
belonging to the AceTr, SHS, SSS, TDT, DASS and MCT transporter families were characterized revealing
different specificities for mono-, di- and tricarboxylates. /n silico 3D-model prediction by homology
threading and docking studies indicate possible structural aspects responsible for the specificity of the
distinct transporters found. In addition, phylogenetic studies revealed the evolutionary relationship

between the transporters belonging to AceTr, SHS, SSS and DASS transporter families.

Chapter VI depicts the functional characterization of CexA, the recently identified citrate exporter
from Aspergillus niger, by heterologous expression in S. cerevisiae. The kinetic parameters and energetics
of this transporter were evaluated through the measurement of the uptake of radiolabelled substrates.
AnCexA is specific for citrate and isocitrate, and the uptake of citrate is not dependent on the proton
motive force. The identification of CexA homologs and subsequent phylogenetic analysis allowed the

identification of conserved residues within the DHA1 transporter family. Molecular docking analysis



uncovered putative binding sites involved in substrate recognition. A site-directed mutagenesis approach

was designed to uncover the structure-function relationships of these transporters.

Chapter VII presents the work published in the manuscript entitled “The Acetate Uptake Transporter
family motif “NPAPLGL(M/S)” is essential for substrate uptake and binding”. This study describes the
functional role of the motif NPAPLGL(M/S), conserved in AceTr family members. Also, other members of
the AceTr family were functionally characterized as acetate transporters in this study, namely the Gprl
from Yarrowia ljpolytica and the Acep from the archea Methanosarcina acetivorans. The phylogenetic
analysis of this family suggests that these transporters play a key role in fungi since they are present in

97% of the fungal genomes analyzed.

Chapter VIII presents the work “Evolutionary engineering reveals amino acid substitutions in Ato2 and
Ato3 that allow improved growth of Saccharomyces cerevisiae on lactic acid”, where monocarboxylic acid
transporters were evaluated via a combination of directed evolution, whole-genome resequencing, and
reverse engineering. In this study mutated versions of Atol, Ato2 and Ato3 transporters showed to
efficiently catalyze lactic acid uptake in S. cerevisiae. Growth on a variety of organic acids was evaluated
for cells individually overexpressing the repertoire of native and evolved lactic acid transporters. The effect
of the different mutations in the Ato1, Ato2, and Ato3 structure, was predicted using 3D-structural models

combined with a molecular docking analysis.

The Chapter IX presents the main conclusions and future perspectives of this work together with a

general discussion of the results and the main outcomes of this thesis.

This thesis was developed in the Molecular and Environmental Biology Centre (CBMA), Department of
Biology of the University of Minho (Portugal), supervised by Doctor Isabel Jodo Soares-Silva and Professor
Doctor Margarida Casal, under the scope of the Doctoral Program on Applied and Environmental
Microbiology (Norte 2020, FCT). A scientific collaboration was established with Professor Robert Mans
from the Technische Universiteit Delft (TU Delft, Netherlands), which was devoted to the work presented

in chapter VIII.
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CHAPTERI

General Introduction



1.1 INTRODUCTION

Presently there is an increasing demand for the development of more sustainable processes of fine
chemical production to replace petrochemical-derived ones. Compounds such as aromatic or organic
acids, which include carboxylic and sugar acids, present wide applicability in a vast range of industries
[1-3]. Engineered microorganisms are emerging as attractive producers of added-value products through
cutting-edge technologies and highly integrative eco-friendly approaches [1, 3-5].

To tackle the diversity of metabolites needed and reach productivity levels required to implement the
production at the industrial scale, it becomes necessary to explore new expression hosts that can become
more efficient in their production. Few yeasts combine the ability to produce specific metabolites with
other biotechnological advantages, namely biological safety, high growth rates in simple media, simple
genetic modification, and efficient secretion systems [6].

Over the years, Saccharomyces cerevisiae has been the preferred yeast given that it was the first
eukaryotic organism having its genome fully sequenced, which in turn promoted great advances in genetic
engineering. Additionally, this yeast has great tolerance to stress conditions, such as low pH values and
high sugar concentrations, and natural adaptability to the harsh industrial-scale conditions with well-
established fermentation [7-10]. Nonetheless, it has its drawbacks, for instance, the predisposition for
the occurrence of N-hyperglycosylation of produced proteins that reduces the efficiency of protein
secretion [8, 11, 12] and its metabolism being preferably fermentative, which limits biomass propagation
[13].

The physiological characteristics of other non-Saccharomyces yeast species like Pichia pastoris
(Komagataella pastoris), Pichia kudriavzevii (Issatchenkia otientalis), Kluyveromyces marxianus, Yarrowia
lipolytica, or Cyberlindnera jadinii, make them alternative hosts for biotechnological purposes [10, 14-
17]. K. pastoris can grow to very high cell density and is a well-established platform for the heterologous
expression of proteins from a diverse range of organisms [18-20]. The species P. kudriavzevii exhibits
tolerance to multi-stress, e.g. low pH, high temperatures, high salt concentration [21]. Several studies
have also reported its potential for organic acid production (e.g. xylonic acid, lactic acid, and succinic
acid) [22-24]. Over the years, C. jadinii has been used as a source of single-cell protein and recognized
for its ability to synthesize a variety of valuable compounds for the food and pharmaceutical sectors [14].
This yeast is also capable of efficiently assimilate xylose, the main constituent of hemicellulose, an efficient
and renewable energy source [25]. Contrarily to S. cerevisiae, these three yeast species are
Crabtree-negative microorganisms being capable of utilizing substrates more efficiently under aerobic

conditions, without the production of ethanol, resulting in higher biomass formation [6, 26]. However, for



some species, like C. jadinii, their use as expression hosts was delayed due to the lack of efficient
molecular tools for genetic manipulation, such as suitable selection markers and expression cassettes
[25].

In order to achieve efficient and cost-effective biobased industrial processes, it is important, among other
aspects, to work with robust microbial cell factories with improved metabolic performances. Engineering
the microbes’ enzymatic machinery, as well as its membrane transporters, are important steps to
promote the efficient utilization of specific substrates and the efflux of the produced metabolites to the
extracellular medium [27]. This last step will improve the host's tolerance to the final product, e.g. organic
acids, besides decreasing downstream processing costs [28]. Thus the identification of new cell
membrane transporters, such as importers or exporters, or transporters that are more efficient than the
ones already present so far in microbial cell factories, is a crucial step to increase cell robustness [28,

29].

1.1.1 TRANSPORTER PROTEINS

The plasma membrane controls and regulates the exchange of molecules such as amino acids, lipids,
sugars, organic acids, ions among other compounds. As a permeable barrier, biological cellular
membranes embrace an intrinsic selectivity function ensuring the maintenance of a constant internal
environment despite the variations of the external environment [30]. Besides playing a crucial role in the
maintenance of essential metabolites for cell growth, it is also involved in the secretion of waste
compounds produced by the cell [31, 32]. Considering the overall cellular transmembrane transport
processes, the majority is mediated by integral membrane proteins. Membrane embedded proteins
possess one or more segments crossing the plasma membrane. The coupling of these proteins to the
membrane occurs through residues with hydrophobic side chains that are linked to fatty acyl groups from
membrane phospholipids [33]. Membrane proteins play a crucial role in many critical biological processes
such as cell physiology, transmembrane signaling, trafficking, transport of substrates, adhesion, and
recognition. Genome-wide scale studies revealed that MPs compose approximately 20 to 30 % of all genes
present in the genome of prokaryotic and eukaryotic organisms [34].

Membrane transporters are vital for cell homeostasis promoting substrate uptake, regulation of metabolite
concentration between organelles, and efflux of toxic compounds produced intracellularly [35]. The

different mechanisms of transport across biological membranes are represented in Figure 1.
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Figure 1. Membrane transport processes. Schematic representation of the several mechanisms
involved in the transport of solutes across biological membranes. Initials stand for IN — intracellular space;
OUT - extracellular space. Symbols depicted as triangles correspond to charge and squares to uncharged
molecules.

Some compounds are translocated through a simple diffusion mechanism, crossing the hydrophobic
phospholipid bilayer according to their electrochemical gradient. Such is the case of gases, like CO, and
0,, small neutral and polar molecules, like H,O and ethanol, and small hydrophobic solutes such as
benzene [32]. Mediated transport occurs for charged and other polar molecules that require a transporter
to cross the biological membrane [36].

A facilitated diffusion mechanism occurs for molecules that cross the membrane according to
concentration gradient through channels or facilitators and do not require any external source of energy
[37, 38]. For charged compounds, the movement is also dependent on the membrane electric potential.
Active transport mechanisms require energy. Two types of active transport systems exist, the primary
active transport that depends on the recruitment of energy from metabolic processes, e.g. ATP hydrolysis
or respiration events, and the secondary active transport that is coupled to the existence of
electrochemical gradients of ions or protons [37]. According to the translocation of cargo molecules,
secondary active transport can function as (i) an antiporter, when cargo (substrates and ions) cross the
membrane in opposite directions, or (ii) a symporter, when two substrates (or substrate and ion) pass

the membrane in the same direction [37, 39]. At the specificity and structural levels, it is known that
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facilitators exhibit stereospecific substrate specificities and can function as monomeric proteins, whereas
a great part of channels is organized in oligomeric structures [35].

Localized at the plasma membrane or in the membrane of organelles, membrane transporters are crucial
components intervening in biochemical pathways [40]. The determination of its high-resolution
three-dimensional (3D) structures is fundamental for a better understanding of many biological processes
[41]. The characterization of these proteins is based on protein topology, a-helices or B-barrels, number
of transmembrane segments (TMS), location of the N- and C-terminal ends, and subcellular location [42,
43]. Several techniques are available for structure characterization (i) crystallographic, such as X-ray
crystallography, electron microscopy, and nuclear magnetic resonance spectroscopy methods, (ii)
homology-based for comparative protein modelling, homology modelling or protein threading methods,
and (iii) the study of structure-function relationships of protein transporters [44-46]. The latter approach
uses functional analysis of mutated templates of proteins. This has become a valuable tool for examining

transporter structures in the cellular environment as well as a tool devoted to /n7 vifro analysis [47].

1.1.2 CARBOXYLIC ACIDS

Carboxylic acids (CAs) are ubiquitous compounds that can be used by microorganisms as sole carbon
and energy sources or final products or by-products of fermentative processes. Additionally, they are
platform chemicals constituting primary building blocks commonly used in food and chemical industries
[37, 48, 49]. CAs are described as organic acids with a carboxyl group associated (formula R-COOH),
being R the monovalent functional group. They can be classified in mono-(1-COOH), di- (2-COQH), tri-
(3—-COOH) as well tetra-carboxylic acids (4-COOH) depending on the number of carboxyl groups
associated with the short-chain fatty acids compound. Following deprotonation of the carboxyl group, the
conjugate base turns into a carboxylate anion [36, 48]. As weak acids, CAs can dissociate partially into
protons and carboxylates in solution. This level of dissociation is strongly dependent on the pA; and pH
of the aqueous solution. At a pH value below the pAof the acid, CAs are present predominantly on the
undissociated form (R-COOH) as lipid-soluble substances, being able to cross the biological membrane
by simple diffusion. At a pH value above the pA; of the acid, the charged anionic form predominates,

requiring a transporter to cross the biological membrane [36].

1.1.2.1 YEAST CARBOXYLIC ACID TRANSPORTERS

The first carboxylic acid transporter functionally characterized in yeast was the dicarboxylate transporter

from A. /actis [50], later identified as being encoded by the KlJernZ [51]. The dicarboxylate transporter
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Mael from Schizosaccharomyces pombe was the first carboxylate transporter coding gene cloned in
yeasts [52, 53]. The Mael transporter has 10 TMSs and belongs to the Tellurite-resistance/Dicarboxylate
Transporter (TDT) Family (TC 2.A.16), transports malate and maleic, malonic, oxaloacetic, and succinic
acids (C4 di-CAs) by a proton-symporter mechanism, being expressed in cells grown on glucose. Mael
behaves both as an importer or an exporter, dependent on substrate and proton gradient over the plasma
membrane [37, 52]. The first CA transporter system characterized in S. cerevisiae was a lactate-proton
symporter shared by acetic, propionic, and pyruvic acids, repressed by glucose and inducible by the
substrate [54, 55]. Since the permeability of the plasma membrane for lactic acid increases with the pH,
the diffusion constant associated with the acid becomes higher following an increase of the extracellular
pH [54]. The identification of JENI, the gene encoding the lactate-proton symporter in S. cerevisiae was
carried out by Casal’s group [55]. Jenl has 12 TMSs and is a member of the major facilitator superfamily
(MFS) and the sialate:H: Symporter (SHS) family (TC 2.A.1.12.2), with specificity for lactate, pyruvate,
acetate, propionate, and selenite [55, 56]. Later on, another carboxylate transporter was described by
the same group, the Ady2 (TC 2.A.96.1.4), recently renamed as ATO1 (from acetate transporter ortholog)
[57], that belongs to the Acetate Uptake Transporter (AceTr) family [58]. Atol has 283 amino acids
arranged in 6 TMSs and is involved in the transport of acetate, formate, propionate, and lactate being
also hypothesized its role on ammonia export [58, 59]. Two Ato1l homologs can be found in S. cerevisiae,
Ato2 (former Fun 34), and Ato3, but their function is not solved [60, 61].

Several homologs of the Jenl and Atol were functionally characterized as membrane transporters in
other organisms, presenting a broad range of specificities, including the transport of mono-, di- and

tricarboxylic acids [27, 62, 63].

1.1.3 TRANSPORTER PROTEINS IN THE BIOTECHNOLOGICAL INDUSTRY

Transporters play an important role in the biotechnology field. The expression of adequate transporters
can improve substrate consumption rates and increase the range of substrates utilized by microbial cell
factories [29, 64]. On the other hand, the export of newly synthesized CAs can decrease product toxicity
and increase productivity levels. These are two relevant strategies for the improvement of biotechnological

processes (Figure 2).
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membrane. A to D represents the metabolic pathway, having A as a substrate D as a product. Initials
stand for IN - intracellular space; OUT - extracellular space.

The status of the CAs market was reviewed by Lopez-Garzon and Straathof team (2014) and recently by
De Jong and colleagues (2020) [65-67]. Organic acids can be divided into short-chain fatty acids (acetic,
pyruvic, propionic, and butyric), hydroxy acids (functional group with an alcohol and carboxyl group; lactic
acid and 3-hydroxypropionic), di-CAs (fumaric, malic, succinic, muconic, and glutaric), tri-CAs (acrylic,
citric, isocitric, and gluconic) [48, 64]. At the industrial level, some organic acids are being produced as
bio-based products by some major corporations. Such is the case of lactic acid, produced by Cargill and
NatureWorks, 3-hydroxypropionic acid by Cargill/Novozymes and OPX/Dow Chemical, succinic acid by
Myriant, DSM and BASF, and 1,4-butanediol, synthesized from succinic acid by Genomatica [64, 66, 68].
Fumaric, malic, and succinic acids are some of the dicarboxylic acids naturally produced by
microorganisms. These CAs can be generated from abundant renewable biomass having a value-added
as they are used as building-block chemicals in industry [64]. Along with dicarboxylic acids, there is also
an increasing interest in tricarboxylic acids given its worldwide market demand. For instance, the global
market for citric acid was 2.39 million tons in 2020 being used as a precursor for the most varied
applications [64, 69, 70]. This market is expected to grow in the next years, with a compound annual
growth rate (CAGR) of 4.0% in the forecast period of 2021-2026 reaching a volume of 2.91 million tons
by 2026 [70]. In the long-term, the ultimate goal of the biotechnical industry is to efficiently produce these

compounds via industrial fermentations. Table 1 outlines the current state of bioproduction of carboxylic
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acids, the currently commercialized, ones under industrial development together with ones on a pilot
scale.

All the organic acids mentioned in table 1 correspond to a Technology Readiness Level (TRL) of 8 to 9
which means that part of their production is in a stage of a first-kind commercial system with their
manufacturing issues solved (system qualified) or in a fully commercial application with the product
already available for consumers [71]. The manipulation of metabolic processes, fermentation conditions
such as pH, substrate, and other medium components, can increase the product yield as well as its purity
[64]. As previously mentioned, CAs exporters are crucial elements for cell factory optimization and there
is an increasing demand for specific carboxylic acid membrane transporters. Also, an increasing
knowledge of the mechanisms underlying CAs transport is essential to achieve an efficient biological

production of these carboxylates, suitable for industrial production levels [29].

Table 1. Bioproduction of organic acids at the industrial level. Overview of final products and
microorganisms used as a platform for their production. Adapted from the EU commission report, 2015
[71], Chen and Nielsen, 2016 [68], and De Jong ef a/,, 2020 [66].

Carb(.)xyllc Structural formula Microorganism Companies
acids
O
Acetic acid Gluconobacter frateurii Wacker; Sekag; Godovari
OH Acetobacter ocidentalis Biorefineries Ltd; Zeachem
O Lactobacillus sp. Purac; Galactic; NatureWorks
Lactic acid VTT; Cargill; BASF; Myri
OH Saccharomyces cerevisiae ! arglt, » VY r|ant,‘
Pichia kudriavzevii Corbion; NatureWorks; Galactic,
OH Henan Jindan; BBCA
O Saccharomyces cerevisiae DSM; Genomatica; BioAmber;
Succinic acid HO Basfia succiniciproducens Myriant; Succinity (joint venture
OH Escherichia coli from BASF/Corbion); Reverdia
0 Corynebacterium glutamicum (Roquette)
o O OHO
Citric acid . . Carg|ll;. DSM;
Aspergillus niger BBCA; Ensign; TTCA;
HO OF RZBC
OH
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Biorefineries promote the development of a more sustainable economy, withal there are still some
drawbacks to its full implementation. A SWOT analysis is outlined in figure 3 showing the strengths,

weaknesses, opportunities, and threats within this topic.

Strengths

- Adding value to the use of biomass
- Maximizing biomass conversion efficiency
minimizing raw material requirements
- Production of a spectrum of bio-based
products (food, feed, materials, chemicals)
and bioenergy (fuels, power and/or heat)
feeding entire bioeconomy
- Biorefinery is not new, it builds on several
areas from agriculture, food and
pharmaceutical industries
- Stronger focus on drop-in chemicals
facilitating market penetration

- Strong demand from brand owners for biobased
chemicals

- Biorefineries can make a significant contribution to
sustainable development

- Challenging national and global policy goals, international
focus on sustainable use of biomass

- International consensus on the fact that biomass
availability is limited meaning that raw materials should be
used as efficiently as possible - i.e. development of multi-
purpose biorefineries in a framework of scarce raw
materials and energy

- International development of a portfolio of biorefinery
concepts, including technical processes

- Strengthening of the economic position of various market
sectors (like agriculture, forestry, chemical and energy)

Opportunities

Weaknesses

- Involvement of stakeholders for different
market sectors (agriculture, forestry, energy,
chemical) over full biomass value chain
necessary
- Most promising biorefinery
processes/ concepts not evident
- Current/future market volumes/prices are
not clear
- Studying and concept development instead
of real market implementation
- Drop-in chemicals face difficult market
penetration due to low oil prices

- Economic change and volatility in fossil fuel prices

- Fast implementation of other renewable energy
technologies feeding the market requests

- Bio-based products are assessed to a higher standard than
traditional products (no level playing field)

- Availability and contractibility of raw materials (for instance,
climate change, policies, logistics)

- (High) investment capital for pilot and demo initiatives
difficult to find, and undepreciated existing industrial
infrastructure

- Changing governmental policies

- Questioning of food/feed/fuels (indirect land use
competition) and sustainability of biomass production

- Goals of end-users often focused on single product

Threats

Figure 3. SWOT analysis for biorefineries. Combination of strengths, weaknesses, opportunities,
and threats of using biobased production, adapted from De Jong et a/, 2020 [66] and Spekreijse et al.,
2019 [72].

1.1.4 CHALLENGES AND PERSPECTIVES

One of the major challenges of this work is to identify novel CAs exporters, as most of the transporters so
far identified are CAs importers. As the export of these acids is a major limiting step for the production of
CAs in the biorefineries, the identification of novel CAs exporters will certainly contribute to the

development of this field. By using metabolic engineering tools allied to the expression of suitable
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membrane transporters, new and more efficient strains can be developed for the production of bio-based
carboxylates [64, 73]. Increased knowledge in carboxylic acid transport is thus necessary to develop novel
tools for cell factory optimization and increased production of these compounds [29]. The ability of yeasts
to use and degrade a broad diversity of carbon sources and their natural ability to produce organic acids
turns them into ideal microorganisms for the construction of future biorefineries. Over the last two
decades, as aforementioned, M. Casal’s group has worked extensively on the transport mechanisms of
CA and the identification of CA transporters. Two genes encoding CA permeases in yeast were identified
in our group, namely Jen1 and Atol. Other functional characterizations were also carried out at the level
of intracellular signaling, endocytic trafficking, and protein turnover of these transporters [55, 74]. Besides
these, other CA transporter homologs were characterized in Candida albicans (Calenl and Calen?2),
K. lactis (KlJenl and KlJen2), Debaryomyces hansenif (DH27, DH17, DH18, and DH24), Aspergilius
nidullans (AcpA), and £. coli (SatP) and Methanosarcina acetivorans (AceP) [60, 75-79]. In this work, we
will focus on the identification of novel transporters that belong to these and other transporter families,

aiming at the identification of relevant transporters for the improvement of microbial cell factories.

1.2 AIMS OF THE WORK

This thesis aims at identifying new carboxylate transporters in yeasts and explore their biotechnological
application for CA production. The work was focused on the structural and functional features of CA
transporters for a better understanding of the mechanisms of transport that can be relevant to improve
industrial microbe cell factories.

The main objectives of this work are:

- To screen novel plasma membrane transporter proteins for mono-, di- and tricarboxylic acids, such as
acetic, lactic, fumaric, malic, succinic, and citric acids.

- To characterize the structure of the target transporters using bioinformatic tools.

- To study the kinetics, specificity, and energetics of the target transporters.

- To unveil transporters that behave as exporters since they are key players in increasing the tolerance
and productivity of organic acids in microbial cell factories.

The final goal of this work is to contribute to the improvement of metabolic engineered strains to be used
for industrial exploitation, aiming at the large-scale production of organic acids. Finally, the outcomes of
this project are expected to provide novel insights for the biotechnology industry, through the utilization

of membrane transporters in the microbial production of organic acids.
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CHAPTERII

Expanding the Knowledge on the Skillful Yeast Cyberlindnera jadinii

ABSTRACT

Cyberlindnera jadinii is widely used as a source of single-cell protein and is known for its ability to
synthesize a great variety of valuable compounds for the food and pharmaceutical industries. Its capacity
to produce compounds such as food additives, supplements, and organic acids, among other fine
chemicals, has turned it into an attractive microorganism in the biotechnology field. In this review, we
performed a robust phylogenetic analysis using the core proteome of C. jadiniiand other fungal species,
from Asco- to Basidiomycota, to elucidate the evolutionary roots of this species. In addition, we report the
evolution of this species nomenclature overtime and the existence of a teleomorph (C. jadini) and
anamorph state (Candida utilis) and summarize the current nomenclature of most common strains.
Finally, we highlight relevant traits of its physiology, the solute membrane transporters so far
characterized, as well as the molecular tools currently available for its genomic manipulation. The
emerging applications of this yeast reinforce its potential in the white biotechnology sector. Nonetheless,
it is necessary to expand the knowledge on its metabolism, regulatory networks, and transport
mechanisms, as well as to develop more robust genetic manipulation systems and synthetic biology tools

to promote the full exploitation of C. jadinii.

KEYWORDS: Cyberiindnera jadinii, phylogeny; life cycle; genome; physiology; biotechnology

applications; membrane transporter systems
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2.1 INTRODUCTION

The future of our society challenges researchers to find novel technologies to address global
environmental problems, mitigate ecosystems’ damage, and biodiversity losses, as the current model of
development based on natural resources exploitation is unsustainable. Exploring microorganisms for the
production of platform chemicals constitutes an alternative approach to avoid the use of nonrenewable
petrochemical-based derivatives. Developing applications for the industrial sphere using biological
systems instead of classical chemical catalysts is the main focus of white biotechnology [1]. In
microbial-based industrial processes, several features have to be addressed to obtain robust cell factories
capable of achieving superior metabolic performances, such as the optimization of metabolic fluxes,
membrane, and transporter engineering, and in-creased tolerance against harsh industrial conditions and
toxic compounds [2]. In addition, specifications like the cost of feedstock, product yield and productivity,
and downstream processing have to be taken in account to develop successful industrial approaches [1].
Withal the fact that Saccharomyces cerevisiae is by far the most relevant industrial yeast species,
Cyberiindnera jadinii is an example of the so-called non-Saccharomyces yeasts [3] claiming for a place
as a relevant contributor to the industrial biotechnological sector. The yeast C. jadiniiis able to produce
valuable bioproducts being an attractive source of biomass enriched in protein and vitamins. The richness
of protein content, around 50% of dry cell weight, and amino acid diversity turn its biomass ideal as a
source of protein supplement for animal feed and human consumption [4]. The high degree of tolerance
to environmental changes occurring during fermentation turn C. jadiniian alternative to other established
cell factory systems [5]. As a Crabtree-negative yeast, it has one of the highest respiratory capacity among
characterized yeast species, being considered ideal for continuous cell cultures [6]. The Food and Drug
Administration (FDA) attributed the “General Regarded As Safe” (GRAS) status to this yeast, recognizing
it as safe and suitable for supplying food additives and dietary supplements for humans [5, 7-9]. The
ability to produce relevant compounds, to grow in a wide range of temperatures, to use inexpensive media
with high productivity levels turns it an industrially relevant microorganism [8, 10-12]. Recent efforts have
developed C. jadinii molecular tools for metabolic engineering processes and the overexpression of
proteins. In the past, the uncertainty of this yeast polyploidy, together with the lack of suitable selection
markers and expression cassettes, [10] delayed its widely use as cell factory. With this review, we intend
to compile the existing knowledge on this yeast, that will allow the development of future strategies to
strengthen the role of C. jadinii in the biotechnology sector. We start by reviewing the nomenclature of

this species, altered several times over time. An update on the current nomenclature of the most relevant
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strains is also presented. We establish the evolutionary relationship of C. jadinii within other fungi with a
complete genome available. The most relevant morphological and physiological traits are also here
described, together with the genetic manipulation tools and expression systems currently available.
Moreover, we present a summary of all the plasma membrane transporter systems so far characterized
in this yeast, as they are key-players for cell factory optimization. Finally, we will focus on the
biotechnological potential of this yeast and highlight the future challenges to achieve the full exploitation

of this industrially valuable microorganism.

2.2 ECOLOGY, TAXONOMY AND EVOLUTION

The natural environment of Cyberfindnera jadinii is still an open question. It is thought that it may be
associated with the decomposition of plant material in nature, as it is able to assimilate pentoses and
tolerate lignocellulosic by-products [3], displays great fermentative ability, and is copiotrophic [13]. The
current laboratory strains were isolated from distinct environments, namely, from the pus of a woman
abscess (CBS 1600/NRRL Y-1542), a cow with mastitis (CBS 4885/NRRL Y-6756), a yeast deposit from
a distillery (CBS 567), yeast cell factories (CBS 621), and flowers (CBS 2160) [5-9, 12]. The extensive
nomenclature revisions of this species are well described in “The tortuous history of Candida utilis’ by
Barnet [14]. In 1926 this yeast was isolated from several German yeast factories, which had been
cultivated without a systematic name during the time of World War | for food and fodder [14]. It was first
named “7orula utilis”, being later referred to as Torulopsis utilis (1934). The “food yeast” was also
designated as Saccharomyces jadinii (1932), Hansenula jadinii (1951), Candida utilis (1952), Pichia
Jadinii (1984), and Lindnera jadinii (2008) [12, 14-16]. From the aforementioned, C. utilis was the
nomenclature most commonly used, having almost 1000 published papers in PubMed (results available
at: https://pubmed.ncbi.nim.nih.gov/?term=%22candida+utilis%»22; Accessed October 16, 2020). The
Candida genus comprised species that form pseudohyphae or true hyphae with blastoconidia, among
other standard characteristics [17-19]. In the classification system implemented in 1952 by Lodder and
Kreger van Rij, the Candida genus included yeasts that produce only simple pseudohyphae [14]. At that
time, the majority of the isolates was renamed as C. utilis [18]. Later, the C. utilis was established as an
asexual state of a known ascosporogenous yeast, Hansenula jadinii, as it was found to share some
similarities between phenotypic traits [20]. In 1984, even though concurring with a publication of an
extensive chapter of the genus Hansenula, Kurtzman moved most of the Hansenula species to the Pichia

genus, due to their “deoxyribonucleic acid relatedness.” Thus, C. wtilis was renamed Pichia jadinii. A
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quarter of a century later, this yeast species was again renamed as Lindnera jadiniibased on analyses of
nucleotide sequence divergence in the genes coding for large and small-subunit rRNAs [12]. Species
integrated into the Lindnera differ considerably in ascospore morphology ranging from spherical to hat-
shaped or Saturn-shaped spores. In addition, this clade includes both hetero- and homothallic species
and physiological features as fermenting glucose and assimilating a variety of sugars, polyols, and other
carbon sources are defining characteristics of the Lindnera genus [12]. Finally, 1 year later, the genus
Lindnera was replaced by Cyberfindnera, as the later homonym defined a validly published plant genus
[15]. This substitution occurred in 21 new species, including Cyberfindnera jadinii[15]. In summary, any
of the aforementioned nomenclatures reported in the literature may refer to the same organism since
C. utilis is the anamorph state and C. jadlinii the teleomorph state [14]. The anamorph represents the
asexual stage of a fungus contrasting with the teleomorph form that defines the sexual stage of the same
fungus [21]. The primary name of a species relies on the sexual state or teleomorph, but a second valid
name may rely on the asexual state or anamorph [22]. However, this should only happen when
teleomorphs have not been found for a specific species or it is not clear if a particular teleomorph is the
same species as a particular anamorph. Accordingly, since 2013, the International Botanical Congress
states that the system for allowing separate names for the anamorph state should end [23]. The new
International Code of Nomenclature for algae, fungi, and plants, the Melbourne Code, supports the
directive that fungal species or higher taxon should be assigned with a single valid name. Accordingly,
anamorph yeast genera like Candida should be revised to turn the genus consistent with phylogenetic
affinities [19]. Notwithstanding, the reclassification of several C. utilisas C. jadiniiin several culture type
collections is still confusing, reaching a point where the same strain is designated as C. utilisand C jadinii
in different culture type collections. This aspect, together with the previous nomenclatures used in
research papers, leads to unnecessary misunderstandings. To clarify this, Table 1 presents the alternative

designations of the main laboratory strains.
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Table 1. Main C. jadinii (former C. utilis) strains described in literature

Nomenclature in

. Current Nomenclature Isolation Source Reference
Literature
Candida utilis C. jadinii ATCC 9950; CBS 5.609; DSM 2361; NBRC Yeast factory in
NBRC 0988 0388, German [24]
NCYC 707; NRRL Y-900 y
. _ C. jadiniiNRRL Y-1084; CBS 841; CCRC 20334, DSM
G utlls ATCC 9256 70167; NCYC 359; VKM Y-768; VTT C-79091 Unknown 125, 26]
C. utilis ATCC 9226 - o ) )
NBRC 1086 C. jadimiNTT C-71015; FMJ 4026; NBRC 1086 Unknown [25, 27, 28]
C. utilis 1GC 3092 C. Jadinii PYCC 3092; CBS 890; VKM Y-33 Unknown [29-31]
C. utilis CCY 39-38-18 C. jadinii CCY 029-38-18 » Unknown [32]
C utilis NCYC 708 C. jadinifNCYC 708; ATé)Z(L31451§181; CBS 5947; VTT C- Unknown 33]

C. utils CBS 4885 C. jadiniiCBS 4885; NRRL Y-6756: NBRC 10708 Cow with mastitis  [34]

NRRL Y-6756
C. utilis CBS 567 S i Yeast deposit in
NRRL Y-1509 C. jadinii CBS 567; NRRL Y-1509 distilery [34]
C. utilis CBS 2160 C. jadlinii CBS 2160 Flower of [34]
Taraxacum sp.

C. jadinii CBS 621; NRRL Y-7586; ATCC 22023; PYCC

C. utilis CBS 621 4182

Yeast factories [35]

Pus of a woman

C. utilis CBS 1600 C. jadinii CBS 1600; NRRL Y-1542; ATCC 18201
abscess

[16]

» This strain has been discontinued in ATCC.
» The strain number reported in the literature is not available in the Culture Collection of Yeasts (CCY), all C. jadinii
strains are registered as 029-38-XX, including C. jadlinii 029-38-18, the likely match to CCY 39-38-18.

C. jadinii belongs to the phylum Ascomycota, subphylum Saccharomycotina. The members of this
subphylum constitute a monophyletic group of ascomycetes that are well defined by ultrastructural and
DNA characteristics [13]. These include lower amounts of chitin in overall polysaccharide composition at
cell walls, being unable to stain with diazonium blue, low content of guanine and cytosine (G + C < 50%)
at nuclear DNA, and presence of continuous holoblastic bud formation with wall layers. C. jadiniibelongs
to the Saccharomycetes class, Saccharomycetidae family, Saccharomycetales order, and the
Cyberlindnera genus. However, a comprehensive phylogenetic analysis and evolutionary relationship are
still missing for this species [36-38]. Aiming at filling this gap, we performed a robust phylogeny
reconstruction [36, 39-41]. As can be depicted in Figure 1, this yeast localizes in the Phaffomycetaceae
clade together with Cyberlindnera fabianii and Wickerhamomyces ciferri. The nearest neighbors belong
to the Saccharomycetaceae family, which includes a clade with S. cerevisiae/Torulaspora delbrueckii
species and another clade with Eremothecium gossypii (former Ashbya gossypil), Kluyweromyces

lactis/marxianus, and Lachancea species.
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Evolutionary relationship of Cyberlindnera jadinii, a member

Phaffomycetaceae clade. The phylogenetic reconstruction was obtained using the
parameters: maximum likelihood in 1Q-TREE (http://www.igtree.org), the model of amino acid evolution
JTT (Jones-Taylor-Thornton), and four gamma-distributed rates. Homologues were detected for 1567
proteins across the proteome of 77 selected fungal species from NCBI. The 1567 set of proteins were
aligned and then concatenated in order to use in the phylogenetic analysis. These proteins offer a clear
high-resolution evolutionary view of the different species, as they are essential proteins beyond the specific
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http://www.iqtree.org/

biology of the different yeasts. Bootstrapping provided values of 100% for all the nodes. Yeast and fungi
families are highlighted with different colors and shades. The phylogenetic relationships reflect evolutionary
ancestries, independently of adaptations and overall gene contents within the various species. All families
with more than one representative species in the analyses formed monophyletic groups.

Despite the previous genus nomenclature adopted for C. jadinii (Candida and Pichia), it is phylogenetically
distant from the Debaryomycetaceae and Pichiaceae families that include the Candida species, except
C. glabrata, the Pichia kudriavzevii and Ogataea species. Komagataella phaffiis as expected included in
the  Pichiaceae  clade, together  with Komagataella  pastoris  [36, 40]. The
Trichomonascaceae/Dipodascaceae clade, formerly known as the Yarrowia clade, includes now the
Sugiyamaella lignohabitans species together with Yarrowia ljpolytica, and is the most distant yeast clade,
except for the Schizosaccharomycetaceae that clusters with all the Basiodiomycota. The filamentous fungi
Neurospora crassa and Fusarium graminearum are in different clades as members of the Sordariaceae
and Nectriaceae clades, respectively [40]. In addition, in the Sordariaceae clade, the phylogenetic position

of Thermothelomyces thermophila species (Myceliophthora thermophila) was uncovered [39, 42].

2.3 LIFE CYCLE AND GENOME ORGANIZATION

Kurtzman and colleagues proposed C. jadinii as the teleomorphic parental species of C. utilis, due to the
85% reassociation rate obtained between genomic DNA of the two yeast species and to the high
similarities of ribosomal RNA sequences [20, 34]. The formation of ascospores allied with genomic
sequencing data confirmed the diploidy of C. jadini NRRL Y-1542 strain and the identification of MA7a
and MATa genes allelic locations [20, 37]. Ikushima et al. studied the polyploid of several C. utilis strains
(NBRCO0396, 0619, 0626, 0639, 0988, 1086, and 10707) detecting an overall ploidy switching between
2n and 5n [43]. Later, Kondo and colleagues inferred, through the analysis of C. wutilis ATCC 9950
transformants the presence of a diploid state, although some years later, the sequential disruption of the
URA3and PDCI locus suggested the tetraploidy of this strain [25, 43, 44]. A fluorescence-activated cell
sorting analysis pointed out a ploidy of 3n to 5n in this latter C. utilis strain, following the aforementioned
data by lkushima et a/[16, 43]. Furthermore, a single nucleotide polymorphism analysis suggested that
the C. utilis NBRC0988 genome was triploid Overall, these results suggested that C. ufilis has derived
from the parental yeast C. jadinii through triploidization pursuing an unexplained sequence of genetic

events [16].
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Recently, Krahulec and colleagues analyzed the C. utilis CCY 39-38-18 genome ploidy through the
evaluation of the maltase gene copy number in deleted mutants, pointing out the tetraploidy of this strain
[32]. Despite the existing ploidy variation, the diploid state of C. jadiniiimpelled its genetic manipulation
and subsequent utilization in the biotechnological industry [16, 37]. Table 2 summarizes the genetic
features of the C. jadinii strains sequenced so far [24]. Although the GC-content is quite similar, the
genome size is different among the distinct strains evaluated (Table 2). When compared to S. cerevisiae,
C. j/adiniihas an increased genome size and higher GC-content. The genomic features of C. jadinii strains
are different from two closed phylogenetic species Wickerhamomyces ciferrii and Cyberlindnera fabianii
that, respectively, contain a G-C ratio of 30.4% and 44.4%, genome sizes of 15.9 and 12.3 Mb, and a
total of 6702 and 5944 CDS [45, 46].

Table 2. Genomic features of three C. jadinii strains and the reference S. cerevisiae strain S288c.

Cyberlindnera jadinii Strains

Components Sacc{ta.romyces
NBRC 0988 CBS 1600 NRRL Y-1542  cerevisiae $288¢c
"ch'f::::zb'y GCA_000328385.1 GCA_001245095.1 GCA_001661405.1 GCA_000146045.2
Assembly level Chromosomes Scaffold Scaffold Complete genome
Genome size 14.3 Mb 12.7 Mb 13.0 Mb 12.2 Mb
Genes * 8864 5566 6184 6002
No of scaffolds® 1002 7 76 17
Scaffold N50* 189,765 2,123,196 700,888 924,431
No. of contigs ® 1163 91 392 17
Contig N50 (bp) * 158,681 287,918 111,555 924,431
No. of chromosomes 13 - - 16
GC-content (%) 447 445 44.6 38.3
Total of CDS - 8646 5057 6032 5771
Gene annotation [24] [16] [37] [47, 48]

» Total number of predicted genes and protein-coding genes (CDS) are taken from original publications or subsequent
annotations. * Data retrieved by Joint Genome Institute (JGl)—Integrated Microbial Genomes & Microbiomes system

(https://img.jgi.doe.gov/).

Among the genomic indicators presented here, the genome size and predicted/protein-coding genes
seem to be strain dependent, whereas the GC-content is species independent, which is in accordance
with the previously reported ploidy variations. Some differences were also detected among C. jadinii
strains considering their specific genetic features, namely, the NBRC 0988 strain has 6417 predicted

open reading frames (ORFs) comprising 16 unique ORFs [5, 10, 24], whereas the CBS1600 strain has
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5689 ORFs, including 64 unique ORFs [10]. In 2015, Rupp and colleagues revealed a close haploid
consensus sequences sizes, 12.7 Mbp for C. jadiniiand 12.8 Mbp for C. utilis with an overall sequence

identity of 98% [16].

2.4 MORPHOLOGY AND PHYSIOLOGY

The C. jadiniimicroscopic view provided by Kurtzman et al. (2011) has shown the diversity of cell shapes
and sizes [20, 34] after 10-30 days at 25 °C in 5% Malt Extract Agar media. The cell patterns of C. jadinii
CBS 1600 varied from ellipsoidal to elongated occurring in single cells or in pairs. Some pseudohyphae
forms were also detected with diameter balanced between (2.5-8.0) and (4.1-11.2) um. Figure 2 shows
C. fadinii DSM 2361 strain cultivated on YPD or Malt Extract Agar media for 3 (A and C) and 12 days (B
and D) at 30 °C.
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Figure 2. C. jadinii DSM 2361 morphological traits. Microscopic photographs of C. jadinii cells
after 3 days (A) and 12 days (B) of growth at 30 °C on yeast extract-peptone-dextrose media. Scale bars
are 5.0 um. Macro-morphological features of C. jadinii after 3 days of growth in YPD (C) and Malt Extract
Agar (D) media, at 30 °C.

The colonies are white, round, with a smooth texture, an entire margin, and a convex elevation trait (C
and D). Cells present an ellipsoidal to elongated form, with a diameter between 5 and 7.5 um (A and B).
Yeast cell morphology can be tightly influenced by the environment. These modifications can affect the
fermentation performance by inducing rheological changes that can influence mass and heat transfer
alterations in the bioreactor [49]. However, in a study performed by Pinheiro et al. (2014), the CBS 621
strain cultured in a pressurized-environment triggered with 12 bar air pressure presented no significant
differences in cell size and shape [35]. C. jadinii is a homothallic species and forming hat-shaped
ascospores that can be present in a number of one to four in unconjugated deliquescent asci [34].
Cyberlindnera species can assimilate several compounds, namely, sugars and organic acids. The robust

fermentation characteristics of C. jadinii allow growth in a diversity of substrates from biomass-derived
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wastes, including hardwood hydrolysates from the pulp industry, being able to assimilate glucose,
arabinose, sucrose, raffinose, and D-xylose [8-10, 50]. As previously mentioned, C. jadiniiis a Crabtree-
negative yeast, reaching higher cell yields under aerobic conditions [51-53] than Crabtree-positive
species. The Crabtree-negative effect favors the respiration process over fermentation, enabling the
development of phenotypes relevant for protein production [54]. This species has a high tolerance to
elevated temperatures, being able to grow in a broad spectrum of temperatures from 19 to 37°C [37]
and to tolerate long-term mild acid pHs (~3.5) [55]. Another relevant property is the ability to release
proteins to the extracellular medium [56]. Significant lipase and protease content were achieved using a
wild C. jadinii strain isolated from spoiled soybean oil, using solid-state fermentation [57, 58]. C. jadinii
assimilates alcohols, acetaldehyde, organic acids, namely, monocarboxylates (DL-lactate), dicarboxylates
(succinate), and tricarboxylates (citrate), sugar acids (D-gluconate), and various nitrogen sources
comprising nitrate, ammonium hydroxide, as well as amino acids [8, 10, 12, 37]. A set of metabolic
advantages, as the high metabolic flux in TCA cycle, the great amino acid synthesis ability, and strong
protein secretion turns C. jadiniia yet underexplored host for bioprocesses. An incomplete understanding
of genetics, metabolism, and cellular physiology combined with a lack of advanced molecular tools for
genome edition and metabolic engineering manipulation of C. jadini hampered its development for cell

factory utilization.

2.5 MOLECULAR TOOLS FOR C. JADIN/I MANIPULATION

The genetic manipulation of C. jadinifhas enabled the heterologous expression of various genes, resulting
in the improvement of metabolic traits targeted for the optimization of exogenous product formation [8,
10, 44, 56]. The establishment of genetic transformation methods allowed the efficient production of
enzymes, carotenoids compounds, and organic acids such as L-actic acid [44, 56, 59, 60]. The
development of an integrative transformation vector for the C. jadiniiATCC 9226 and C. utilis ATCC 9256
strains relied on a gene encoding a mutated ribosomal protein L41, conferring cycloheximide resistance
as a dominant selection marker [25]. Dominant markers were used for cell transformation of aph, Aph,
nat, and ble genes, conferring resistance to G418, hygromycin B, nourseothricin, or zeocin, respectively,

and the endogenous gene YAPI, conferring cycloheximide resistance [56, 60-62]. A multiple gene
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disruption method based on the Cre-loxP system allowing the reuse of selection markers was developed
for C. jadiniif NBRC0O988 [43]. Auxotrophic wra3 strains were transformed with the expression vectors
further integrated in the rDNA locus or in other chromosomal loci (e.g., 7DHJ3). Single-plasmid integrations
were reported for the 7DH3 and H/S3 loci [16, 25, 56] as well as multiple plasmid integrations for the
rDNA and URA3loci for the expression of heterologous genes in high copy number (up to 90 copies) [63].
High plasmid stability was observed mainly for integrations into the JRA3 and H/S3 loci, in contrast to
the integrations in the rDNA, while integrations at the 7DH3 locus were reported to be both stable and
unstable [56, 64, 65]. Two chromosomal autonomously replicating sequences (ARS) were uncovered in
C. jadinii ATCC 9226 and C. utilis ATCC 9256. Six plasmids harboring these ARS were obtained using a
G418-resistance marker. The low copy number plasmids pCARS6 (CuARS1 region) and pCARS7 (CuARS2
region) presented the highest transformation efficiency [26]. A set of promoters were also explored to
promote an efficient expression in C. jadinii, the TDH3, homolog of 7DH3 from S. cerevisiae, encoding
glycerol-3-phosphate dehydrogenase, as well PGAI and PDCI promoters from C. jadini NBRC0988
encoding the phosphoglycerate kinase and pyruvate decarboxylase, respectively [44, 64]. Furthermore,
Kunigo et a/. identified the highly xylose-inducible, glucose-repressed promoters of XOH 1 and GXSI genes,
encoding a NAD-xylitol dehydrogenase and glucose/xylose symporter, respectively [56]. Promoters of the
genes encoding the plasma membrane ATPase Pmal, Rpl29/Rpl31 ribosomal proteins, and Rpl41, as
well as P14/P57 promoters from unknown chromosomal loci were used for the production of valuable
products for the food industry, namely, for the secretion of heterologous proteins [25, 66-68]. CRISPR-
Cas9 has quickly become the preferred targeted genome-editing technology for the genetic manipulation
of yeasts [69], being extensively used in S. cerevisiae. The adaptation of the type Il CRISPR/Cas system
has been successfully used for the genetic manipulation of non-Saccharomyces species, such as
Y. lipol/tica, K. pastoris, K. lactis, Schizosaccharomyces pombe, and some pathogenic yeast species,
such as Candida albicans and Crypfococcus neoformans[70, 71]. Recently, a patent application reported
the development of a CRISPR/Cas9 system that was applied to knock out and insert exogenous genes in

C. jadinif ATCC 22023 [72] . This strategy also uncovered the triploidy of this strain.
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2.6 EMERGING BIOTECHNOLOGICAL APPLICATIONS

2.6.1 THERAPEUTIC APPLICATIONS

Being an edible yeast, C. jadiniihas the potential to target the gastrointestinal tract in humans and animals
[10, B5]. C. jadini/s robust growth characteristics including insensitivity to low pH and temperatures up
to 40 °C, allow its transit in the gastrointestinal tract without losing viability [55, 73]. Additionally, like
other food constituents, intact/partially degraded C. jadinii cells may adhere to M cells in the small
intestine. Upon this, they are translocated to antigen-presenting cells of Peyer's plaques or to other
lymphoid tissue connected with the gastrointestinal tract [74, 75]. The ingestion of engineered C. jadini
cells, carrying a myelin oligodendrocyte glycoprotein antigen on its surface, promoted tolerance to
self-antigens in @ mouse model of the autoimmune multiple sclerosis (MS) disease [76]. C. jadinii cells
expressing the immunodominant MOG.s.; epitope of a myelin protein on their surface, fused with the
native fungal Gas1 cell wall protein, prevented the typical MS symptoms in this animal model [76]. The
cell surface display of antigens by C. jadiniiseems to modulate immune responses, either by suppression
to combat autoimmune disease or through immune stimulation, enabling the creation of edible vaccines
[73, 76, 77]. C. jadinii cells were also applied as probiotic agents against fungal infections (particularly
oral candidiasis) as an antagonist to the relevant human fungal pathogens Candida albicans (strains
SC5312, 10341, and GDH2346), Aspergillus sp., and Fusariumsp. [73]. The unidentified toxins secreted
by C. jadinii act as antagonistic compounds conditioning the growth, systemic invasion, and disease
caused by these fungal pathogens. Buerth et al. [10] reported the role of C. jadinii and also W. farinosa
as antagonistic agents against C. albicans by inhibiting its growth and morphogenesis, proposing their
exploitation for the formulation of new prebiotic compounds and strategies to tackle candidiasis. C. jadinii
was also described to secrete heterologous proteins into the growth medium, including lipase B from
Candida antarctica (CalB) [56]. The signal sequence of the enzyme invertase, one of the most
predominant proteins of the C. jadinii secretome, allowed high secretion levels of recombinant CalB [5].
Lipases have a great potential application in substitution therapies, where metabolic deficiency is
overcome by external administration of these enzymes in diseased conditions [78]. Furthermore, lipase
activity can go from activation of tumor necrosis factor, having a relevant role over the treatment of
malignant tumors, to the treatment of gastrointestinal disturbances, digestive allergies, or dyspepsias
[78]. In addition, CalB is involved in enzymatic resolutions, desymmetrization, and aminolysis events with

application in not only pharmaceutical but also biotech industry, having a role in polymer production [78,
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79]. C. jadiniiis also able to synthesize (R)-phenylacetylcarbinol (L-PAC), the pharmaceutical precursor
for L-ephedrine and pseudoephedrine, relevant compounds used in the treatment of nasal congestion
[80-83]. The function of 30 ATP-binding cassette transporters (ABC) transporters was studied by the
amplification of predicted C. jadinii gDNA ORFs. The function of putative multidrug efflux pumps was
evaluated by heterologous expression in S. cerevisiae ADA, a strain disrupted in seven of its major
multidrug efflux pumps: Pdrbp, Pdr10p, Pdrl5p, Sng2p, Pdrllp, Ycflp, and Yorlp [84]. This strategy
uncovered the mechanism of action of CjCdr1, C. jadiniis closest homolog of the multidrug efflux pump
C. albicans Cdrl. The characterization of C. jadini multidrug efflux systems can turn C. jadinii into an
appealing host for the development of novel antimicrobial agents [85], as it is imperative to understand
the structure, function, and expression of multidrug efflux pumps in order to develop optimal novel

antimicrobial agents.

2.6.2 BIOPRODUCTION OF VALUABLE COMPOUNDS USING COST-EFFECTIVE CARBON
SOURCES

Recombinant C. jadinii strains were developed for the production of a variety of compounds from food
supplements such as vitamins (biotin) [86], carotenoids (lycopene, B-carotene, and astaxanthin) [60, 68],
to proteins (a-amylase, monellin) [64], antioxidant glutathione [87], polysaccharides (glucomannan) [88,
89], organic acids (L-lactic acid) [44, 59], and ribonucleic acids [5, 24]. Additionally, the production of
secreted enzymes such as invertase and phospholipase B (NBRC 1086 strain) [27, 28] was also explored.
Cells of C. jadiniiDSM 2361 were successfully engineered for the secretion of Penicillium simplicissimum
xylanase (PsXynA) to the culture medium [65] allowing cells to grow on xylan as the sole carbon source.
Cells expressing the xylose reductase from Candida shehatae and the native xylitol dehydrogenase, in
combination with further multiple site-directed mutations in coenzyme binding sites, resulted in the
highest titer of 17.4 g/L of ethanol from 50 g/L of xylose in 20 h [90]. Organic acids present in industrial
waste streams (e.g., acetic acid, propionic, or butyric acid) have been demonstrated to be suitable
substrates for biomass production, reaching biomass yields varying from 30% to 40% in batch cultures,
while in continuous cultures, an average of 44-55% was achieved [91, 92]. Despite its already important
role as an industrial microorganism, further developments are still necessary to fully explore the

biotechnological potential of this yeast.
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2.6.3 INDUSTRIAL APPLICATIONS - A PATENT-VIEW

In recent years, the applications of C. jadiniiwere extended to cosmetic and health care products and to
the chemical-process industry for the production of chiral chemicals, as well as for agriculture and wine
making. In this last application, C. jadiniiyeast was used in the production of loquat wine, being introduced
after S. cerevisiae fermentation to reduce acid content and enhance the aroma [93, 94]. It is also used
in another fermentation process, for the production of an alcohol-free fruit wine rich in lovastatin [95]. In
the cosmetic industry, a 3-D-glucan polysaccharide produced by C. jadliniiwas applied in formulations of
several products, i.e., body lotions [96], sunscreen cream [97], facial cleanser [98], toner [99], eye cream
[100], shampoo [101], body wash [102] and hand-care cream [103].This bioproduct is mainly added for
its properties as a moisturizing agent and for conferring oxidation and radiation resistance. C. jadinii was
also used for the efficient production of a recombinant uricase, active in humans and with greater stability
and/or activity than naturally occurring enzymes [104]. This enzyme can be used for the treatment of
hyperuricemia-related diseases or other human pathological symptoms. Considering the chemical
industry, the bioproduction of methyl fluorophenyl methyl propionate was achieved with a developed
reduction method using C. jadinii as a biocatalyst [105]. The obtained chemical, (2S,3S)-3-(4-
fluorophenyl)-3-hydroxy-2-methyl methyl propionate, is reported to be produced in high yield and with a
high level of the enantiomeric excess rate. The wide applicability of this chiral building-block chemical can
go from the synthesis of chiral drugs, fine chemicals to pesticides [105]. In agriculture, a consortium of
strains that include C. jadinii was incorporated in an organomineral granular fertilizer containing among
other components fulvic acid, and a natural mineral component (activated natural siliceous zeolite-
containing rock). Its properties allow the reduction in the amount of fertilizer introduced in the soil with a
prolonging action improved [106]. As C. jadiniiis capable of efficiently converting a cadmium form from
contaminated soil, it is now being proposed for soil bioremediation [107]. In addition, a microbial soil
conditioner for lithified soil was also developed involving a C. jadinii strain along with Bacillus megaterium,
Bacillus subtilis, Rhodopseudomonas palustris, and Azotobacter chroococcum species. The full
interaction among the aforementioned strains was claimed to improve the soil ecological environment
and alter the soil lithiation event, thereby contributing for the purpose of turning the soil suitable for

farming [108].
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2.7 MEMBRANE TRANSPORTERS CHARACTERIZED IN C. JADINII

The production of biocompounds in high yields requires the optimization of several processes, including
membrane transport of solutes to improve the entrance of substrates in the cell, exchange of products
within cell organelles, and the efflux of metabolites to the extracellular medium, increasing the cell’'s
tolerance to toxic final products, and decreasing downstream processing costs [109]. In C. jadinii, several
plasma transporters were physiologically or genetically characterized (Figure 3).

In this yeast, copper (Cu) transport is biphasic, energy-dependent, and relatively specific. Uptake is
inhibited completely by 2,4-dinitrophenol (DNP), but carbonyl cyanide m-chlorophenylhydrazone (CCCP)
had relatively little effect (Figure 3A) [33, 110]. The uptake follows a Michaelis-Menten kinetic with mean
values for A= 3.1 uM and I, 0.5 nmol min- per mg (dry wt.) and has an optimal pH between 5 and
5.5. No exchange of K+ for Cuz could be detected during Cuz uptake, and Cuz efflux from preloaded cells
was not observed [33]. A high-affinity energy- and pH-dependent manganese (Mn#) importer was reported
in C. jadinii (Figure 3B) [111]. With an apparent half-saturation constant A of 16.4 nM and a I/, of 1.01
nmol mint mg dry wt., this transporter was shown to be highly specific for Mn2 uptake. Efflux studies
demonstrated that the metabolic exchange of labeled *Mn occurred to a small extent, being unaffected
by a 100-fold molar excess of Mgz, Znz, Caz, Co*, Niz, and Cuz, but inhibited 30-40% by a 1000-fold
molar excess of Mgz, Zn#, Caz, Cox, Ni [110, 111]. The zinc uptake-system described in C. jadinii is
energy-dependent and apparently unidirectional as no exchange occurs between intracellular
accumulated #Zn and cold external Zn* (Figure 3C) [112]. This transporter exhibits a high-affinity for Znz
(A= 0.36 uM) with a V,.of 2.2 nmol min- per mg dry wt. of cells. The regulation of zinc homeostasis
occurs either by altering the levels of a cytoplasmic zinc-sequestering macromolecule or by inhibition of
zinc efflux through a membrane carrier [112-114]. The saturable and unidirectional sulfate transporter
(Figure 3D) is pH-, temperature-, and energy-dependent with a A, of 1.43 mM, being competitively
inhibited by molybdate, selenate, thiosulfate, chromate, and sulfite [115, 116]. The activity of this sulfate
transporter is controlled by the pool of external sulfur compounds as well as by the mitochondrial
metabolism [116]. The proton-symporter for nitrate (Figure 3E) is repressed by ammonium [117-119].
Ali and Hipkin [118] reported that the addition of 1, 2, or 10 mM ammonium resulted in an inhibition of
nitrate uptake close to 30%. Studies using 3,3'-dipropylthiadicarbocyanine, a fluorogenic probe used to
detect and measure alterations in transmembrane potential, indicated that the proton-linked uptake of
nitrate, amino acids, or glucose during energy metabolism tended to depolarize the plasma membrane

of C. jadinii cells [117].
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Figure 3. Plasma membrane transporters functionally characterized in Cyberlindnera jadinii (A—L). The main metabolic pathways of yeast general metabolism are also presented.
Symbols represent the specificities uncovered for each of the protein-system: drugs—pink star, amino acids—yellow pentagon, monocarboxylic acids—blue filled circle, dicarboxylic acids—rose
filled circle, and tricarboxylic acids—green filled circle. I-IV corresponds to different transporter systems with the same type of substrate G-I: amino acid proton symporter; G-ll: facilitated diffusion
of L-methionine, L-glutamine, and L-leucine; J-I glucose proton-symporter; J-ll glucose facilitated diffusion; L-| facilitated diffusion of the undissociated form of carboxylic acids (general permease);
L-Il monocarboxylate proton symporter; L-llI dicarboxylate-proton symporter; L-IV tricarboxylate-proton symporter. Initials stand for Mgz, magnesium; Mn2, manganese; SO.#, sulfate; SO, sulfite;
S,0., thiosulfate; NH,, ammonia; NO., nitrate; Cu*, copper; Zn>, zinc; H-, proton; GIn, L-glutamine; Met, L-methionine; Leu, L-leucine; Arg, arginine; Lys, lysine; Gly, glycine; Glu, glutamate;
Geyl, glycerol dehydrogenase; Dakli, DakZ dihydroxyacetone kinases; Pdhc, pyruvate dehydrogenase complex; Pdc, pyruvate decarboxylase; A/d, aldolase; Acs, acetyl-CoA synthetase; Acety/-

CoA, acetyl coenzyme A; TCA cycle, tricarboxylic acid cycle; NAD, reduced form from nicotinamide adenine dinucleotide,” NADH, nicotinamide adenine dinucleotide, FADH, flavin adenine
dinucleotide, FAD, reduced form from flavin adenine dinucleotide, A7F, adenosine triphosphate,” ADP, adenosine diphosphate, CO,, carbon dioxide, H,O, water.
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An ammonia carrier (Figure 3F), revealed by spectrophotometry, presents a A, of 1.0 uM of NH,
[120]. Several amino acid proton-symporters (Figure 3G, | and Il), namely, for arginine, lysine, glycine,
and glutamate were uncovered in C. jadinii[121, 122]. A permease for L-glutamine (A,= 410 uM), a high
(A, = 23 uM) and low-affinity (A,= 495 uM) transporter for L-methionine and a high (A,= 5.6 uM) and a
low affinity (A,= 530 uM) for L-leucine were also described [123].

Thirty ABC transporters (Figure 3H) from different transporter subfamilies were found by homology
search on the genome of the strain NBRC0988 [85]. The expression of the C. albicans Pdrl homolog
CjCdrl in the S. cerevisiae ADA strain conferred resistance to geneticin (75 pg), micafungin (40 pg), and
nystatin (500 pg). These two proteins present similar substrate specificity, although CjCdrl is more
resistant to Rhodamine 6G [85]. The C. jadiniiaquaglyceroporin CjFps1 (Figure 3l) shares 38% of identity
with the S. cerevisiae Fps1. The heterologous expression of CjFPSIin a glycerol-consuming S. cerevisiae
wild-type strain (CBS 6412-13A) promoted cellular growth improvement on glycerol as the sole carbon
source [124].

Two different systems were found for glucose transport in C. jadinii a proton-symporter and a
facilitated diffusion (Figure 3J) [125-127], however, the respective genes remain unidentified. The high-
affinity proton-symporter presents a A, of 15 uM glucose, displays a stoichiometry of 1:1, and is partially
constitutive, appearing in cells grown on gluconeogenic substrates such as lactate, ethanol, and glycerol.
This transporter is repressed by high glucose concentration but is induced by glucose up to 0.7 mM
[125], a behavior also found for the maltose-uptake system, indicating that both systems share a common
glucose control pathway [125, 128]. Barnett and Sims (1976) proposed that the differences in glucose
vs. maltose affinity can be due to allosteric mechanisms associated with a multimeric transporter or to
the hysteretic behavior of a monomeric transporter [126], conditions that have not yet been solved as the
correspondent genes(s) remain unidentified. The facilitated diffusion mechanism (Figure 3J-11) is found in
cells growing on glucose at concentrations higher than 10 mM and presents complex kinetics of glucose
transport whose A, oscillates between 2 and 70 mM [125, 128]. It was also reported that uric acid enters
C. jadinii cells by the glucose-dependent active transport [129].

The low- and the high-affinity systems for D-xylose transport (Figure 3K) with A, values of 67.6 + 3.2
and 1.9 = 1.2 mM, respectively, act as proton-symporters with distinct modes of regulation. The starvation
of glucose-grown cells decreases the A, value of the low-affinity system (A,= 10.5 + 2.6 mM) [130]. The
high-affinity system found during starvation requires protein synthesis and is inactive when cells are
exposed to glucose, through a process independent of protein synthesis. Glucose and acetic acid inhibited

both the high- and low-affinity xylose transport systems [130].
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Four mediated transport systems for organic acids are described in C. jadinii (Figure 3L) [29-31].
The monocarboxylate proton symport, shared by the L- and D-lactate (A,0.06 mM), pyruvate (A, 0.03
mM), propionate (A4, 0.05 mM), and acetate (4, 0.1 mM) (Figure 3L-ll) is active over a pH range of 3.0-
6.0, with an optimum of activity at pH 5.0 [29]. The dicarboxylate-proton symporter (Figure 3L-lll) is
shared by L-malate (A, 4.0 + 0.5 uM), succinate (A, 0.03 £ 0.01 mM), fumarate, oxaloacetate, and a-
ketoglutarate [30, 31, 131]. The tricarboxylate-proton symporter (Figure 3L-IV) presents a A, of 0.056
mM for citrate and is competitively inhibited by isocitric acid, while aconitic, tricarballylic, trimesic, and
hemimellitic acids did not affect citrate uptake [30]. All these carboxylic acid transporters are inducible
by the respective substrates, being subjected to glucose repression as well as by acid concentrations
higher than 3% (w/v) [31]. ]. The facilitated diffusion for the undissociated form of the acids (Figure 3L-
1), which is likely to operate as a general organic permease, is active at pH below 5.0. It accepts mono-,
di-, and tricarboxylates as well as glycine and glutamic acid [31, 132]. The following kinetic parameters
were obtained at pH 3.0: (a) V.. 0.516 nmol of malic acid s per mg (dry wt. of cells) and A, 1.529 +
0.024 mM malic acid, (b) V.. 0.585 nmol of succinic acid s per mg (dry wt. of cells) and A, 1.789 +
0.089 succinic acid, and (c) V.. of 1.14 nmol of s per mg (dry wt. of cells) and A, of 0.59 mM citric acid
[29-31]. Despite being functionally characterized for several years, the genes encoding these proteins
remain to be identified [133]. Recently, our group identified six genes homologous to ScA7017 and six
genes homologous to Sc/JENI (unpublished results). In S. cerevisiae, these two genes encode distinct
monocarboxylate transporters [134, 135] and its homologs, present in bacteria, archaea and eukaryotes,
are able to transport mono- and dicarboxylates [136-142]. The expression of membrane transporters
allied to metabolic engineering tools is crucial to develop new and more efficient strains to produce
bio-based compounds. Thus, increased knowledge of transporter proteins will enable the development of

improved cell factories [109, 143, 144].

2.8 CONCLUSIONS AND FUTURE PERSPECTIVES

As biotechnological applications expand, it becomes necessary to explore novel expression hosts as more
efficient and robust microbial cell factories are demanded. Over the years, Cyberlindnera jadiniihas been
widely explored as a source of single-cell protein, having the ability to produce vitamins (e.g., biotin),
organic acids (e.g., glutamate), and proteins (e.g., enzymes). The capacity to utilize and degrade a great

variety of carbon sources and its natural ability to produce significant compounds make C. jadinii an
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attractive microorganism for industrial applications [5, 7, 8, 10]. Additionally, several features turn this
yeast an ideal platform for biotechnological processes, like the higher level of tolerance to changes
occurring during growth and multiplication conditions [5, 55]. However, C. jadiniiis still lagging behind
when compared to other non-Saccharomyces yeasts, mainly due to the inexistence of extensive
knowledge on its metabolism, regulatory networks, and transport mechanisms. The genomic
characterization of several strains is also necessary to reveal the genetic features underlying the existing
interspecies variability, particularly between its teleomorph and anamorph state. The potential of this
yeast as a therapeutic agent is due to its already known antagonistic effects on human pathogens and
utilization as a probiotic agent. Its protein secretion system is another attractive feature for the
heterologous expression of soluble proteins. Nonetheless, only with the improvement of advanced genetic
manipulation systems and the development of synthetic biology tools will the full exploitation of C. jadini
biotechnological potential be achieved. These and other advances will certainly allow C. jadiniito become

a robust microbial cell factory in an expanding era of metabolite bioproduction.

2.9 REFERENCES

1. Heux, S., Meynial-Salles, |., O'Donohue, M.,Dumon, C., White biotechnology: state of the art
Strategies for the development of biocatalysts for biorefining. Biotechnology advances, 2015.
33(8): p. 1653-1670

2. Gong, Z., Nielsen, J.,Zhou, Y.J., Engineering Robustness of Microbial Cell Factories. Biotechnol
J,2017. 12(10), 10.1002/biot.201700014
3. Sibirny, A., Non-conventional Yeasts. from Basic Research to Application.2019: Springer

4, Martinez, E., Santos, J., Araujo, G., Souza, S., Rodrigues, R.,Canettieri, E., Production of Single
Cell Protein (SCFP) from Vinasse., in Fungal Biorefineries2018, Springer. p. 215-238,
https://doi.org/10.1007/978-3-319-90379-8_10

5. Buerth, C., Heilmann, C., Klis, F., de Koster, C., Ernst, J.,Tielker, D., Growth-dependent
secrefome of Candida  utilis.  Microbiology, 2011. 157(9): p. 2493-2503,
10.1099/mic.0.049320-0

6. Barford, J., 7he technology of aerobic yeast growth. Yeast biotechnology, 1987: p. 200-230,
https://doi.org/10.1007/978-94-009-3119-0_7

7. Miura, Y., Kettoku, M., Kato, M., Kobayashi, K.,Kondo, K., High level production of thermostable
alpha-amylase from Sulfolobus solfataricus in high-cell density culture of the food yeast Candida
utilis. Journal of molecular microbiology and biotechnology, 1999. 1(1): p. 129-134

8. Bekatorou, A., Psarianos, C.,Koutinas, A., Production of food grade yeasts. Food Technology and
Biotechnology, 2006. 44(3): p. 407-415

39



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Boze, H., Moulin, G.,Galzy, P., Production of food and fodder yeasts. Critical reviews in
biotechnology, 1992. 12(1-2): p. 65-86, https://doi.org/10.3109/07388559209069188
Buerth, C., Tielker, D.,Ernst, J., Candida utilis and Cyberlindnera (Pichia) jadinii: yeast relatives
with expanding applications. Applied microbiology and biotechnology, 2016. 100(16): p. 6981-
6990, https://doi.org/10.1007/s00253-016-7700-8

Klein, R.,Faureau, M., Chapter 8: The Candida species: biochemistry, molecular biology, and
industrial applications, in Food Biotechnology: Microorganisms, Y.H.H.a.G.G. Khachatourians,
Editor 1995. p. 297

Kurtzman, C., Robnett, C.,Basehoar-Powers, E., Phylogenetic relationships among species of
Pichia, Issatchenkia and Williopsis determined from mulfigene sequence analysis, and the
proposal of Barnettozyma gen. nov., Lindnera gen. nov. and Wickerhamomyces gen. nov. FEMS
yeast research, 2008. 8(6): p. 939-954, 10.1111/].1567-1364.2008.00419.x

Suh, S., Blackwell, M., Kurtzman, C.,Lachance, M., Phylogenetics of Saccharomycetales, the
ascomycete yeasts. Mycologia, 2006. 98(6): p. 1006-1017

Barnett, J., A history of research on yeasts 8: taxonomy. Yeast, 2004. 21(14): p. 1141-1193,
10.1002/yea.1154.

Minter, D., Cyberlindnera, a replacement name for Lindnera Kurtzman et al., nom. illegit.
Mycotaxon, 2009. 110: p. 473-476

Rupp, O., Brinkrolf, K., Buerth, C., Kunigo, M., Schneider, J., Jaenicke, S., Goesmann, A., Plhler,
A., Jaeger, K..Emst, J., The structure of the Cyberfindnera jadinii genome and its relation to
Candida utilis analyzed by the occurrence of single nucleotide polymorphisms. Journal of
biotechnology, 2015. 211: p. 20-30

Murray, P., Baron, E., Pfaller, M., Tenover, F.Yolken, R., Manual of microbiology, 1995,
Washington,

Lodder, J.,Kreger-Van Rij, J.W., 7he yeasts, a taxonomic study, 1952, North Holland Publishing
Company: Amesterdam

Daniel, H., Lachance, M.,Kurtzman, C., On the reclassification of species assigned to Candida
and other anamorphic ascomycetous yeast genera based on phylogenetic circumscription.
Antonie van Leeuwenhoek, 2014. 106(1): p. 67-84

Kurtzman, C., Johnson, C.,Smiley, M., Determination of conspecificity of Candida utilis and
Hansenula jadinii through DNA reassociation. Mycologia, 1979. 71(4): p. 844-847

Deak, T., Characteristics and properties of Foodborne yeasts, in Handbook of food spoilage
yeasts, T. Deak, Editor 2007, CRC press

Kurtzman, C., Fell, J.,Boekhout, T., Definition, classification and nomencilature of the yeasts, in
The yeasts: A Taxonomic Study2011, Elsevier. p. 3-5

Hawksworth, D., Managing and coping with names of pleomorphic fungi in a period of transition.
IMA fungus, 2012. 3(1): p. 15-24

Tomita, Y., lkeo, K., Tamakawa, H., Gojobori, T.,lkushima, S., Genome and transcriptome
analysis of the food-yeast Candida ufilis. PLoS One, 2012. 7(5): p. e37226

Kondo, K., Saito, T., Kajiwara, S., Takagi, M.,Misawa, N., A transformation system for the yeast
Candida utilis. use of a modified endogenous ribosomal protein gene as a drug-resistant marker

40



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

and ribosomal DNA as an integration target for vector DNA. Journal of bacteriology, 1995.
177(24): p. 7171-7177

Ikushima, S., Minato, T.,Kondo, K., /dentification and application of novel autonomously
replicating sequences (ARSS) for promoter-cloning and co-transformation in Candida utilis.
Bioscience, biotechnology, and biochemistry, 2009. 73(1): p. 152-159

Belcarz, A., Ginalska, G., Lobarzewski, J.,Penel, C., The novel non-glycosylated invertase from
Candida utilis (the properties and the conditions of production and purification). Biochimica et
Biophysica Acta (BBA)-Protein Structure and Molecular Enzymology, 2002. 1594(1): p. 40-53
Fujino, S., Akiyama, D., Akaboshi, S., Fujita, T., Watanabe, Y., Tamai, Y., Purification and
characterization of phospholipase B from Candida uftilis. Bioscience, biotechnology, and
biochemistry, 2006. 70(2): p. 377-386

Ledo, C.,Van Uden, N., 7Transport of lactate and other short-chain monocarboxylates in the yeast
Candlida utilis. Applied microbiology and biotechnology, 1986. 23(5): p. 389-393

Cassio, F.,Ledo, C., Low-and high-affinity transport systems for citric acid in the yeast Candida
utilis. Applied and Environmental Microbiology, 1991. 57(12): p. 3623-3628

Cassio, F.,Leao, C., A comparative study on the transport of L (-) malic acid and other short-chain
carboxylic acids in the yeast Candida utilis: Evidence for a general organic acid permease. Yeast,
1993. 9(7): p. 743-752

Krahulec, J., Liskova, V., Bomkova, H., Lichvarikova, A., Safranek, M., Turila, J., The ploidy
determination of the biotechnologically important yeast Candida utilis. Journal of Applied
Genetics, 2020: p. 1-12

Ross, I.,Parkin, M., Upbtake of copper by Candida utilis. Mycological Research, 1989. 93(1): p.
33-37

Kurtzman, C., Chapter 42 - Lindnera Kurtzman, Robnett & Basehoar-Powers (2008) in The
yeasts: a taxonomic study, C. Kurtzman, J. Fell, and T. Boekhout, Editors. 2011, Elsevier. p.
521-543

Pinheiro, R., Lopes, M., Belo, I.,Mota, M., Candida utilis metabolism and morphology under
increased air pressure up to 12 bar. Process Biochemistry, 2014. 49(3): p. 374-379

Hittinger, C., Rokas, A., Bai, F., Boekhout, T., Goncalves, P., Jeffries, T., Kominek, J., Lachance,
M., Libkind, D.,Rosa, C., Genomics and the making of yeast biodiversity. Current opinion in
genetics & development, 2015. 35(“Genomes and Evolution” Special Issue): p. 100

Riley, R., Haridas, S., Wolfe, K., Lopes, M., Hittinger, C., Goker, M., Salamov, A., Wisecaver, J.,
Long, T.,Calvey, C., Comparative genomics of biotechnologically important yeasts. Proceedings
of the National Academy of Sciences, 2016. 113(35): p. 9882-9887

Shen, X., Opulente, D., Kominek, J., Zhou, X., Steenwyk, J., Buh, K., Haase, M., Wisecaver, J.,
Wang, M.,Doering, D., Tempo and mode of genome evolution in the budding yeast subphylum.
Cell, 2018. 175(6): p. 1533-1545. €20

Marcet-Houben, M.,Gabaldon, T., Evolutionary and functional patterns of shared gene
neighbourhood in fungi. Nature microbiology, 2019. 4(12): p. 2383-2392

Shen, X., Zhou, X., Kominek, J., Kurtzman, C., Hittinger, C.,Rokas, A., Reconstructing the
backbone of the Saccharomycotina yeast phylogeny using genome-scale data. G3: Genes,
Genomes, Genetics, 2016. 6(12): p. 3927-3939

41



41.

42.

43.

44.

45,

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

Alves, R., Sousa-Silva, M., Vieira, D., Soares, P., Chebaro, Y., Lorenz, M., Casal, M., Soares-Silva,
I.,Paiva, S., Carboxylic Acid Transporters in Candida Pathogenesis. MBio, 2020. 11(3): p.
e00156-20, 10.1128/mBi0.00156-20

Thanh, V., Thuy, N., Huong, H., Hien, D., Hang, D., Anh, D., Hittner, S., Larsbrink, J.,Olsson, L.,
Surveying of acid-tolerant thermaophilic lignocellulolytic fungi in Vietnam reveals surprisingly high
genetic diversity. Scientific reports, 2019. 9(1): p. 3674, 10.1038/s41598-019-40213-5
Ikushima, S., Fuijii, T.,Kobayashi, O., Efficient gene disruption in the high-ploidy yeast Candida
utilis using the Cre-loxP system. Bioscience, biotechnology, and biochemistry, 2009. 73(4): p.
879-884

Ikushima, S., Fujii, T., Kobayashi, O., Yoshida, S.,Yoshida, A., Genetic engineering of Candida
utilis yeast for efficient production of L-lactic acid. Bioscience, biotechnology, and biochemistry,
2009. 73(8): p. 1818-1824

Freel, K., Sarilar, V., Neuvéglise, C., Devillers, H., Friedrich, A.,Schacherer, J., Genome Sequence
of the Yeast Cyberlindnera fabianii (Hansenula fabianiij. Genome Announc, 2014. 2(4): p.
e00638-14, 10.1128/genomeA.00638-14

Schneider, J., Andrea, H., Blom, J., Jaenicke, S., Riickert, C., Schorsch, C., Szczepanowski, R.,
Farwick, M., Goesmann, A.,Pihler, A., Draft genome sequence of Wickerhamomyces ciferrii
NRRL Y-1031 F-60-10. 2012. 11(12): p. 1582-1583

Foury, F., Roganti, T., Lecrenier, N.,Purnelle, B., 7he complete sequence of the mitochondrial
genome of Saccharomyces cerevisiae. FEBS letters, 1998. 440(3): p. 325-331

Goffeau, A., Barrell, B., Bussey, H., Davis, R., Dujon, B., Feldmann, H., Galibert, F., Hoheisel, J.,
Jacq, C.,Johnston, M., Life with 6000 genes. Science, 1996. 274(5287): p. 546-567

Coelho, M., Amaral, P.,Belo, |., Yarrowia lipol/tica: an industrial workhorse, in Current Research,
Technology and Education Topics in Applied Microbiology and Microbial Biotechnology, A.
Méndez-Vilas, Editor 2010, Formatex: Badajoz. p. 930-940

Andreeva, E., Pozmogova, |.,Rabotnova, |., Principle growth indices of a chemostat Candida utilis
culture resistant to acid pH values. Mikrobiologiia, 1979. 48(3): p. 481

Verduyn, C., Physiology of yeasts in relation to biomass yields., in Quantitative Aspects of Growth
and Metabolism of Microorganisms1992, Springer. p. 325-353

Ordaz, L., Lopez, R., Melchy, O.,Torre, M., Effect of high-cell-density fermentation of Candida
utilis on kinetic parameters and the shift to respiro-fermentative metabolism. Applied
microbiology and biotechnology, 2001. 57(3): p. 374-378

Dashko, S., Zhou, N., Compagno, C.,Piskur, J., Why, when, and how did yeast evolve alcoholic
fermentation? FEMS Yeast Research, 2014. 14(6): p. 826-832

Gomes, A., Carmo, T., Carvalho, L., Bahia, F.,Parachin, N., Comparison of yeasts as hosts for
recombinant protein production. Microorganisms, 2018. 6(2): p. 38

Wang, D., Zhang, J., Dong, Y., Wei, G.,Qi, B., Glutathione is involved in physiological response of
Candida utilis to acid stress. Applied microbiology and biotechnology, 2015. 99(24): p. 10669-
10679

Kunigo, M., Buerth, C., Tielker, D.,Ernst, J., Heterologous protein secretion by Candida utilis.
Applied microbiology and biotechnology, 2013. 97(16): p. 7357-7368

42



57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Moftah, O., Grbav¢i¢, S., Zuza, M., Lukovié, N., Bezbradica, D.,Knezevié-Jugovi¢, Z., Adding value
to the oil cake as a waste from oil processing industry. production of lipase and protease by
Candida utilis in solid state fermentation. Applied biochemistry and biotechnology, 2012.
166(2): p. 348-364

Grbavéi¢, S., Dimitrijevie-Brankovi¢, S., Bezbradica, D., Siler-Marinkovi¢, S.,Knezevié, Z., Effect of
fermentation conditions on lipase production by Candida utilis. Journal of the Serbian Chemical
Society, 2007. 72

Tamakawa, H., lkushima, S.,Yoshida, S., Efficient production of L-lactic acid from xylose by a
recombinant Candida utilis strain. Journal of bioscience and bioengineering, 2012. 113(1): p.
73-75

Shimada, H., Kondo, K., Fraser, P., Miura, Y., Saito, T.,Misawa, N., /ncreased Carotenoid
Production by the Food Yeast Candida utilis through Metabolic Engineering of the Isoprenoid
Pathway. Applied and Environmental Microbiology, 1998. 64(7): p. 2676-2680

Bonkova, H., Osadska, M., Krahulec, J., Liskova, V., Stuchlik, S.,Turia, J., Upstream regulatory
regions controlling the expression of the Candida utilis maltase gene. Journal of biotechnology,
2014. 189: p. 136-142

Iwakiri, R., Noda, Y., Adachi, H.,Yoda, K., /sofation of the YAPI homologue of Candida utilis and
its use as an efficient selection marker. Yeast, 2005. 22(13): p. 1079-1087

Tamakawa, H., Mita, T., Yokoyama, A., lkushima, S.,Yoshida, S., Metabolic engineering of
Candida utilis for isopropanol production. Applied microbiology and biotechnology, 2013.
97(14): p. 6231-6239

Kondo, K., Miura, Y., Sone, H.,Kobayashi, K., High-level expression of a sweet protein, monellin,
in the food yeast Candida utilis. Nature biotechnology, 1997. 15(5): p. 453

Kunigo, M., Buerth, C.,Emst, J., Secreted xylanase XynA mediates utilization of xylan as sole
carbon source in Candida utilis. Applied microbiology and biotechnology, 2015. 99(19): p. 8055-
8064

Miura, Y., Kondo, K., Shimada, H., Saito, T., Nakamura, K.,Misawa, N., Production of lycopene
by the food yeast, Candida utilis that does not naturally synthesize carotenoid. Biotechnology and
bioengineering, 1998. 58(2-3): p. 306-308

Iwakiri, R., Noda, Y., Adachi, H.,Yoda, K., /solation and characterization of promoters suitable for
a multidrug-resistant marker CuYAPI in the yeast Candida utilis. Yeast, 2006. 23(1): p. 23-34
Miura, Y., Kondo, K., Saito, T., Shimada, H., Fraser, P.,Misawa, N., Production of the carotenoids
lycopene, [3-carotene, and astaxanthin in the food yeast Candida utilis. Applied and Environmental
Microbiology, 1998. 64(4): p. 1226-1229

Sander, J.,Joung, J., CRISPR-Cas systems for editing, regulating and targeting genomes. Nature
biotechnology, 2014. 32(4): p. 347

Cai, P., Gao, J.,Zhou, Y., CRISPR-mediated genome editing in non-conventional yeasts for
biotechnological applications. Microbial cell factories, 2019. 18(1): p. 63

Stovicek, V., Holkenbrink, C.,Borodina, |., CRISPR/Cas system for yeast genome engineering:
advances and applications. FEMS Yeast Research, 2017. 17(5)

43



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Zehuan, L., Jianghai, L.,Yu, D., Method for verifying feasibility of CRISPR-Cas9 system for
knocking out Candida utilis target gene, 2019: China,

Mukherjee, P., Chandra, J., Retuerto, M., Sikaroodi, M., Brown, R., Jurevic, R., Salata, R,,
Lederman, M., Gillevet, P.,Ghannoum, M., Oral mycobiome analysis of HiV-infected patients:
Identification of Pichia as an antagonist of opportunistic fungi. PLoS pathogens, 2014. 10(3): p.
1003996

De Jesus, M., Rodriguez, A., Yagita, H., Ostroff, G.,Mantis, N., Sampling of Candida albicans and
Candlida tropicalis by langerin-positive dendritic cells in mouse Peyer’s patches. Immunology
letters, 2015. 168(1): p. 64-72

Thévenot, J., Cordonnier, C., Rougeron, A., Le Goff, O., Nguyen, H., Denis, S., Alric, M., Livrelli,
V.,Blanquet-Diot, S., Enterohemorrhagic Escherichia coli infection has donor-dependent effect on
human gut microbiota and may be antagonized by probiotic yeast during interaction with Peyer’s
patches. Applied microbiology and biotechnology, 2015. 99(21): p. 90979110

Buerth, C., Mausberg, A., Heininger, M., Hartung, H., Kieseier, B.,Emnst, J., Oral tolerance
induction in experimental autoimmune encephalomyelitis with Candida utilis expressing the
immunogenic MOG35-55 peptide. PLoS One, 2016. 11(5): p. e0155082

Feng, T.,Elson, C., Adaptive immunity in the host-microbiota dialog. Mucosal immunology,
2011. 4(1): p. 15

Singh, R., Singh, T.,Singh, A., Chapter 9 - Enzymes as Diagnostic Tools, in Advances in Enzyme
Technology, R.S. Singh, et al., Editors. 2019, Elsevier. p. 225271,
https://doi.org/10.1016/B978-0-444-64114-4.00009-1

Zymanczyk-Duda, E., Brzeziiska-Rodak, M., Klimek-Ochab, M., Duda, M.,Zerka, A., Yeast as a
Versatile Tool in Biotechnology. Yeast: Industrial Applications, 2017: p. 1

Khan, T.,Daugulis, A., Application of solid-liqguid TPPBs to the production of L-
phenylacetylcarbinol from benzaldehyde using Candida utilis. Biotechnology and bioengineering,
2010. 107(4): p. 633-641

Tripathi, C., Agarwal, S.,Basu, S., Production of L-phenylacetylcarbinol by fermentation. Journal
of fermentation and bioengineering, 1997. 84(6): p. 487-492

Shin, H.,Rogers, P., Biotransformation of benzeldehyde fo L-phenylacetylcarbinol, an
Intermediate in L-ephedrine production, by immobilized Candida utilis. Applied microbiology and
biotechnology, 1995. 44(1-2): p. 7-14

Rogers, P., Shin, H.,\Wang, B., Biotransformation for L-ephedrine production., in Biotreatment,
Downstream Processing and Modellingl 997, Springer. p. 33-59

Lamping, E., Monk, B., Niimi, K., Holmes, A., Tsao, S., Tanabe, K., Niimi, M., Uehara, Y.,Cannon,
R., Characterization of Three Classes of Membrane Proteins Involved in Fungal Azole Resistance
by Functional Hyperexpression in Saccharomyces cerevisiae. Eukaryotic Cell, 2007. 6(7): p.
1150-1165, 10.1128/ec.00091-07

Watanasrisin, W., lwatani, S., Oura, T., Tomita, Y., Ikushima, S., Chindamporn, A., Niimi, M.,
Niimi, K., Lamping, E.,Cannon, R., /dentification and characterization of Candida utilis multidrug
efflux transporter CuCdrlp. FEMS yeast research, 2016. 16(4): p. fow042

Hong, Y., Chen, Y., Farh, L., Yang, W., Liao, C.,Shiuan, D., Recombinant Candida utilis for the
production of biotin. Applied microbiology and biotechnology, 2006. 71(2): p. 211

44



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.
101.
102.
103.

104.
105.

106.

107.

108.

Li, Y., Wei, G.,Chen, J., Glutathione: a review on biotechnological production. Applied
microbiology and biotechnology, 2004. 66(3): p. 233-242

Kogan, G., Sandula, J.,Simkovicova, V., Glucomannan from Candida utilis. Folia microbiologica,
1993. 38(3): p. 219-224

Ruszova, E., Pavek, S., Hajkova, V., Jandova, S., Velebny, V., Papezikova, I.,Kubala, L.,
Photoprotective effects of glucomannan isolated from Candida utilis. Carbohydrate research,
2008. 343(3): p. 501-511

Tamakawa, H., lkushima, S.Yoshida, S., Ethanol production from xylose by a recombinant
Candlida utilis strain expressing protein-engineered xylose reductase and xylitol dehydrogenase.
Bioscience, biotechnology, and biochemistry, 2011. 75(10): p. 1994-2000

Hui, Y.H.,Khachatourians, G., Food biotechnology: microorganisms, ed. Y.H. Hui and G.
Khachatourians1994: Wiley-Interscience

Maugeri-Filho, F.,Goma, G., SCP production from organic acids with Candida utilis. Revista de
Microbiologia, 1988. 19(4): p. 446-452

Lugiang, H., Yi, Z., Liping, Z., Zebin, G., Shaoxiao, Z., Yuting, T.,Baodong, Z., Application of
Candlida utilis to loquat wine making and making method for loguat wine, in China2012: China,
Bangxiang, X., Bin, H., Jing, H., Qianwei, Y., Qingyin, H.)Yi, Z., Dry loquat wine and making
method thereof in China2015,

Yingchun, C., Xiaoyuan, J., Yaokun, C., Qichang, C., Yinglong, C.Yingbing, C., Preparation
method of alcohol-free fruit wine being rich in lovastatin, 2019: China,

Xia, M.,Lantian, L., Body lotion containing Candida utilis beta-D-glucan, 2018: China,

Xia, M.,Lantian, L., Sunscreen cream with Candida utilis beta-D-glucan, 2018: China,

Xia, M.,Lantian, L., Facial cleanser containing Candida utilis beta-D-glucan, 2018: China,

Xia, M.,Lantian, L., 7oner containing beta-D-glucan of Candida utilis, 2018: China,

Xia, M.,Lantian, L., £ye cream containing beta-D-glucan of Candida utilis, 2018: China,

Xia, M.,Lantian, L., Shampoo containing Candida utilis beta-D-glucan, 2018: China,

Xia, M.,Lantian, L., Body wash with Candida utilis beta-D-glucan, 2018: China,

Xia, M., Lantian, L., Li, S.,Yan, H., Hand care cream with Candida utilis beta-D-glucan, 2018:
China,

Shentao, L., Hai, P.,Shuang, L., Preparation method of recombinant uricase, 2015: China,
Junhong, L., Xin, G., Fengxia, S., Pengcheng, L.,Meihong, Z., Candida utilis reduction method for
proaucing methyl fluorophenyl methyl propionate, 20195: China,

Firgatovich, B.F., Gennadevich, G.Y., Yurevna, G.E.,Mikhajlovna, K.E., Organomineral granular
fertilizer, R. Federation, Editor 2020: Russia,

Lianyang, B., Xueduan, L., Huidan, J., Hongwei, L..Yan, D., Application of microorganism
bacterium agent capable of efficiently converting form of cadmium in contaminated soil
biologically, 2020: China,

Guochen, C., Yanli, G., Changna, C.,Yue, Z., Microbial soil conditioner for lithified soil, 2015:
China,

45



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Soares-Silva, I., Ribas, D., Sousa-Silva, M., Azevedo-Silva, J., Renduli¢, T.,Casal, M., Membrane
transporters in the bioproduction of organic acids: state of the art and future perspectives for
industrial applications. FEMS microbiology letters, 2020

Parkin, M.,Ross, |., Uptake of copper and manganese by the yeast Candida utilis. Microbios
letters, 1985. 29(115-116): p. 115-120

Parkin, M.,Ross, ., 7The specific uptake of manganese in the yeast Candida utilis. Microbiology,
1986. 132(8): p. 2155-2160

Lawford, H., Pik, J., Lawford, G., Williams, T.,Kligerman, A., Hyperaccumulation of zinc by zinc-
depleted Candida utilis grown in chemostat culture. Canadian Journal of Microbiology, 1980.
26(1): p. 71-76

Failla, M., Benedict, C.,Weinberg, E., Accumulation and storage of Zr# by Candida utilis.
Microbiology, 1976. 94(1): p. 23-36

Failla, M., Weinberg, E., Cyclic accumulation of zinc by Candida utilis during growth in batch
culfure. Microbiology, 1977. 99(1): p. 85-97

Garcia, M., Benitez, J., Delgado, J.,Kotyk, A., /solation of sulphate transport defective mutants of
Candida utilis: Further evidence for a common transport system for sulphate, sulphite and
thiosulphate. Folia microbiologica, 1983. 28(1): p. 1-5

Benitez, J., Alonso, A., Delgado, J.,Kotyk, A., Sulphate transport in Candida utilis. Folia
microbiologica, 1983. 28(1): p. 6-11

Eddy, A.,Hopkins, P., 7The putative electrogenic nitrate-proton symport of the yeast Candida utilis.
Comparison with the systems absorbing glucose or lactate. Biochemical journal, 1985. 231(2):
p. 291-297

Ali, A.,Hipkin, C., Nitrate assimilation in Candida nitratophila and other yeasts. Archives of
Microbiology, 1986. 144(3): p. 263-267

Barnett, J., A history of research on yeasts 13. Active transport and the uptake of various
metabolites. Yeast, 2008. 25(10): p. 689-731

De Koning, W., Zwart, K.,Harder, W., A spectrophotometric method for the determination of the
kinetic parameters of NH* uptake by yeast cells. FEMS microbiology letters, 1984. 23(2-3): p.
257-262

Eddy, A., Philo, R., Earnshaw, P.,Brocklehurst, R., Some common aspects of active solute
transport in yeast and mouse ascites tumour cells., in Biochemistry of Membrane
Transport1977, Springer. p. 250-260

Eddy, A., Seaston, A., Gardner, D.,Hacking, C., The thermodynamic efficiency of cotransport
mechanisms with special reference to proton and anion transport in yeast. Annals of the New
York Academy of Sciences, 1980. 341(1): p. 494-509

Robins, R.,Davies, D., 7he role of glutathione in amino-acid absorption. Lack of correlation
between glutathione turnover and amino-acid absorption by the yeast Candida utilis. Biochemical
journal, 1981. 194(1): p. 63-70

Klein, M., Islam, Z., Knudsen, P., Carrillo, M., Swinnen, S., Workman, M.,Nevoigt, E., 7he
expression of glycerol facilitators from various yeast species improves growth on glycerol of
Saccharomyces cerevisiae. Metabolic engineering communications, 2016. 3: p. 252-257

46



125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Peinado, J., Cameira-Dos-Santos, P.,Loureiro-Dias, M., Regulation of glucose transport in
Candida utilis. Microbiology, 1989. 135(1): p. 195-201

Barnett, J.,Sims, A., A note on the kinetics of uptake of d-glucose by the food yeast Candida
utilis. Archives of Microbiology, 1976. 111(1-2): p. 193-194

Flores, C., Rodriguez, C., Petit, T.,Gancedo, C., Carbohydrate and energy-yielding metabolism in
non-conventional yeasts. FEMS microbiology reviews, 2000. 24(4): p. 507-529

Broek, P., Gompel, A., Luttik, M., Pronk, J.,Leeuwen, C., Mechanism of glucose and maltose
transport in plasma-membrane vesicles from the yeast Candida utilis. Biochemical journal,
1997. 321(2): p. 487-495

Roush, A.,Domnas, A., /nduced biosynthesis of uricase in yeast. Science, 1956. 124(3212): p.
125-126

Kilian, S., Prior, B.,Du Preez, J., The kinetics and regulation of M-xylose transport in Candida
utilis. World Journal of Microbiology and Biotechnology, 1993. 9(3): p. 357-360

Saayman, M., Van Vuuren, H., Van Zyl, W.,Viljoen-Bloom, M., Differential uptake of fumarate by
Candida utilis and Schizosaccharomyces pombe. Applied microbiology and biotechnology,
2000. 54(6): p. 792-798

Roush, A., Questiaux, L.,Domnas, A., 7he active transport and metabolism of purines in the yeast,
Candida utilis. Journal of Cellular and Comparative Physiology, 1959. 54(3): p. 275-286

Casal, M., Paiva, S., Queirds, 0.,Soares-Silva, |., Transport of carboxylic acids in yeasts. FEMS
Microbiology Reviews, 2008. 32(6): p. 974-94, 10.1111/j.1574-6976.2008.00128 x

Paiva, S., Devaux, F., Barbosa, S., Jacq, C.,Casal, M., Ady2p is essential for the acetate permease
activity in the yeast Saccharomyces cerevisiae. Yeast, 2004. 21(3): p. 201-210

Casal, M., Paiva, S., Andrade, R., Gancedo, C.,Ledo, C., The /actateproton symport of
Saccharomyces cerevisiae is encoded by JENI. Journal of bacteriology, 1999. 181(8): p. 2620-
2623

Soares-Silva, ., Schuller, D., Andrade, R., Baltazar, F., Cassio, F.,Casal, M., Functional expression
of the lactate permease Jenlp of Saccharomyces cerevisiae in Pichia pastoris. Biochemical
Journal, 2003. 376(3): p. 781-787

Queiros, 0., Pereira, L., Paiva, S., Moradas-Ferreira, P.,Casal, M., Functional analysis of
Kluyveromyces lactis carboxylic acids permeases: heterologous expression of KIJEN1 and KIJEN2Z
genes. Current genetics, 2007. 51(3): p. 161-169

Soares-Silva, 1., Ribas, D., Foskolou, I., Barata, B., Bessa, D., Paiva, S., Queirés, O.,Casal, M.,
The Debaryomyces hansenii carboxylate transporters Jenl homologues are functional in
Saccharomyces cerevisiae. FEMS yeast research, 2015. 15(8)

Sa-Pessoa, J., Paiva, S., Ribas, D., Silva, |., Viegas, S., Arraiano, C.,Casal, M., SATP (YaaH), a
succinate-acelate transporter protein in Escherichia coli. Biochemical journal, 2013. 454(3): p.
585-595

Sa-Pessoa, J., Amillis, S., Casal, M.,Diallinas, G., Expression and specificity profile of the major
acetate transporter AcpA in Aspergillus nidulans. Fungal Genetics and Biology, 2015. 76: p. 93-
103

Ribas, D., Soares-Silva, |., Vieira, D., Sousa-Silva, M., Sa-Pessoa, J., Azevedo-Silva, J., Viegas, S.,
Arraiano, C., Diallinas, G., Paiva, S., Soares, P.,Casal, M., 7he acetate uptake transporter family

47



142.

143.

144.

motif “NPAPLGL (M/S)” is essential for substrate uptake. Fungal Genetics and Biology, 2019.
122:p. 1-10

Rossi Goncalves, 1., Dantas, R.C.C., Ferreira, M.L., Batistao, D., Gontijo-Filho, P.P.,Ribas, R.M.,
Carbapenem-resistant Pseudomonas aeruginosa: association with virulence genes and biofilm
formation. Braz J Microbiol, 2017. 48(2): p. 211-217, 10.1016/j.bjm.2016.11.004

Wang, J., Lin, M., Xu, M.,Yang, S., Anaerobic fermentation for production of carboxylic acids as
bulk chemicals from renewable biomass, in Anaerobes in Biotechnology2016, Springer. p. 323-
361

Kell, D., Swainston, N., Pir, P.,Oliver, S., Membrane transporter engineering in industrial
biotechnology and whole cell biocatalysis. Trends in biotechnology, 2015. 33(4): p. 237-246

48



CHAPTERIII

Membrane transporters in the bioproduction of organic acids:
state of the art and future perspectives for industrial
applications



Adapted from:

Soares-Silva, |12, Ribas, D.'?, Sousa-Silva, M.'?, Azevedo-Silva, J.?, Rendulic, T.', Casal,
M.z (2020). Membrane transporters in the bioproduction of organic acids: state of the art
and future perspectives for industrial applications. FEMS Microbiology Letters, 36/15),
fnaall8. doi.org/10.1093/femsle/fnaall8

! Institute of Science and Innovation for Bio-Sustainability (IB-S), University of Minho,
Portugal

2Centre of Molecular and Environmental Biology (CBMA), Department of Biology, University
of Minho, Campus de Gualtar, 4710-057 Braga, Portugal

Personal contribution: | was involved in the manuscript writing of section 3.4 Transporter
expression for the optimization of organic acid efflux.

Note: Part of this chapter was previously reported in the Doctoral thesis of David Ribas,
which is entitled “Characterization of carboxylate transporters: functional and structural
studies for the improvement of cell factories” and is available in the “Repositorium” of the
University of Minho.

49



CHAPTERIII

Membrane transporters in the bioproduction of organic acids: state of the art
and future perspectives for industrial applications

ABSTRACT

Organic acids such as monocarboxylic acids, dicarboxylic acids or even more complex molecules such
as sugar acids, have displayed great applicability in the industry as these compounds are used as platform
chemicals for polymer, food, agricultural and pharmaceutical sectors. Chemical synthesis of these
compounds from petroleum derivatives is currently their major source of production. However, increasing
environmental concerns have prompted the production of organic acids by microorganisms. The current
trend is the exploitation of industrial biowastes to sustain microbial cell growth and valorize biomass
conversion into organic acids. One of the major bottlenecks for the efficient and cost-effective
bioproduction is the export of organic acids through the microbial plasma membrane. Membrane
transporter proteins are crucial elements for the optimization of substrate import and final product export.
Several transporters have been expressed in organic acid-producing species, resulting in increased final
product titers in the extracellular medium and higher productivity levels. In this review, the state of the
art of plasma membrane transport of organic acids is presented, along with the implications for industrial

biotechnology.

KEYWORDS: Industrial biotechnology; Cell factories; Carboxylic acids; Transporter proteins; Permease
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3.1 INTRODUCTION

Organic acids are an essential group of platform chemicals produced by microbes. Most of the organic
acids produced industrially are used in the food industry. Currently, the major source of production of
these compounds is the chemical synthesis from petroleum derivatives. Nonetheless, several organic
acids are already industrially generated wia microbial cell-factories, including succinic, lactic, citric,
gluconic and acetic acid [1]. Microbial production of organic acids comprises several membrane transport
processes, mostly controlled by membrane proteins, namely substrate import, transport of metabolites
between organelles and product export. These processes, critical for the bioproduction of organic acids,

are the major topic of this review.

3.2 MICROBIAL CELL FACTORIES IN THE PRODUCTION OF BIO-BASED ORGANIC
ACIDS

The global organic acids market was valued at 17 billion euros in 2016. The forecasts predict an annual
growth of 8.3%, which should reach 30 billion euros by the year 2023 [2] with an impact in a broad range

of industrial sectors (Figure 1).
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Figure 1. Annual production of organic acids according to market sector/application in
2015 and estimated growth for 2024 (adapted from
https://www.alliedmarketresearch.com/organic-acids-market).
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The most significant contributions to this growth are the use of renewable resources, the rising market,
and the growing demand from developing countries for bio-based organic acids. The industry of microbial
organic acid production is under continuous development to increase cell factory productivity, yields and
range of products. Along with classical strain engineering approaches and adaptive laboratory evolution
(ALE) strategies, the development of recombinant DNA technology together with synthetic biology has
allowed the rational engineering of organic acid-producing microbes. Meanwhile, beyond the classical
industrial microbes, such as Escherichia coli, Saccharomyces cerevisiae and Corynebacterium
glutamicum, we have witnessed the appearance of other species isolated from natural sources, displaying

a high capacity to generate organic acids [3-5].

3.2.1 MEMBRANE TRANSPORTERS AS TOOLS FOR THE IMPROVEMENT OF CELL FACTORIES

Nowadays, most industrial microorganisms are metabolically engineered to produce specific products
and/or to metabolize specific substrates. For decades, the transport mechanisms and energetics of these
compounds were underestimated, and most attention was given to the engineering of metabolic
pathways. Recently, the scientific community and biotech companies focused their efforts on transporter
engineering, envisaging the development and improvement of microbial cell factories [6-8].

The microbial fermentation industry faces two major bottlenecks in the production line: the first relates to
product accumulation and toxicity inside the cell and low product titers in the extracellular medium; the
second is associated with cell factory capacity to assimilate carbon and energy sources for product
biosynthesis. These two obstacles in microbial fermentation can be overcome by transport activity of
endogenous or exogenous membrane transporters, importers and/or exporters, as well as their genetic
manipulation regarding expression levels and generation of mutant alleles with increased transport

capacity or altered specificity [6, 7, 9].

3.3 MEMBRANE TRANSPORTERS IN THE IMPORT OF RENEWABLE SUBSTRATES

The most used renewable feedstocks in the bio-based industrial production of carboxylic acids are cheese
whey, lignocellulosic biomass, glycerol and pectin-rich wastes [1]. Lactose is the most abundant sugar in
cheese whey; xylose along with arabinose are abundant sugars in lignocellulosic hydrolysates; pectin-rich

wastes, such as citrus and beet pulp, are rich in galacturonic acid [1, 10]. Frequently, these sugars are
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hardly assimilated and metabolized by microbial cell factories. This bottleneck is associated with the lack
of membrane proteins or extracellular enzymes capable of respectively taking up or converting these
substrates into assimilated forms. Therefore, membrane transporters are engineered in microbial cell
factories to increase the efficiency of substrate influx, by altering transporter specificity, affinity and/or
capacity, ultimately leading to improved production yields [6, 10, 11].

Extensive efforts were devoted to the use of genetically engineered £. colias a sustainable platform for
the production of industrially important compounds, including organic acids (for a review see Chen
et al. 2013; Yang et al. 2020) [12, 13]. One of the few examples reporting the engineering of membrane
transporters for the uptake of substrates to improve organic acid production in £. col/is the study by Wu,
et al (2018). Here, the increased production of catechol (gluconic acid precursor) was achieved after the
co-expression of the catechol biosynthetic pathway and the transporter CouP, which enabled the uptake
of aromatic compounds present in lignin. In a more recent work, Khunnonkwao ef a/. (2018) described
the improvement of succinic acid production upon re-engineering of xylose transporters in £. coli The
filamentous fungus Aspergillus nigeris the oldest industrial workhorse due to its great robustness to
extreme acid environments and better fithess for industrial fermentation [16]. Genome design and
metabolic engineering approaches to optimize the A. niger cell factory for industrial citric acid production
can be found in Tong ef a/. (2019). However, few transporter engineering strategies for substrate influx
were described in this species. The endogenous low-affinity glucose transporter Lgtl was expressed in
the citrate-producing A. niger H915-1 strain, under the control of the low-pH-inducible promoter Pgas,
leading to enhanced glucose absorption during the acid producing period and enhanced citrate production
[17]. Yeasts are considered one of the most promising groups of industrial microorganisms to produce
organic acids and ethanol. Thus hereafter, emphasis will be given on the functional expression of xylose,
arabinose, lactose, glycerol and galacturonic acid transporters in attempts to improve organic acid

biorefinery applications in yeasts.

XYLOSE

The heterologous expression of xylose transporters in S. cerevisiae for the conversion of this
lignocellulosic sugar into ethanol was extensively reported in the literature. More than 80

heterologous xylose transporters or putative xylose transporters have already been expressed in S.
cerevisiae (for a review see Moysés ef al. 2016) [18]. Significant examples include SUT1, SUT2, XUT],
XUT3 (Xyp33), XUT4, Xyp29 (S7L12), SUT3 (Xyp37) from Scheffersomyces stipitis, GXFI from Candida

Intermedia, At5gb9250 from Arabidopsis thaliana, An29-2 and An25 from Neurospora crassa, xtrD from
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A. nidulans, MgT05196 from Meyerozyma guilliermondii and Xylf from Debaryomyces hansenii. More
than 80% of these putative transporters or annotated sugar transporters were not functional
in S. cerevisiae, probably due to misfolding or improper localization [18]. The ones that were properly
expressed in the HXT-null S. cerevisiae strain displayed activity for xylose transport, but the majority

showed a preference for glucose over xylose.

ARABINOSE

Along with xylose, arabinose is the second most abundant pentose sugar present in lignocellulosic
hydrolysates. S. cerevisiae possesses endogenous arabinose transporters (Hxt9 and Hxt10, Gal2), Gal2
being the most prominent [19]. However, the consumption of this sugar pentose is inefficient and
inhibited by glucose, since Gal2 exhibits a much lower affinity for arabinose than for glucose or galactose
[20, 21]. To improve the kinetics of arabinose uptake, transporter genes from other organisms have been
functionally expressed in engineered arabinose-metabolizing S. cerevisiae strains. Two characterized
L-arabinose transporters, LAT-1 from N. crassa and MtLAT-1 from Myceliophthora thermophila were
expressed in this yeast [22]. The expression of both transporters in a S. cerevisiae strain containing a
L-arabinose metabolic pathway resulted in a much faster L-arabinose utilization, greater biomass
accumulation, and higher ethanol production than the control strain. Expression of the PcAraT arabinose
transporter from Penicillium chrysogenum enabled growth on arabinose in the presence of glucose in a
S. cerevisiae strain deficient in hexose phosphorylation and able to metabolize arabinose [23]. This
transporter showed significantly higher affinity for arabinose compared to the endogenous Gal2 and had

far less pronounced inhibition of arabinose uptake in the presence of glucose or xylose.

LACTOSE

A recombinant S. cerevisiae flocculent strain heterologously expressing the B-galactosidase LAC4 and
lactose permease LAC12 genes from Aluyveromyces lactis was used for ethanol production from lactose
in a continuous culture operation [24]. This approach resulted in an ethanol production yield of 0.51 g/g
of lactose. In continuous fermentation conditions, this engineered S. cerevisiae strain reached an ethanol
productivity of 11 g/L/h, which represented a 7-fold rise compared with values of ethanol productivity
from lactose previously mentioned in the literature [24]. The expression of the lactose transporter CDT-1,
the intracellular B-galactosidase GH1-1 from N. crassaand the lactate dehydrogenase IdhA

from Rhizopus oryzae in S. cerevisiae allowed the production of lactic acid from lactose, cow's milk, or
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whey [25]. A lactic acid yield of 0.358 g/g lactose was achieved from a Yeast extract-Peptone medium

containing about 80 g/L whey.
GLYCEROL

Heterologous expression of glycerol facilitators (Fps1 homologs) from non-Saccharomyces yeast species
that show superior growth on glycerol, e.g. Cyberlindnera jadinii, Komagataella pastoris, Pachysolen
tannophilus and Yarrowia lipolytica, improved the maximum specific growth rates of the S. cerevisiae CBS
6412-13A strain by 30-40% in synthetic glycerol medium [26]. Conversely, no improvement was visible
after the overexpression of the endogenous S. cerevisiae FPSI gene. Deletion of the endogenous
glycerol/H- symporter S7L 1 did not impair the superior growth of these strains. A significant increase in
ethanol production (from none to 8.5 g/L) was obtained upon the expression of the heterologous
aquaglyceroporin CjFPS1 from C. jadinii in the strain CBS DHA, which catabolizes glycerol via the
dihydroxyacetone (DHA) pathway [27]. Further optimizations, including the reduction of oxygen availability

in the shake flask cultures, increased the ethanol titer up to 15.7 g/L.

GALACTURONIC ACID

The introduction of the galacturonic acid transporter GAT1 from M. crassa, along with a fungal reductive
pathway for galacturonic acid catabolism (gaad, gaaC and gad from A. niger and [gdl from
Trichoderma reesel), allowed the engineered S. cerevisiae strain to metabolize galacturonic acid [28].
This strain was only able to catabolize galacturonic acid when a co-substrate was added (fructose). Tracing
experiments with :C-galacturonic acid revealed its conversion into glycerol [28]. Recently, the expression
of another galacturonic acid transporter, GatA from A. njger, allowed a more rapid consumption of this
acid [29]. The involvement of endogenous yeast hexose transporters Hxt1-7 and Gal2 in the glucose-
inhibited uptake of undissociated galacturonic acid in acidic conditions was also uncovered. Expression
of glucose-insensitive GatA coupled with uronate dehydrogenase allowed the engineered S. cerevisiae
strain to produce 8 g/L of meso-galactaric acid from citrus peel waste supplemented with additional

glucose [29].
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3.4 TRANSPORTER EXPRESSION FOR THE OPTIMIZATION OF ORGANIC ACID
EFFLUX

Regarding the microbial production of organic acids, several reports pointed to the effectiveness and
contribution of membrane transporters for product efflux. The organic acid transporters that thus far have

been functionally characterized in yeast, fungi and bacteria are listed in Tablel.
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Table 1. Microbial organic acid transporter proteins (experimentally verified). Table includes the transporter family, the species, the Transport Classification Database (TC

number), the number of transmembrane segments (TMS), description of the transporter activity and references.

Transporter

Family \ Species TC number TMS* Description References
protein
. Electroneutral L-Malate/Citrate:H- symporter;
CimH (YxkJ) 2.A.24.2.4 10 . [75]
. .. Citrate (A, 10 uM), L-Malate (A, 1.5 mM
Bacillus subtilis trate { ), LMalate { M)
MaeN (YufR) 2.A.24.2.3 11 Malate:Na- symporter [76]
CitS Klebsiella pneumoniae 2.A.24.1.1 12 Sodium:Citrate symporter [77]
Sodium:Citrate symporter; Malate (4, 0.46 mM),
2-HCT MleP 2.A.24 13 Lactate (K. 4.6 mM) [78-80]
Lactococcus lactis Electrogenic Citrate:L-Lactate exchanger
CitP (CitN) 2.A.24.3.1 12 Citrate (4, 56 uM), Malate (4, 0.1 mM), Lactate [32]
(A, 26 mM)
Citrate:Lactate antiporter
CitP Leuconosch 2.A.24.3.2 13 Citrate, Citramalate, Malate, 2-Hydroxyisobutyrate 131, 81]
mesenteroides and Lactate
AAEX Suck Cogfne{)acz‘er/um 2.A81.1.3 9 Succinate exporter 182]
glutamicum
6 Acetate, Lactate and Succinate transporter;
SatP Escherichia coli 2.A.96.1.1 in  hexametic Acetate (A, 1.24 mM) and Succinate (4, 1.18 183]
channels mM)
Methanosarcina
AceP ) 2.A.96.1 6 Acetate transporter; Acetate (4, 0.49 mM) [59]
AceTr acetivorans
harom : .
Atol (Ady2) Sacc 'a'O yees 2 A96.1.4 6 Acetate permease; Acetate (A, 0.84 mM), Lactate, (58, 5]
cerevisiae Propionate and Formate
Gprl Yarrowia lipolytica 2.A.96.1.2 6 Acetate transporter; Acetate (4, 0.95 mM) [58, 59, 84]
Bestrophin ~ Bestl (AN2251)  Aspergillus nidulans 1A4621 4 Car-activated anion-selective channel; [85, 86]

Citrate, Propionate, Benzoate and Sorbate
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Citrate or D-Isocitrate divalent metal:H- symporter

CitM 2A.11.1.1 9 (K, 35-63 uM), Metal (in order of preference): 187, 88]
Mgz, Mnz, Niz, Zn> and Co>
: ” Citrate divalent metal:H+ symporter (A, 35-63
. . Bacill /i
_ CitH (CitN) acillus subtiis 2.A.11.1.2 11 uM): Metal (in order of preference): Ca>, Ba> and 188]
CitMHS o
YRAO 2.A11.1.5 13 Citrate:H* symporter [89]
CitH COfyﬂebaCl‘ef/um 2SA1116 10 Divalent cation:citrate; Citrate transport in (90]
glutamicum R complex with Ca* or Sr»
Aspergillus carbonarius 2.A.23.1.7 9 Fumarate, L-Aspartate: symporter [91]
Dct : :
Actinobacillus
succinogenes 2.A.23 12 Malate and Citrate exporter [41]
Bacillus subtilis 2 A2316 8 Dicarboxylate:H- symporter: Succinate (4, 2.6 [92, 93]
uM), Fumarate
DAACS Dicarboxylate:H- symporter;
Corynebacterium 2 A3 7 L-Malate (4, 736 puM), Fumarate (4, 232 pM), 04
DctA glutamicum s Succinate (4, 218 uM), Oxaloacetate and
Glyoxylate
Aerobic dicarboxylate transporter: Succinate
Escherichia coli 2.A23.1.7 8 (K, 25 pM), Orotate, Fumarate and L- and D- [95-97]
Malate
. Aerobic sodium dicarboxylate transporter
C
DecT (DesT) /0?/ nebacterium 2A47.1.12 14 Succinate (A, 30 M), Fumarate (A, 79 M), 194, 98, 99]
gitamicum Malate (A, 360 uM) and Oxaloacetate
L-Tartrate:Succinate antiporter
TidT (YgjE) 2.A.47.3.3 12 L-Tartrate (4, 700 uM) uptake, Succinate (4, 400 [100]
DASS . . M) effl
Escherichia coli , . ) — ,
Citrate:Succinate antiporter
CitT 2.A.47.3.2 13 Citrate uptake and efflux of Succinate, Fumarate [101]
and Tartrate.
SLC13 2.A.47 14 Citrate exporter [41]
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Dicarboxylate: Na* transporter

SdcA ACf/n,ObaC///US 2.A47.5.3 13 Fumarate (4,536 uM) and Succinate ( A, 389 [102]
succinogenes UM) uptake
Dicarboxylate: Na* symporter
Succinate (A, 7 mM), Malate (A, 8 mM),
SdcS Staphylococcus aureus 2.A47.1.11 14 Fumarate (K. 15 mM). Aspartate and o [103, 104]
Ketoglutarate transporter
Anaerobic antiporter of Aspartate, Malate,
DcuA 2.A.13.1.1 11 Fumarate and Succinate [45, 105]
L . Uptake and efflux of Fumarate
Deu Escherichia col Anaerobic antiporter of Aspartate, Malate,
DcuB 2.A.13.1.2 11 Fumarate and Succinate; Uptake and efflux of [41, 45, 100, 105]
Fumarate and Citrate exporter
Anaerobic electroneutral C.-dicarboxylate
DcuC DcuC Escherichia coli 2.A61.1.1 12 exchanger; Dicarboxylate-proton symporter; [41, 45-47]
Citrate exporter
DHA1 CexA Aspergillus niger 2.A.1.2 12 Citrate exporter [62]
6 in ' Exporter of Acetate (A, 23.9 mM), Lactate (A, 96
FocA Escherichia coli 1.A.16.1.1 pentameric mM) and Pyruvate (A, 11.6 mM); Uptake/efflux of [106, 107]
FNT (CF']S;’?LSCU) Formate (4, 11.7 mM)
. , Lactate:H: symporter
PIENT Plasmodium falciparum 1.A16.2.7 6 D-Lactate, Pyruvate, Acetate and Formate [108, 109]
Lactate permease
11
LidP Escherichia coli 2.A.14.11 12 L-Lactate, D-Lactate and Glycolate [110]
Glycolate permease
LctP GlcA (YghK) 2.A.14.1.2 13 L-Lactate, D-Lactate and Glycolate [110, 111]
Bacillus subtilis 2A141.3 14 Lactate permease [112]
LutP
Bacillus coagulans 2.A.14.1 14 Lactate permease [113]
MFS MfsA Aspergillus terreus 2.A.1 12 Dicarboxylate transporter; [52, 53]

Itaconate exporter

59



ltpl Ustilago maydis 2.A.1 12 Itaconate exporter [114]
Acetate/haloacid transporter
Dehp2 2A16.11 12 Acetate, C.hloroa.cetate, Brpmoacetate, (115, 116]
Burkholderi b . 2-Chloropropionate; low affinity to Glycolate,
MHS urkiolaena - caripensts Lactate and Pyruvate
MBA4 Acetate/Monochloroacetate (haloacid) permease
Dehdp 2.A.1.6.13 11 Acetate (A, 5.5 uM) and Monochloroacetate [115, 116]
(A, 9 uM)
Malate:Lactate antiporter coupled with proton
NhaC MieN (Yqkl) Bacillus subtilis 2.A.35.1.2 10 uptake and sodium efflux [117]
Malic>-2H:: Na-Lactater
Lactate/Pyruvate:H- symporter
Jenl Sacc/?a'fomyces 2.A.1.12.2 12 Acetate (A,4.8 mM), Lactate (A, 0.2 mM), [56, 57, 118, 119]
cerevisiae Propionate, Pyruvate (4,0.7 mM), Selenite
Monocarboxylate permease
Calenl 2.A.1.12 10 Lactate (A, 0.33 mM) Pyruvate and Propionate [120]
. : Dicarboxylate permease
Calen? Candida albicans 2 AL o Succinate (A, 0.49 mM), Malate (4, 0.12 mM) .
aJjen R Affinity for the sugar acids Gluconate, Xylarate and '
Mucate
DH17 2.A1.12 12 Malate permease (A, 0.27 mM)
SHS .
DH18 2.A1.12 12 Succinate permease (4, 0.31 mM)
Debaryomyces hansenif [122]
DH24 2.A.1.12 12 Succinate permease (4, 0.16 mM)
DH27 2.A1.12 12 Acetate permease (A, 0.94 mM)
Monocarboxylate permease
123, 124
Klenl 2.A1.12 12 Lactate (A4, 2.08 mM), Pyruvate [123, 124]
. Dicarboxylate permease
Kluyveromyces lactis .
Klen? 2A112 11 Malate (A, 0.15 mM), Succinate (A, 0.11 mM), (50, 123, 124]

Fumarate; Affinity for the sugar acids Gluconate
and Saccharate
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Acetate/Propionate:H* symporter

MctC C‘ormepacz‘enum 2.A21.7.3 13 Pyruvate (A, 250 pM), Acetate (Am 31 uM), [125]
Slutamicum Propionate (A, 9 uM)
Acetate (A, 5.4 uM) and Glyoxylate
SSS ActP (YjcG) Escherichia coli 2.A.21.7.2 13 coupling ion: proton transporter, with affinity for (126, 127]
Tellurite
Acetate permease
ActP1 Rhodobacter capsulatus 2.A21.7.4 14 Acetate (A, 1.89 mM), Pyruvate, Lactate, Tellurite [128-130]
(K, 163 uM)
ST KgtP (WitA) Escherichia coli 2.A.16.2 12 * _Ketoglmirate_ (Oxoglutarate):symporter [131]
rabinose exporter
L. . Aerobic Succinate transporter
SulP DauA (YchM) Escherichia coli 2.A53.3.11 11 Succinate (K. 0.56 mM), Aspartate and Fumarate [97]
Malate:H- symporter
Mael Sch/zosaccharomyces 2 A16.2.1 10 Ox.aloacetatfz, Malonate, Succinate, Fumgrate and [41, 132-134]
pombe Thio-malate; Exporter of Fumarate, Succinate and
10T Malate
Ssul ) ) Dicarboxylate transporter
Seu? Ustilago trichophora 2.A.16. 9 Malate and aKetoglutarate [39]
12 (DctM) Tripartite dicarboxylate: H- symporter
TRAP-T DctPQM Rhodobacter capsulatus ~ 2.A.56.1.1 + 4 (DctQ) Malate (A; 8.4 uM) competitively inhibited by [135]
+ receptor Fumarate (A 2 uM) and Succinate (A 8 puM)
Corynebacterium 12(Tcth) +
TTT TctABC Y ) 2.A.80.1.4 4(TctB) + Citrate transport in complex with Ca> or Mg [90]
glutamicum 1 (TetC)

* Number of TMS predicted with the TMHMM software (http://www.cbs.dtu.dk/services/ TMHMM/) or verified

TCDB Families: 2-HCT - 2-Hydroxycarboxylate Transporter; AAEx — Aspartate:Alanine Exchanger; AceTr — Acetate Uptake Transporter; Bestrophin — Anion Channel-

forming Bestrophin; CitMHS - Citrate-Mgz:H* (CitM) Citrate-Ca2:H- (CitH) Symporter; DAACS - Dicarboxylate/Amino Acid:Cation (Na+ or H+) Symporter; DASS -
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Divalent Anion:Na+- Symporter; Dcu — C,-Dicarboxylate Uptake; DcuC — C,-dicarboxylate Uptake C; DHA1 — Drug:H* Antiporter-1; FNT — Formate-Nitrite Transporter;
LctP - Lactate Permease; MFS - Major Facilitator Superfamily; MHS — Metabolite:H- Symporter; NhaC — Na-:H+ Antiporter; SHS - Sialate:H- Symporter; SSS -
Solute:Sodium Symporter; ST - Sugar transporter; SulP — Sulfate Permease; TDT - Telurite-resistance/Dicarboxylate Transporter; TRAP-T — Tripartite ATP-

independent Periplasmic Transporter; TTT — Tripartite Tricarboxylate Transporter. na — not annotated at TC Database.
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Among these transporters, a great majority belong to the 2-hydroxycarboxylate transporter (2-HCT)
(TC 2.A.24), Divalent Anion:Na* Symporter (DASS) (TC 2.A.47) and Sialate:H: symporter (SHS)
(TC 2.A.1.12) families. Members of 2-HCT are involved in the transport of di- and tricarboxylate substrates
(malate/citrate uptake) with either Na* or H- as the co-substrate and precursor/product exchangers [30].
Some members mediate the transport of monocarboxylate substrates, 2-hydroxyisobutyrate and D-lactate
[31, 32]. The integral membrane proteins of the DASS family are conserved from bacteria to humans.
DASS proteins typically mediate the coupled uptake of Na* ions and dicarboxylate, tricarboxylate, or sulfate
(for a review see Lu 2019). A total of six members of DASS present a broad range of substrates from
mono-, di- to tricarboxylates. The SHS transporter family, despite only having two distinct family members,
the sialic acid transporter NanT, and the lactate/pyruvate:H- symporter orthologues, is the one with most
members characterized in yeast, accepting mainly mono- and dicarboxylates as well as sugar acids [34,

35]. Next, we will highlight the transporters that had an impact on the improvement of cell factories.

GLUTAMIC ACID

The bacterium Corynebacterium glutamicum is used in microbial biotechnology for the production of
glutamic acid. Glutamate efflux, triggered by increased mechanic tension, was associated with the
activation of the channel NCgl1221 (MscCG) [36, 37], belonging to the MscS Family (TCDB 1.A.23 The
Small Conductance Mechanosensitive lon Channel). However, the activation mechanism of
C. glutamicum mechanosensitive channels is not fully understood (for a review see Nakayama et a/.
2019). Several channels of this family are described to play a critical role in product efflux of other amino

acids, namely lysine, isoleucine, threonine, methionine, and others [6, 11].

MALIC ACID

In the natural malic acid producer Ustilago trichophora RKO89, the overexpression of two endogenous malate
transporter genes improved the production yields by 54% [39]. The overexpression of pyruvate carboxylase (pyc)
together with two malate dehydrogenases (madhi, mahZ2), and two malate transporters (ssuz, ssu2) was carried
out in a laboratory-evolved U. trichophora strain that reached an extracellular malate titer of 120 g/L. Wild-type
S. cerevisiae strains produce low levels of malate. High yield production of malic acid required the
elimination of alcoholic fermentation, which in this yeast occurs under fully aerobic conditions when high
concentrations of sugar are present [40]. The metabolic engineering of a S. cerevisiae strain allowed an
increase up to 10-fold of malic acid titer relative to the control strain [40].This was achieved through the

engineering of a glucose-tolerant, C-independent pyruvate decarboxylase-negative strain, together with: i)

63



the overexpression of the endogenous pyruvate carboxylase encoded by PYCZ, ii) the overexpression of
an allele of the peroxisomal malate dehydrogenase MDH3 gene targeted to the cytoplasm, and iii) the
functional expression of the S. pombe malate transporter SpMael. These modifications per seimproved
malate production, and the combination of all genetic modifications reached a malate titer of
approximately 59 g/L [40]. Recently, seven dicarboxylic acid transporters were expressed in a
S. cerevisiae strain engineered for dicarboxylic acid production [41]. In this work, the expression of the
SpMael homologous gene from Aspergillus carbonarius, AcDct, increased malate titer up to 12-fold.
Upon SpMael expression, the following titers were obtained for malate, (8 fold-4.3 g/L) succinate

(3 fold-2.6 g/L) and fumarate (5 fold-0.33 g/L).

FUMARIC ACID

The overexpression of the S. cerevisiae mitochondrial succinate-fumarate carrier SFCI gene enhanced
fumarate export and production by 47.6 % in this yeast [42]. A S. cerevisiae strain engineered for the
production of fumarate, deleted in the fumarase FUMI gene, and expressing the AoPYC pyruvate
carboxylase gene of 7. oryzae and the endogenous SFCI gene, resulted in a titer of 1.7 g/Lof fumarate
in batch culture.

Using a different approach, fumarate production in Candida glabrata was improved by overexpressing the Sfcl
mitochondrial carrier in combination with the heterologous expression of SpMael[43]. This work established
the metabolic engineering of the tricarboxylic acid cycle in C. glabrata to construct the oxidative pathway for
fumarate production. Thus, a set of genetic modifications to manipulate the oxidative pathway was applied in
the o-ketoglutarate dehydrogenase complex, succinyl-CoA synthetase, and succinate dehydrogenase. As a
result, the C. glabrata producer strain reached a fumarate titer of 8.24 g/L. Overexpression of the
argininosuccinate lyase gene led to a fumarate increase up to 9.96 g/L. The additional expression of two
dicarboxylic acid transporters, Sfcl and SpMael, allowed an improvement of fumarate production (15.76 g/L)
[43]. In £. coli a set of Cdicarboxylate transporters from different organisms were cloned in a fumaric
acid-producing strain deleted in the genes fumABC, frdABCD, ic/Rand arcA, to evaluate their impact on
the production of this acid [44]. It was the overexpression of the endogenous transporters DcuB, an
anaerobic fumarate—succinate antiporter [45], and DcuC, a C.dicarboxylate carrier that promotes
succinate efflux during glucose fermentation [46], that displayed the highest impact on the production of
fumaric acid. These lead to an increase of fumaric acid yield by 48.5% and 53.1%, respectively. In
fed-batch fermentation culture, the fumaric acid producer strain overexpressing the dcuB gene reached

9.42 g/L of fumaric acid after 50 hours [44].

64



SUCCINIC ACID

Modulation of the simultaneous expression of £. coli transporter genes dcuB and dcuC led to a 34%
increase of succinic acid titer in an engineered E£. coli strain [47]. In this work, four £. coli Dcu
C.dicarboxylate transporters were exploited for succinate export. Single deletion of adcuA or dewD did not affect
the export of this organic acid, while dcuB and dcuC deletion led to 15% and 11% decrease of succinate
extracellular titer, respectively. The combined deletion of dcwB and deuC genes resulted in a 90% decrease of
succinate titer. As a result, a ribosome binding site library was investigated to modulate and increase the co-
expression of dcuB and dcuC, which led to a 34% increase of succinate titer produced by £. coli [47]. In
C. glutamicum, the overexpression of the endogenous succinate exporter, SucE, increased succinate yield
in an engineered strain [48]. A dual-route for anaerobic succinate production was devised, involving the
reconstruction of the glyoxylate pathway by overexpressing isocitrate lyase, malate synthase, and citrate
synthase. This succinate producer strain reached a succinate yield of 1.34 mol/mol of glucose. The
additional overexpression of the endogenous succinate exporter, SucE, increased succinate yield to
1.43 mol/mol of glucose. In anaerobic fed-batch fermentation, the C. glutamicum succinate producer

strain overexpressing SucE led to a titer of 109 g/L succinate.

ITACONIC ACID

Expression of two Aspergillus terreus genes encoding organic acid transporters, miftAand mfsA, increased
itaconic acid production in an A. niger strain expressing the cis-aconitate decarboxylase [49, 50]. MttA is
a mitochondrial tricarboxylic acid transporter that preferentially transports cis-aconitate instead of citrate
[51]. MfsA is an itaconate plasma membrane exporter [52, 53]. The strains expressing mittA or mfsA
displayed an increased itaconic acid (1.5 g/L) production when compared with an A. njger strain
expressing only cis-aconitate decarboxylase (0.8 g/L) [54]. Interestingly, the production did not increase
further when both transporters were co-expressed (0.9 g/L). In a previous study in A. ferreus the
overexpression of a bacterial hemoglobin (vgb) led to an increased dissolved oxygen level, having a strong
effect on itaconic acid production [55]. Additional optimization was achieved by overexpression of the
fungal hemoglobin domain /bdl and deletion of the oxaloacetate acetylhydrolase 0aAA gene, in
combination with controlled batch fermentation conditions, resulting in the increase of the production
level from 0.8 to 2.5 g/L of itaconic acid [54]. In a subsequent study, a titer of 26.2 g/L and a maximum

production rate of 0.35 g/L/h were reached by overexpressing the cytosolic citrate synthase c¢itB[53].
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LACTIC ACID

The S. cerevisiae genome encodes at least two plasma membrane monocarboxylate transporters, Jenl
[56, 57] and Ady2 [58, 59] with distinct specificities, mode of action and regulation mechanisms [34,
60]. In a S. cerevisiae strain engineered for lactate production, the constitutive expression of these two
transporters resulted in a higher accumulation of lactic acid in the extracellular medium [61]. In this study, the
authors expressed the lactate-dehydrogenase LDH gene from [.case/in the S. cerevisiae W303-1A parental
strain and in the three isogenic strains jenlA, adyZA and jeniAadyZ/ to allow lactate production. All the
deleted strains expressing LDH were able to produce higher titers of lactic acid compared with the parental
isogenic strain. Moreover, the constitutive expression of JENI or ADYZ2 genes, along with LDH, resulted in the
higher external accumulation of lactic acid in the presence of glucose. Upon glucose depletion, lactate
consumption was also more pronounced in cells expressing Jenl and/or Ady2, suggesting the involvement of

these transporters in both the import and export of lactic acid [61].

CITRIC ACID

In a recent work, Steiger ef a/ (2019) identified CexA, the longtime sought citrate exporter from A. njger. The
constitutive and inducible overexpression of CexA in the native citric acid-producing species A. njger, resulted in
significant increases in secreted citric acid [62]. The inducible system reached 109 g/L citric acid, five times

higher than the parental wild-type strain and three times higher than the constitutive expression system.

3.5 ENGINEERING MEMBRANE TRANSPORTERS

Membrane transporters, like any protein, can display substrate promiscuity, altered conformation, distinct
affinity and capacity depending on physiological conditions, as well as alterations in folding and stability.
Finding a membrane transporter, either for import or export, might not be enough to achieve the levels
of cell factory productivity needed to obtain a cost-effective and sustainable bioproduction process. The
engineering of membrane proteins can diminish these constraints by tuning the activity towards specific
conditions and substrates. This approach is frequently achieved by ALE experiments, mutagenesis or
recombination involving methods of synthetic biology [6, 11, 18]. ALE of host organisms combined with
the identification of responsible genetic changes and subsequent reverse engineering, is a powerful

approach to obtain novel or improved substrate specificity of membrane transporters.
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3.5.1 ENGINEERING SUGAR TRANSPORTERS

Whereas it is common to look for exogenous transporters to be cloned into producer strains, the
endogenous transportome can be used as a pool of transporters for cell factory optimization. One such
example is the complex landscape of the S. cerevisiae genome that includes 20 transporter proteins
belonging to the Hexose Transporter (HXT) Family, with great potential to be exploited in cell factories for
the uptake of renewable sugars from lignocellulosic wastes [18, 63]. By using molecular modeling and
docking studies, the endogenous S. cerevisiae Gal2 transporter was engineered to improve L-arabinose
transport capacity [64]. In this study, nine residues were found to interact with L-arabinose. Rational
protein design by directed mutagenesis allowed an increase of transporter capacity for L-arabinose.
Besides the gain of function associated with arabinose transport capacity, the F85S mutation specifically
improved xylose transport [65]. In another study, the combination of computer-assisted modeling,
site-directed mutagenesis, error-prone PCR approaches and selective growth conditions, resulted in the
identification of residues in both Hxt7 and Gal2 that yielded glucose-insensitive xylose transporters [66)].
The mutant Gal2-N376F had the highest affinity for D-xylose, along with a moderate transport rate for this
pentose sugar, and completely lost the ability to transport hexoses [66].

To obtain a transporter able to sufficiently import arabinose in the presence of glucose and xylose, a strain
deficient in glucose phosphorylation and able to metabolize arabinose was created [67]. Subsequently,
the engineered strain was grown in medium with these three sugars. This way, conditions were met where
arabinose became the only metabolizable sugar within the media, while glucose and xylose were exerting
selective pressure towards the evolution of an arabinose transporter uninhibited by glucose and xylose.
Consequently, mutations within hexose transporter Gal2 in residues T89 and N376 were found to
significantly increase the A, value of Gal2 for glucose, and decrease the A, value for arabinose, enabling

superior growth of the engineered strain in a medium containing the three sugars [67].

3.5.2 ENGINEERING ORGANIC ACID TRANSPORTERS

In an attempt to evolve an efficient fumarate exporter in S. cerevisiae, a knock-out strategy was
implemented in which fumaric acid was turned into the energetically more favorable catabolic product,
by deletion of the fumarase (FUMI) and glucose 6-phosphate dehydrogenase (ZWFI1) genes [68]. The
malate and succinate transporter DCT_02 from A. nijgerwas used as a template expected to evolve into

an efficient fumarate exporter. However, the evolution experiment did not yield the desired results, since
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only malate and succinate were secreted to the extracellular medium, and further strategy refinement is
required [68].

Through a rationally designed site-directed mutagenesis strategy, the substrate specificity of the yeast
Jenl monocarboxylate transporter was altered to acquire the ability to transport the dicarboxylic acids
succinate (F270A and F270G) [69] and saccharate (S271Q) [35].

In two independent evolution experiments, S. cerevisiae strains deficient in Jen1 were evolved for growth
on lactate as sole carbon and energy source [70]. Whole-genome resequencing of evolved strains
uncovered the presence of single nucleotide changes in the acetate transporter gene ADYZ2
(C755G/L219V and C655G/A252G). These Ady2 mutated alleles encode efficient lactate transporters.
Presently, new relevant roles of protein transporters are being uncovered, namely at the level of improving
industrial strain's tolerance to by-products. An example of the complexity of the roles of transporters in
regulatory networks is reported by Zang et al. (2017) who, in the presence of 3.6 g/L acetic acid pH 3.7,
observed an increment of 14.7% in the final ethanol concentration for the S. cerevisiae strain lacking the
ADYZ gene [71]. By impairing acetate uptake from the extracellular space, the accumulation of
intracellular acetate was reduced, and as consequence cells acquired increased tolerance towards this

organic acid.

3.6 FUTURE PERSPECTIVES FOR TRANSPORT ENGINEERING

It is expected that in the near future, biorefineries increase the production of platform chemicals from
renewable resources [72]. The exploitation of industrial biowastes to sustain microbial cell growth and
valorize biomass conversion into organic acids is one of these current trends. Achieving optimal processes
requires industrially robust strains. One of the major bottlenecks for the efficient and cost-effective
bioproduction of organic acids is their export through the microbial plasma membrane. Membrane
transporter proteins are thus crucial elements for the optimization of this process. In this review, we
presented examples of the most relevant and emerging cell factories for the production of organic acids,
as well as the engineering strategies used to turn them into efficient producers of this family of
compounds.

In recent years, a great effort was dedicated to transporter engineering, envisaging the development and
improvement of microbial cell factories. Examples of transporters engineered in producer strains,

especially in the yeast S. cerevisiae, are summarized in Figure 2.
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Figure 2. The expression of endogenous or exogenous membrane transporter genes in
engineered bacteria, yeast and filamentous fungi, allows the uptake of renewable
substrates, as well as the export and extracellular accumulation of specialty organic acids.
Transporters on the left were expressed in the plasma membrane, to promote the import of substrates.
The transporters on the right were expressed either in the inner mitochondrial membrane or in the plasma
membrane, to promote the export of organic acids. The black arrows indicate the direction of the
transport, either to the cytoplasm, out of the mitochondria or to the extracellular medium. Transporters
expressed in bacteria are marked with *. The figure was produced using the vector image bank of Servier
Medical Art (http://smart.servier.com/).

Despite these advances, as the functional and structural characterization of membrane proteins is still a
cumbersome process, the redesigning and engineering of optimized cell membrane transporters for
industrial organic acid production is still at an early stage [6, 7]. Different strategies can be followed to
obtain improved transporters, namely with higher activity, altered substrate specificity and product
selectivity. ALE can be a suitable approach when the desired transport process is directly linked to a
selective advantage, such as the import of a sole carbon source necessary for growth. Nevertheless, its
employment to generate improved transporters for the efflux of solutes can represent a demanding
challenge. The complexity of biorefineries relies on many factors, including the optimization of several
transporters, with complementary kinetic and regulatory properties [67]. Structure-based or computer
simulation-based protein engineering is a powerful approach. However, these methods are hampered by
the low number of robust three-dimensional structural models of transporter proteins. According to the
Protein Data Bank (https://www.rcsb.org), transporter 3D structures account for less than 10% of the
total database entries, showing that membrane proteins remain until now mostly uncharacterized, which

evidences the need to increase the existing knowledge on this field. The recent identification of the gene
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encoding the long-sought citrate exporter from A. niger[62, 73], is an example of the effort that must be
carried out towards the identification of new transporters.

The biodiversity of the microbial world is an excellent pool to uncover relevant transporters for organic
acid production. Achieving the efficient heterologous expression of transporters is crucial to improve the
robustness of microbial cell factories. For instance, the proper expression of bacterial transporters in fungi
is constrained due to membrane incompatibility, low expression levels, and folding difficulties [74],
limiting the options for prokaryotic transporter expression in eukaryotic cells. Still, the versatility and
plasticity of membrane transporters suggest a promising future towards the optimization and

implementation of platform chemicals bioproduction at the industrial scale.
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CHAPTER IV

Bioprospection of non-conventional yeasts - lIdentification and genomic
analysis

ABSTRACT

The exploitation of biodiversity has captured the interest of the food, pharmaceutical, and even fuel
industries. In particular, microorganisms isolated from natural environments present properties that can
be relevant for industrial processes, e.g. tolerance to extreme pH values or temperatures, and the ability
to utilize and produce specific compounds. Yeasts are recognized as model organisms for basic research
but are also commonly used microorganisms for the production of added-value compounds, such as
chemical building blocks and biofuels. In this work, a group of wild yeasts isolated from acidic
environments, developed by fruit and vegetable wastes, was analyzed for their ability to grow on carboxylic
acids as carbon sources. The isolates here identified belonged to the Pichiaceae, Debaryomycetaceae
and Metschnikowiaceae families. The yeast Cyberiindnera jadiniibehaved as a promising cell factory due
to its ability to use carboxylic acids as sole carbon and energy sources. To further explore the distinct
capacities to assimilate organic acids presented by C. jadinii we have explored the genomic features of

four C. jadlinii strains, including wild isolates and laboratorial strains.

KEYWORDS: Non-Saccharomyces yeasts; Physiological characterization; Carboxylic acids,” Cyberilindnera jadinii;

Whole Genome resequencing
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4.1 INTRODUCTION

As the production rates of global food waste are predicted to increase in the near future, the development
of strategies for sustainable waste management has become more urgent than ever [1-3]. The food
industry generates great amounts of biogenic residues. Strategies for treating these waste materials are
ancient and contribute to environmental degradation and reduction of the economic profit. Activities such
as composting, landfilling, anaerobic digestion, incineration, animal feeding, among other actions,
represent some of the current procedures for biowaste treatment [4-6].

Considering the high amount of by-products and wastes created by food processing industries, novel
solutions for its valorization are required. Such promotion of sustainable uses of the available natural
resources and subsequent reduction of environmental footprint constitute the main pillars implemented
in any industrial sector aiming at achieving circular bioeconomy [7, 8]. Therefore, several sustainable
approaches have been suggested for converting solid wastes into added-value products: (i) direct use of
biological material, where biowastes are used with or without modifications for feed applications, (ii)
energy recovery, where the step from burning biomass arise from anaerobic digestion allowing the
recovery of its energy contents, (iii) material recovery by biochemical or chemical extraction and/or
conversion of the biomass into other valuable products such as platform chemicals, fertilizers and
solvents with potential commercial applications [5, 9]. In this latter solution, studies have shown that
certain biowaste-based products are capable of competing with and even outperforming conventional
methods [5]. In the fruit and vegetable transforming industry, the by-products can be used for instance
as chemical feedstock for fermentations as these are rich in carbohydrates, proteins, lipids, phosphorus,
water, along with aromatic and aliphatic compounds [6, 10-13]. Another viable alternative for biowaste
valorization is the vast and robust microbial diversity present in such ecological niches. The acidic
environments developed by fruit and vegetable wastes can promote the growth of microorganisms with
interesting properties. These features are triggered mostly by the microhabitat present in foods in which
microbes become adapted by a phenomena designated as "domestication" [14, 15].

Different microbes can be unveiled in foods depending on the pH present [15]. Products derived from
fruits, fruit juices, fermented fruits, vegetables, dairy products and salad dressings are considered as
low-acid foods, meaning that the pH present is generally above 5.2 [15, 16]. In some fruits, where pH
value is around 4.0, microbial colonization by molds and yeast occurs, being associated with food
spoilage. In case of vegetable wastes with higher pH values (" pH 6.0), these are more susceptible to
bacterial spoilage [15]. The proliferation of bacteria is associated with a tight pH range when compared

to yeasts and molds. For instance, lactic and acetic acid bacteria grow well at pH values ranging from 5.0
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to 6.0. Considering yeasts and molds, these species have higher tolerance to acidic pH values. Yeast
grow better in pH values ranging from 4.0 to 6.0, molds have a better growth in pHs from 3.5 to 5.0 [15].
In this context, microorganisms tolerant to acidic environments are good candidates for the production of
valuable chemicals, such as organic acids [16-18]. The great tolerance of S. cerevisiae to low pH values
and to high sugar concentration [19, 20], together with its genetic manipulation, prompted its use in the
biotechnology industry. Nevertheless, S. cerevisiae has its drawbacks, as the absence of an efficient
system for product secretion [21]. Synthetic biology and metabolic engineering are important tools for
the design of robust yeast cell factories [22-24]. Some microorganisms naturally produce chemicals, such
as carboxylic acids [25-27]. Carboxylic acids can have multiple industrial applications as food additives,
pharmaceutical and cosmetic excipients [28]. These compounds can be used particularly as chemical
intermediates for the production of several products as biodegradable polymers, bulk-chemicals,
potentially replacing petroleum-based and synthetic ones [29-31]. Carboxylic acids can be used by
microorganisms as sole carbon and energy sources, or can be final products or by-products of the
fermentative processes [25]. Some non-Saccharomyces yeast species like Aluyveromyces lactis,
Debaryomyces hansenij, Pichia kudriavzevii (former [ssatchenkia orientalis), Komagataella pastoris
(former Pichia pastoris), Candida utilis (teleomorph state as Cyberlindnera jadini) revealed promising
physiological characteristics that turn them as alternative hosts for biotechnological purposes [14, 18,
27, 32, 33]. In this work we exploited the microbial biodiversity present in agro-food by-products to identify
novel robust yeast strains adapted to such environments. The genetic and phenotypic variability from
these natural isolates was evaluated, along with their morphological traits. The indigenous species
described in this work might display a great potential to become promising biosustainable platforms,
given their ability to utilize carboxylic acids present in industrial biowastes as sole carbon and energy

sources.

4.2 MATERIALS AND METHODS

4.2.1 MICROORGANISMS

The yeast isolates used in this work belong to the Microbial collection of the Department of Biology of the
University of Minho and derived from the TransBio Project (FP7 KBBE - N°289603). Microorganisms
from this collection were isolated from agro-food by-products specifically mix salad, from a vegetable
processing industry. In this study, ten yeast isolates were selected for further analysis based on

preliminary screenings targeted for the isolation of organic acid producing yeasts.
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4.2.2 CULTURE CONDITIONS

Cell cultures were maintained on YPD (yeast extract 1% w/v, bacto-peptone 1% w/v, dextrose 2% w/v,
agar 2% w/v). Yeast cells were grown in Malt extract agar 5% w/v (MEA; Merck) and Sporulation media
(SM; dextrose 0.05% w/v, bacto-peptone 0.1% w/v, potassium acetate 1% w/v (Difco), yeast extract 0.1%
w/v and agar 2% w/v) for morphological characterization. The physiological traits of isolates were
evaluated through growth in yeast nitrogen base 0.67% w/v (YNB; Difcom, USA) supplemented with
different carbon and energy sources: glucose 2% w/v, acetic acid 0.5% v/v (pH 6.0), lactic acid 0.5% v/v,
fumaric acid 1% w/v, malic acid 1% w/v, succinic acid 1% w/v and citric acid 1% w/v (pH 5.5), at 30°C,
pH 5.0. All compounds used, from glucose to organic acids, were produced by Sigma Aldrich/Merck
(Germany). Cells were grown in liquid YPD media at 30°C, 200 rpm. Overnight cultures were adjusted to
an ODe. 0f 0.1. Cells were serially diluted (1:10) 3 times and 3 pL drops of each dilution were spotted
in plates with desired media and incubated at 30°C for 2 days. The phenotypic analysis was carried out
in triplicate, and results were converted to a classification system between 0 and 3 (0: without growth on
solid media; 1: weak growth; 2: moderate growth; 3: strong growth on solid media) [34]. Phenotypic

variability data was analyzed using the Orange software [35].

4.2.3 MOLECULAR TYPING AND SEQUENCE ANALYSIS

The genomic DNA was extracted using the protocol described by Looke ef a/,, (2011) [36]. The universal
primer pair ITS1 (5-TCCGTAGGTGAACCTGCGG-3') and ITS4 (5-TCCTCCGCTTATTGATATGC-3') was
used to amplify the intervening hypervariable ribosomal ITS1-5.8S-ITS2 region of each yeast isolate [37,
38]. PCR was carried out using the following conditions: initial denaturation at 95°C for 6 mins followed
by 35 cycles of denaturation (95°C for 20 seconds), annealing (53°C for 20 seconds) and extension
(72°C for 1 minute), followed by a final extension (5 minutes at 72°C). A negative control was included
in each run by replacing the template DNA with sterile water in the PCR mixture. DNA was visualized by
electrophoresis in a 1% (w/v) agarose gel, quantified with the NanoDrop ND-1000 (Thermo Scientific,
USA) and sequenced by Eurofins Genomics (Germany). The collected nucleotide sequences were aligned
using ClustalW (www.genome.jp/tools-bin/clustalw) to obtain the complete sequence. For the
identification of yeast species, the sequences were compared to the reference data available in NCBI
(BLASTn algorithm - sequence analysis tool) by default and MYCObank (pairwise sequence alignment,
www.mycobank.org/page/Pairwise_alignment) databases. Identification was based on the probability of

yeast matching and similarity between standard sequences.
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4.2.4 MORPHOLOGICAL CHARACTERIZATION OF YEAST SPECIES

The morphological characterization of yeast isolates included macro- and micromorphology classification
according to the guidelines provided by Kurtzman et a/. (2011) and Wickerham (1951) [39, 40].
Macromorphology analysis evaluated colonies grown in the culture media YPD, MEA and SM. Several
features were analyzed: (i) whole colony appearance (circular, rhizoid, irregular, filamentous, spindle); (i)
margin (entire, undulate, lobate, filiform, rhizoid, curled); (iii) surface (smooth, glistening, rough, wrinkled,
dry/powdery); (iv) elevation (flat, raised, convex, pulvinate, umbonate, crateriform); (v) pigmentation
(pigmented - purple, red, yellow; or nonpigmented - white, cream) and (vi) optical property (opaque,
translucent, transparent). In YPD and MEA solid media, growth of isolates was observed after one to
twelve days, whereas in SM from two to ten days of growth, all at 30°C (isolate-colony pictures were taken
upon 3 days of growth). For the micromorphology analysis, morphological traits of asexual cells in distinct
growth media were evaluated by microscopic observation using the epifluorescence microscope (Olympus
BX51) coupled with a DP71 digital camera (Olympus Portugal SA, Porto, Portugal). All images were
acquired using the Olympus cellSens software. Spore formation was evaluated using Schaeffer-Fulton
staining method for coloration of spores with malachite green and safranin from the isolates grown in SM

for four days, at 30°C [41].

4.2.5 WHOLE GENOME RE-SEQUENCING AND DE Novo ASSEMBLY OF C. JADINI/ STRAINS

Yeast DNA was extracted from two C. jadinii isolates (Isolate 7 and TB105 - internal codes for isolates)
and two collection strains (PYCC2578, PYCC3092) using the DNeasy PowerMax® soil kit (Qiagen),
following the manufacturer’s instructions. DNA concentration was determined by Nano drop ND-1000
spectrometer. The whole genome sequence was obtained by Illumina next-generation sequencing,
according to the manufacture’s protocols (lllumina 2009), in paired end 104 bp mode, using an lllumina
HiSeq2000 analyser (NOVOGENE Company, Beijing, China). Genome sequencing yielded a total of 3.14
Gb raw data and produced between 3.9 and 6.4 million sequence reads per strain. Sequence reads were
quality controlled with FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc). Reads were firstly

aligned to the publicly available genomes of C. jadini (CBS1600, NBRC 0988 and NRRL Y-1542), using

bowtie?2 with default parameters [42]. After results validation, the genome of the strain NBRC 0988 was
used as a reference for further analysis, due to higher homology detected (data available in the
Supplementary data section). Sequences were aligned with SAMtools v.1.11 [43] using the commands
view, sort, index and mpileup. All possible variants including frameshift insertions/deletions (Indels) and

single nucleotide polymorphisms (SNPs) were then called from the aligned sequences, using Annovar
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[44], with the following filters: QUAL > 40 and DP > 10. In a second phase, the genomes of the four
sequenced C. jadinii strains were de-novo assembled using Spades v. 3.14.1 [45], testing k-mer lengths

21, 33,55,77,99 and 121.

4.2.6 PCA ANALYSIS

After alignment of C. jadinii genomes to the reference using miniclip2 [46], principal component analysis
was used to assess differences between isolates. The function “Full genome/assembly alignment” (-ax
asm10) was used with the divergence level at 1% for better alignments. Having all samples aligned to the
reference, duplicate reads were excluded using SAMtools [43, 47] markdup function and later samples
had their unmapped reads removed also using SAMtools. With the samples filtered, these were converted
into genotype array using pileupCaller (SequenceTools - pileupCaller assessed in

https://github.com/stschiff/sequenceTools), with the final format being EIGENSTRAT. After this, the

array was converted to PLINK format where samples were further trimed to remove unnecessary

information. With the files set up, the final PCA visualization was obtained [48].

4.2.7 GENOME AND FUNCTIONAL ANNOTATION

The seven C. jadinii genomes were annotated with the AUGUSTUS [49] software, in order to establish
potential coding regions in each of the C. jadinii’s chromosomes, using S. cerevisiae S288c as training
set. Relevant information was extracted, in particular start and end positions of coding regions, strain
orientation and known homologs in the reference genome of S. cerevisiae (strain S288c). The potential
coding regions reported by AUGUSTUS were extracted from the complete C. jadinii genome into a FASTA
file. The functional genomic annotation was done by EggNOG-mapper v5.0 [50], in view of the predicted
proteins using AUGUSTUS, and the results were outlined in the light of the Ontology (GO) terms, KEGG

pathways [51] and clusters of orthologous groups — COG with their associated functional categories [52].

4.3 RESULTS

4.3.1 PHYSIOLOGICAL CHARACTERIZATION OF ISOLATES

In this study, ten isolates from vegetable-biowastes acidic niches were grown on solid media containing
monocarboxylic (acetic and lactic acids), dicarboxylic (malic, succinic and fumaric acids) and tricarboxylic

acids (citric acid), as sole carbon and energy sources at 30°C (Figure 1).
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Figure 1. Growth pattern of ten wild yeast isolates. A) Assimilation profiles on YNB containing
glucose (2% w/v), acetic acid (0.5% v/v; pH 6.0), lactic acid (0.5% v/v; pH 5.0), malic acid
(1% w/v; pH 5.0), succinic acid (1% w/v; pH 5.0), fumaric acid (1% w/v; pH 5.0) and citric acid
(1% w/v; pH 5.5) as sole carbon and energy source. B) Heatmap representing the capacity of each isolate
(I1 to 110) to assimilate the carbon sources shown in A. The color reflects the normalized fitness
component measure: white=no growth; salmon=weak, light rose=moderate and red=strong growth using
a particular carbon source.

All isolates assimilated effectively glucose as a sole carbon source at 30°C. Isolates 3 and 4 presented a
strong growth in all tested carbon sources. Isolates 6, 7, and 8, also showed an improved growth on
acetate, succinate and fumarate media. Succinate was the carbon source most widely utilized. The
isolates 12 and |15 were unable to grow in malate, and in particular the 12, presented poor growth in the
all the carbon sources (Figure 1A). The isolates were grouped according to their phenotypic profile

demonstrating the great biodiversity found among these ten isolates (Figure 1B).
4.3.2 SPECIES IDENTIFICATION

The sequence of amplified fragments from the ITS1-5.8S-ITS2 region of the ten isolates was compared

with sequences available at NCBI and MYCOBank public databases. The PCR-ITS analysis revealed the
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identification of 8 species (Table 1) belonging to the genera: Candida (three isolates), Pichia (five isolates),
Cyberiindnera (one isolate), and Apiotrichum (one isolate). Nine of the identified species belongs to the

phylum Ascomycota and one, Apiotrichum brassicae, to the phylum Basidiomycota.

Table 1. Identification of the wild yeast isolates by molecular typing using internal transcribed sequencing

(ITS)
Isolates ITS match Sequence length (bp)  Similarity
11 Pichia fermentans 588 99.7
12 Candida tetrigidarum 478 99.2
13 Pichia kudriavzevii 406 100
14  Pichia kudriavzevii 434 100
15  Candida inconspicua 387 97.5
16  Pichia barkeri 368 98.9
17 Cyberlindnera jadinii 478 100
I8  Candida tropicalis 494 99.8
19  Pichia fermentans 355 100
110 Apiotrichum brassicae 442 99.8

PCR products of ITS polymerized region revealed different band sizes for different species varying between
355 and 588 nucleotides. The cross-results from the two databases showed that isolates at least 97.5%
of identity with known species, with a total 99% coverage (Table 1). If distinct taxa were assigned by the
two databases, we considered the designation attributed by MYCOBank with a more updated

nomenclature for yeasts.

4.3.3 MORPHOLOGICAL CHARACTERIZATION

Eight isolates, one per yeast species, were grown on three culture media for 3-days at 30°C (Figure 2)
aiming at analyzing colony and cellular morphology. The guidelines provided by Kurtzman, ef a/. (2011)

[39] were used for colony analysis. The results observed for each species are summarized in Figure 2.
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Macromorphology parameters Colony
Yeast appearance
isolates Whole colony Margin Surface Elevation |
MEA YPD SM MEA YPD M MEA YPD SM MEA YPD sM MEA YPD  SM
P. fermentans | 11| circular irregular  circular entire undulate entire smooth rough  smooth convex raised raised
C. tetrigidarum | 12 [ circular circular circular entire entire entire smooth ~ smooth smooth convex pulvinate flat
P. kudriavzevii | 13 | circular circular circular entire entire entire smooth ~ smooth smooth | umbonate pulvinate pulvinate
C. inconspicua |15 | circular circular circular entire entire entire smooth ~ smooth smooth convex pulvinate flat
P. barkeri I6 | circular rhizoid irregular | undulate undulate entire rough rough  smooth | umbonate umbonate flat
C. jadinii 17 | circular circular circular entire entire undulate smooth ~ smooth smooth raised convex raised
Lo . . . . . . growth into . .
C. tropicalis | 18 | circular circular circular entire entire entire smooth smooth smooth medium pulvinate raised
. . - . - - . growth into
A. brassicae |I110| circular rhizoid irregular rhizoid undulate filiform rough wrinkled rough | umbonate umbonate medium
B
Yeast isolates Pigmentation Optical property

Figure 2. Colony morphology of the eight yeast species grown on solid media after 3 days of growth at 30°C. A) Macromorphology of colonies
considering whole colony, margin, surface, elevation and colony appearance onto distinct growth media. B) Analysis of pigmentation and optical properties of the

P. fermentans
C. tetrigidarum
P. kudriavzevii
C. inconspicua
P. barkeri
C. jadinii
C. tropicalis
A. brassicae

All colonies were
non-pigmented in tested
media

All colonies had opaque
appearance over tested
media

colonies. Initials stand for MEA — malt extract media; YPD - yeast extract-peptone-dextrose and SM - sporulation media.
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Whole colony, margin and surface were more evident among PF. fermentans, P. barkeriand
A. brassicae isolates. The colony elevation was dependent on the culture media. Considering the
pigmentation and optical properties, all species were nonpigmented and had opaque appearance.
The micromorphological characterization was conducted through a microscopic analysis of the
isolates grown in the different culture media (Figure 3).

Pichia fermentans cells showed distinct growth profiles on YPD and MEA media (12 days of growth
at 30°C). Cell size varied between 2.0-4.5 x 3.0-6.0 um, and cells occur isolated and in pairs with
ovoid form but also apparently are with ability to pseudohyphae. The cell morphology of
Candida tetrigidarum is ellipsoidal, 2.5-3.5 x 3.7-7.5 pm, and may occur individually and in pairs,
with holoblastic bipolar budding. Pichia kudriavzevii cells present ellipsoidal but also elongate
shape occurring in single or in pairs with dimensions 2.3-3.0 by 4.5-8.0 um, with bipolar budding
on a wide base. C. inconspicua cells present a cylindrical and ovoid form, a cell size of
2.0-3.0 x 3.0-4.5 um, with presence of asexual cells that reproduce via holoblastic polar budding
on a narrow base. Pichia barkeri cells have elongate form (2.3-4.0 x 6.0-8.3 um) with ability to
produce pseudohyphae on MEA and YPD media. C. jadinii cells display an ellipsoidal and elongate
shape, a cell size of 3.0-4.5x 4.5-7.5 um, occurring in individually and in pairs with associated
polar budding on a narrow base. Candida tropicalis cells are subglobose, round to ovoid forms,
with a cell size of 4.5-6.8 x 4.0-6.8 um, occurring singly and with associated polar budding. The

basidiomycetous yeast A. brassicae exhibited cells with branched shape and also septate hyphae.
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Wild yeast Ciaay Ciz cays 2 days
species YPD MEA YPD SM

Micromorphology Morphology Micromorphology Morphology Micromorphology Micromorphology

Pichia
fermentans

(1)

Candida
tetrigidarum

(12)

Pichia
kudriavzevii

(13)

Candida
inconspicua

(15)

Pichia barkeri
(1)

Cyberlindnera
Jjadinii

(17)

Candida
tropicalis

(18)

Apiotrichum
brassicae
(110)

Figure 3. Morphology and micromorphology of the wild yeast species. Microscopic
images were obtained by differential interference contrast (DIC) after one, two, four and twelve
days of growth on MEA, YPD and SM media. Scale bars = 5-7.5 ym. MEA - malt extract media;

YPD - yeast extract-peptone-dextrose; SM - sporulation media.

4.3.4 MORPHOLOGICAL AND PHYSIOLOGICAL CHARACTERIZATION OF CYBERLINDNERA

JADINII STRAINS

The C. jadinii laboratory strains (DSM 2361; PYCC 2578; PYCC 3092) were characterized

considering the macro- and micromorphological traits (Figure 4).
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Figure 4. Characterization of Cyberlindnera jadinii strains DSM 2361, PYCC 3092,
PYCC 2578 and isolate 17. Right panel - Cells were grown at 30°C on MEA, YPD and SM.
Microscopic images were obtained by differential interference contrast (DIC) with scale bars of 5
um for 1 day-YPD and 7.5 um for the other samples. MEA — malt extract media; YPD - yeast
extract-peptone-dextrose; SM - sporulation media. Left panel - Heatmap of the capacity of each
strain to grown on YMB supplemented with glucose (2% w/Vv), acetic acid (0.5% v/v; pH 6.0), lactic
acid (0.5% v/v, pH 5.0), malic acid (1% w/v, pH 5.0), succinic acid (1% w/v, pH 5.0), fumaric acid
(1% w/v, pH 5.0) and citric acid (1% w/v, pH 5.5) at 30°C. Color scheme reflects the normalized
fitness component measure: white=weak, light blue=moderate and dark blue=strong growth using
a particular carbon source.

Cells of C. jadini DSM 2361 with ovoid and ellipsoidal shape, after twelve days of growth in rich
media with sizes between 3.0-6.0 x 5.0-8.0 um, reproduced by polar budding. C. jadinii
PYCC 3092 cells revealed a rounded to ellipsoidal shape, cell size of 3.0-4.5 x 4.5-6.0 um, and
reproduce by multilateral budding. Helmet-shaped ascospores released from deliquescent asci
were also detected in sporulation media for this strain and for C. jadinii17 (Figure S1). The cells of
PYCC 2578 strain exhibited rounded and ovoid forms, with size of 3.0-4.5 x 6.0-7.5 um, with polar
budding. Compared to the laboratory strains, the wild C. jadinii cells displayed a pronounced
ellipsoid shape. All laboratory strains assimilated glucose as well as carboxylic acids as sole carbon
and energy sources (Figure 4, heatmap). The isolate |7 presented strong growth in all carboxylates
tested, with exception for malate. Acetate (monocarboxylate) and succinate (dicarboxylate) were

the two carboxylates better assimilated by all species.
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4.3.5 GENOME ANALYSIS OF C. JADINII

To understand the genomic features that can be related to the phenotypic variations observed in
C. jadinii strains, we sequenced the genomes of four C. jadinii strains, the |7 wild isolate, two
lab-collection strains (PYCC 2578 and PYCC 3092) and another isolate (identified as TB105)
belonging to the Department of Biology collection, also derived from the TransBio project. The
genomes were sequenced with a high (73-132x) coverage using lllumina de novo assembly

technology (Table 2).

Table 2. Data characteristics and sequencing statistics from the de-novo assembly of C. jadinii
wild and collection genomes

Cyberlindnera jadinii strains

Components
17 TB105 PYCC 2578 PYCC 3092
Number of reads 6,406,326 5,081,695 3,981,001 6,243,058
Coverage 131.4x 73.4x 81.57x 127x
GC-content (%) 43.0 43.0 43.0 43.0
De novo Assembly with Spades
Assembly length (bp) 21,305,676 20,802,315 18,116,029 18,381,892
Number of scaffolds 12,198 11,873 8,510 9,776
N50 (bp) 2863 2903 4165 3765
Number of Ns 36,420 40,900 36,740 38,310
Number of scaffolds >
1000pb 5,824 5,532 3,975 3,884
Assembly length >
1000pby st 17,339,108 16,929,544 15,252,290 14,887,584
Proteins predicted 5579 5365 4687 4617

All the genomes presented a predicted GC-content of 43%. De novo assembly of the filtered
high-quality sequences from all genomes resulted in a variable number of scaffolds being higher in
wild-isolates than in PYCC strains. The N50 was smaller for the wild isolates (2900 bp) than for
and PYCC 2578 and PYCC 3092 (T4000bp). The total genome length size was higher in wild
isolates (T 20Mbp) than in PYCC strains (~ 18Mbp). The four strains presented a highly variable
number of predicted proteins, around 4600 in the PYCC strains, and up to 5580 in the I7. The
N50 value and the high number of scaffolds obtained above 1000 bp suggests a high quality of
both the sequencing process and the de-novo assembly. For a more comprehensive study of the
C. jadinii genome, data from genomes already deposited in NCBI belonging to strains NBRC0988,
CBS 1600 and NRRL Y-1542 [53] were also analyzed. These two last C. jadinii strains are
described as being alias, however we decided to keep the results from both genome sequencing

projects in our analysis as the data reported for each sequencing project is different. The results
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from the overall alignment rate, using strain NBRC0O988 as reference, showed the best alignment
rate, with values above 96% (table S1). Thus, the C. jadini NBRCO988 genome was used to make
a comparative genomic study between strains and to generate the principal component analysis

(PCA) (Figure 5).
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Figure 5. Genetic diversity obtained for seven Cyberlindnera jadinii strains as
disclosed by the principal component analysis (PCA) plot. Scores attributed are based on
the C. jadinii strain distribution.

The PCA diagram depicts the variability of C. jadlinii strains, where 40% of the genetic diversity is
explained by the two first components (PC-1 — 21.3%, PC-2 - 18.6%). The strains were distributed
into three quadrants/directions in the PCA visualization and three major groups are present; i)
NRRL Y-1542 and CBS 1600 strains; ii) PYCC 2578, PYCC 3092 and NBRC 0988 strains; iii) wild
isolates 17 and TB105. In this analysis, the wild isolates are the most distant group, which is in
accordance to their higher genetic variability, e.g. higher number of ORFs and assembly length. In
addition, further genetic relatedness was found among strains considering their origin as the closest
strains share the same habitat (isolation sources), such is the case of the wild isolates originated
from biowastes (mix of salad). The PYCC 3092 and NBRC 0988 strains were isolated from fodder
yeast, although in this group is also included the PYCC 2578 strain, isolated from the digestive
tract of a cow. The genomes from the NRRL Y-1542 and CBS 1600 strain are also clustered in this
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analysis, as expected since these resulted from sequencing projects of the same strain. However,
these two genomes showed slight variance, as detected by the first and second principal
components, probably due to differences in the sequencing projects and/or artifacts in the genome
assembly and annotation pipeline used since it was done by different groups. PCA visualization
using other components was also obtained (figure S2 in supplementary data). However, even
though the inclusion of the third component (PC-3) still accounts for a relevant data variance, we
could not find any biological relevance in the analysis.

In this work, we also analyzed the functional clustering of C. jadlinii predicted proteins (Figure 6).
The basal analysis focused on the functional annotation of the C. jadinii strain NBRC0O988 (Figure
6A), used as reference. From a total of 6435 proteins predicted by AUGUSTUS, egg-NOG software
attributed 24 COG categories to 5370 proteins (83.4%). The same prediction was performed for
the other C. jadinii strains (see table S2 in supplementary data). The candidate categories include:
1) RNA processing/modification, including translation, transcription, replication, recombination
and repair; 2) proteins associated to energy production and conversion, amino
acid/carbohydrate/coenzyme/lipid transport, inorganic ion transport and metabolism, and
secondary metabolites biosynthesis, transport and catabolism; 3) cell processes and signaling,
such as cell division, cell wall/membrane/envelope biogenesis to intracellular trafficking, secretion,
and vesicular transport, protein turnover and chaperones functions; 4) poorly characterized or
without an associated function. Among the 5370 predicted genes, the majority of functional genes
are classified in the following categories: metabolism (29%; 1552), cellular processes and signaling
(25%; 1365), information storage and processing (24%; 1291) and unknown function (22%; 1162).
A comparative analysis between the S. cerevisiae S288c genome and the seven genomes from
C. jadinii strains, revealed slight differences in the genes clustered in each COG category (fig.6-B).
The S. cerevisiae strain was used herein as the reference due to the extensive gene functional
analysis, and its biotechnological relevance. The PYCC 2578 strain presents a considerable smaller
number of genes involved in the cell energy production and conversion, compared to the other
C. jadinii and S. cerevisiae strains. As for the clustered genes involved in amino acid
transport/ metabolism (COG-E), all C. jadinii strains present a higher number of genes associated
to this category, when compared to S. cerevisiae. The same happened for the catabolism of sugars
(COG-G category: carbohydrate transport and metabolism), secondary metabolites biosynthesis,

transport, and catabolism category (COG-Q).
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Figure 6. Functional annotation via EggNOG software of Cyberlindnera jadinii and Saccharomyces cerevisiae genes. Annotations were organized in 24 main
categories belonging to clusters of orthologous groups (COG). A) Number of genes clustered in each of the 24 COG categories for the C. jadinii NBRC0988. Colors stand for the
functional categories analyzed. B) Comparison of the clustered genes (%) for each COG category between the S. cerevisiae S288c and the seven C. jadinii genomes.
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4.4 DISCUSSION

Bioprocesses display a promising and environmentally friendly option to take over conventional
processes currently used to produce added-value products such as fine chemicals, fuels and other
useful end-products for commercial purposes. The improvement of bioconversion processes can
be achieved through the development of robust stress-resistant strains able to convert efficiently
sugars into valuable compounds, e.g. organic acids [17]. In the present study, we identified and
characterized nine yeast species isolated from acidic environments. This characterization included
a morphological analysis (colony and cell morphology), as well as an evaluation of the capacity to
use organic acids as sole carbon and energy sources.

For C. inconspicua, C. tropicalis and the basidiomycetous A. brassicae, all the morpho- and
physiological evaluation here provided contribute to enrich the characterization of these species as
the information available in the literature is very scarce [54-57].

Pichia fermentans and Pichia barkeri, whose morphology was described by Kurtzman ef a/. (2011)
[55] and reported to utilize glucose, D-xylose, DL-lactate, succinate, citrate (weak growth) is also
able to utilize acetate, fumarate, and malate.

The morphological data here reported for C. tetrigidarum is in accordance with literature [58].
Regarding the capacity to use carboxylic acids as carbon sources, this was extended to
dicarboxylates, fumarate and malate [59].

Physiological screening revealed that P£. kudriavzevii, C. tropicalis and C. jadinii wild isolates
showed a strong growth in all tested organic acids as sole carbon and energy sources. Taking into
account the data from the drop-test, among the isolates, P. Audriavzevii presented the highest
ability to growth on carboxylic acids. These observation points to the existence of specific transport
systems for carboxylates in the plasma membrane, since at the pH values tested, the acids are
mainly in the dissociated form and cannot diffuse through the plasma membrane, requiring a
transport system [25]. Previous studies already reported the use of P. kudriavzevii as a host for
lactate and succinate production, with titers of 135 g/L and 11.63 g/L respectively, due to its
tolerance to low pH values [60-63]. From these data it is possible to speculate that this species
may present interesting traits for its exploitation for the industrial bioproduction of carboxylic acids.
Considering the ability to assimilate carboxylates, P. kudriavzevii, C. tropicalis and C. jadinii might
also become promising cell factories for the utilization of organic acids present in biowastes.

The yeast C. utilis, the anamorph of C. jadinii [53], display activity for carboxylic acid transport in

the plasma membrane [64, 65]. Other yeast species within the Cyberfindnera clade evidenced
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relevant features for biotechnological applications [66-68]. Cyberlindnera species were reported to
easily assimilate sugars, organic acids and nitrogen sources [66, 67, 69]. In particular
Cyberlindnera jadinii is able to grow in in substrates like biomass-derived wastes (as hardwood
hydrolysates from the pulp industry), has a high tolerance to the temperature range between 19 to
37 °C and to long-term mild acid pH [53]. The wild isolates of C. jadlinii presented an improved
growth on carboxylic acids, when compared to the other strains, which suggests that these
substrates might be present in mixed salad vegetables. Concerning these physiological results, the
wild |7 isolate was the most promising for the utilization of carboxylic acids.

At the cell morphology level, similar cell shapes were found in all strains, and DSM 2361 colonies
were more similar to I7. Reproduction occurred by polar to multilateral budding and, hat- and
helmet-shaped ascospores were detected in the 17 and PYCC 3092 strains, which is accordance
with type of spores reported for this yeast [39, 66]. The ascospore morphology is often used as
tool for genus delimitation, as recognized by Boekhout and Kurtzman [70]. Several ploidy levels
were reported in C. jadinii strains. A diploid state was detected in the C. jadiniNRRL Y-1542 strain
[71, 72], the ploidy of the C. jadinii ATCC 9950/DSM 2361/NBRC 0988 varied from 2n, 3n to 4n
according to the different methodologies used [73-76], and the C. jadini CCY 39-38-18 strain a
tetraploid state was reported [77].

In this work a comparative analysis of four strains of C. jadinii was performed namely: the DSM
2361 (NBRC 0988), which genome is already sequenced and available at NCBI; the PYCC 3092
and the PYCC 2578 strains characterized in previous studies for the transport of carboxylic acids
[32, 64, 65] and the wild isolate 17. Overall, the C. jadinii17 and PYCC strains were more similar
between them. The genomic features, e.g. GC-content and number of proteins, of the previously
sequenced C. jadinii strains reanalyzed in this study are in agreement with the published data
[53]. The PCA visualization suggests the existence of three-clusters. The present landscape of high
intra-strain diversity might be explained by genetic rearrangements due to selective pressure in
specific ecological niches [78]. Several studies reported the phenotypic evolution driven by
environmental adaptation [78, 79]. Moreover, this variation may be associated with different ploidy
levels, a phenomena already reported in C. jadinii strains that can range from 2n to 5n [53],
although we were unable to explore this aspect in this study.

The functional annotation of the seven C. jadinii genomes revealed the presence of a high number
of genes assigned to categories such as (i) amino acid transport/metabolism (COG-E), (ii)

carbohydrate transport and metabolism (COG-G) and (iii) secondary metabolites biosynthesis,
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transport, and catabolism category (COG-Q). This reinforces in part the data that reports that this
yeast is able to assimilate a considerable amount of compounds when compared to
Saccharomyces species [53]. In addition, the presence of a high number of genes assigned to the
COG-G category reflected the ability of C. jadinii to assimilate several carbohydrates such as
sucrose, glucose, raffinose, glycerol, xylose or maltose [80-82]. The same happens for COG-Q
category, correspondent to genes involved in secondary metabolites biosynthesis, transport and
catabolism, in which all seven C. jadinii strains had a higher number of genes assigned than
S. cerevisiae. The predominance of genes required for the transport of metabolites, such as organic
acids, can justify the improved growth of C. jadinii strains using these compounds as the sole
carbon and energy source [32, 64, 65]. As for the annotated proteins with unknown function, it is
necessary to perform a more detailed study based on the search for homologs and conserved

domains that can help to predict the function of these proteins.

4.5 CONCLUSIONS

Currently, the sustainable production of organic acids is a major concern of the industrial
biotechnology. Product toxicity remains one of the major bottlenecks to achieve a cost-effective
fermentative process for production of carboxylic acids. The biorefinery industry requires hosts that
exhibit an excellent tolerance to acidic pH values and high product titer conditions, being able to
grow and produce the target organic acid at high rates. This study explores the morphological and
physiological characterization of wild yeast, isolated from biowastes, providing novel insights on
their potential to utilize or even produce carboxylic acids, due to their tolerance to acidic
environments, with emphasis for Pichia kudriavzevii; Candida tropicalis and Cyberlindnera jadinii.
In particular, C. jadinii with its GRAS status and its known biotechnological applications, is a
promising microbial cell factory. Nevertheless, further studies on these wild isolates are required
to understand its metabolic routes, transport systems and regulatory networks. Concerning the
species Pichia kudriavzeviiand Candida tropicalis, a more in-depth study, including whole genome
sequencing, may reveal interesting phenotypic and genomic variations occurred due to the
selection on these specific niches.

This study, correlating physiological features and the genomic information on C. jadinii strains,
provide the basis for the development of genetic engineering strategies for the improvement of this

biotechnologically relevant yeast.
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SUPPLEMENTARY DATA

Table S1. Comparison for quality validation over the alignment of sequenced strains deposited
in NCBI against the Cj-strains in analysis by different parameter setting in variant calling.

Alignment with NRRL Y-1542 Alignment with CBS1600 Alignment with NBRC 0988
o e e Filtering Filtering Filtering
(';tlr ‘:‘it"';" al?;’::;t Variant | (QUAL< alti’g":;::‘t Variant | (QUAL< a;’;’::lt Variant | (QUAL<
rate calling 40; DP rate calling 40; DP rate calling 40; DP

<10) <10) <10)
17 89.08 % 268,142 | 256,339 88.93% 263,822 | 250,728 96.61 % 250,728 | 267,649
TB105 87.28 % 268,802 | 254,511 87.28 % 261,932 | 247,785 96.35 % 247,785 | 262,875
PYCC2578 88.99 % 272,363 | 257,357 88.62 % 271,663 | 255,744 96.77 % 231,821 | 217,024
PYCC3092 89.08 % 257,734 | 244,220 88.47% 262,145 | 247,548 96.98 % 214917 | 202,277

Table S$2. Predicted proteins by AUGUSTUS versus functionally annotated proteins by Cluster of
Orthologous Groups (COG)

Proteins predictions

C. jadinii strains

Augustus COG

17 5579 4421
TB105 5365 4198
PYCC 2578 4687 3637
PYCC 3092 4617 3658
NRRL Y-1542 5919 5028
CBS 1600 5952 5045
NBRC0988 6435 5370

Figure S1. Helmet-shaped ascospores released from deliquescent asci observed for
C. jadinii wild isolate (17). Microscopic image obtained after four days of growth in sporulation media
using bright field with scale bars = 10 um, black arrow indicates the spore identified. In the BF images:
green color — spore and red — vegetative cells.
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CHAPTERYV

Combined /n silico approaches to uncover plasma membrane carboxylate
transporters in Cyberlindnera jadinii

ABSTRACT

The yeast Cyberlindnera jadinii has great potential in the biotechnology industry due to its ability to
produce a variety of compounds of interest, such as carboxylic acids. In this work, we aimed at identifying
the genes encoding carboxylate transporters of this yeast species to explore their efficient use to export
organic acids by microbial cell factories. Putative plasma membrane carboxylate transporters were
identified with a bioinformatics pipeline analyzing the inferred proteome of the C. jadini NRRL Y-1542
strain. The functional characterization of the relevant hits by heterologous expression in Saccharomyces
cerevisiae unveiled the existence of sixteen plasma membrane carboxylate transporters belonging to the
AceTr, SHS, TDT, MCT, SSS, and DASS transporter families. The newly identified C. jadinii transporters
presented a diverse range of specificity, being able to transport mono-, di- and tricarboxylates alone or in
combination: sixteen transport monocarboxylates, five transport dicarboxylates (CjAto2p, CjAto5p,
CjJen6p, CjSlcbp, and CjSlc13-1p) and four transport citrate (CjAto5p, Cjlenép, CjSlcbp, and
CjSlc13-1p). In this study, a detailed characterization of these transporters was performed which also

included their phylogenetic reconstruction, 3D-structure prediction, and molecular docking studies.

KEYWORDS: Cyberiindnera jadinii; Carboxylic acids, Plasma membrane transporters; Phylogeny;
3D structure model; Molecular docking
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5.1. INTRODUCTION

The yeast Cyberlindnera jadiniiis an attractive platform for industrial utilization due to its intrinsic robust
fermentation characteristics and its ability to utilize a wide range of substrates, including hexoses,
pentoses, organic acids (including mono-, di- and tricarboxylic acids) and amino acids [1-4]. Membrane
transporters are powerful tools to improve yeast cell factories aimed at the production of valuable
chemical compounds [5]. With few exceptions, neither substrates nor products of cell metabolism can
cross the plasma membrane freely. Instead, these molecules require the activity of membrane transporter
proteins to cross the cell membrane outwards or inwards.

The productivity of carboxylic acids by microbial cell factories is significantly affected by the influx of
substrates and efflux of products and by-products. The expression of suitable exporters avoids the internal
cell s toxicity of carboxylic acids and facilitates their purification from the culture broth [6-10]. A unique
transporter can recognize distinct substrates, and multiple transporters may be associated with the
transport of a particular substrate across cell membranes [11, 12]. The recent publication of Soares-Silva
et al. (2020) reviews the most relevant cell membrane transporters (importers and exporters) used for
the improvement of microbial cell factories’ production of carboxylic acids [5]. The Sialate:H+ symporter
(SHS) family (TC 2.A.1.12) is a well-characterized family able to transport carboxylates and sugar acids
[5] to which belongs the Jenlp of S. cerevisiae, the first the monocarboxylate:H- symporter transporter
found in fungi [13]. Later, the same group of researchers described the first member of the acetate uptake
transporter (AceTr) family (TC 2.A.96) in S. cerevisiae, the Ady2/Atol [14], which includes both importers
and exporters of carboxylic acids [15]. Furthermore, the solute carrier (SLC) superfamily, distributed
throughout all domains of Life, includes well-known transporter families, like the Monocarboxylate
Transporter (MCT)/SLC16 Family (TC 2.A.1.13) found in Homo sapiens or the Divalent Anion:Na-
Symporter (DASS)/SLC13 Family (TC 2.A.47) which can either import and export mono-, di- and
tricarboxylates [16-18].

In the 80s, distinct plasma membrane transporter systems for organic acids were physiologically
characterized in C. jadiniistrains [19-21]: (i) a proton-symporter accepting the monocarboxylates L-lactate
and D-lactate, pyruvate, propionate, and acetate [20]; (ii) a dicarboxylate proton-symporter for L-malate,
succinate, fumarate, oxaloacetate, and o-ketoglutarate [21, 22]; (iii) a tricarboxylate proton-symporter for
citrate and isocitrate [19] and (iv) a general organic permease for the facilitated diffusion of amino acids,
and mono-, di- and tricarboxylic acids with low affinity for the substrate [19, 23]. The genes encoding

these transporters remain until now unidentified. Hence, in this work, we searched for S. cerevisiae Ato1
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and Jenl homologs present in the C. jadinii genome by sequence homology. In parallel, we have
developed a bioinformatic pipeline to identify and annotate genes coding for carboxylate transporters. The
most promising hits were expressed in S. cerevisiae to assess their physiological function. For those
revealing carboxylic acid transport activity, a phylogenetic and an /n silico structural 3D analysis was
performed. Together these data bring novel insights on the C. jadiniiinferred proteome, shedding light on

the processes of solute plasma membrane transport in this yeast species.

5.2 MATERIALS AND METHODS

5.2.1 YEAST CULTIVATIONS AND PLASMID CONSTRUCTS

Yeast strains and plasmids used in this study are listed in tables 1 and 2. The S. cerevisiae W303-1A
JjenlA adyZA (Soares-Silva et al., 2007) and S. cerevisiae IMX1000 strains (Mans et al., 2017), lacking
carboxylate uptake under the conditions tested, were used to express putative carboxylate transporters
[24, 25]. Cultures were maintained on YPD medium, yeast extract (1%, w/v), peptone (1%, w/v), glucose
(2%, w/v) and agar (2%, w/v), or minimal media with the required supplements for growth of strains with
auxotrophies. Yeast cells were grown in yeast nitrogen base (YNB, Difco), 0.67%, w/v (YNB medium),
enriched with adequate requirements for prototrophic growth. Carbon sources used were glucose
(2%, w/v), acetic acid (0.5%, v/v, pH 6.0), lactic acid (0.5%, v/v, pH 5.0), pyruvic acid (0.5% v/v, pH 5.0),
fumaric acid (1%, w/v, pH 5.0), succinic acid (1%, w/v, pH 5.0), malic acid (1%, w/v, pH 5.0) and citric
acid (1%, w/v, pH 5.5). Cell growth was carried out at 30°C, both in liquid and solid media. For growth
phenotypes, cells were grown on YNB Glu-Ura media until mid-exponential phase and adjusted to an
ODsuonn Of 0.1. A set of three 1:10 serial dilutions were performed and 3 pL of each suspension was
spotted in the desired media, using YNB Glu—Ura as a control. Cells were incubated at 18°C for 22 days.
At 18°C, carboxylic acid uptake by diffusion is drastically reduced so that growth on CA as sole carbon
and energy source is directly dependent on a functional transporter [24]. For the transport assays, YNB
containing (YNB Glu-Ura) media was used for growth of yeast cells under repression conditions. Cultures
were harvested during the exponential growth phase. For derepression conditions glucose-grown cells
were centrifuged, washed twice in ice-cold deionized water and cultivated into fresh YNB media

supplemented with the suitable carbon source.

111



5.2.2 TRANSPORT ASSAYS

Transport assays were performed as previously described by Ribas et a/ (2017) [26]. Cells were
harvested by centrifugation (5000 rpm, 2 minutes), washed twice in ice-cold deionized water and
resuspended in ice-cold deionized water to a final concentration of about 25-35 mg cell dry weight/mL.
The reaction mixtures were prepared in 1.5 mL microtubes tubes containing 60 uL of KH,PO, (0.1 M,
pH 5.0), and 30 pL of the yeast cell suspension. After 2 minutes of incubation at 30°C, the reaction was
started by the addition of 10 pL of a solution of radiolabelled substrate, at the desired pH and
concentration, rapidly mixed by vortex and incubated at 30°C. After 15-30s the reaction was stopped by
adding 100 pL of non-labelled substrate tested (in a 100-fold the substrate concentration in the reaction
mixture), quickly mixed by vortex and chilled on ice. The suspension was centrifuged for 7 minutes at
13200 rpm. The supernatant was carefully rejected, the pellet was resuspended in 1 mL of desionized
cold water and centrifuged for 10 minutes at 13200 rpm. The resulting pellet was resuspended in 1 mL
of scintillation liquid (Opti-Phase HiSafe Il; LKB FSA Laboratory Supplies). The labelled carboxylates used
were [1-4C] acetic acid (Perkin Elmer, Massachusetts, USA); L-[U-#C] lactic acid (Perkin Helmer,
Massachusetts, USA); [2,3-+C] succinic acid (Moravek Biochemicals, California, USA) and [1,5-C] citric
acid (Perkin Elmer, Massachusetts, USA). Working solutions presented a specific activity ranging from
300 to 4000 dpm, depending on the final carboxylate concentrations. The best-fitting for initial uptake
rates was determined through computer-assisted non-linear regression analysis, performed by GraphPad
Prism (California, USA) version 4.0 for Windows. The values for kinetic parameters were obtained with a
significance level p<0.05. The data shown are mean values of at least three independent experiments,

with three replicas each.
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Table 1. Yeast strains used in this study.

Strain Genotype Source
Cyberlindnera jadinii DSM 2361 Type strain DSM 2361 DSM collection
Thomas and

Saccharomyces cerevisiae W303-1A
8. cerevisiae jenlA atolA

S. cerevisiae CEN.PK113-7D

IMX1000 (parental strain
CEN.PK113-7D)

S. cerevisiae jen1A atolA p416GPD

S. cerevisiae jenlA atolA pCaJen2
S. cerevisiae jenlA atolA pScAtol
S. cerevisiae jenIA atolA pCjAtol
S. cerevisiae jenlA atolA pCjAto2
S. cerevisiae jenlA atolA pCjAto3
S. cerevisiae jenlA atolA pCjAto4
S. cerevisiae jenIA atolA pCjJenl
S. cerevisiae jenIA atolA pCjJen2
S. cerevisiae jenIA atolA pCjJen3
S. cerevisiae jenIA atolA pCjJend
S. cerevisiae jenIA atolA pCjJen5
S. cerevisiae jenIA atolA pCjlJen6
IMX1000 pCjAtol

IMX1000 pCjAto2

IMX1000 pCjAto3

IMX1000 pCjAto4

IMX1000 pCjJenl

IMX1000 pCjJen2

IMX1000 pCjJen3

IMX1000 pCjJen4

IMX1000 pCjJen5

IMX1000 pCjJen6

IMX1000 pCjMch4

IMX1000 pCjSic5

IMX1000 pCjTDT

IMX1000 pCjSic13-1

IMX1000 pCjSic13-2

IMX1000 pCjAto5
8. cerevisiae jenlA atolA pScJenl-
GFP

MATa ade? leu?2 his3 trpl ura3

W303-1A; JENI::KanMX4
ATO1::HphMX4

MATa URA3 TRPI LEUZ HIS3

MATa ura3-52 trp1-289 leu2-3112 his3A
canlA..cas9-natNT2 mchlA mch2A
mch5A aqylA itriA pdriZA mch3A
mch4A yil166¢A hxtiA jenlA atolA
aqriA thi73A fosiA aqy2A yll053cA
atoZA ato3A aqy3A tpolA yroZA azriA
yhl008cA tpo3A

JenlA atolA transformed with p416GPD

JenlA aftolA transformed with pCalen?2
JenlA atolA transformed with pScAtol
JenlA afolA transformed with pCjAtol
JenlA atolA transformed with pCjAto2
JjenlA atolA transformed with pCjAto3
JenlA atolA transformed with pCjAto4
JenlA atolA transformed with pCjJenl
JenlIA atolA transformed with pCjJen2
JenlA atolA transformed with pCjJen3
JenlIA atolA transformed with pCjlen4
JenlA atolA transformed with pCjJen5
JenlA atolA transformed with pCjJen6
IMX1000 transformed with pCjAtol
IMX1000 transformed with pCjAto2
IMX1000 transformed with pCjAto3
IMX1000 transformed with pCjAto4
IMX1000 transformed with pCjJenl
IMX1000 transformed with pCjJen2
IMX1000 transformed with pCjJen3
IMX1000 transformed with pCjlen4
IMX1000 transformed with pCjJen5
IMX1000 transformed with pCjJen6
IMX1000 transformed with pCjMch4
IMX1000 transformed with pCjSlch
IMX1000 transformed with pCjTDT
IMX1000 transformed with pCjSlc13-1
IMX1000 transformed with pCjSlc13-2
IMX1000 transformed with pCjAto5

JeniA atolA transformed with pSclenl-
GFP

Rothstein (1989)
Soares-Silva et al.
(2007)
Entian and Kétter
(2007)

Mans ef al. (2017)

Soares-Silva et al.
(2007)

Vieira et al. (2010)
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

Soares-Silva et al.
(2003)

113


file:///C:/Users/david/Desktop/tabelas.xlsx%23RANGE!_ENREF_53
file:///C:/Users/david/Desktop/tabelas.xlsx%23RANGE!_ENREF_53

Table 2. Plasmids used in this study.

Plasmid Description Reference
Mumberg, Muller
416GPD -3+ !
p416G Glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter and Funk (1995)
Jen1-GFP ScJ/enl cloned in p416 under the control of GPD promoter with  Soares-Silva et a/.
P the GFP gene (2003)
pCalJen2 CaJenZ cloned in p416 under the control of GPD promoter Vieira et al. (2010)
pScAtol ScAfol cloned in p416 under the control of GPD promoter This work
pCjAtol CEP24587 cloned in p416 under the control of GPD promoter This work
pCjAto2 CEP20823 cloned in p416 under the control of GPD promoter This work
pCjAto3 CEP20822 cloned in p416 under the control of GPD promoter This work
pCjAto4 CEP20690 cloned in p416 under the control of GPD promoter This work
pCjJenl CEP23088.1 cloned in p416 under the control of GPD promoter  This work
pCjJen2 CEP21966.1 cloned in p416 under the control of GPD promoter  This work
pCjJen3 CEP22358.1 cloned in p416 under the control of GPD promoter  This work
pCjJend CEP21989.1 cloned in p416 under the control of GPD promoter  This work
pCjJen5 CEP21602.1 cloned in p416 under the control of GPD promoter  This work
pCjJen6 CEP25129.1 cloned in p416 under the control of GPD promoter  This work
pCjSic16 XP_020067635.1 cloned in p416 under the control of GPD This work
promoter
pCjSic5 XP_020068154.1 cloned in p416 under the control of GPD This work
promoter
pCjTDT XP_020068891.1 cloned in p416 under the control of GPD This work
promoter
pCjSic13-1 XP_020069270.1 cloned in p416 under the control of GPD This work
promoter
pCjSic13-2 XP_020073044.1 cloned in p416 under the control of GPD This work
promoter
pCjAto5 XP_020067765.1 cloned in p416 under the control of GPD This work

promoter

5.2.3 PIPELINE FOR THE IDENTIFICATION OF CARBOXYLATE TRANSPORTER GENES

A computational analysis of the Cyberilindnera jadinii transportome was carried out to identify novel
carboxylate transporters. The proteome from C. jadini NRRL Y-1542 was downloaded from the NCBI
database and analyzed using a bioinformatic pipeline (figure 2). This tool was designed to retrieve data
from a specific database that contains: a) a single representative genome/proteome on the species level;
b) where multiple matches within a species directly reflects the presence of orthologues, and c) the
e-values from BLAST searches are statistically more reliable. To avoid redundancy of results we build our

in-house genetic information database by using the inferred proteome of 13099 species with
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full-annotated genomes in the NCBI assembly database (RefSeq). In situations where multiple reference
strains were present for the same species, only the one presenting the higher number of proteins
uncovered was used. The final database contained a total of 2863 genomes with 11969222 protein
sequences in which: 30 are from metazoa, 193 from archaea, 2489 from bacteria, 72 from fungi, 34
from plants and 45 from protists. The proteomes were searched for promising putative carboxylate
transporters using the following criteria: a) proteins displaying a topology of 4-20 transmembrane
segments (TMS) predicted by the TMHMM server v2.0 [78]; b) removal of the partial proteins; c) search
for conserved motifs involved in the transport of carboxylate and d) identification of sequences with

homology to known di- and tricarboxylate transporters.

5.2.4 CLONING AND EXPRESSION OF HETEROLOGOUS GENES

The target genes selected in 2.3 were amplified by PCR using the genomic DNA from the yeast
Cyberlindnera jadini DSM 2361 [27] and cloned in the centromeric plasmid p416GPD [28] under the
control of a GPD constitutive promoter (pCj-gene plasmids) [24, 25]. As expression hosts the strains
S. cerevisiae W303-1A jenlA atolA and S. cerevisiae IMX1000 were used. The primers used for
amplification and cloning of pCj-gene are listed in table 3. Sixteen genes were cloned in the centromeric
plasmid p416GPD, by PCR amplification with proofreading polymerase ACCUZYME Mix DNA (Bioline,
London, UK) [28]. DNA cloning and manipulation were performed according to standard protocols [29].
Primers from 7hermoFisher Scientific (USA) contain restriction sites for BamH and EcoAl (CjAtol-4,
CjJenl, CjJen3 and Cjlenb); £coAl and Hindll (Cjlen2 and Cjlend); Xbal and EcoAl (Cjlen6); Spel and
Sal (CjSlc16, CjSIch, CjTDT, CjSlc13-1 genes); Spel and Xhal (Slc13-2 gene) Spel and £coAl (CjAtob), in
the Forward and Reverse primers respectively. The final products were inserted in the vector p416GPD,
previously digested with the same restriction enzymes. The resulting pCjgene plasmids were transformed

in S. cerevisiae strains.
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Table 3. Oligonucleotides used for strain construction, cloning and expression

Name

Sequence

p416-CJAd1_fwd
p416-CJAd1_rev
p416-CJAd2_fwd
p416-CJAd2_rev
p416-CJAd3_fwd
p416-CJAd3_rev
p416-CJAd4_fwd
p416-CJAd4_rev
Cjad2-175L_fwd
Cjad2-175L_rev
p416-CJJenl_fwd
p416-CJJenl_rev
p416-CJJen2-new_Fwd
p416-CJJen2-new_Rev
p416-CJJen3_fwd
p416-CJJen3_rev
p416-CJJend-new_Fwd
p416-CJJend-new_Rev
p416-CJJen5_fwd
p416-CJJen5_rev
Cut-Jen6_Fwd
Cut-Jen6_Rev
ctl.635_Fwd
ct1.635_Rev
ct2.154_Fwd
ct2.154_Rev
ct3.891_Fwd
ct3.891_Rev
ct4.270_Fwd
ct4.270_Rev
ct8.044_fwd

ct8.044 _rev
ct9.7765_fwd
ct9.7765_rev

GCAGGATCCATGTCAGACAAGGAAAGC
GCAGAATTCCTAGGAGTGCACTTGAGC
GCAGGATCCATGTCTAGTATTAATGAG
GCAGAATTCTCACAAATGGCTAGCACC
GCAGGATCCATGGCCGCCAACGTTGAC
GCAGAATTCTCAGGCACGCTTTGCACC
GCAGGATCCATGTCGGACAAGGAAAAC
GCAGAATTCTCAAGAACGCTTTGCACC
GCCAATCCAGTCCCTCTGGGTCTCTGTGGGTTC
GAACCCACAGAGACCCAGAGGGACTGGATTGGC
GCA GGATCCATGCACAAACTTGAAGAG
GCAGAATTCTCACTTCTTCTCCTGTGG
GCAGGATCCATGACTTCACCATTGCCT
GCACTCGAGTCACTCACTTGAAGAGCC
GCAGAATTCATGGCAATGTCTGATGTT
GCAGAATTCTCAGGTTTTTTCATTATG
GCAGGATCC ATGACTGCTGGGAGATAC
GCACTCGAGCTAGTCTCTAGCAGATTC
GCAGGATCCATGGACTGGGATGCTTTC
GCAGAATTCTCACTTTGGCTCTATCTT
GCCTCTAGAATGGGATTCAAGACGTAC
GCCGAATTCTCATTTAACCTCAGAAAC
GCCACTAGTATGACTGAAATCATCACT
GCCGTCGACTCAGAATTTACAAATTCT
GCCACTAGTATGTTTGCAGAGACCGAG
GCCGTCGACTCACGAGTTGTCAGCACA
GCCACTAGTATGACATCTGATGAGAAT
CCGTCGACTCAATTCCTTTCACTGTT
GCCACTAGTATGAAATTCTCCCTCTCT
GCCGTCGACTTAACCGTGTAAAGTTGC
GCCACTAGTATGAAGTTCTCCCATTCG
GCCCTCGAGTCACATCCCTGTTAATCT
GCCACTAGTATGTCGACCTCTTCTCTC
GCCGAATTCCTAAACTCTTGGTGCATG
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5.2.5 PHYLOGENETIC RECONSTRUCTIONS

A total of over 10000 inferred proteomes from NCBI Assembly platform were downloaded as individual
FASTA files, all belonging to the refseq subsection of NCBI and they were converted into a local database.
To avoid redundancies, only sequences from a single genome of a given species were considered. In
these cases, the specimen with the higher number of proteins described in the database was the selected.
A BLAST search, with a cut-off e-value 10-* and an associated query-cover value higher than 65%, was
performed on our in-house database using fourteen queries from C. jadinii. We analyzed the six Atol
homologs (CjAtol XP_020073178.1, CjAto2 XP_020073031.1, CjAto3 XP_020073179.1, CjAto4
XP_020070445.1, CjAtob XP_020067765.1 and CjAto6 XP_020069005.1) but the results from the six
queries were merged into a single file by removing redundant proteins across results. The same approach
was taken for the six queries of Jen1l homologs in C. jadinii (CjJenl CEP23088.1, CjJen2 CEP21966.1,
CiJen3 CEP22358.1, Cjlen4 CEP21989.1, Cjlen5 CEP21602.1 and CjJen6 CEP25129.1). The
sequences of CjSlch (XP_020068154.1) and CjSlc13-1 (XP_020069270.1) were individually used as
queries for search of homologs of the respective proteins. Given the fact that the general structure of the
phylogeny of ATO1 was already detailed recently [30] in this case the analysis only included Ascomycota.
Retrieved protein sequences were aligned using the MAFFT online server [31], that incorporates multiple
alignment strategies. Sequences that were not matching extensively across the conserved region of the
alignment were further excluded from the phylogenetic analysis. These sequences, in many cases, could
represent lower quality of the stretch of the genome where they are located or incomplete annotation of
the full gene and they should not necessarily be regarded as non-functional genes.

A phylogenetic reconstruction was performed using Maximum Likelihood, more appropriate for the deeper
divergences under analysis here, using MEGA7 [32] and the Jones-Taylor-Thornton (JTT) substitution
model. Bootstrap was performed for 1000 repetitions. Obtained phylogenetic trees were displayed and

edited in FigTree v.1.4.4. (http://tree.bio.ed.ac.uk/).

5.2.6 SEQUENCE ALIGNMENT AND PERCENTAGE OF IDENTITY SHARED BETWEEN THE ATO
AND JEN HOMOLOGS

For sequence alignment, the sequence data for C. jadinii genome was obtained from the NCBI database.
Using the BLASTp program, six ORFs were identified revealing homology to the A701 of S. cerevisiae,
XP_020073178.1 (CjAtol), XP_020073031.1 (CjAto2), XP_020073179.1 (CjAto3), XP_020070445.1
(CjAto4), XP_020067765.1 (CjAtob) and XP_020069005.1 (CjAto6), and six ORFs revealing homology
to the JENI of S cerevisiae, CEP23088p (CiJenl), CEP21966p (Cjlen2), CEP22358p (Cilen3),
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CEP21989p (Cilend), CEFP21602p (CjJenb) and CEP25129p (Cjlen6). Furthermore, the query
sequences used for the members of the SLC transporter superfamily over the simple alignments were
NP_666018.3 (Homo sapiens SLC5 member 8, HsSIcHA8), XP_020068154.1 (C. jadiniiSLC5 homolog,
CjSlch), NP_001011554.1 (H. sapiens SLC13 member 3, HsSIc13A3) and XP_020069270.1 (C. jadinii
SLC13 homolog, CjSIc13). Retrieved protein sequences, including homologs present in other
microorganisms, were aligned with EMBOSS needle and ClustalW through pairwise sequence alignment.
The TMHMM server (http://www.cbs.dtu.dk/services/ TMHMM-2.0/) was used for topology prediction of
TMS. Multiple sequence alignment was also performed with M-Coffee

(http://tcoffee.crg.cat/apps/tcoffee/do:mcoffee) for a further validation of identified TMS regions across

the protein sequences [33]. The percentage of identity shared by protein sequences was calculated using
Matcher (EMBOSS) tool (https://www.ebi.ac.uk/Tools/psa/emboss_matcher/) (Table S1). The Ato
homologs selected belong to C. jadinii Yarrowia lipolytica, S. cerevisiae, Aspergillus nidulans,
Kluyveromyces lactis, Debaryomyces hansenii, Escherichia coliand Methanosarcina acetivorans. The Jen
homologs selected belong to C. jadinii S. cerevisiae, K. lactis, Candida albicans, D. hansenii and
Y. lipolytica species. The reference sequences used were the following: ScAtol NP_009936.1, ScAto?
NP_014399.3, ScAto3 NP_010672.1, CaXP_710295.1, CaFrpbp XP_716747.2, CaFrpbp
XP_716748.1, CaAtol XP_710650.1, CaAto2 XP_718515.2, CaAto5 XP_714703.1,
CaAto6 XP_714701.1, CaAto7 XP_019330752.1, CaAto9 XP_717951.1, CaAtol0 XP_717953.1,
YIGprl XP_502188.1, YI1 XP_504461.1, YI2 XP_505489.1, YI3 XP_505359.1, Y4 XP_503877.1, YI5
XP_502175.1, AnAcpA XP_662830.1, AnAcpB XP_659443.1, AnAcpC XP_680586.1, AnAlcS
XP_682250.1, An XP_681659.1, An XP_657970.1, EcSatP XP_000528538.1, Ma4008
WP_011023903.1, Ma0103 AAM03557.1, Ma WP_048066054.1, Ma WP_011024272.1, CjAtol
XP_020073178.1, CjAto2 XP_020073031.1, CjAto3 XP_020073179.1, CjAtod XP_020070445.1,
CjAtob XP_020067765.1 and CjAto6 XP_020069005.1 (table S1-A). For Jen homologs, Sclenl
NP_012705.1, Kllenl XP_454682.1, KlJen2 XP_455537.1, Calenl XP_716108.1, Calen2
XP_717031.1, Dhl7 XP_461118.2, Dhl8 XP_459308.2, Dh24 XP_002770539.1, Dh27
XP_461518.2, Ylenl XP_503239.1, YlJen2 XP_503058.1, Ylen3 XP_504706.1, Ylend
XP_501871.1, YUen5 XP_502090.1, YlJen6 XP_501098.1, Cjlenl CEP23088.1, Cjlen2 CEP21966,
CjJen3 CEP22358.1, Cjlen4 CEP21989.1, CjJen5 CEP21602 and CjJen6 CEP25129.1 (table S1-B).
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5.2.7 THREE-DIMENSIONAL MODELLING, MIOLECULAR DOCKING STUDIES AND PORE RADIUS
SIMULATIONS
The predicted transporter 3D structures, were obtained with the HHPred [34] and LOMETS (Local

Meta-Threading-Server) [35] softwares. Molecular docking simulations were performed as described by
Ribas ef al. (2017) [26]. Ligand structures of acetic, lactic, succinic and citric acids for all target proteins
in the study were downloaded from Zinc database [36]. Only deprotonated forms of each acid were used
in the docking prediction, with the protonation states adjusted to match a pH of 5.0-6.0. The substrate
3D structures were built by inputting canonical SMILES (Simplified Molecular Input Line Entry
Specification) strings in the UCSF Chimera [37], being minimized before molecular docking in PyRx
software [38] using AutoDock Vina. The simulated interactions were analyzed in 2D and 3D pose views
using both Chimera and the Maestro v11.2. The HOLE program (2.2.005 Linux) was used to predict the
pore radius throughout each transporter studied [39]. The radiuses of the homolog transporters were
compared in a graph with the coordinate in the direction of the channel vector serving as the X-axis. The
images of the predicted pores were obtained using Visual Molecular Dynamics program (VMD, 1.9.3)

[40].

5.3 RESULTS

5.3.1 CHARACTERIZATION OF CARBOXYLIC ACID TRANSPORT SYSTEMS IN
CYBERLINDNERA JADINI/

The yeast Cyberlindenera jadinii DSM 2361 when grown in acetic (0,5%, v/v; at pH 6.0), lactic
(0,5%, v/v; at pH 5.0), succinic (1.0%, w/v; at pH 5.0) and citric (1.0%, w/v; at pH 5.5) acids displays
ability to transport these substrates through a Michaelis-Menten kinetics (Figure 1). The Eadie-Hofstee
plot of the initial uptake rates of labelled carboxylates revealed complex transporter systems. A non-linear
regression analysis of the initial uptake rates allowed to determine the kinetic parameters of these

transport systems that are summarized in fig.1.
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Figure 1. Initial uptake rates of labelled carboxylic acids as a function of the acid
concentration of C. jadinii DSM 2361 cells in the presence of (A)“C-acetic acid, pH 6.0;
(B)*C-lactic acid, pH 5.0; (C)*“C-succinic acid, pH 5.0 and (D)*C-citric acid, pH 5.5, at 30°C.
Mid-exponential grown-cells on YNB glucose were collected, washed and cultivated on YNB containing as
carbon source acetic acid (A), lactic acid (B), succinic acid (C) or citric acid (D) as described in materials
and methods. The inserts represent the Eadie-Hofstee plots of the data presented in the respective main
chart. The data shown are mean values of at least three independent experiments and the error bars
represent the standard deviation. The bottom-table presents the best fitting transport kinetic values for
carboxylate transport systems in C. jadiniiDSM 2361 cells, obtained using a computer-assisted non-linear

regression analysis (GraphPaD Prism software).
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5.3.2 IDENTIFICATION OF THE CYBERLINDNERA JADIN// INFERRED TRANSPORTOME

Currently there are three C. jadinii genomes available at the NCBI. Two of them are from the same strain,
the CBS 1600 and the NRRL Y-1542 genome, and the other from the NBRC0988 (DSM 2761) strain.
The information for this latter is not available for BLASTp searches. In an initial approach the
CBS 1600/NRRL Y-1542 genomes were used to search for homologs of Atolp and Jenlp transporters
from S. cerevisiae. Four ScAtolp homologs (CjAtol-4) and six ScJenlp homologs (CjJenl-6) were
identified having a query cover value higher than 67%, an identity value between 40-58% and a similarity
between 58-73%. CjAto3 was the most similar to ScAtol sharing 61.5% of identity (table S1-A from the
supplementary data). The CjAtol and CjAto3 are more similar (50% identity) with the AcpA acetate
transporter from A. nidulans while the CjAto2 is more identical to the acetate transporter Gprlp from
Y. lipolytica [30]. Cjlenl shares 58.2% identity with the ScJenlp from S. cerevisiae (table S1-B). Cjlenl
and CjJen2 have a significant 52-57% identity with Jenl from A. /actis (KlJen1) [41]. On the other hand,
CjJen5-6 proteins present a higher identity (47-59%) with C. albicans Jen2p, Kllen2p, D. hanseniiDH18p
and DH24p, and Jen1-6 from Y. /ipolytica.

Aiming at identifying other putative plasma membrane transporters encoded in the C. jadinii predicted
proteome, we designed a new strategy by combining distinct bioinformatic tools (see materials and
methods). Figure 2A summarizes the pipeline used to infer the proteome of the C. jadini NRRL Y-1542.
The outcome of this search was a list of 6147 protein-coding sequences in which 6032 are system-
annotated proteins. From these, 642 display one to three TMSs and, 525 have four to twenty TMSs
(Figure 2B). In this last group, several annotated proteins are defined as MFS general substrate
transporters, having the great majority system-annotated protein functions. Nonetheless, several are still
annotated as hypothetical proteins. Proteins with four to twenty TMSs were screened against the NCBI
database in order to identify functionally characterized homologs (Figure 2D; detailed information is
presented in table S2). These 525 proteins were distributed into five major categories: (i) transporters,
(i) enzymes, (iii) receptors, (iv) other membrane proteins and (v) unknown proteins. The transporters
were annotated as: sugar, amino acid, oligopeptides, ABC-type, ATPases (V-type, Atype and P-type),
carboxylic acid transporters, among others. Transporters associated with carboxylic acid (12,3%),
polyatomic anions (14,5%), amino acid and oligopeptides (24%), belonging to the Solute carrier (SLC)
superfamily (SLC5, SLC13-1, SLC13-2, SLC16), to the Tellurite-resistance/Dicarboxylate transporter
(TDT) family (CjTDT) and one member to the Acetate transporter (AceTr) family (Cj-Atob) were the most

promising outcomes of this analysis.
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Figure 2. Identification of putative membrane proteins encoded in the C. jadinii
NRRL Y-1542 genome. A) Establishment of a bioinformatic pipeline to analyze inferred proteomes and
identify putative plasma membrane carboxylate transporters. B) Protein categories detected. C)
Distribution (%) of the proteins estimated to contain 4 to 20 TMS. D) Estimated function of the 525

proteins (filtered from C) and distribution by categories (%) of those annotated as “transporters”.
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5.3.3 HETEROLOGOUS EXPRESSION OF CYBERLINDNERA JADIN// PUTATIVE CARBOXYLATE
TRANSPORTERS IN S. CEREVISIAE

The S. cerevisiae IMX1000 strain transformed with the putative C. jadinii carboxylate transporters cloned
in the plasmid p416GPD [24, 25] was used to evaluate the cells ~ ability to grow on carboxylic acids as
sole carbon and energy sources (Figure 3). All of the S. cerevisiae transformants were able to grow acetic
acid, except for cells expressing the CjTDT. The strains transformed with CjAto homologs recovered the
ability to grow on lactic acid. Furthermore, cells expressing CjAto2p also have an improved growth on
pyruvic, malic, and succinic acids. The expression of CjAto5 allows cells to grow on all the mono-, di- and
tricarboxylic acids tested. The Cj/eni and CjJenZ2 transformed cells were also able to grow on pyruvic
acid. The expression of Cj/en6 improved cells’ growth on dicarboxylic and tricarboxylic acids. The cells
expressing SLC homologs CjSlc5 and CjSIc13-1 presented an improved growth, although not very strong,
in all carbon sources tested, namely, lactic, pyruvic, fumaric, malic, succinic and citric acids. The cells
expressing CjSlc13-2 present slightly decreased growth in lactic and citric acids media when compared
to the negative control. The expression of C/7D7 did not allow an improved growth of the cells in any of
the carbon sources tested. Cells of C. jadiniDSM 2361 present a strong of growth on all carbon sources
tested (Figure 3). Equivalent results were obtained using the S. cerevisiae jenIA atoIA strain transformed

with the putative C. jadinii carboxylate transporters cloned in the plasmid p416GPD (not shown).
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Figure 3. Functional analysis of C. jadinni putative carboxylate transporters in S. cerevisiae IMX1000. Cells were grown at 18 °C for 22 days on
YNB media containing glucose (2% w/v), acetic acid (0.5% v/v; pH 6.0), lactic acid (0.5% v/v; pH 5.0), pyruvic acid (0.5% w/v; pH 5.0), fumaric acid
(1% w/v; pH 5.0), malic acid (1% w/v; pH 5.0), succinic acid (1% w/v; pH 5.0) or citric acid (1% w/v; pH 5.5), as sole carbon and energy source. Spot assays
were performed as described in materials and methods. The C. jadini DSM 2361 strain was included as a positive control and S. cerevisiae IMX1000 cells
transformed with p416GPD as a negative control.
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Cells of S. cerevisiae W303-1A jenIA afolA expressing Cj-transporters were used to evaluate the uptake
of [“C]acetic acid (pH 6.0), [“C]lactic acid and [2,3-C]succinic acid (pH 5.0) (Figures 4 and 5).

Cells expressing the CjAtol-4 homologs presented an increased uptake of acetate and lactate (1mM
concentration) when compared to the strain carrying the empty vector, supporting their role as acetate
and lactate transporters (Figure 4A). For acetate, the values obtained for CjAto3 and CjAto4, were similar
to the native ScAtol, while the lactate uptake was higher than for Sclenl. Cells expressing CjAto2
presented uptake for succinate higher than the uptake for the CaJen2, the dicarboxylate transporter from
Candlida albicans, used as positive control. All the Cjlen1-6 homologs presented transport activity for
lactate and acetate, confirming their function as acetate and lactate transporters (Figure 4B). Succinate
transporter activity was found to be associated with the expression of CjJen6, CjSlcb and CjAto5 (data
not shown) as the estimated velocity (1} for the uptake of 1mM succinate (pH 5.0) in cells transformed
with the empty vector was 0.039 nmol succinate st mg* dry wt., whereas 0.131, 0.240 and 0.277 nmol
succinate st mgtdry wt. was estimated for CjJen6, CjSlc5 and CjAtob, respectively.

The S. cerevisiae IMX1000 strain was used for the heterologous expression of CjSLC16, CjSLC5,
CjSLC13-1 and CjSLC13-2, the CjTDT and CjAto5p, as this S. cerevisiae strain is deleted in all known and
putative carboxylate transporters. All the resulting strains revealed activity for an acetate transporter

(Figure 4C).
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Figure 4. Transport of radiolabelled carboxylates in S. cerevisiae jenIA atolA (A,B) and
IMX1000 (C) cells expressing the C. jadinii CjAtol1-5, CjJenl-6, CjSic16, CjSic5, CjTDT,
CjSlc13-1, CjSic13-2 proteins and empty vector (pd), as negative control. A) Uptake of 1 mM
of “C-acetic acid (pH 6.0), “C-lactic acid (pH 5.0) and *“C-succinic (pH 5.0) acid. B) Uptake of 1 mM of
14C-acetic acid (pH 6.0) and 1 mM of “C- lactic acid (pH 5.0). C) Uptake of 1 mM of “C-acetic acid (pH
6.0). Cells were grown on YNB-glucose, washed and incubated on YNB containing the respective carbon
source (see materials and methods) used in the uptake assay for 6 hours (Acetate 0.5 %, pH 6.0) and 5
hours (Lactate 0.5 %, pH 5.0; Succinate 1 %, pH 5.0). In A) the value of 100% (C+) corresponds to the
uptake of acetic acid and lactic acid in S. cerevisiae cells transformed with the plasmid p416GPD
expressing the native transporters Atol and Jen1, respectively. For the uptake of succinic acid, the value
100% (C+) corresponds to isogenic cells expressing the Candida albicans Jen2 transporter. In B) the value
100% corresponds to the uptake of acetic and lactic acid displayed by cells expressing the native Jenl.
In C) the value 100% corresponds to the uptake of acetic acid by C. jadinii DSM 2361 cells.

126



The kinetic parameters of acetic acid uptake were estimated in the S. cerevisiae W303-1A jeniA afolA

strain expressing the CjAto and CjJen homologs (table 4).

Table 4. Kinetic parameters for “C-acetic acid (pH 6.0) transport estimated in cells of
S. cerevisiae W303-1A jenIA afolA expressing the CjAtol, CjAto3-4 and Cjlen1-6 genes. Cells were

cultivated in glucose media until mid-exponential growth phase and shifted to YNB acetate 0.5%, pH 6.0
for 6 h.

Plasmid Ko V’“_"‘l" .
(mM) (nmol acetate s mg  dry wt.)
pCjAtol 12.18+4.67 4,92+1.32
pCjAto3 9.17+£4.70 3.85+1.23
pCjAtod 1.284+0.38 0.69+0.10
pCilen1 2.15+0.60 0.86+0.12
pCjlen2 1.26%0.35 0.49+0.06
pCjlen3 3.21+1.07 1.341£0.25
pCilend 1.6240.43 0.62+0.08
pCilens 5.18+1.51 2.08+0.39
pCilen6 3.47+1.08 1.52+0.26

The transporters presented a wide range of V.., ranging from 0.49 to 4.92 nmol acetate s*mg dry wt,
and A, from 1.26 to 12.18 mM acetate.

Cells of S. cerevisiae W303-1A jenIA afolA strain expressing the CjAto2 presented a mediated transport
system for lactate with the following kinetic parameters for lactate and succinate: A, 4.33 + 0.70 mM
lactate and I/, 1.69 + 0.17 nmol lactate s*mg* dry wt. A, 3.38 + 0.82 mM succinate and V., 1.14 +
0.17 nmol succinate s*mg dry wt.) at pH 5.0 (Figure 5A). The initial uptake rates of “C-succinic acid
(pH 5.0) estimated in S. cerevisiae IMX1000 transformed with pCjAto5 revealed a Michaelis-Menten
kinetics with the following parameters A,= 0.45 + 0.09 mM and I/..= 0.33 = 0.02 nmol s* mg* dry wt
(Figure 5B). The cells transformed with the empty vector present a first order kinetics associated with the

diffusion of the acid (Figure 5B).

127



>
]
=
o
N

;- bE.
_. 0.5 5o _. 0.6+ L
3 4l i 2 059 H
> B = ok ] P =
-c 00 05 10 15 20 25 30 35 40 -c i . 0 1 H 3 M H
["e-succinlc ackd] mi 0.4 [c-Lactic acid] mM
S 0.3 o
o [=)]
E E 0.3 $
Sy 0.2 5,
: s o)
Kp=3.38=0.82 mM Kp= 4.33=0.70 mM
E 0.1+ V,r,x=1.14:0.1;nnmols4 mgtdry wt. E 0.1 V= 1.69 :0.1?T\mols‘1mg'1dry wt.
> >
0'0 T T T T T T 1 0'0 T T T T 1
00 01 02 03 04 05 06 07 0.0 0.2 0.4 0.6 0.8 1.0
VI['*C-Succinic acid] (ul s 'mg™ dry wt.) Vi['*C-Lactic acid] (ul s 'mg™" dry wt.)
- 0.35 -+ pp -+ CjAtod
0301
ey
- 0.254
‘Tm 0.20 K= 0.45+0.09 mM
£ Vinax=0.33 £0.02 nmol s mgt dry wt.
- 0.154
w
© 0.104
£
£ 0.05
>

["*C-Succinic acid] mM

Figure 5. Kinetic parameters for the initial uptake rates of labelled carboxylates of
S. cerevisiae expressing CJATOZ2 and CjATO5. A) Eadie-Hofstee plots of labelled carboxylic acids
(#C-succinic and “C-lactic acids) as a function of the acid concentration of the S. cerevisiae W303-1A
JjenlA atfolA strain expressing pCjAto2 at pH 5.0, 30°C. B) Initial uptake rates of radiolabelled *C-succinic
acid as a function of the acid concentration of the S. cerevisiae IMX1000 strain expressing the pCjAtob
and transformed with the expression vector p416GPD, pH 5.0, 30°C.

5.3.4 CHARACTERIZATION OF C. JADIN//CITRATE TRANSPORTERS

Citrate uptake was evaluated in S. cerevisiae IMX1000 expressing CJEN6, C/SLC16, CSLC5, CjTDT,
C/SLC13-1, CjSLC13-2and CATO5 (Figure 6A). A more detailed analysis of citrate transport kinetics was
done in selected transporters (Figure 6B). The kinetic parameters of the most promising citrate
transporters, i.e. CjAtobp, CjJen6p, CjSlcbp, are displayed in Figure 6B presenting an affinity (4,) in the
same range of values. The transporter with the highest activity is the CjSlc5p followed by CjAto5p. Despite
having the lowest transport activity, Cjlen6p still allows the growth of S. cerevisiae cells on media

containing citrate as sole carbon and energy source (see Figure 3).
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Figure 6. Citrate transport in S. cerevisiae IMX1000 cells expressing C. jadinii putative
transporters. (A) Uptake of “C-citric acid 5 mM at pH 5.5, 30°C, of cells transformed with CjJen6,
CjSLC1e, CjSIc5, CjTDT, CjSIc13-1, CjSlc13-2, CjAto5 and empty vector (pd). (B) Initial uptake rates of
radiolabeled “C-citric acid as a function of the acid concentration (pH 5.5, 30°C) in cells expressing
C. jadinii Jen6, SIcb and Atob; the table summarizes the estimated kinetic parameters. Cells were grown
in YNB-glucose, washed and incubated on YNB-citric acid (1.0 %, pH 5.5) for 5 h. The data shown are
mean values of at least three independent experiments and the error bars represent the standard
deviation.

5.3.5 PHYLOGENETIC ANALYSIS OF CARBOXYLATE TRANSPORTER FAMILIES

A phylogenetic analysis of C. jadinii carboxylate transporters belonging to the SHS (TC 2.A.1.12), SSS (TC
2.A.21) and DASS (TC 2.A.47) transporter families was carried out throughout the tree of life. For the
AceTr (TC 2.A.96) family the analysis was limited to Ascomycota, since a broad phylogenetic analysis
was already presented in a previous study [30]. Homolog nominations and bootstrap values from the
phylogenetic reconstructions are all available in figures S3 in the Supplementary material section.

For the AceTr family a total of 319 hits were obtained for the BLAST search in the NCBI's Assembly
database, using complete genomes only, using CjAtol-5 homologs as queries. Eight sequences lacking
large conserved regions were excluded for a final dataset of 311 sequences. The phylogenetic tree

presents five main clades (E1-E5, Figure 7), depicting the functionally characterized Ato transporters

129



described in literature. Clade E1 includes the Atol and Ato2 from S. cerevisiae [14], Gprl from
Y. lipolytica [14, 30], and the eight Ato homologs from C. albicans [42, 43]; the S. cerevisiae Ato3 is in
the clade E2 [44]; acetate transporters AcpA and AcpB from A. nidulans belongs to E3 clade [45, 46];
the acetate transporter A. nidulans AcpC displayed in clade E4 [46] and AlcS from A. nidulansin E5 clade
[47]. The CjAto homologs were found into two distinct clades, five are located in E1 and CjAto5p appears
in E2. Half of the AceTr homologs are located in Atol/Ato2/Gprl clade, the majority belong to the
Debaryomycetaceae (Candida and Debaryomyces species) and Saccharomycetaceae (Saccharomyces,
Kluyveromyces and Lachancea species) families. Some of these species have homologs in the E2 clade
too, probably due to the occurrence of a genetic duplication phenomena, as previously reported [30].
Homologs from the genus Fusarium spp are dispersed in several clades.

For the phylogenetic analysis the of SHS family a total of 319 hits were obtained from the BLAST search
with the six CjJen members. Fourteen sequences that lacked large conserved regions were excluded for
a final dataset of 305 sequences. The phylogenetic reconstruction proposes a basal split into prokaryotic
and eukaryotic organisms forming two monophyletic clades (Figure 8). The prokaryotic clade gathers two
branches, P1 and P2, showing bacterial and archaeal homologs, respectively. P1 clade encloses mostly
homologs belonging to Proteobacteria, Acidobacteria and Actinobacteria phylum. The P2 clade only
includes two archaeal homologs that belong to the 7hermoplasma genus. The eukaryotic clade splits into
three branches labelled E1, E2 and E3 clades. The E1 clade comprises two subclades: the
monocarboxylate transporters Jenl-homologs, namely, Sclenl from S. cerevisiae [13], Calenlp from
C. albicans [48], KlJenlp from A /actis [41], and two homologs DH17p and DH27p from D. hansenii
[49]; the dicarboxylate transporters Jen2-homologs, namely, Calen2p from C. albicans [26, 50], KlJen2p
from A /actis [41], DH18p and DH24p from D. hansenii [49], the six clustered-homologs characterized
from Y. /ipolytica as functional mono/dicarboxylate transporters [51], and the PKJEN2-1 (a dicarboxylate
transporter) and PkJEN2-2 (a di- and tricarboxylate transporter) from Pichia kudriavzevii[52]. In E2 clade
we find three homologs from Ascomycota phyla Pochonia chlamydosporia and two other from the
filamentous fungi Aspergillus fumigatus and Zymoseptoria tritici. The E3 clade contains homologs from
Ascomycota and Basidiomycota, namely Jenl from Cryptococcus neoformans, reported as a 3-
bromopyruvate transporter [53]. All the CjJen homologs are in the E1 clade, four in the Jenl-cluster

(CjJen1-4) and two (CjJen5,6) in the Jen2-cluster.
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Figure 7. Maximum likelihood phylogenetic tree of AceTr family members (TCDB 2.A.96) present in ascomycetes. A) Branch lengths are
proportional to sequence divergence and different colors correspond to the different families. The clades indicated as E1, E2, E3, E4 and E5 were created to
facilitate the tree description in the main text and are not meant to provide any type of classification. Homologs relevant for the discussion through the manuscript
are highlighted. B) Simplified scheme of ATO1 native and CjAto proteins with inferred substrate specificities is depicted.
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Figure 8. Maximum likelihood phylogenetic tree of SHS family members (TCDB 2.A.1.12). A) Groups indicated as E1, E2 and E3 for eukaryotic
clades, P1 and P2 for prokaryotic clades, were established to enable the following of the tree description in the main text and are not meant to provide any type
of classification. Major taxonomic groups are indicated in shades of blue — bacteria, orange - ascomycetes, brown - basidiomycetes and green — archaea.
Homologs relevant for the discussion through the manuscript are highlighted. B) Simplified scheme of JEN1 native and CjJen proteins with inferred substrate
specificities is depicted.
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The CjJen homologs were found in groups of two suggesting their origin derived from a genetic duplication
phenomenon. Only microbial genomes were found in the SHS-phylogenetic reconstruction, from which
around 60% belong to eukaryotic taxa.

Phylogenetic reconstruction of the SSS-tree (SLC5 member) showed a total of 325 hits obtained from the
BLAST search. About ten protein sequences that lacked large conserved regions were excluded for a final
dataset of 315 sequences (Figure 9). The CjSLC5 is manually annotated as member of solute carrier
superfamilies 5 and 6-like. This superfamily includes a specific solute-binding domain of SLC5 proteins,
also called the sodium/glucose cotransporters or solute sodium symporters; SLC6 proteins are known
as Na-/Cl-dependent transporters and nucleobase-cation-symport-1 (NCS1) transporters. CjSI5 homologs
were only identified in eukaryotic organisms, mostly belonging to Asco- and Basidiomycota phyla.
Homologs were distributed across three major clades, E1, E2 and E3. The E1 clade contains the sole C.
Jadinii homolog, CjSIc5, that is phylogenetical closer to the homologs from the Metschnikowiaceae,
Debaryomycetaceae and Saccharomycetaceae families. In E1 there is a minor subclade that includes
basidiomycetes members from Crypfococcus, Ustilago and Sporisorium genus, as well as the amino acid
transporters NcMtr/AAP1 and PcMtr from Neurospora crassa [54] and Penicillium chrysogenum [55],
respectively.

The E2 and E3 contain mainly yeast homologs and few basiodiomycetes. Interestingly, SLC5 homologs
are present in several Fusarium species, which together with Aspergillus and Penicillium species,
constitute 40% of total members present in the phylogenetic tree, however, most of these remain
uncharacterized.

The phylogenetic tree of DASS (SLC13 member) family contains a total of 530 members retrieved from
the BLAST search with two the homologs CjSIc13-1 and CjSIc13-2 (Figure 10). A total of eleven sequences
that lacked large conserved regions were excluded, resulting in a final dataset of 519 sequences. The
DASS family is found in bacteria, archaea, and fungi, in a few single-cell eukaryotes from the Leishmania
and Trypanosoma genus, and in one homolog from the red algae Rhodophyta Cyanidioschyzon merolae.
Additionally, among the prokaryotic clade, there is an isolated cluster with multicellular eukaryotes.
Homologs were found in plants, e.g. Zea mays (comn), Beta vulgaris (beet) and Panicum hallii (punch
grass), and in the nematode Strongyloides ratt. The sections in the CjSlc13-tree were labelled as E1 and
E2 for the eukaryotic clades, and P1 to P3 for the prokaryotic clades. E1 clade contains SLC13 homologs
present in ascomycetes and basidiomycetes, namely the S. cerevisiae phosphate transporters Pho87p
and Pho90p [56, 57], and Pho91p [58], as well as the CjSlc13 member. The E2 clade is defined by the

microbial eukaryote species and red algae species. P1 clade splits into two branches.
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P1 major branch contains two other sub-branches: one extensive containing mostly homologs present in
the bacterial phylum from Actinobacteria, Firmicutes, Proteobacteria and others, some archaeal
homologs and others from plant and animal species; the other small sub-branch holds homologs
belonging to Firmicutes phyla. In the larger P1 sub-branch, the SdcL, a sodium-dependent succinate and
malate transporter from Bacillus licheniformis, is found [59]. The P1 minor branch holds a high
percentage of bacterial homologs from Proteobacteria, Spirochaetes phyla and from other bacterial
categories. Homologs from Proteobacteria species, one from Oleiphilus messinensis (marine bacteria)
and another from Spirochaetes phyla constitute the P2 clade. Finally, the P3 clade includes homologs
from Proteobacteria and Firmicutes phyla. Slc13 homologs display a ubiquitous distribution, being mostly
found in prokaryotic genomes but this could also reflect the higher number of prokaryotic genomes

present in the database, when compared to eukaryotic and archaeal.
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Figure 10. Maximum likelihood phylogenetic tree of DASS (SLC13 homolog) family members (TC 2.A.47). A) Branch lengths are proportional to
sequence divergence. Groups indicated as E1 and E2 for eukaryotic clades, P1, P2 and P3 for prokaryotic clades, were defined to facilitate the following of the
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for the discussion through the manuscript are highlighted. B) Simplified scheme with predicted topology for CjSlc13 protein.
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5.3.6 /N S/IL/ICOSTRUCTURAL ANALYSIS

The structure of C. jadinii carboxylate transporters was analyzed using (i) conserved residues found in the
multiple alignment of functionally characterized homologs (Figure S1), (ii) HHPred for 3D structure

prediction (Table S3.1) and (iii) molecular docking studies with substrates (Figures 11-14).

5.3.6.1 IV S/L/cO STRUCTURAL ANALYSIS OF THE CJATO2, CJATOD AND CJATO6 TRANSPORTERS

Multiple-sequence alignments revealed that CjAtol-5, ScAtol-3 and EcSatp share several conserved
regions (Figure S1). The signature NPAPLGL(M/S) motif of the AceTr family [30], previously reported as
crucial for substrate uptake, has substitutions in six positions, in which four of them are verified in CjAto6.
The N89-ScAtol residue is replaced by D83 in CjAto6p, A91-ScAtol is substituted by G85 in CjAtobp,
and the highly conserved L93-ScAtol is substituted by the hydrophobic residues 175 in CjAto4, 187 in
CjAto6 and by M85 in CjAtob5p. As for L95-ScAtol, a single substitution was found in CjAto6p, to M89.
Other residues substitutions, such as M107-CjAto5 (L99-ScAtol), both in CjAto6 and ScAto3 were found.
In ScAto3 and CjAtob, the S89 residue located close to the pore constriction site was also found not to
be conserved considering G/A97-ScAtol. All these substitutions are located in the first TMS and are likely
to alter the affinity for the substrates, and as a consequence, can affect transporter specific and activity.
In the Citrobacter koseri SatP crystal structure the central and narrowest hydrophobic constriction of the
anion pathway is formed by F17, Y72 and L131 residues [60]. This narrowest constriction in ScAtol
corresponds to F98-Y155-L219. The F98 residue is highly conserved among the homologs analyzed here,
but the Y155 is replaced by F147 in CjAto5p, ScAto2 and ScAto3, whose alterations can play a vital role
in substrate passage through the pore. In the position L219 a neutral substitution occurs in CjAto5 (V210)
[61]. In the third TMS, there is another signature motif SYG(X)FW that includes the Y155 of the FYL
constriction site. Here F158 was substituted by Y152 in CjAto6 [62]. This substitution by tyrosine that
contains a reactive hydroxyl group turns it much more likely to be involved in interactions with the
substrates.

The predicted 3D structure was obtained by homology threading using the crystal structure of a bacterial
homolog, the succinate-acetate permease Ck_SatP (PDB 5YS3) [60], as a template. The identity
presented with the different homologs was 35% for ScAtol, 32% for CjAto2, 26% for CjAto5 and 30% for
CjAto6 (Figure 11). Substrate docking studies were carried out for lactate, succinate and citrate. Several
residues seem to be involved in carboxylate binding in the CjAto protein templates (see table S3.2). In

the predicted 3-D model, succinate deprotonated forms (mono- and dianionic) present strong interactions
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with residues S211 (end of TMS5) and Q219 (beginning of TMS6) from CjAto2, two residues that as
aforementioned were not conserved. A higher number of strong interactions were detected for succinate
in CjAto2, when compared to ScAtol that does not transport this acid. Also in CjAto5, succinate is
predicted to interact with K221 (end of TMS5) and, with E125 (located in TMS2). This latter residue is
also predicted to interact with citrate, in addition to residues Q103 (TMS1), K230 (TMS6) and D253
(TMS6). In fact, both Q103 and D253 are not conserved across all the characterized proteins, having

instead an arginine and a tyrosine in these locations, respectively (Figure S1.1).
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Figure 11. Predicted 3D structure of ScAtol, CjAto2, CjAto5 and CjAto6 transporters. A)
Molecular docking of ScAtol, CjAto2, CjAto5 and CjAto6 3D-models, based on SatP_Ck structure (PDB
5YS3), with the substrates lactate (blue ligand), succinate (orange ligand) and citrate (green ligand). The
four binding sites (S1-4) described in SatP-Ck were also found in the CjAto2/5/6. Localization of N- and
C-terminal of the proteins is depicted. B) Simulations for the pore radius profiles through channel axis in
the ScAto1 (grey line), CjAto2 (orange dotted line), CjAto5 (dark blue dashed-line) and CjAto6 (blue line)
proteins. The core of the channel where the constriction is found site is labeled by the vertical dashed red
lines.
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The binding affinities of the residues presenting strong and van-der-walls interactions with the substrates
were analyzed (Table S3.3). In accordance to what is reported for acetate in the homolog CkSatP [60],
four binding sites were found through the channel axis in all CjAto proteins (Figure 11A). The estimated
lactate binding affinity values are similar in ScAtol and CjAto2. A higher number of interactions for lactate
and succinate was detected in CjAto2. An increased citrate binding affinity was found in the S2 binding-site
of CjAto5 (residue K221) and CjAto6 (Figure 11A). The pore radius at the FYL-constriction site was
measured in the four protein models (Figure 11B). A significant increase of the pore radius was found in
CjAto5, compared to the ScAtol (1.25 A) that can lead to a structural alteration in the channel pore
constriction site (Figures 11B and S4.2) thus allowing the passage of larger molecules. CjAto6 only
presents a slight increase of the pore radius. In CjAto2 the constriction pore size is similar to ScAtol,

although it is able to transport larger molecules like succinate.

5.3.6.2 /N SIL/ICO STRUCTURAL ANALYSIS OF THE CJJENS AND CJJENG TRANSPORTERS

The multiple-sequence alignment of Jen homologs (using ScJen1 as reference) revealed the conservation
of some amino acid residues among functionally characterized homologs. The conserved
motif #*NXX[S/TIHX[S/T]QD", located at TMS7, is conserved in all the Cjlen homologs. The L366
residue near to this domain is conserved across the CjJen homologs except for CjJen6p that has been
substituted by V260. In TMSb, conserved S266, whose substitution to Leucine abolished CalJen1 activity
[48], is a glycine in CjJen3 and CjJen4. On TMS11, Q498 and N501 residues were also found to be
conserved in all the Jen homologs. CjJen5 and CjJen6 proteins share 75% identity, however they present
a very different substrate specificity. In TMS1, CjJen6p presents a W in the residue 154, that is also
present in Calen2p and KlJen2p which are dicarboxylate transporters [41, 50]. The L-actate MFS
transporter of Syntrophobacter fumaroxidans (PDB 6G9X) [63] was used as template for the 3D structure
prediction by homology threading of ScJenlp (14% of identity), CaJen2p (13% of identity), and CjJen5p
(13% of identity) and CjJen6p (15% of identity) (Figure 12). Docking studies predicted the amino acid
residues involved in strong interactions with lactate, succinate and citrate (Table S3.4). Additionally, the
results revealed that the highest number of interactions for citrate is found for CjJen6 with an increased

binding affinity in three binding-sites for this acid (positions 1, 2 and 4 in figure 12, see Table S3.5).
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Sclenl Calen2

Figure 12. Predicted 3D-structure of ScJenl, CaJen2, CjJen5 and CjJen6. Molecular docking of Sclenl, CalJen2, CjJen5 and Cjlen6 3D-models,

based on S. fumaroxidans crystal structure (PDB 6G9X) of a MFS transporter, with the substrates acetate (pink ligand), lactate (blue ligand), succinate (orange

ligand) and citrate (green ligand).
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5.3.6.3 /N SIL/CO STRUCTURAL ANALYSIS OF CJSLC5H TRANSPORTER

An alignment between the Homo sapiens SLC5 member 8 protein and the C. jadinii SLC5 transporter
was done revealing the existence of conserved residues 2VLGXPS* on TMS1, 1¢ALN# in the TMS3 and,
in the TMS8 the #PGLXXXC=: (Figure S1.3; topology prediction depicted in Figure S2). The 3D-protein
structures of HsSLC5A8 (24% of identity) and CjSLC5 (10%) were predicted based on the crystal structure
of a sodium/sugar symporter (PDB 3DH4) of Vibrio parahaemolyticus [64]. Docking studies with
succinate and citrate identified putative critical residues involved in the establishment of strong
interactions with ligands (Figure 13, Tables S3.6 and S3.7). Two conserved residues were identified as
interacting with substrates: the F222 in TMS6 (a putative binding-site for succinate and citrate) and the

299, at the end of TMSS8 (a putative binding-site for citrate).

HsSIc5A8

Figure 13. Predicted 3D structure of the Homo sapiens SLC5 member 8 and C. jadinii SLC5
homolog. Molecular docking of HsSIc5A8 and CjSIc5 3D-models, based on the Vibrio parahaemolyticus
crystal structure of a sodium/galactose symporter (vSGLT; PDB 3DH4) with succinate (orange ligand)
and citrate (green ligand).

5.3.6.4 /N SIL/cO STRUCTURAL ANALYSIS OF SLC13 TRANSPORTER

The alignment of Homo sapiens SLC13 member 3 protein with the CjSLC13 transporter (Figure S1.4;
topology prediction depicted in Figure S2) revealed the presence of three conserved motifs as follows: in

the TMS2, “TEA[l/L]PLXVTXLL®!, in the TMS4, =*FLSMW[I/LJSNXAS**> and 7SGL"= in the TMS9 [65]. The
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crystal structure of the dicarboxylate antiporter Lactobacillus acidophilus INDY-transporter (PDB 6WTW)
[18] belonging to the DASS family (TC 2.A.47) was used as template to predict the 3D structure of
HsSLC13A3 (22% of identity) and CjSLC13 (17% of identity) proteins (Figure 14). Modelling studies
uncovered four conserved residues located in beginning of TMS3, Q462 and T467; K701 in TMS9 and
T746 in TMS10 involved in citrate binding. None of the aforementioned residues identified by the
double-alignment and by the molecular docking analysis, belong to the conserved motifs identified in the

TMS (see table S3.8 with residues).

HsSIc13A3 CjSlc13

ouT

Figure 14. Predicted 3D structure of the Homo sapiens SLC13 member 3 and CjSLC13
homolog. Molecular docking of HsSIc13A3 and CjSlc13 3D-models, based on the Lactobacillus
acidophifus crystal structure of INDY-transporter (dicarboxylate antiporter, belonging to DASS family) (PDB
6WTW) with citrate (green ligand).

The predicted binding energy of citrate in both Sic13 protein templates was similar (table S3.9),
supporting the 3-D structural models of these transporters since C. jadiniSLC13 and HsSIc13A3 (also

known as NaDC3) are citrate transporters [65].
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5.4 DISCUSSION

5.4.1 THE C. JADIN// TRANSPORTOME

To uncover a new transporter in a given organism, diverse strategies can be used. One is to search for
homologs of already known transporters. Throughout evolution, homologs may retain their activity in the
new host or developed new characteristics [41, 49, 66]. This method can rely on bioinformatic
approaches for genome-wide scan or in transcriptomic analysis to pinpoint transporters specific for
molecules of interest [8].

In this study, we analyzed the transportome of Cyberiindnera jadinii and identified several carboxylate
transporters belonging to distinct transporter families. The physiological characterization of the C. jadinii
DSM 2361 strain revealed the existence of mediated transport systems for acetate, lactate, succinate,
and citrate. Comparing with the previous studies reported in the C. jadiniiIGC/PYCC 3092 strain [19-21]
differences in the kinetic parameters were found [67], which can be due to the distinct growth conditions
used, namely pH, growth temperature, and the substrate concentration in the culture media [68, 69].
The genetic background is also a source of variation since the two C. jadinii strains with the full genome
sequenced present differences on genome size and in the number of predicted coding genes [67].

The complete C. jadinii genomes available in the NCBI database enabled the analysis of the predicted
transportome of this species. The inferred C. jadinii proteome was determined with BlastP against
complete genomes available in the NCBI database and data available at the Saccharomyces Genome
Database. Additionally, the analysis was complemented with topology prediction provided by the TMHMM
software. This study focused on proteins displaying four to twenty predicted TMSs, as they are more likely
to include membrane transporters [5, 70]. These constituted 9% of the total inferred proteome, being
classified into major categories such as transporters, enzymes, and receptors. The proteins with unknown
function accounted for 2% of the inferred protein coding genes. Our findings are in accordance with
previous studies analyzing the repertoire of transporters encoded within the complete genome of a yeast
species [71]. A probable function was assigned to ~ 75% of the putative proteins identified (see description
of analyzed genes in the supplementary data, table S2).

To identify the carboxylate transporters previously reported for the C. jadinii IGC/PYCC 3092 strain [19-
21], and other present in this yeast, we searched for putative carboxylic acid as well as amino acid
transporters [72].

Besides the well characterized yeast carboxylate transporters belonging to the AceTr and SHS families,

SLC superfamily members, SLC5, SLC16, SLC13 and SLC22, display a broad affinity for carboxylic acids
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[73, 74]. For example, SLC5 members possesses a solute-binding domain associated with the transport
of small solutes, such as sugars, vitamins, amino acids, monocarboxylates and smaller organic ions [75].
Members of the SLC13 family are reported as sodium/dicarboxylate cotransporters, namely the NaDC1-
type present in the renal proximal tubule (apical membrane) and at the small intestine in human cells,
that is able to translocate Krebs cycle intermediates as succinate, citrate and oa-ketoglutarate across
plasma membranes [76].

The heterologous expression of the CjAto, Cjlen, CjTDT and CjSlc in S. cerevisiae strains improved cell
growth on carboxylic acids, suggesting their role as carboxylate transporters (Figure 3). The five CjAto
transporters promoted cell growth in acetic and lactic acid as sole carbon and energy source. Surprisingly,
cells expressing CjAto2 and CjAtob also presented improved growth on dicarboxylates (malic and succinic
acids) and CjAto5 on tricarboxylates (citrate). CjAto5p presents an affinity for succinate similar to the Jen
homologs: Jen2 from C. albicans (A, 0.49 + 0.27 mM) DH18 (A, 0.31 mM) and DH24 (A4, 0.16 mM)
from D. hansenij, and Jen2 (A, 0.11 mM) from A. /actis [5, 50]. Recently Alves ef a/. (2020) reviewed the
evolutionary roots of orthologues of ScAto transporters present in twelve Candlida species, however these
were not yet functionally characterized [43]. Besides ScAtol, Y. /ipolytica Gprl is the only AceTr yeast
member functionally characterized as an acetate transporter [30]. The bacterial homolog Satp from
Escherichia coli is able to transport acetate and succinate [77].

S. cerevisiae IMX1000 cells expressing CjJen1-6 homologs promoted cell growth on acetic and lactic
acids corroborating the already characterized monocarboxylate specificities for Sclenl [13, 24]. The
CjJenl and CjJen2 also promoted improved cell growth on pyruvate. Besides improving growth in
monocarboxylates, cells expressing CjJen6 grew in all di- and tricarboxylates used as sole carbon and
energy sources. A similar growth pattern was uncovered upon CjSlc5 and CjSIc13-1 expression in
S. cerevisiae, that also presented an improved growth in all carbon sources tested (lactic, pyruvic,
fumaric, malic, succinic and citric acid), being the phenotype more evident in CjSIc5 transformant. The
evaluation of kinetic parameters for the uptake of mono-, di- and tricarboxylates confirmed the role of
CjSlc5 as a carboxylate transporter. The Slc5 members of the SSS family are reported as monocarboxylate
transporters [75, 78, 79]. The CjSIc13-1 function is also in accordance with data reported for the DASS
family (SLC13) members found in rabbit, rat and humans, described as sodium/dicarboxylate
cotransporters with affinity for succinate, citrate and o-ketoglutarate across the cell plasma membranes
[76, 80]. With our study, the C. jadinii proteins homologs of the SSS and DASS family members revealed

to be functional monocarboxylate, dicarboxylate and tricarboxylate transporters in S. cerevisiae yeast.
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A mild toxic phenotype was observed in S. cerevisiae IMX1000 strain expressing the CjSlc13-2 in media
containing lactic and citric acids as sole carbon and energy sources. A similar phenotype was found for
CjJenbp transformant on succinic acid. These observations can be an indication of its role as carboxylate

exporter, however, no experimental assays were performed to confirm such hypothesis.

5.4.2 UNRAVELLING NOVEL CITRATE TRANSPORTERS IN YEASTS

The industrial bioproduction of citric acid started in the 19* century using Aspergillus niger as workhorse
[7, 81]. Since then, the market for this acid had a predicted annual growth of 3.7% untill 2020 due to its
broad range of applications [7, 82]. Despite this long-lasting microbial production, until recently it was
unclear how citrate could be exported from the cytosol to the extracellular medium. Recent studies
uncovered three fungal plasma membrane citrate transporters, the CexA citrate exporter from A. niger
[83, 84], the Cexl citrate exporter from VY. /jpolytica [85] and the PkJEN2-2 importer from Pichia
kudriavzevii [52], but no data is available for the kinetic parameters of these transporters [84, 85].

In this work, we have found three potential citrate importers in C. jadinii, as the expression of CjAtob,
CjJen6 and CjSIc5 in S. cerevisiae enabled it to metabolize citric acid as sole carbon and energy source.
The comparison of the kinetic parameters of these three transformant strains (Figure 6) evidences that
CjSlc5h displays the higher capacity and lower affinity for citrate. An intermediate behavior was found for
CjAto5 and the Cjlen6p encodes the lower capacity transporter for citrate. Considering the kinetic
parameters for citrate uptake presented by these transporters, the gene encoding the high-affinity system
characterized in C. jadinii citrate grown-cells remains unidentified [19] .

Regardless the fact that the present work only measured the import of carboxylates, previous reports
demonstrate that carboxylate permeases can work both as importers and exporters of these compounds
[10, 86]. In summary, CjSlc5p, CjAto5p and Cjlen6 can be regarded as general carboxylate permeases

capable of recognizing a wide range of substrates (mono-, di-, tricarboxylates).

5.4.3 PHYLOGENETIC ROOTS OF THE C. JADIN// CARBOXYLATE TRANSPORTERS

The phylogenetic reconstruction of Ato homologs suggests a that CjAto5p is distant from the other five
CjAtos, that are clustered together in a distinct clade (Figure 7-E1, Atol/Ato2 cluster). CjAtobp shares
the same clade with Ato3 from S. cerevisiae [44], which function remains unidentified. Nonetheless, the
functional analysis of several AceTr family members from bacteria, archaea and fungi evidenced their

role as carboxylate transporters, including Atol and Gprl from S. cerevisiae and Y. /ipolytica yeasts.
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The analysis of all the Jen1l homologs so far sequenced, proposes a basal split between fungi, bacteria
(high prevalence in Proteobacteria) and archaea, forming three monophyletic clades. C. jadinii
SHS-homologs were found in the Jenl and Jen2 clusters, where other functionally characterized
homologs from S. cerevisiae, D. hansenii, C. albicans and Y. lipolytica are also included (Figure 8-E1).
CjJen1-4 homologs are found in Jenl-cluster together with other yeast mono- and dicarboxylate
transporters, as the DH17p (malate transporter) and DH27p (acetate transporter) [49], the Sclenl [13,
24] and the Calen1 [48]. As for CjJen5 and CjJen6, they present a closer phylogenetic relationship with
succinate transporters DH24 from D. hansenii [49], KlJen2 from A. /actis [26, 41, 87] and the Calen?2,
a dicarboxylate and sugar acid permease from C. albicans [26, 50] than to the succinate transporter
DH18 from D. hansenii [49] or the dicarboxylate and di/tricarboxylate permeases PkJen2-1 and
Pklen2-2 from Pichia kudriavzevii [52]. The divergence of CjJen homologs, particularly for CjJen6,
supports the distinct growth phenotype behavior of this transporter that presents a wide substrate range,
including citrate. Nevertheless, despite being phylogenetically close, the specificity of CjJen5p and
CjJen6p is quite distinct.

The phylogenetic reconstruction of the CjSLC5 homologs only identified members of the eukaryotic
domain of life, namely ascomycetes and basidiomycetes. A high prevalence of homologs is found in
Fusarium species and none was found in S. cerevisiae. The majority of SLC5 homologs are annotated as
putative neutral amino acid transporters. This fact may be explained by the existence of two homologs
functionally characterized as amino acid transporters, the Mtr/AAP1 from N. crassa [54] and PcMtr from
P. chrysogenum [55] (Figure 9, E1 clade). These data suggest that CjSlc5 may also behave as an amino
acid transporter, withal no functional studies were made to confirm the hypothesis. Cassio ef a/. (1993)
reported the presence of a facilitated diffusion system in C. jadinii that is likely to operate as a general
organic permease, accepting mono-, di-, and tricarboxylates as well as amino acids, as glycine and
glutamic acid [21].

In the CjSLC13-tree, homologs are found in all domains of life, including bacteria, eukarya and archaea,
with a strong prevalent of prokaryotic homologs. The two CjSlc13 homologs are distributed in two distinct
branches of the eukaryotic clade (Figure 10, E1) and share phylogenetic relationship with Pho87 and
Pho90 S. cerevisiae transporters [56, 57] suggesting they could also transport phosphate.

5.4.4 STRUCTURAL FEATURES OF THE C. JADIN// CARBOXYLATE TRANSPORTERS

To obtain insights on the structural-functional properties of the different transporters, we followed several

strategies that included multiple-sequence alignments with characterized carboxylate transporters,
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molecular docking studies and analysis of protein pore size variations. The alterations in the highly
conserved L93 residue of the signature NPAPLGL(M/S) motif of the AceTr family [30] observed in CjAto5
(M85) may play a relevant role on its broader substrates specificity. Also in CjAto5, the substitution of
conserved G/A-97 to a Serine located in TMS1 near the narrowest constriction site formed by F17, Y72
and L131 residues [60] might influence transporter function[61]. The docking analysis uncovered a
residue located at the end of TMS5 as a binding-site for succinate present in CjAto2 (S211) and CjAto5
(K221). According to the literature, these CjAto homologs are the first described in yeast with affinity for
dicarboxylates [30]. In this regard, the latter exposed residues will need to be further explored by
site-directed mutagenesis to verify their role on the protein function. In addition, besides dicarboxylates,
CjAtob also accepts tricarboxylic acids. From our analysis the non-conserved residues Q103, K230 and
D253, located in TMS1 and TMS6, may act as putative binding-sites for citrate. As for CjAto6p, functional
studies are needed to unveil the transporter specificity.

As for Jen protein members, docking results highlighted two residues in CjJen6p that were not conserved
across all Jen members. On TMS1, W154 (in ScJen1) was substituted for L65 in Cjlen6p and that is also
present in the succinate transporters Calen2p [26, 50] and KlJen2p [26, 41, 87]. In addition, in TMS7
a highly conserved leucine is substituted for valine in residue 260 of CjJen6p.

Considering the C. jadinii SLC5 member, the F222 located in the TMS6, is predicted to be involved in
succinate and citrate binding, and the L299 present in the end of TMS8 seems to be specific for citrate
binding. To infer more accurately the role of these residues in substrate uptake, a site-directed
mutagenesis approach will be necessary.

In this study, further insights were also provided for the DASS family members. The conserved motif
hereby identified, “TEA[l/L]JPLXVTXLL* located in TMS2, is also conserved in other SLC13 members
that included the dicarboxylate transporter from Vibrio cholerae (VcINDY) [65]. Also in the highly
conserved *:FLSMWI[I/L]SNXASs»motif located in TMS4, the S521 and N522 residues were reported as
relevant for carboxylate and sodium binding [65]. The Homo sapiens SLC13 members, belonging to
Na-di- and tricarboxylate cotransporters (NaDC), are involved in the transport of succinate, citrate, and
o-ketoglutarate across cell membranes in kidney, intestine, placenta, liver, brain and testis [16]. The
citrate binding-affinity values obtained in the molecular docking studies were similar for both protein

templates which supports the 3D models of these transporters.
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5.5 CONCLUSIONS

In the present study, novel C. jadiniicarboxylate transporters belonging to a total of six transporter families
with specificity for a set of organic acids with biotechnological relevance were uncovered and analyzed.
Two yeast protein members from the AceTr family able to transport succinate, CjAto2, as well as citrate,
CjAtobp were identified. One member from SHS transporter family, Cjlen6, was the first member
described as a broad range carboxylate transporter, e.g. mono-, di- and tricarboxylates. The two homologs
from the SSS (SLC member 5) and DASS (SLC member 13) transporter families also showed ability to
transport mono-, di- and tricarboxylates. To our knowledge, these are the first members from these
families characterized in yeast as carboxylate transporters.

With this study novel directions were provided for a possible application of such membrane transporters

as an additional driving force for the bioproduction of carboxylates.
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Figure 15. C. jadinii plasma membrane transporters functionally characterized within
this work by heterologous expression in S. cerevisiae strains. Color circles represent the
specificities uncovered for each of the protein-system: monocarboxylic acids — blue filled circle,
dicarboxylic acids — orange filled circle, and tricarboxylic acids—green filled circle. Initials stand for
IN - intracellular space; OUT - extracellular space.

To evaluate the contribution of each of these lactate/succinate/citrate transporters to the overall transport
capacity in C. jadinii, single and multiple deletions of the respective genes are necessary to verify a
possible loss of carboxylate transport activity. Such deletions can be performed using the CRISPR/Cas

system that was recently described in a patent application for the knock out and insert of exogenous
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genes in the C. jadinii ATCC 22023 strain [88]. Additionally, the evaluation of gene expression by RT-PCR
will unveil the expression patterns of each transporter.

To assess the role of C. jadinii citrate transporters as possible exporters, engineered S. cerevisiae
citrate-producer strains will be used as expression hosts. Bioreactor cultivations coupled with metabolite
quantification in the extracellular media will allow the evaluation of their export capacity. Further studies
are also needed to clarify the proton-citrate stoichiometry and determine which of the citrate anion form
is being transported.

The expression of these membrane transporters in carboxylate producing cell factories defines one of the
crucial steps to develop new and more efficient strains working as biosustainable platforms in the
production of biobased compounds. Overall, this work is a contribution to the knowledge on plasma
membrane transporter proteins that can allow the development of improved bioprocesses with an impact

in industrial biotechnology.
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SUPPLEMENTARY MATERIAL

Table S1. Percentage of shared amino acids between A) Atol homologs of C. jadinii, S. cerevisiae,
Y. lipol/tica, A. nidulans, E. coli and M. acetivorans and B) Jenl homologs of C. jadinii, S. cerevisiae,
Y. lipolytica, C. albicans, K. lactis and D. hansenii.

(A)

CjAtol CjAto2 CjAto3 CjAto4 CjAto5 CjAto6 ScAtol ScAto2 ScAto3 YIGprl AnAcpA AnAcpB AnAcpC AnAlcS EcSatP Ma4008 Ma0103

CjAtol
CjAto2
CjAto3
CjAto4
CjAto5
CjAto6
ScAtol
ScAto2
ScAto3
YiGprl
AnAcpA
AnAcpB
AnAcpC
AnAlcS
EcSatP
Ma4008

Ma0103

Dark blue: identity > 70%; Blue: identity 50-68 %; Dark green: identity 30-49%; Green: identity < 30%.

(B)

Cjlen1 Cjlen2 Cjlen3 Cjlend Cjlen5 Cjlen6 Sclenl Calenl Calen2 Kllenl KDen? Dh17 Dh18 Dh24  Dh27  Yllenl Yllen? Yllen3 Yllend YlenS Yllen6

Cjlen1
Cjlen2
Cjlen3
Cjlend
Cjlens
Cjlené
Sclenl
Calenl
Calen2
KlJen1
Kllen2
Dh17
Dh1s
Dh24
Dh27
Ylen1
Ylen2
Ylen3
Ylend
Ylens
Yllen6

Dark Red: identity > 90%; Red: identity 70-90%; Orange: identity 50-69%; Yellow: identity 30-49%; White: identity < 30%.
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Table S$2. Annotation of the inferred transportome of C. jadiniiNRRL Y-1542 presenting 4 to 20 predicted
transmembrane segments (TMSs): (i) annotated function; (i) function revised after BlastP result with
more than 40% identity; (iii) predicted localization, (iv) protein length (bp), (v) protein family and (vi)
topology. In this study, partial proteins were removed for a more accurate analysis of C. jadinii proteome.
Initials stand for: localization, PM — Plasma membrane, VA — Vacuole, ER - Endoplasmatic reticulum, GC
— Golgi complex, N - nucleus, M — Mitochondria and for transporter families (listed above, DUF stands
for domain unknown function).

Function revised

:ﬁ:):::-n Annotated Function (considered with BlastP :: ::ez:’l;‘z:::?on :': n)gt h Family -(r'|?|3|°slg)gy
result with 40% identity) P
XP_020069104.1 MFS general substrate transporter | Sugar transporter PM 527 SP 10
XP_020073496.1 maltose permease Maltose permease PM 542 SP 12
XP_020072909.1 | quinate permease-like protein HXT - Sugar transporter PM 539 HXT 9
XP_020071255.1 arabinose-proton symporter arabinose-H'symporter PM 598 MFS 8
hypothetical protein
XP_020068499.1 CYBJADRAFT 131513 Polyol transporter PM 567 HXT 10
high-affinity inorganic phosphate Sugar phosphate permease;
XP_020067682.1 | transporter and low-affinity putative low-affinity manganese PM 532 MFS 11
manganese transporter transporter
XP_020067723.1 | general substrate transporter HXT - Sugar transporter PM 535 HXT 12
hypothetical protein
XP_020073619.1 CYBJADRAFT 14416 L-rhamnose-proton symporter PM 352 RhaT 8
XP_020073488.1 general substrate transporter HXT - Sugar transporter PM 566 HXT 11
hypothetical protein High-affinity glucose transporter;
XP_020073390.1
B CYBJADRAFT_165648 glucose sensor PM 768 sp 12
hypothetical protein
XP_020072691.1
02007269 CYBJADRAFT 161053 Sugar phosphate permease PM 474 MFS 12
hypothetical protein
XP_020072673.1
020072673 CYBJADRAFT 147912 Sugar transporter PM 616 SP 12
hypothetical protein )
XP_020072427.1 -~
0200 CYBJADRAFT 46559 nucleotide-sugar transporters ER 367 SLC 8
XP_020072304.1 general substrate transporter HXT - Sugar transporter PM 517 HXT 12
glycerophosphoinositol and
XP_020072062.1 MFS general substrate transporter | glycerophosphocholine PM 485 MFS 9
transporter
XP_020072019.1 | general substrate transporter Myo-inositol transporter PM 548 SP 12
hypothetical protein L
XP_020071539.1 CYBJADRAFT 138033 Myo-inositol transporter PM 600 SP 10
hypothetical protein Sugar phosphate permease;
XP_020073509.1
- CYBJADRAFT 13180 Nicotinic acid permease PM 518 MFS 12
XP_020071808.1 high affinity nicotinic acid plasma Slrlgalr phosphate permease; PM 487 MFS 12
membrane permease Nicotinic acid permease
XP_020071592.1 h|gh-aff|n|ty glgcose transporFer of galactose transporter PM 569 MFS 12
the major facilitator superfamily
XP_020071589.1 h|gh-aff|n|ty glu cose transport_er of Glucose transporter PM 559 MFS 10
the major facilitator superfamily
XP_020072615.1 h|gh-aff|n|ty glgcose transport_er of Glucose transporter PM 574 MFS 10
the major facilitator superfamily
hypothetical protein o
XP_020071526.1 CYBJADRAFT 172465 Myo-inositol transporter PM 530 SP 4
XP_020071185.1 MFS general substrate transporter | Fucose permease PM 449 MFS 12
XP_020070843.1 | general substrate transporter HXT4 - Sugar transporter PM 528 HXT 11
XP_020070629.1 | MFS general substrate transporter Fucose permease PM 440 MFS 12
XP_020069676.1 | General substrate transporter Sugar transporter PM 505 SP 12
hypothetical protein .
XP_020068172.1 CYBJADRAFT 169679 Sucrose/H: symporter PM 443 GPH 7
XP_020069855.1 general substrate transporter Sugar transporter (glucose PM 478 SP 11

transporter - HGT)
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XP_020073641.1 | general substrate transporter Maltose permease PM 537 SP 12
XP_020070205.1 MFS general substrate transporter | Sugar phosphate permease PM 532 MFS 10
XP_020068136.1 MFS general substrate transporter Sgga.r phosphate permease; PM 517 MFS 8
Nicotinic acid permease
XP_020068224.1 MFS general substrate transporter | HXT - Sugar transporter PM 512 HXT 9
XP_020070790.1 MFS general substrate transporter Sugar phosphate permease; D- PM 520 MFS 8
galactonate transporter
XP_020071468.1 | allantoate permease Sugar phosphate permease; D- PM 517 MFS 10
galactonate transporter
XP_020068066.1 | allantoate permease Sugar phosphate permease; D- | ) 505 MFS 11
galactonate transporter
XP_020069500.1 MFS general substrate transporter Sugar phosphate permease; D- PM 454 MFS 6
galactonate transporter
XP_020068391.1 MFS general substrate transporter | Sugar phosphate permease PM 340 MFS 8
XP_020069947.1 MFS general substrate transporter Sugar phosphate permease; D- PM 548 MFS 8
galactonate transporter
XP_020071662.1 MFS general substrate transporter | Sugar phosphate permease PM 560 MFS 11
XP_020070288.1 | MFS general substrate transporter | OUE2" Phosphate permease; D- | o) 519 MFS 12
galactonate transporter
XP_020068389.1 major facilitator superfamily Sugar phosphate permease PM 534 MFS 10
XP_020068494.1 | sugar transporter Maltose permease PM 537 SP 12
XP_020068676.1 | UAA transporter UDP-galactose transporter; ) 274 ) 5
HUT1
XP_020070544.1 major facilitator superfamily Sugar phosphate permease PM 510 MFS 9
hypothetical protein Sugar phosphate permease; D-
XP_020068608.1 PM 1 MF 1
0200 8 CYBJADRAFT_164142 galactonate transporter 510 S 0
XP_020069159.1 | general substrate transporter HXT - Sugar transporter PM 555 HXT 10
XP_020070804.1 UDP-galactose transporter UDP-galactose transporter GC/ER 319 - 9
XP_020069967.1 | MFS quinate transporter QutD Quinate transporter PM 556 SP 12
XP_020068711.1 glycerol proton symporter of the glycerol proton symporter PM 623 SP 9
plasma membrane
XP_020071189.1 | Xanthine/uracil permease ’(‘S';g];\?e'u”c acid:H symporter | o) 507 NAT/NCS2 12
XP_020073285.1 | uric acid-xanthine permease )((SZSTAI;]G_UHC acid:H-symporter PM 544 NAT/NCS2 12
XP_020073583.1 | Xanthine/uracil permease ’(‘S';g];\?e'u”c acid:H symporter | o) 599 NAT/NCS2 11
XP_020070234.1 DUF1212-doma|n—conta|n|ng Putative threonine/serine ) 648 ) 9
protein exporter
hypothetical protein ) ) ’
XP_02 2.1 L -lik 12
02006898 CYBJADRAFT 130504 Amino acid permease PM 539 SLC 5 and 6-ike
XP_020073346.1 | amino acid permease arginine permease PM 563 APC 10
XP_020072765.1 proline specific permease Proline permease PM 542 APC 12
XP_020072758.1 | amino acid transporter Methionine permease PM 577 APC 11
XP_020072698.1 amino acid permease high-affinity histidine permease PM 578 APC 12
XP_020072692.1 amino acid permease high-affinity histidine permease PM 595 APC 12
Putative vacuolar membrane
XP_020072219.1 PQ-loop-domain-containing protein | transporter for cationic amino \% 291 APC 6
acids
XP_020072117.1 | amino acid transporter GABA permease - 549 APC 12
XP_020072096.1 amino acid permease arginine permease PM 542 APC 12
Lysine permease, one of three
XP_020072095.1 | amino acid permease amino acid permeases PM 559 APC 12
(Alplp/Canlp/Lyplp)
XP_020072046.1 mitochondrial carrier GABA permease M 865 APC 14
Transporter of all L-amino acids,
XP_020071993.1 | general amino acid permease some D-amino agds, related PM 593 APC 12
compounds, toxic analogs and
polyamines
XP_020071781.1 very low affinity methionine Methionine permease PM 541 APC 11

permease
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XP_020070906.1 | amino acid transporter Methionine permease PM 446 APC 10
XP_020070879.1 general amino acid permease Amino acid permease PM 499 SLC 5 and 6-like | 12
XP_020070372.1 | amino acid permease Lglutamate and L-aspartate PM 581 SLC 12
transporter
. - ) high-affinity polyamine
XP_020069152.1 high-affinity glutamine permease PM 557 APC 12
permease
XP_020068708.1 | amino acid transporter Highvatfinity methionine PM 525 APC 12
permease (MUP1)
XP_020068687.1 | &amma-aminobutyric acid GABA permease ; 554 APC 12
transporter
XP_020068589.1 amino acid transporter GABA permease - 539 APC 12
XP_020070250.1 gamma-aminobutyric acid GABA permease - 576 APC 11
transporter
XP_020068588.1 | amino acid transporter GABA permease - 519 APC 12
XP_020072671.1 amino acid permease glutamine permease - 573 - 10
hypothetical protein ) ) |
XP_020068591.1 CYBJADRAFT 191930 Amino acid permease PM 554 SLC 5 and 6-ike | 13
XP_020068336.1 high affinity methionine permease | Methionine permease PM 562 APC 12
hypothetical protein . ) ) |
XP_020073538.1 CYBJADRAFT 165774 uptake of cationic amino acids 550 SLC 5 and 6-ike | 11
hypothetical protein ) ) |
XP_020072859.1 CYBJADRAFT 122835 Amino acid permease \ 406 SLC 5 and 6-ike | 10
hypothetical protein ) ) ) |
XP_020072635.1 CYBJADRAFT 124199 neutral amino acid permease 495 SLC 5 and 6-ike | 11
hypothetical protein ) )
XP_020072543.1 CYBJADRAFT 166235 Proline permease 557 APC 11
hypothetical protein ) ) ) )
XP_020072526.1 CYBJADRAFT 123422 Amino acid permease 569 11
hypothetical protein Aspartate and glutamate
XP_020072469.1 CYBJADRAFT 166163 exporter PM 332 SLC 7
hypothetical protein ) )
XP_020072189.1 CYBJADRAFT 165903 Amino acid transporter PM 1127 SLC12 11
hypothetical protein ) )
XP_020072047.1 CYBJADRAFT 166772 purine-cytosine permease PM 353 NCS1 9
hypothetical protein large neutral amino acids
XP_020071104.1 CYBJADRAFT_167449 transporter v 605 AAAP 10
hypothetical protein ) ) )
XP_020071886.1 CYBJADRAFT 193543 Asparagine/glutamine permease 555 12
hypothetical protein ) )
XP_020072054.1 CYBJADRAFT 166778 purine-cytosine permease PM 520 NCS1 12
hypothetical protein large neutral amino acids
5.1
XP_02007164 CYBJADRAFT_ 124945 transporter v 432 AAAP 1
hypothetical protein ) )
XP_020071283.1 CYBJADRAFT 193726 Amino acid permease 584 APC 12
hypothetical protein .
XP_020070552.1 CYBJADRAFT 167553 GABA-glycine transporter \ 468 APC 10
hypothetical protein ) )
XP_020070247.1 CYBJADRAFT 177594 Proline permease 567 APC 11
hypothetical protein - "
XP_020067707.1 CYBJADRAFT 187372 Uridine permease 554 SLC 5 and 6-like | 12
hypothetical protein ) )
XP_020067734.1 CYBJADRAFT 133015 Amino acid permease 524 APC 12
hypothetical protein
XP_020068118.1 CYBJADRAFT 169726 GABA permease 523 APC 11
XP_020067965.1 amino acid transporter GABA permease - 538 APC 12
hypothetical protein ) )
XP_020070370.1 CYBJADRAFT 184971 Amino acid permease 350 APC 8
hypothetical protein ) ) B
XP_020070752.1 CYBJADRAFT 88763 Amino acid permease \ 597 13
hypothetical protein ) ) "
XP_020068154.1 CYBJADRAFT 178724 Amino acid permease 451 SLC 5 and 6-like | 11
XP_020068313.1 MFS general substrate transporter | putative aminoacid permease \% 558 - 13
XP_020068388.1 MFS general substrate transporter | putative aminoacid trasnporter \ 547 - 12
XP_020069720.1 hypothetical protein nucleobase-cation-symporter-1 - 595 NCS1 12

CYBJADRAFT_168226
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hypothetical protein

XP_020069721.1 CYBJADRAFT 168227 nucleobase-cation-symporter-1 - 577 NCS1 11
hypothetical protein -
XP_020070877.1 CYBJADRAFT 150020 carnitine transporter PM 555 OCTN 12
hypothetical protein putative nucleobase-cation-
070203.1 - 12
X020 CYBJADRAFT_168214 symporter-1 545 | Nes
hypothetical protein large neutral amino acids
XP_020073450.1 CYBJADRAFT_165694 transporter v 702 10
hypothetical protein )
XP_020071097.1 CYBJADRAFT 126342 nucleobase-cation-symporter-1 570 NCS1 12
hypothetical protein L
XP_020071352.1 CYBJADRAFT 167001 Thiamine transporter PM 574 NCS1 12
XP_020068915.1 | small oligopeptide transporter Oligopeptide transporter PM 809 OPT 13
XP_020069810.1 OPT-domain-containing protein Oligopeptide transporter PM 879 OPT 14
XP_020069892.1 | OPT oligopeptide transporter Oligopeptide transporter PM 748 OPT 14
XP_020070895.1 PTR2-domain-containing protein Oligopeptide transporter PM 520 OPT 10
XP_020071584.1 | oligopeptide transporter Oligopeptide transporter PM 671 OPT 13
XP_020072614.1 small oligopeptide transporter Oligopeptide transporter PM 884 OPT 13
XP_020068934.1 | synaptic vesicle transporter Polyamine transporter PM 550 DHA1 10
XP_020068307.1 | MFS general substrate transporter Polyamine transporter PM 590 DHA1 12
XP_020070925.1 | MFS general substrate transporter | Polyamine transporter PM 637 DHA1 13
XP_020073548.1 MFS general substrate transporter | Polyamine transporter PM 584 DHA1 12
XP_020068504.1 MFS general substrate transporter | Polyamine transporter PM 608 DHA1 12
hypothetical protein Na':urea-polyamine
1
XP_020071598 CYBJADRAFT_193886 cotransporter PM 684 SSS 15
hypothetical protein Na':urea-polyamine
XP_020071597.1 CYBJADRAFT_177232 cotransporter PM 682 SSS 15
hypothetical protein Na-:urea-polyamine
XP_020071599.1 CYBJADRAFT_161964 cotransporter PM 687 SSS 15
hypothetical protein Na-:urea-polyamine
XP_020071587.1 CYBJADRAFT 167195 cotransporter PM 662 5SS 15
XP_020071600.1 urea transport protein Nar:urea-polyamine PM 605 SSS 12
cotransporter
hypothetical protein
XP_020067703.1 CYBJADRAFT 156520 Urea transporter PM 667 SSS 14
hypothetical protein
XP_020068110.1 CYBJADRAFT 195367 Urea transporter PM 672 SSS 16
Solute carrier
XP_020068713.1 | Na+/solute symporter Na-:urea cotransporter PM 719 families 5and 6- | 15
like
hypothetical protein Solute carrier
XP_020067650.1 CYBJADRAFT 180897 Urea transporter PM 389 :‘ﬁ(r:llles 5and6- | 9
XP_020071975.1 | ZIP zinc/iron transport family Zinc/iron transporter PM 385 ZIP 8
XP_020069858.1 Zip-domain-containing protein Zinc transporter PM 401 ZIP 7
XP_020073040.1 ZIP zinc/iron transport family Zinc/iron transporter PM 373 ZIP 7
hypothetical protein R
XP_020068969.1 CYBJADRAFT 130476 putative Zinc transporter PM 443 ZIP 7
XP_020069481.1 p[r)ll)JtZﬁ]O?)—domaln-contalnlng putative magnesium transporter PM 361 - 8
hypothetical protein
XP_020073120.1 CYBJADRAFT 145818 Manganese transporter PM 324 0ST3/0ST6 4
XP_020068314.1 natural resmtancef associated Manganese transporter PM 585 0ST3/0ST6 11
macrophage protein
XP_020071115.1 natural reystance-—assouated Manganese transporter PM 519 0ST3/0ST6 11
macrophage protein
hypothetical protein
XP_020068637.1 CYBJADRAFT 164167 Sulphate permease 520 SulP 6
hypothetical protein
1 1
XP_020068935 CYBJADRAFT 130450 Sulphate permease \ 805 SulP 0
XP_020069987.1 high affinity sulfate transporter 2 Sulphate permease - 703 SulP 9
XP_020069499.1 hypothetical protein Sulphur transporter ? 327 - 5
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XP_020067917.1 nitrate transporter high-affinity nitrate transporter PM 541 NRT/MFS 10
XP_020068695.1 Rh-like protein/ammonium ammonium transporter PM 378 AMT 8
transporter
XP_020071845.1 | ammonium transporter ammonium transporter PM 482 AMT 9
XP_020071846.1 | ammonium transporter ammonium transporter PM 472 AMT 9
XP_020071849.1 | ammonium transporter ammonium transporter PM 494 AMT 9
hypothetical protein ) .
XP_020070915.1 -|
_ CYBJADRAFT 150094 Siderophore-iron transporter PM 596 ARN 13
XP_020068393.1 | MFS general substrate transporter | Siderophore-iron transporter PM 621 ARN 12
hypothetical protein ) )
XP_020069643.1 -|
_ CYBJADRAFT 168527 Siderophore-iron transporter \ 308 ARN 5
XP_020068874.1 | MFS general substrate transporter siderophore-iron chefates PM 622 ARN 12
transporter
XP_020067684.1 | MFS general substrate transporter | Siderophore-iron transporter PM 634 MFS 14
natural resistance-associated Putative divalent metal ion
XP_020067952.1 : transporter involved in iron - 486 - 10
macrophage protein )
homeostasis
XP_020068163.1 | iron permease FTR1 Putative high-affinity iron V2 400 ILT 7
transporter
XP_020068199.1 | iron permease FTR1 Iron transporter PM? 424 ILT 7
XP_020069246.1 FTR1-domain-containing protein High-affinity Fe»/Pb* permease PM? 394 ILT 7
XP_020070898.1 FTR1-domain-containing protein High-affinity Fe»/Pb* permease PM? 454 ILT 7
XP_020071914.1 MFS general substrate transporter | Boron transporter PM 426 DAG 11
hypothetical protein
XP_020068717.1 CYBJADRAFT 131112 Boron transporter PM 522 DAG 11
hypothetical protein ) )
XP_020072519.1 CYBJADRAFT 123387 putative calcium channel \ 657 - 7
hypothetical protein ) - )
XP_020073394.1 CYBJADRAFT 146349 high-affinity calcium channel - 1606 - 20
XP_020070691.1 | TRP-domain-containing protein Putative calcium channel \ 735 - 9
hypothetical protein Calcium-activated chloride ,
XP_020070750.1 CYBJADRAFT_167722 channel ) 1009 i 5
hypothetical protein ) -
XP_020070809.1 CYBJADRAFT 167207 High-affinity copper transporter PM 255 CTR 4
XP_020071056.1 | Cu-transporting P-type ATPase Copper transporte 1155 CTR 8
XP_020069151.1 phosphate permease Phosphate permease PM 573 PIT 9
XP_020069206.1 phosphate transporter Na-phosphate transport protein PM 583 PIT 9
XP_020069270.1 SPX-domain-containing protein Phosphate permease PM 843 PIT 12
high-affinity inorganic phosphate
XP_020069943.1 | transporter and low-affinity phosphate:H+ symporter PM 524 MFS 11
manganese transporter
XP_020071038.1 MFS general substrate transporter | phosphate:H+ symporter PM 431 MFS 10
hypothetical protein Macrolide transporter/ATP-
XP_020069515.1 ?
- CYBJADRAFT_168415 binding cassette permease ER 999 ARA 8
hypothetical protein ABC-type bacteriocin/lantibiotic
XP_020069233.1
- CYBJADRAFT_168857 exporter v 1634 PDR 13
XP_020071812.1 ?-Ioop containing nucle03|d§ ABC-type bacteriocin/lantibiotic ) 1427 PDR 8
triphosphate hydrolase protein exporter
XP_020068423.1 multidrug resistance protein ATP-binding cassette permease - 1510 PDR 12
hypothetical protein ABC-type bacteriocin/lantibiotic
XP_02! 721.1
—020068 CYBJADRAFT_178513 exporter M 655 PDR 6
leiotropic drug resistance protein ABC transporter actively exports
XP_020068180.1 P P g P various drugs expression PM 1495 PDR 12
PDR
regulated by Pdrlp
hypothetical protein ABC-type bacteriocin/lantibiotic MRP/CFTR
XP_020072697.1
02007269 CYBJADRAFT_161059 exporter v 1128 family 12
hypothetical protein Macrolide transporter/ATP-
XP_020068178.1
- CYBJADRAFT_192230 binding cassette permease PM 416 PDR 6
hypothetical protein Macrolide transporter/ATP-
XP_020068427.1
- CYBJADRAFT_169435 binding cassette permease PM 1114 PDR 1
XP_020072078.1 hypothetical protein ABC-type bacteriocin/lantibiotic ) 895 ARC 4
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XP_020068426.1 | OrfslOc ATP-binding cassette permease - 463 PDR 6
XP_020068428.1 Ppll)zotroplc drug resistance protein ATP-binding cassette permease - 1522 PDR 12
XP_020068503.1 plasma membrane ATP-binding ATP-binding cassette permease PM 1370 PDR 10
cassette transporter
XP_020069109.1 | ABC transporter Macrolide transporter/ATP- PM 1262 | PDR 12
binding cassette permease
ATP-binding cassette permease
XP_020070621.1 mitochondrial ABC transporter responsible to. synthesize the M 665 PDR 5
precursors of iron-sulfur (Fe/S)
clusters to the cytosol
XP_020071933.1 P-Ioop containing nucleomdg ABC transporter actively exports PM 1381 PDR 10
triphosphate hydrolase protein various drugs
XP_020072139.1 P-Ioop containing nucleomdg ABC transporter actively exports PM 1352 PDR 9
triphosphate hydrolase protein various drugs
XP_020072401.1 | VO domain of vacuolar H+ATPase | Protein of unknown function \ 793 - 7
hypothetical protein )
68.1 - g - 9
XP_0200703 CYBJADRAFT 127994 Alpha-factor-transporting ATPase 1034 ABC
XP_020070779.1 | VAype ATPase ATPase V-type proteolipid v 160 - 4
subunit
XP_020069220.1 potassium/sodium eff P-type ATPase sodium pump - 1068 - 10
XP_020069697.1 Cu-transporting P-type ATPase Cation transport ATPase - 916 - 8
XP_020070039.1 plasma membrane H+-ATPase, H-transporting ATPase PM 897 - 8
pumps protons out of the cell
XP_020070620.1 potassium/sodium eff ATPase sodium pump - 1062 - 10
XP_020071470.1 | K, P4ype ATPase Magnesium-transporting ATPase |, 1069 | - 10
(P-type)
XP_020071820.1 membrane protein Ca=-transporting ATPase \ 1199 - 10
XP_020071856.1 | cation-transporting ATPase Ca=-transporting ATPase \ 1326 - 11
XP_020072990.1 calcium-transporting ATPase Ca=-transporting ATPase ER 994 - 8
XP_020069052.1 | calcium-transporting P High-affinity Ca/Mn- P-type GC 915 ; 8
ATPase
XP_020070551.1 VO/AO complex, 116-kDa subunit Protein of unknown function - 829 - 7
of ATPase
XP_020070887.1 MFS general substrate transporter | mch1 transporter 348 MCT 9
XP_020070160.1 MFS general substrate transporter | mch2 transporter PM 468 MCT 12
XP_020070165.1 MFS general substrate transporter | mch?2 transporter PM 780 MCT 12
hypothetical protein
. 1
XP_020072088.1 CYBJADRAFT 172054 mch4 transporter PM 612 MCT 1
XP_020067635.1 | MFS general substrate transporter | mch4 transporter PM 470 MCT 12
XP_020067736.1 | MFS general substrate transporter Qgﬁocarboxylate transporter; PM 487 MCT 11
hypothetical protein )
XP_020067765.1 CYBJADRAFT 178915 putative Ato3 PM or VA 272 AceTr 6
XP_020069696.1 MFS general substrate transporter | putative mch3 PM 505 MCT 10
hypothetical protein )
XP_020068891.1 CYBJADRAFT 130575 Dicarboxylate Transporter PM 384 DT 8
XP_020068647.1 MFS general substrate transporter | oxalate/formate antiporter PM 470 OFA 12
XP_020072451.1 Formate/nitrite transporter Formate/nitrite transporter \ 597 OFA 6
XP_020069263.1 | MFS general substrate transporter | - “iatve riboflavin transporter; | o, 491 MCT 12
mchb transporter
XP_020069005.1 | transmembrane protein ATO2 PM 280 AceTr 6
XP_020070869.1 MFS general substrate transporter | monocarboxylate transporter PM 504 SHS 10
XP_020069382.1 MFS general substrate transporter | monocarboxylate transporter PM 511 SHS 12
hypothetical protein
XP_020071769.1 CYBJADRAFT 124710 monocarboxylate transporter PM 504 SHS 9
hypothetical protein
XP_020070445.1 T 4
020070445 CYBJADRAFT 128088 monocarboxylate transporter PM 279 AceTr
XP_020073031.1 hypothetical protein monocarboxylate transporter PM 269 AceTr 5
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hypothetical protein

XP_020073178.1 CYBJADRAFT 123057 monocarboxylate transporter PM 271 AceTr 4
XP_020073179.1 | transmembrane protein ATO2 Ammonia transporter PM 262 AceTr 6
XP_020069826.1 MFS general substrate transporter | Allantoate transporter PM 491 MFS 10
XP_020070263.1 MFS general substrate transporter | Allantoate transporter PM 485 MFS 10
XP_020071152.1 MFS general substrate transporter | Allantoate transporter PM 524 MFS 10
XP_020071813.1 MFS general substrate transporter | Allantoate transporter PM 528 MFS 10
XP_020069269.1 | allantoin permease Allantoate transporter PM 506 MFS 10
XP_020071707.1 plasma membrane permease Allantoate transporter PM 486 MFS 10
proposed to be
XP_020072609.1 | dicarboxylic amino acid permease Dicarboxylic amino acid PM 564 - 12
permease
hypothetical protein sodium/dicarboxylate
4.1
XP_02007304 CYBJADRAFT_165372 cotransporter PM 821 SLe1s 12
hypothetical protein Dicarboxylic amino acid (L-
XP_020068615.1 CYBJADRAFT 131197 glutamate and L-aspartate) PM 524 YAT 11
permease
hypothetical protein Dicarboxylic amino acid i
XP_020069468.1 CYBJADRAFT_168724 permease PM 567 12
XP_020069774.1 MFS general substrate transporter putgtwe oxalate/formate PM 476 MFS 12
antiporter
XP_020071456.1 MFS general substrate transporter putative sialic acid transporter; PM 548 SHS 11
Jenl homolog
XP_020069652.1 Tricarboxylate/iron carrier Tricarboxylate carrier m? 327 4
XP_020072234.1 MFS general substrate transporter putative sialic acid transporter; PM 506 SHS 12
Jenl homolog
XP_020069659.1 | aquaporin aquaporin PM 344 MIP 5
XP_020073474.1 aquaporin-like protein aquaporin PM 223 MIP 5
XP_020068161.1 d|t¥r05|ne fransporter A Q dityrosine transporter ? 488 MFS 12
resistance
XP_020067705.1 | MFS general substrate transporter | dityrosine transporter ? 436 MFS 12
XP_020068827.1 MFS general substrate transporter | Quinidine resistance protein PM 624 DHA1 12
XP_020070272.1 MFS general substrate transporter | Aminotriazole resistance protein - 534 MFS 13
Oligosaccharidyl-
XP_020071110.1 MATE efflux family protein lipid/polysaccharide (MOP) PM 545 MATE 10
exporter
XP_020073439.1 MATE efflux family protein Na+-driven efflux pump PM 543 MATE 10
XP_020073380.1 MATE efflux family protein Na-+driven efflux pump PM 642 MATE 11
hypothetical protein oy
XP_020071098.1 CYBJADRAFT 189880 Na-+driven efflux pump PM 486 MATE 11
XP_020069868.1 MATE efflux family protein Na+-driven efflux pump PM 480 MATE 11
XP_020067763.1 MATE efflux family protein Na-+driven efflux pump PM 490 MATE 11
hypothetical protein ) )
XP_020070598.1 CYBJADRAFT 167592 Cation efflux transporter PM 525 ? 5
hypothetical protein ) )
XP_020069514.1 CYBJADRAFT 173923 Cation efflux transporter PM 527 ? 6
hypothetical protein .
XP_020069686.1 CYBJADRAFT 168553 Na:Ca exchanger PM 710 CaCA 11
hypothetical protein .
XP_020070439.1 CYBJADRAFT 167962 Na:Ca exchanger PM 538 CaCA 9
XP_020072276.1 | endosomal Na+/H+ exchanger Na+/H+ exchanger - 596 CaCA 10
hypothetical protein
XP_020069295.1 CYBJADRAFT 163451 Na+/H+ exchanger 887 CaCA 9
hypothetical protein .
XP_020071440.1 CYBJADRAFT 167074 Sodium-solute symporter PM 517 SSS 13
hypothetical protein AT
XP_020071640.1 CYBJADRAFT 124719 Ca>:H- antiporter \ 924 CaCA 13
XP_020069658.1 calcium/proton exchanger H+/Ca2+ exchanger \% 398 CaCA 11
XP_020071450.1 pg;i?r?16'd°ma'”'°°”ta'”'”g Putative Ca2+/H+ antiporter Ge 284 CaCA 5
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hypothetical protein

Pyridoxine (vitamin B6)

0070929.1 12
xp02 CYBJADRAFT_126498 transporter PM 5% | Nesi
hypothetical protein o
49.1 12
XP_0200712 CYBJADRAFT 177061 Pyridoxine transporter PM 494 NCS1
hypothetical protein .
020070771.1 - - 9
XP_ CYBJADRAFT 167740 Voltage-gated chloride channel GC 765
XP_020069557.1 | MFS general substrate transporter H-pantothenate symporter PM 514 ACS 11
XP_020067902.1 | MFS general substrate transporter | Pantothenate transporter PM 524 P-RFT 9
XP_020067992.1 | MFS general substrate transporter Pantothenate transporter PM 518 P-RFT 8
XP_020070852.1 | MFS general substrate transporter | Pantothenate transporter PM 531 P-RFT 10
XP_020071176.1 | MFS general substrate transporter Pantothenate transporter PM 525 P-RFT 10
XP_020070206.1 | pantothenate transporter Pantothenate transporter PM 509 P-RFT 10
XP_020070764.1 | pantothenate transporter Pantothenate transporter PM 471 P-RFT 10
Permease of the
XP_020073174.1 DUF6-domain-containing protein drug/metabolite transporter - 371 DMT 10
(DMT) superfamily
hypothetical protein
XP_020068269.1 g ? L 7
02006826 CYBJADRAFT 175365 Acetyl-coenzyme A transporter 527 SLC
XP_020069754.1 voltage-gated potassium channel voltage-gated potassium channel | - 638 - 11
XP_020069511.1 PQ-loop-domain-containing protein | Lysosomal Cystine Transporter \ 266 - 6
XP_020068308.1 | multidrug resistance protein 4 Eﬁmve spermidine export ; 616 MFS 12
XP_020071094.1 MFS general substrate transporter | putative transporter PM 498 DHA1 10
hypothetical protein )
XP_020072755.1 CYBJADRAFT 165142 Nucleoside transporter v 414 ENT 10
XP_020068972.1 MFS general substrate transporter | Protein of unknown function - 575 MFS 12
XP_020069015.1 | UAA transporter UDP-N-acetylglucosamine GC 374 - 10
transporter
hypothetical protein putative Zinc-regulated
73060.1 7
XP_0200 CYBJADRAFT_160020 transporter 3 v 519 2P
hypothetical protein ) )
XP_020073523.1 CYBJADRAFT 165762 putative sugar transferase 353 6
dolichyl pyrophosphate
XP_020073237.1 | Glc1Man9GIcNAc2 alpha-1,3- Glycosyltransferase - 577 - 12
glucosyltransferase
XP_020072571.1 MBOAT-domain-containing protein | lysophospholipid acyltransferase | - 559 MBOAT 4
XP_020070926.1 alkaline ceramidase alkaline ceramidase - 283 - 7
XP_020073043.1 ALG6, ALGS glycosyltransferase glycosyltransferase - 543 - 10
XP_020069072.1 | Choline/ethanolaminephosphotran Choline/ ethanolaminephosphotr | 387 - 7
ansferase
sferase
XP_020073198.1 hypothefical protein Glucosylceramide synthase - 515 GT-A 4
- " | CYBJADRAFT_165490 Y Y
hypothetical protein Glycerophosphocholine
020069966.1 - - 8
XP CYBJADRAFT 128263 acyltransferase 371
hypothetical protein )
XP_020067654.1 CYBJADRAFT 195583 Acyltransferase 532 MBOAT 12
membrane-
hypothetical protein bound O-
66.1 - 6
XP_0200676 CYBJADRAFT 170103 Acyltransferase 3 acyltransferase
family
membrane-
XP_020067667.1 ‘acyI-CoA:steroI acyltransferase, Acyltransferase i 530 bound O- 8
isozyme of Arelp acyltransferase
family
Ferric reductase
hypothetical protein Ferric reductase, NADH/NADPH !
XP_020067672.1 CYBJADRAFT 170090 oxidase 493 NADH/NADPH 4
oxidase
hypothetical protein ) ) B
XP_020068011.1 CYBJADRAFT 169818 Dolichol kinase ER 541 10
hypothetical protein Cytidylyltransfera
67844.1 - . 10
XP-0200 CYBJADRAFT_169968 Transferase 541 se family
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hypothetical protein

Dolichyl-phosphate-mannose-

XP_020070174.1 CYBJADRAFT_163012 protein mannosyltransferase ER 453 GT39 6
hypothetical protein Dolichyl-phosphate-mannose-
XP_020070754.1 CYBJADRAFT_167725 protein mannosyltransferase ER 599 GT39 8
hypothetical protein Dolichyl-phosphate-mannose-
XP_020068361.1
- CYBJADRAFT_164511 protein mannosyltransferase ER 695 GT39 ?
hypothetical protein Ferric reductase,
XP_020069681.1 CYBJADRAFT 129185 Ferric reductase - 704 NADH/NADPH 5
oxidase
hypothetical protein UDP-N-acetyl-glucosamine-1-P-
XP_020069876.1 -
- CYBJADRAFT_128930 transferase ER 448 10
) ) putative diacylglycerol
hypothetical protein
XP_020069995.1 CYBJADRAFT 173475 pyrophosphate (DGPP) \ 336 PBRBC 6
phosphatase
Ferric reductase
hypothetical protein Ferric reductase, NADH/NADPH !
XP_020070244.1 CYBJADRAFT 127575 oxidase - 581 NADH/NADPH 6
oxidase
Ferric reductase
hypothetical protein putative oxidoreductase/ferric- '
XP_020070438.1 CYBJADRAFT_167960 chelate reductase ) 548 NADH/NADPH /
oxidase
Xp_020071131.1 | ypothetical protein NADPH oxidase ER 493 - 4
- ) CYBJADRAFT_167474
hypothetical protein
XP_020070569.1 CYBJADRAFT 172940 galactosyltransferase GC 648 GT7 5
hypothetical protein -
XP_020071669.1 CYBJADRAFT 166429 Phospholipid methyltransferase - 297 - 7
hypothetical protein .
XP_020071832.1 CYBJADRAFT 124665 Phospholipid methyltransferase - 803 - 8
hypothetical protein "
XP_020071840.1 CYBJADRAFT 166581 Chitin synthase - 1055 - 7
hypothetical protein
XP_020072038.1 CYBJADRAFT 166767 phosphoryltransferase ER 978 - 15
hypothetical protein )
XP_020073397.1 CYBJADRAFT 165654 iron/copper reductase - 687 - 8
hypothetical protein ) )
XP_020072598.1 CYBJADRAFT 147754 putative serine protease GC 274 - 5
hypothetical protein -
XP_020073266.1 CYBJADRAFT 165542 Chitin synthase - 1006 GT-A 7
hypothetical protein
XP_020073402.1 - -

_ CYBJADRAFT 146367 alpha-1,2 glucosyltransferase ER 510 11

XP_020067856.1 | Zn-dependent exopeptidase metalloprotease ER 979 - 9
hypothetical protein glycerol-3-phosphate O-
XP_020068928.1 - -

- CYBJADRAFT_ 174544 acyltransferase 668 4

XP_020068041.1 phospholipid-ransiocating P-type Aminophospholipid translocases | - 1555 - 7
ATPase
phosphatidate cytidylyltransferase | phosphatidate

XP_020068436.1 - -

- (CDPdiglyceride synthetase) cytidylyltransferase 425 6
XP_020068085.1 PMT-domain-containing protein DoI|chyl—phosphate—mannose— ER 714 GT39 9
protein mannosyltransferase
XP_020068550.1 doI|c.hyl-phosphate-mannose— DoI|chyl—phosphate—mannose— ER 742 GT39 7

protein mannosyltransferase protein mannosyltransferase
XP_020068856.1 Alg9-like mannosyltransferase DoI|chyl—phosphate—mannose— ER 465 GT39 6
protein mannosyltransferase
XP_020068875.1 ICMT-domain-containing protein protein-S-isoprenylcysteine O- - 323 - 4
methyltransferase
XP_020069045.1 COX}5-CtaA-doma|n-conta|n|ng Cytochrome ¢ OXidase i 585 i 8
protein
XP_020069148.1 PMT-domain-containing protein DoI|chy|—phosphate—mannose- ER 765 GT39 9
protein mannosyltransferase
XP_020069357.1 sphingolipid delta8-desaturase Fatty acid desaturase - 559 - 5
phospholipid-translocating P-type Phospholipid-translocating P-
XP_020069415.1 - -
- ATPase type ATPase, Flippase 1489 10
phospholipid-translocating P-type Phospholipid-translocating P-
XP_020071674.1 - -

- ATPase type ATPase, Flippase 1105 8
XP_020069444.1 delta 12-fatty acid desaturase Fatty acid desaturase - 419 - 5
XP_020069456.1 fatty acid elongase 3 E!ongase IﬁVOIVEd in fatty acid - 335 - 7

biosynthesis
rhomboid-domain-containing )
XP_020069522.1 rhomboid protease - 336 - 7

protein
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D-alanyl-lipoteichoic acid

XP_020069555.1 MBOAT-domain-containing protein - 537 MBOAT 11
acyltransferase
XP_020069757.1 3-hydroxyacyl-CoA dehydratase 3-hydroxyacyl-CoA dehydratase - 225 - 5
XP_020069939.1 doI|clhyl-phosphate-mannose— DOI|chyl—phosphate—mannose- ER 739 GT39 1
protein mannosyltransferase protein mannosyltransferase
XP_020070320.1 | chitin synthase 3 Chitin synthase Il - 1179 - 6
XP_020070582.1 Dol-P-Man:Man(5)GlcNAc(2)-PP- Dolichol-P-Man dependent ) 473 GT39 7
Dol alpha-1,3-mannosyltransferase | alpha(1-3) mannosyltransferase
XP_020070354.1 | mannosyltransferase DOIIChy kphosphate-mannose- ER 368 GT39 8
protein mannosyltransferase
XP_020070367.1 phospholipid methyltransferase phospholipid methyltransferase - 211 - 4
CDP-diacylglycerol-glycerol-3- CDP-diacylglycerol-glycerol-3-
XP_020070814.1 | phosphate 3- phosphate 3- - 210 - 4
phosphatidyltransferase phosphatidyltransferase
CDP-diacylglycerol-serine O- ) )
XP_020072610.1 - -
_ phosphatidyltransferase phosphatidylserine synthase 349 5
XP_020071022.1 membrane-spanning Ca-ATPase phosphol|p|d—trans|ocat|ng Pape | 1150 - 8
ATPase, Flippase
XP_020071074.1 rhombmd-domaln—contalmng Serine protease M 326 ) 5
protein
Phospholipid methyltransferase;
XP_020071075.1 ERGMERGM ergosterol also similar to C-14 sterol - 435 - 8
biosynthesis protein
reductase
XP_020071233.1 ERGM ER(,;24 ergosterol Phospholipid methyltransferase - 478 - 7
biosynthesis protein
XP_020071538.1 dolichyl-P-mannose-protein Dol|chyl—phosphate—mannose— ) 761 GT39 9
mannosyltransferase protein mannosyltransferase
XP_020071563.1 | alkaline phosphatase-like protein alkaline phosphatase-like protein | - 799 - 12
XP_020071693.1 | fatty acid elongase E_Iongase |r_1volved in fatty acid - 332 - 5
biosynthesis
XP_020071907.1 3-hydroxy-3-methylglutaryl- 3-hydroxy-3-methylglutaryl- ) 934 ) 5
coenzyme a reductase coenzyme A reductase
XP_020071872.1 phosphatldyllngsnol N- phosphatldyllno;ltol N- ) 285 ) 5
acetylglucosaminyltransferase acetylglucosaminyltransferase
XP_020072131.1 PAP2-domain-containing protein diacylglycerol pyrophosphate \ 256 - 4
phosphatase
XP_020072734.1 para-hydroxybenzoate- 4-hydroxybenzoate polyprenyl ) 350 ) 4
polyprenyltransferase transferase
longevity assurance proteins )
XP_020072858.1 - -

| LAG1/LAC1 Ceramide synthase 318 6

XP_020073019.1 omega3 fatty acid desaturase Fatty acid desaturase - 423 - 5
phospholipid-translocating P-type Phospholipid-translocating P-
XP_020073121.1 - -

- ATPase type ATPase, Flippase 1313 10
XP_020073131.1 protoheme IX farnesyltransferase putative Cytochrome ¢ Oxidase - 425 - 6
XP_020073177.1 phosphatidylinositol synthase phosphatidylinositol synthase - 224 - 4

hypothetical protein
XP_020069085.1 - - -
_ CYBJADRAFT 179724 C-5 sterol desaturase 359 4
hypothetical protein Dolichyl-phosphate-mannose-
XP_020069333.1 - -
- CYBJADRAFT_168610 protein mannosyltransferase 400 9
hypothetical protein ) )
XP_020069427.1 - -

_ CYBJADRAFT 168692 Dolichol kinase 319 6

sphingolipid long-chain base-1- Membrane-associated
XP_020070789.1 -
- phosphate phosphatase phospholipid phosphatase ER 482 /
XP_020072026.1 | Glycosylphosphatidylinositol:protei Qlycosylpho§phat|dylln05|tol:prot - 571 - 6
: ein transamidase
n transamidase, GAA1 component
hypothetical protein Membrane-embedded ubiquitin-
XP_020071270.1 -
- CYBJADRAFT_183891 protein ligase ER 570 2
XP_020068970.1 zf-DHHC-domam-contalnlng Subu.mt ofa i 334 . 4
protein palmitoyltransferase
XP_020068922.1 STT3 subunit of Oligosaccharyl STT3 subunit of Oligosaccharyl transferase 728 - 11
transferase
XP_020070011.1 | 1,3-beta glucan synthase Catalytic subunit of 1,3-beta- - 1899 - 13
glucan synthase
XP_020069944.1 MFS general substrate transporter | Protein of unknown function - 425 MFS 12
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hypothetical protein

XP_020069446.1 CYBJADRAFT 129925 Protein of unknown function - 610 - 8
XP_020069441.1 MFS general substrate transporter | Protein of unknown function - 1056 - 10
hypothetical protein ) ) )
XP_020069424.1 CYBJADRAFT 174246 Protein of unknown function 457 4
hypothetical protein ) ) )
XP_020069423.1 CYBJADRAFT 168690 Protein of unknown function 453 5
hypothetical protein ) . ) )
XP_020069375.1 CYBJADRAFT 185812 Protein of unknown function 255 5
hypothetical protein ) . ) )
XP_020069339.1 CYBJADRAFT 19366 Protein of unknown function 232 5
hypothetical protein ) . ) )
XP_020069318.1 CYBJADRAFT 168600 Protein of unknown function 750 4
hypothetical protein ) ) ) |
XP_020069304.1 CYBJADRAFT 153097 Protein of unknown function 495 SLC 5 and 6-ike | 10
XP_020069268.1 MFS general substrate transporter | Protein of unknown function - 499 MFS 11
hypothetical protein ) ) )
XP_020069131.1 CYBJADRAFT 130128 Protein of unknown function 579 11
hypothetical protein ) ) ) )
XP_020068998.1 CYBJADRAFT 130426 Protein of unknown function 1513 14
XP_020073529.1 | Yipl-domain-containing protein Protein of unknown function GC 217 - 5
XP_020073472.1 DUF;%—domam-contammg Protein of unknown function - 202 - 4
protein
XP_020073418.1 Got1-domain-containing protein Protein of unknown function GC 139 - 4
XP_020073395.1 | Gpil-domain-containing protein Protein of unknown function - 618 - 5
XP_020073281.1 DUF.1774—doma|n—conta|n|ng Protein of unknown function - 288 - 8
protein
XP_020073132.1 DUF?Zl—domaln-contalnlng Protein of unknown function - 891 - 10
protein
XP_020073056.1 mannose-P—dghchoI uilization Protein of unknown function - 282 - 5
defect 1 protein
XP_020072913.1 Rft-1-domain-containing protein unknown - 541 - 11
XP_020072672.1 Yip1-domain-containing protein unknown GC 294 - 5
XP_020072644.1 DUF221—doma|n-conta|n|ng unknown - 606 - 7
protein
XP_020071932.1 | SURF4-domain-containing protein unknown ER 302 - 6
XP_020071745.1 pali-domain-containing protein unknown - 654 - 4
XP_020071732.1 | Yipl-domain-containing protein unknown ER 310 - 5
hypothetical protein i
XP_020069657.1 CYBJADRAFT 163392 unknown 356 7
hypothetical protein i
XP_020067730.1 CYBJADRAFT 170007 unknown 261 4
hypothetical protein ) )
XP_020067771.1 CYBJADRAFT 156392 vacuolar membrane protein VA 314 ? 5
hypothetical protein ) )
XP_020068055.1 CYBJADRAFT 169764 EamA-like transporter family PM 444 DUF6 10
XP_020068109.1 | MFS general substrate transporter | unknown PM 445 MFS 12
hypothetical protein Membrane-domain of unknow i
XP020068372.1 CYBJADRAFT_169548 function 168 4
hypothetical protein CrcB-like protein, Camphor
28.1 ? 8
XP_0200682 CYBJADRAFT 175325 Resistance (CrcB) 332 FLUC
hypothetical protein Putative protein of unknown ) )
XP_020070087-1 | oyp ADRAFT 168114 function ' 274 6
hypothetical protein Putative protein of unknown ) )
XP_020070587-1 | ovp ADRAFT_167581 function ' 719 o
XP_020069469.1 | MFS general substrate transporter Putatlve protein of unknown ? 562 - 13
function
hypothetical protein ) ) ) .
XP_020071321.1 CYBJADRAFT 161724 Protein of unknown function 494 5
hypothetical protein ) ) .
XP_020071960.1 CYBJADRAFT 166697 Protein of unknown function 278 7
hypothetical protein ) )
20069510.1 | - - 9
XP_0: CYBJADRAFT 15204 LMBR1-like membrane protein 616
XP_020069726.1 hypothetical protein Transmembrane 9 superfamily ) 627 ) 9

CYBJADRAFT_168232

member 1
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hypothetical protein

XP_020070096.1 CYBJADRAFT 168118 Protein of unknown function 265 - 4
XP_020070098.1 gggﬁsgg;ﬁirﬁ?; 5 Protein of unknown function 394 - 4
XP_020070246.1 gggﬁs&ﬁ;ﬁigifiz Protein of unknown function 278 - 4
XP_020070123.1 gggﬁ;&f?rﬁrﬁgigm Domain of unknown function 157 - 4
e e T s w |- :
XP_020069044.1 pl?;:nﬂ—domam-contalnlng ?glﬁ??f;)unknown function 514 . 4
XP_020068741.1 | MFS general substrate transporter | Protein of unknown function 587 - 11
) e |- :
o oo | Do, | i e oo |- :
o coomncns | rsteipces, | i e oo 6 |- :
o oo | Drsteiiocer | i i oo o |- :
XP_020072875.1 MFS general substrate transporter Ejfsttii:)li protein of unknown 511 DHA1 12
e P e e we |- 4
s | bttt | s oun i | 4
o e | SRR | oot ws |- 4
XP_020070758.1 gggﬁﬁﬂﬂ???n I(D[;JJ]Fe;;)of unknown function 293 ) 6
XP_020068905.1 | Zip-domain-containing protein I(D[;thr;e;i;)of unknown function 986 - 6
e e s o |- 7
s | St e |- :
oo | b per, | e ke i 0| :
XP_020070989.1 gggj’:geéi;?.lirlostiig% Protein of unknown function 192 - 6
XP_020071006.1 gggﬁ;ﬁﬁ#ﬁgggo Protein of unknown function 159 - 4
XP_020073637.1 gggj’;féﬁ;ligg; 54 Protein of unknown function 410 - 6
XP_020071084.1 gggj’;féﬁ;lirloggg 13 Protein of unknown function 416 - 4
XP_020068836.1 p[r)cl)JtZiznz 1-domain-containing Protein of unknown function 832 - 11
XP_020068772.1 TPT-domain-containing protein Protein of unknown function 415 TPT 8
XP_020072309.1 TPT-domain-containing protein Protein of unknown function 377 TPT 9
XP_020068462.1 PQ-loop-domain-containing protein | Protein of unknown function 286 - 6
XP_020073493.1 gggj’:geéi;?lirlo;gig% Protein of unknown function 239 - 4
XP_020071371.1 gggj’:geéi;?lirlo;ggm Protein of unknown function 621 - 6
XP_020071372.1 gggj’:geéi;?lirlogéig% Protein of unknown function 549 - 6
XP_020068508.1 MFS general substrate transporter | Protein of unknown function 511 - 12
XP_020071659.1 gggj’;?éﬁiirlogzz 19 Protein of unknown function 229 - 6
XP_020071414.1 gggﬁ;&ﬁiirﬁg?& 5 Protein of unknown function 528 - 6
XP_020068808.1 gggﬁ;&f?{igg? 97 Protein of unknown function 260 - 7
XP_020071446.1 MFS general substrate transporter | Protein of unknown function 446 - 11
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hypothetical protein

. i i - - 7
XP_020068823.1 CYBJADRAFT 27884 Protein of unknown function 568
hypothetical protein ) . ) )
XP_020071502.1 CYBJADRAFT 73751 Protein of unknown function 407 8
XP_020068909.1 MFS general substrate transporter | Protein of unknown function M 509 - 10
hypothetical protein )
020071660.1 - 4
XP_ CYBJADRAFT 166420 NSG1, Phosphoprotein ER 264
hypothetical protein ) .
. - - 4
XP_020073458.1 CYBJADRAFT 165701 Protein of unknown function 231
hypothetical protein ) .
. - - 5
XP_020068743.1 CYBJADRAFT 169070 Protein of unknown function 268
hypothetical protein ) .
4.1 - - 7
XP_02007198 CYBJADRAFT 183638 Protein of unknown function 549
hypothetical protein ) .
1 - - 8
XP_020071798 CYBJADRAFT 171773 Protein of unknown function 422
XP_020071987.1 MFS general substrate transporter | Protein of unknown function \ 548 - 10
hypothetical protein ) )
. - - 4
XP_020068553.1 CYBJADRAFT 169362 Protein of unknown function 181
hypothetical protein ) )
7.1 - -
XP_02007212 CYBJADRAFT 149001 Protein of unknown function 682 5
hypothetical protein ) )
72848.1 - B 4
XP_020072848 CYBJADRAFT 122780 Protein of unknown function 178
XP_020073059.1 MFS general substrate transporter | Protein of unknown function - 607 - 11
XP_020070923.1 auxin efflux carrier Protein of unknown function - 493 - 9
hypothetical protein ) )
73046.1 - 12
XP_020073046 CYBJADRAFT 182207 Protein of unknown function M 723
hypothetical protein ) )
XP_020072505.1 - 2 -
020072505 CYBJADRAFT 160886 Protein of unknown function 30 6
hypothetical protein ) )
XP_020073165.1 - 44 - 1
020073165 CYBJADRAFT 7427 Protein of unknown function 3 0
hypothetical protein ) )
XP_020068636.1 - 54 - 4
_ CYBJADRAET 191752 Protein of unknown function 2
XP_020069259.1 RTA1-domain-containing protein Protein of unknown function - 413 - 7
XP_020069261.1 RTA1-domain-containing protein Protein of unknown function - 312 - 7
XP_020069299.1 zf—DHHC—domaln—contalnlng Protein of unknown function - 334 - 5
protein
XP_020072441.1 zf—DHHC—domaln—contalnlng Protein of unknown function - 376 - 4
protein
XP_020069445.1 TPT-domain-containing protein Protein of unknown function - 275 TPT 5
XP_020069518.1 pali-domain-containing protein Protein of unknown function - 623 - 5
XP_020069683.1 DUF$87—doma|n-conta|n|ng Protein of unknown function - 269 - 7
protein
XP_020070089.1 UPFQOO5-doma|n—conta|n|ng Protein of unknown function - 252 - 6
protein
XP_020070094.1 auxin efflux carrier Protein of unknown function ER? 460 - 8
XP_020070109.1 Fr:ée;wbrane fusion mating protein Protein of unknown function - 267 - 4
XP_020070151.1 p[r)ll)JtZi]SO-domaln-contalnlng Protein of unknown function PM 505 - 11
XP_020070237.1 UNC.-50—doma|n-conta|n|ng Protein of unknown function GC 295 - 5
protein
XP_020070279.1 TRP-domain-containing protein Protein of unknown function - 774 - 9
XP_020070336.1 | transport protein SFT2 Protein of unknown function GC 128 - 4
XP_020070426.1 auxin efflux carrier Protein of unknown function - 549 - 8
XP_020070454.1 PQ-loop-domain-containing protein | Protein of unknown function - 240 - 6
XP_020070521.1 EXS-domain-containing protein Protein of unknown function - 334 - 5
XP_020071379.1 TMS mgmbrane protem/tun_wor Protein of unknown function \ 467 - 11
differentially expressed protein
XP_020071381.1 EMP70 Emp70p Protein of unknown function - 617 - 9
XP_020071403.1 pl:r)cl)JtEﬁ]46-doma|n-contalnlng Protein of unknown function GC 187 - 4
XP_020071511.1 DUF221-domain-containing Protein of unknown function - 865 - 11

protein
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XP_020071823.1 mitochondrial carrier Protein of unknown function M 397 - 4
XP_020072346.1 SFT2-domain-containing protein Protein of unknown function - 213 - 4
XP_020072412.1 UPFQZZO-domaln—contalnlng Protein of unknown function v 174 - 4
protein
XP_020072476.1 membrane protein Protein of unknown function - 296 - 4
XP_020072542.1 | membrane protein Protein of unknown function - 390 - 7
XP_020072762.1 auxin efflux carrier Protein of unknown function - 421 - 10
XP_020073062.1 COPI associated Protein of unknown function GC 135 - 4
XP_020073192.1 mitochondrial carrier Protein of unknown function M 320 - 5
XP_020073287.1 HPP-domain-containing protein Protein of unknown function - 267 - 5
XP_020073303.1 DUF?OO—domaln-contalnlng Protein of unknown function - 421 - 7
protein
XP_020073610.1 UPFQO16-doma|n—conta|n|ng Protein of unknown function v 358 - 5
protein
XP_020068938.1 hypothetical protein Protein of unknown function - 178 - 4
- ) CYBJADRAFT_174555
hypothetical protein ) ) )
XP_020069016.1 CYBJADRAFT 168998 Protein of unknown function 304 8
hypothetical protein ) )
1 - - 4
XP_020069096 CYBJADRAFT 21477 Protein of unknown function 223
hypothetical protein ) ) )
XP_020069103.1 CYBJADRAFT 168762 Protein of unknown function 497 4
XP_020070874.1 | general substrate transporter Low glucose sensor; SNF3 PM 538 HXT 12
hypothetical protein Chitin synthase Il catalytic
P_020069134.1 - - 7
XP_020069 CYBJADRAFT_130034 subunit 303
transmembrane 9 superfamil Protein with a role in cellular
XP_020073183.1 ' " uperiamily adhesion and filamentous - 631 - 9
member 4
growth
hypothetical protein putative synovial apoptosis
. - - 6
XP_020069864.1 CYBJADRAFT_190796 inhibitor 529
longevity assurance proteins )
5.1 - - 7
XP_02007104 LAGL/LAC1 Ceramide synthase component 426
XP_020073057.1 PigN-domain-containing protein Protein .mVO|Ved in GP1 anchor ER 930 - 16
synthesis
hypothetical protein ) i
XP_020071703.1 CYBJADRAFT 166452 Regulator of phospholipase D 368 4
hypothetical protein Protein involved in spore wall
XP_020072134.1 - 1 - 1
02007213 CYBJADRAFT_123391 assembly 806 8
hypothetical protein ) )
. - 7
XP_020072277.1 CYBJADRAFT 165992 Nucleoporin protein N 578
Protein required for normal cell
hypothetical protein wall, plasma membrane,
XP_020072544.1 274 N 4
-0200725 CYBJADRAFT_123371 cytoskeletal organization, PM
endocytosis
XP_020072719.1 MFS general substrate transporter pro.tem regwred for efflux of \ 524 MFS 9
amino acids
hypothetical protein ) - ) .
XP_020073485.1 CYBJADRAFT 165727 Inositol phospholipid synthesis ER 280 6
hypothetical protein . - )
486.1 - 6
XP_020073: CYBJADRAFT 165728 Inositol phospholipid synthesis ER 254
XP_020071116.1 Hlylll-domain-containing protein Membrane p‘roteln involved in - 513 ZIP 6
zinc metabolism
XP_020067853.1 protein CWH43 putative sgnsor/transporter protein involved in 930 ) 14
cell wall biogenesis
hypothetical protein L .
020069976.1 - 10
XP_ CYBJADRAFT 128528 putative zinc finger protein ER 1023
XP_020068846.1 | Sec61 protein Essential subunit of Sec61 ER 479 5
complex
Element required for export of
XP_020067910.1 | Cu-transporting P-type ATPase copper from the cytosol into an - 1169 - 8
extracytosolic compartment
XP_020068112.1 | SecY protein Subunit of the Ssh1 translocon i 482 . 10
complex
Protein required for the ATP-
XP_020067922.1 batten's disease protein CIn3 dependent transport of arginine; | V 377 - 7

cell homeostasis
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XP_020068412.1 HSP70-domain-containing protein Heat shock protein thatis highly v? 920 4
induced upon stress
) ) Protein required for GPI-
XP_020068718.1 Per1-like protein phospholigase A2 activity ER 328 5
Packaging chaperone required
Shr3 amino acid permease for incorporgtion of amino acid
XP_020069175.1 permeases into COPII coated ER 211 4
chaperone )
vesicles for transport to the cell
surface
XP_020069758.1 GPl-anchored wall transfer protein GPI-ahchored wall transfer i 500 1
1 protein 1
XP_020069221.1 PIG-U-domain-containing protein GPI transamidase subunit PIG-U | - 388 7
XP_020069597.1 DUF1753-domain—containing Inositolphosphorylceramide ) 207 4
protein synthase subunit
vacuolar membrane protein that the biosynthetic vacuolar
XP_020070589.1 | transits through the biosynthetic . ) \ 1219 13
. ) protein sorting pathway
vacuolar protein sorting pathway
hypothetical protein Proteolipid membrane potential
XP_020068140.1 CYBJADRAFT_169650 modulator PM 150 4
hypothetical protein Protein for Inositol phospholipid
XP-020068268.1 CYBJADRAFT_169627 synthesis ER 276 6
hypothetical protein pH sensor component of the
XP_020070322.1 CYBJADRAFT_91416 RIM101 pathway PM 503 6
hypothetical protein ASI1 - anti-silencing protein
XP_020068298.1 CYBJADRAFT_175196 (predicted) N 597 6
XP_020071012.1 | vacuolar protein sorting 55 unknown \ 129 4
XP_020071166.1 ER lumen protein retaining integral protein, a HDEL ER 212 5
receptor receptor
family A G protein-coupled ’ )
XP_020067890.1 ) ) Receptor-like protein PM 312 7
receptor-like protein
family A G protein-coupled ’ )
XP_020067891.1 ) ) Receptor-like protein PM 271 7
receptor-like protein
hypothetical protein Putative G-protein coupled
XP_020070346.1 CYBJADRAFT 173305 receptor GC 514 8
hypothetical protein putative G protein-coupled
XP_020072436.1 CYBJADRAFT_188575 glucose receptor ) 447 6
fungal pheromone mating factor )
XP_020073219.1 STE%G—Srotein—coupIe q reieptor Putative receptor - 386 6
Note, initials stand for:
MBOAT Membrane-bound O-acyltransferase family
APC Amino acid-polyamine-organocation family
AceTr Acetate Transporter family
P-RFT The prokaryotic riboflavin transporter (p-rft) family
GPH Glycoside-Pentoside-Hexuronide (GPH):Cation Symporter Family
PDR The Pleiotropic Drug Resistance (PDR) Family
SP Sugar porter family
FLUC The camphor resistance or fluoride exporter (fluc) family
GT39 The integral membrane glycosyltransferase family 39 (gt39) family
ARN Siderophore family
AAA The ATP:ADP Antiporter (AAA) Family
ACS The Anion:Cation Symporter (ACS) Family
CaCA The Ca2+:Cation Antiporter (CaCA) Family
NCS1 Nucleobase:Cation Symporter-1 (NCS1) Family
PBRBC The lead resistance fusion protein (pbrbc) family
CTR Copper transporter family
OCTN Organic cation transporter (OCTN) family
DHA1 Drug:H(+) antiporter DHA1 family
MATE Multi antimicrobial extrusion (MATE) family
AAAP The amino acid/auxin permease (aaap) family
SSS Sodium:solute symporter (SSS) family
DAG DHA2/ARN/GEX, DHA2 drug:H+ antiporters of family 2, ARN siderophore transporters, GEX - glutathione exchangers family
ABC ATP-binding cassette transporters
SLC Solute carrier family
ENT Equilibrative nucleoside transporter (ENT) family member
ZIP The zinc (zn(2+))-iron (fe(2+)) permease (zip) family
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OST
GT-A
RhaT
YAT
OFA
DT
NRT
ILT
AMT
TPT
OPT
PIT

NAT/NCS2 Nucleobase-Ascorbate Transporter/Nucleobase-Cation Symporter family

Oligosaccharyl transferase complex transporter family

Glycosyltransferase family A (GT-A

L-rhamnose transporter family

The Yeast Amino Acid Transporter (YAT) Family
Oxalate/formate antiporter family

Tellurite-resistance/ Dicarboxylate Transporter Family
Nitrate transporter family

The Iron/Lead Transporter (ILT) Family

The ammonium transporter channel (amt) family
Triose-phosphate Transporter family
Oligopeptide transporter family

The inorganic phosphate transporter (pit) family

Table $3. Docking parameters and data from the molecular docking studies

Table S3.1 Parameters obtained with HHPred for 3D-model construction.

te::(:)tlgitZs PHDitB Organism E-value Similarity Identity Score Prol(); I;ility
ScJenl 2.4e” 0.136 14% 281.6 100.0
CaJen2 6GIX Syntrophobacter 9.5¢” 0.116 13% 286.6 100.0
CjJen5 fumaroxidans le” 0.112 13% 270.2 100.0
CjJen6 2¢e” 0.171 15% 277.3 100.0
ScAtol 3.7¢” 0.566 35% 236.5 100.0
EcSatP 1.5¢" 1.498 92% 235.4 100.0
CjAto2 5YS3 Citrobacter koseri 6.7¢e” 0.538 32% 237.2 100.0
CjAto5 7e” 0.525 26% 252.0 100.0
CjAto6 6e” 0.568 30% 254.3 100.0

HsSLC5A8 e Vibrio 4.6e° 0.337 24% 425.4 100.0
CjSIc5 parahaemolyticus 2 26" 0.063 10% 109.2 99.6

HsSIc13A3 SWTW Lactobacillus 7.5e” 0.306 22% 245.0 99.9
CjSic13 acidophilus 3.9¢” 0.211 17% 298.5 100.0
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Table S3.2 Residues of Ato homologs presenting strong intramolecular interactions with lactate, succinate

and citrate identified by molecular docking studies.

3D-Protein Lactate Succinate Citrate
templates (1) (1) (2) (3)
E%é g;g T238; N179; R111; T222;  R111; N179; T238; NN§359?;NT12£?5?; 5123?;3}
ScATO1 1 oes T102; Q133; S208: N145;  T222; T209; S208; T 0SS
T102; S106; NS5, T909: E140 N1ae T238; H230; R111;
E140; T209; N255 e N179
K244; S189; N2T32%352N4941;,ST1885 ;T%1935; S189; K244: N127;
CiATO2  NI27;N9L;T203, 0T sto cony T203; WL44; T, ND
197; T99; Y158 e 0219; R214; Y158
N137; $199; K198;
CjATO5 ND E125; K221 K221 N81; K221; Q103;
T229; K230; G220
T . N139; E134; T209; Q127;  N139; N103; K224;  N139; C202; N103;

N103; Y170; K224; T111

Y170; T111

K224; T111

Note: NVD- not determined.

Table S3.3 Average of the binding affinity values [kcal/mol] calculated with PyRx software for the docking
of Ato proteins with the distinct charged substrates tested.

Average of binding affinities (kcal/mol) at different binding sites
3D-Protein Lactate (-1
templates S4 s3 s2 S1
a b c a b
ScAtol - -3.8 - 4.1 -3.9 -3.3 -3.1
EcSatP -3 - - -3.6 -3.8 -3 -
CjAto2 -3.4 - -3.4 4.2 2.6 -3.4 -3.1
Succinate (-1)
S4 S1
a b c 53 52 a b
ScAtol - -4.0 - -5 4.5 -3.9 -3.8
EcSatP -3.6 - - -4.5 -4.6 4.2 -
CjAto2 4.2 - -4.2 4.7 -3.2 -3.9 -4
CjAto5 -3.8 - - -3.9 -4.7
CjAto6 -3.7 - - -4.3 -5.3 -3.9
Succinate (-2)
S1
S4
S3 S2 a b
a b c
ScAtol - -4.0 - -5 4.4 -3.7
EcSatP -3.4 - - 4.4 -4.7 4.3 -
CjAto2 -4 - 4.1 -4.8 -3.1 -4.1 -4
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CjAto5 -3.8 - - -3.9 -4.6
CjAto6 -3.7 - - -4.4 -5.3 -3.9
Citrate (-3)
S4 S1
a b c 53 S2 a b

ScAtol - -5.0 - 6.1 -3.7 -4.6

EcSatP -4.2 - - -5 -4.3 -4.2

CjAto5 -4 -4 - -3.5 -5.5 -4.5 4.2
CjAto6 -4.5 - - -4.9 -4.5 -4.7

Table S3.4 Residues of Jen homologs presenting strong intramolecular interactions with lactate, succinate
and citrate identified by molecular docking studies.

3D- Lactate Succinate Citrate
Protein
templates (-1) (-1) (-2) (-3)
N379; W473; N379; W473: R188; N379; S189: Efﬁzﬁ gzzzi TFZ? E237837
Y497: S189; S504;  H383: S508; G500; W473; R188: ' roell ﬁ
SCJENL (500 A274;Y250;  S189: F277; Y273; 0386; S508; :?gg{ \évfg;' ;{;595_’ F':'fg; '
Y273: Y246; F277;  Y246; A493; S250; Y466: S250; S189. 9950 RASE. Y296,
R188: A493 A490; T178 Y246 Y246: R262
R56; E310; P309:
A313; E107; R114; ﬁgé?kﬁz_l'
S115; R312: K171; S115: 5109 R114: A113; S115; P110;
CjJENS D T111; P110; S319; 3319; Yo8; ’ S307; R383; R255; G323;
S102; W196; A200; (323 0293; A200; N203; Q293; S331;
Q293; Y129; A126; K27: $335; Y129; T215; N236
Y125; V285; Y129 S331
N273; W366; W366: N394: N273; N273; N394, 273 W3s6: R99; $397:
] N394; $397; R99; W366; R99;
CjJEN6 Y184 Y188: Y390- S397; R99; Y157; W60; W6O: Y157 Y184, S89; T405; N394;
1208 1998 R115: R382; A383: 10 A383; R115; T163; L159;
P379; R115; S161 K116 R115: A383; S161
E166; A383; R382 ' S161; T163

Note: NVD- not determined.
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Table S3.5 Average of the binding affinity values [kcal/mol] calculated with PyRx software for the docking
of Jen proteins with the distinct charged substrates tested.

Average of binding affinities (kcal/mol) at different binding sites
3D-Protein Acetate (1)
templates
1 2 3 4
a b c a b a b
ScJenl 2.9 - - -3.6 -3.3 - - -
CjJen6 -3.1 - - -3.4 2.7 - - 2.8
Lactate (-1)
1 3 4
2
a b c a b a b
ScJenl -4.0 - -3.8 4.4 -3.6 - - -
CjJen6 - - - 4.4 -3.2 - - -3.8
Succinate (-1)
1 3 4
2
a b c a b a b
ScJenl 4.5 - 4.2 5.5 -4.9 - - -
CalJen2 4.3 - - -3.4 5.1 - - -
CjJen5 - -4.0 -3.9 4.2 -4.6 -4.5 -3.4 -3.7
CjJen6 -4.6 - - 5.1 4.1 - - 4.7
Succinate (-2)
1 3 4
2
a b c a b a b
ScJenl - - 4.4 5.7 -4.8 - - -
CalJen2 4.0 - - -3.5 5.1 - - -
CjJen5 - 4.1 -3.8 -4.0 4.5 4.7 -3.1 -3.3
CjJen6 4.1 - - 5.0 4.1 - - 4.2
Citrate (-3)
1 3 4
2
a c a b a b
ScJenl -4.8 - - 4.2 -3.0 - 2.0 -
CjJen5 - 4.4 4.4 -4.8 5.7 - -3.7 -
CjJen6 5.7 5.1 - -5.9 2.3 - - -4.4
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Table S3.6 Residues of CjSlIc5 protein presenting strong intramolecular interactions with succinate and

citrate identified by molecular docking studies.

3D- Succinate Citrate

Protein

template (-1) (-2) (-1) (-2) (-3)
G26; S221; S221; F222; G219; ) )
F222; T38; G26; T38; D349; 2222125.8(22571.’ F222; S221;
Q212; S50; S221; F222; L351; S50; S56; S50',T38" T38; S50; L351;

CjSLC5 G31; Q27 Q212; T38; Sh0; Q212;Y303; Y102; Q212" L35’1' Q212; Q27;
Y102; Y303; Q27;Y102 D79; G219; G26; G31',Y102', Y102; G219;
L351; D79; Q27; G31; K302; 679 ' K302

L295 L299

Table S3.7 Average of the binding affinity values [kcal/mol] calculated with PyRx software for the docking

of Slch member proteins with the distinct charged substrates tested.

Average of binding affinities (kcal/mol) at different binding sites
3D-Protein Succinate (-1)
templates
p 1 2 3 4
a b a b
HsSIc5A8 4.1 - -4.4 -4.5 -4.3
CjSic5 -4.3 -4.0 -3.7 - 3.4 -3.8
Succinate (-2)
1 2
3 4
a b a b
HsSIc5A8 -4.2 - 4.3 -4.5 4.1
CjSic5 4.3 - -3.8 - -3.4 -3.7
Citrate (-1)
1 2
3 4
a b a b
HsSIc5A8 -4.7 -4.7 -4.8 -5.8 -5.0
CjSic5 -5.0 -4.3 -4.9 - 4.1 -5.0
Citrate (-2)
1 2
3 4
a b a b
HsSIc5A8 -4.3 -4.4 -4.8 -5.8 5.0
CjSic5 -5.0 - 4.7 - -4.1 -4.7
Citrate (-3)
1 2
3 4
a b a b
HsSIc5A8 4.2 -4.1 -4.7 -5.8 -4.9
CjSic5 5.2 -4.4 4.4 -4.3 -4.7
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Table S3.8 Residues of CjSIc13 protein presenting strong intramolecular interactions with citrate identified
by molecular docking studies.

3D-Protein Citrate
templates (-1) (-2) (-3)
K701, S461; 5457, Q462 110 460- 5461: K701: S466; K701: S457:
_ T467;5466; T746;V743; S457: TA67; S466; H745: 0462; TA67: T746;
CiSLC13 A693; S696; S799; H745; V743: $799: S696: Y530; H745: $696: M80O:;
V795; N684; Y530; Q534; N684; FA75; 0534; R538; Y530: N684: R538:
F685; R538; S465; S482 F685 0534: F685

Table S3.9 Average of the binding affinity values [kcal/mol] calculated with PyRx software for the docking
of Slc13 proteins with citrate.

Average of binding affinities (kcal/mol) at different binding sites
3D-Protein -
templates Blsar ey
1
a b 2 3 4
HsSIc13A3 -5.8 - - -4.6 -4.8
CjSic13 -4.6 -4.7 -5.4 -4.5 -5.3
Citrate (-2)
1
3 b 2 3 4
HsSIc13A3 -5.6 - - -4.9 -4.8
CjSlc13 -4.4 -4.4 -4.6 -4.1 -5.0
Citrate (-3)
1
3 b 2 3 4
HsSIc13A3 -5.7 - - -4.9 -4.8
CjSlc13 -4.3 -4.3 - -4.0 -4.8
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Figure S1. Multiple-sequence alignments
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Supplementary figure S1.1 Multiple sequence alignment of Ato homologs in Saccharomyces cerevisiae
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TTENIVVGLALFYGGFVQLLAGMWETALDNTFGGTALS3Y
TVANVAVGPAFFYGGIIQLLSGMWEISLDNTEFGGTVLSYY
RTENVAVAPAFFYGGFAQILAGMWETALENTEGSVVLTIY
TNAKVIASCALFFAGVVETISGLWCLVIENTFAATALGIFE
TTPNVIVGLAFFYGGMTQLLAGMWELASGNTEFGAVSLTIY
—LDGIILAMGIFYGGIAQIFAGLLEYKKGNTFGLTAFTIY

GGFWLSFAAIYI-PWFGILE
GGFWLSFGAIYI-PWFGILD
GGEFWICYGYGLT-DTDNLVS
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AYEDNESDLNNALGEFYLLGWALF TFGLTVCTMKSTVMEFL LEF]]
AYKDKESDLGNALGFYLLGWALFTFGLSVCTMKSTIMFFALFFI
GYTDP-TMLNNVIGFFLAGNTVETFLMLMCT LKSTHGLFLLLTH
AYDDP- IMLANAVGFFLLGWTIFTFMLVLCTVKSTVAFFSLFFE
AYTDP- TELANAVSFFLLGWTIFTFMI LLCTVKSTVSFFSLFFR
AYDDP- IMLNNGLGFFLLGWVIFTLMVLICTVKSTVAFFSLFFE
AYDDP- TELENAIGFFLLGWVIFTFLI LLCTMKSTVAFFSMFFI
SYSTT-EELGNALGFYLTAWTIFAFLMWLCT FKSTHPFFILFLI

CSEFWLTLVAILLMPKLGLTD

LTFLLLSIGHFANR
VITFLLLSIANFTGE
LTFLLLCIGTFIDN
ITFLLLTIGEFTRK
ITFLLLTIGDFTRR
MTFLLLTIGEFTRS
ITFILLTVASFTRH
FIMCLAIGKYNDN

AYGDNQDELNNALGFYLIGWAIFTLGLTLLTKKCTIPFFGTFFLEITFWLLAAGKLGES

A———— PNAQFLGVYLGLWGVEFTLFMFFGT LKGARVLOFVFFYLIVLFALLATGNIAGN
HE S N - - * x : : : HEE
6thTMS
LGVTRAGGVLGVVVAFTAWYNAY AGVATEOQNSYVLARPFPFLPSTERVI F——— 283
VGVTRAGGVLGVIVAFIAWYNAYAGIATRONSYIMVHPFALPSNDEVEF——— 282
NNLEMAGGYFGILSSCCGWYSLYCSVVSPSNSYLAFRAHTMPNAP——————— 275
TGVSRAGGVFGVITSFIAWYNAFAGLATEKENSYVVAIPLPLPGAERS————— 271
VGVTRAGGVEFGVITAF IAWYNAFAGIATKENSYITIKAWPLPGAKRA————— 269
VGVTRAAGVEGVITSFLGWYNALAGFATRENSYFVATAVPLPGAKFAQVHS - 279
VGCORAGGVFGVITGFLAWYNAYAGIATEEI SYFVPEFWPLPGASHL———— 262
TTATKAGGVLGLVATFVGFFIVYAGVADSSNSYLTIPASFMPHAPRV————— 272
TNCTKAGGYMGIICALFAWYCAFADLATEDNSYIQVRFIQLATILDLFKEKEK 280
AATTHFAGWIGLICGASATYLAMGEVLNEQFGRTVL-—-PIGESH-—————— 188
* ek e - .

(Atol, Ato2, Ato3), C. jadinii (six homologs) and the Escherichia coli SatP. The sequence alignment was
built with ClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/). Localization of transmembrane
segments (TMSs) was predicted by the PSI/TM-Coffee (http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee).
Grey background highlight the previously identified and characterized signature motifs of the AceTr family.
Blue rectangles indicate residues from the narrowest hydrophobic constriction site F98-Y155-1.219 (refer

to ScAto1p) (Qiu et al., 2018).
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1stTMS

Scdenl ALTRFTSLLHIHEF————— SWENVNPIPELREKMTWONWNYFFMGY FAWLSAAWAFFCVSV 16l Scdenl FLPILLIFWRLLWPETKYFTKVLEKARKLILSD-——-AVKANGGEPLPK-ANFKQKMVSMK 358
Cadenl FATRLTTLLDLPLYHTHKKWYEVINPIPGLKSMSKSDWNEFYCLGEFAWALDAMDEFCVSV 112 Cadenl GLSLILIVWRLFTPESPDY IKMKIKKEKEFNQQQRLKEQEQNGGVAVKEKKEFWQKIDKSIL 31le
caJen?2 ATTRVTSTHVGWDELKQYSWHEVINPFEPT.VEMNLHQWNFF FL.CFWAWTWDATDFFVTST, 95 caJen? GPPTTLI TWRFINPETDSYQRQKERFDQGAVQ—————- ) NSKAAEFKS———QAK 282
KlJenl AITRFTTLTELHERV-———— SMENINPIPELRKMTLHNWNYFFMGYARWLCARWAFFAVSY 154 KlJenl WLPAVLILWRLVWPETKYFTKVLKARQIMRDD————ATAKNGGQPLPK-LSFKQKFANVK 352
KlJen2 LATRI PTLFPTKASTREARKEYPTNPFPALRSMNWLQTQYF TVGFLAWTWDALDFFAVST, 100 KlJen2 GPPVLFIAWRLMLPESQHYVERVRLEKL R NDGKSQFWK————NAK 302
CjJenl SKTRFTSLTHLHLH-———— AVGDLNPLPSLREMSWNNWNFF FMGFVAWFSASFDFFLTAV 94 CjJenl CFPFILICWRLVEPETRYFTRVLKARELIKQD-———QIEAGV-——YVK-PTLKTKWGSVK 287
CjJen2 SRTRFTTLGELHLD-----SLSDLNPLPALKEMT PRNWNFF FMGF IAWFSASFAFFLTAYV 111 Ciden2 GIPFVLIIWRLLYPETIYFTELLKVKKLIKEE- SPKISKWAKTK 289
cjJen3 TLSRVPTLFCTPGT- - SFQATNPVPATSATSENDWNYFIMGYAAWT TDAFDFFCVSA 64 cijJen3 APPATLFVWRMFFPEHPHFTATKRVQREKATL —— SEGKHHQASSPWAQFFADLK 273
CjJend IATRIPSLFTLPGT-————PVKSLNPAPAMRALSRSDWNYFAMGYCAWVIDAFDFFCVSA 61 CjJend APPATLFMWRLMFPEHPHFVEHKRVQREKAL —— ——AEGNHAQAASPWRQFYSDLK 253
CITend e MDWDAFDFFVMST, 13 Cjden5 KNKNTSFSE----DAC 182
CjJené TRERFTTLLPSREQWE——VEKSHMNPFPGLRAMTWRNWQFY ITGMLAWTWDALDFFAMSL 72 CjJené GPPVLFILWRAFLPETEEFLQQKLHM-—————————————————— SNRKSTFRR————DAW 252
ke . .
2n4TMS ’ ’ " 79TMS ) gihTMS
ScJenl SVAPLAELYDRPTKDITWGLGLVLF - ——SAGAVIFGLWTDKSSR 204 Scdenl RTIVQKYWLLFAYLVVLLVGENYLTHASQDLLPTMLRAQLGLSKDAVIVIVVVINIGAICG 418
Cadenl AAPEIANTLNISVTDVTWGVTLVLM. - ——SVGAVIFGIASDYFGR 155 Cadenl VIFKTEWLIFSYLVLLYAGWNFTTHGSQDLYVITMITKQYHVGLDKKTVIIVVSNIGGIIG 376
CaJen2 NVSNIAEDLDSTVKDVSWGITLVIMIRF———————————————— TVGALIFGAIGDTYGR 138 CaJen? KALNQYWLI IVYLIFIMAGENFSSHGSQDLY PTMLTKQYHYGKDKSTVVNVCANLGATAG 342
KlJenl STAPLATLYGKETKDISWGLSLVLF - ——SAGAIIFGIWTDNYSR 197 KlJenl KTVSKYWLLFGYLILLLVGENYLTHASQDLF PTMLRAQLRFSEDAVIVAIVVVCLGSIAG 412
KlJen2 NMTNLAKDLDRPVKDISHAITLVLL - ——VIGALIFGYLGDRYGR 143 KlJen2 LACSQYWLSMIYLVLIMAGHNFSSHGSQDLF PTMLTSQYQF SADASTVTNSVANLGATAG 362
CjJdenl SGTYIAQSLDVSTADITWGLSAV. - ——SAGAVIFGLWTDNYSR 137 CjJdenl AMLKKDWLLFTYLVILLAGTNYLTHASQDMY PTMLRS QLEWSLDAQTVAIVVVNLGAICG 347
CjJden2 SGIVIAESLEVSTKDITWGLSSV! - ——SAGAVIFGLWTDNYSR 154 CjJen2 TMFSKYWLLEFTYLVLLLAS SNFLTHASQDMY PTMLRSQFGWSNDAQTVAIVVINLGGVIG 349
CjJen3 CAPALAQALDRSVTDITWGITLVIMIREYFAHIDGQLTDIFEIGSLGAVIFGSLSDTYGR 124 CjJen3 SAMRHHWIMEVYLVIYMSLMNFSSHASQDIMPTMLONQLGFEANDRT ITMVVINIGAIFG 333
CjJend CAPALAKAFDRSIHDITWGITLVIMIR{————— ——SLGAVIFGSLSDTYGR 104 CjJend KALSNHWLMFVYLVFYLSLMNFSSHASQDLMPTMLONQLFFSANQRTATMIVVNLGAMVG 313
CjJens NVSKLATDLDRSVKDISWGITVVLM - --SVGAIVFGYFGDRYGR 56 Cjden5 KVFKEQWLEMI YLVLLMAGMNFMSHGS QDLY PTMLTVQLNY SPNRSTVTNSVANLGALAG 242
cjJené NMSNT SEDLNRSVKDVSWG TTLVIMER - e e SVGATFFGYFGDRYGR 115 cijJené NTFKQQWVEMG YL.VLLMAGMN FMSHGS QDILY PTMLTKQT.GF SSDRSTVTNSVANT.GAMAG 312
e kae x kks o*x ke kk *x *y s kka oy sk _kxkks  kks A sk
3197TMs 4thTMS gthTvIs 10t TMS
ScJenl KWPYITCLFLEFVIAQLCTPWCDTYEKFLGVRWITGIAMG—— 245 Scdenl GMIFGQFMEVTGRRLGLLIACTMGGCFTYPAFMLRSEKAILGAGFMLYFCVFGVWGILPT 478
Cadenl KWIYISIVILEFVVVEVGTGEVQTYQQFLGVRAIFGILMG— 196 Cadenl GIIMGQASELLGRRLTVVISIVCAGAFLYPSFFNPD--RNWPAYIFLNAFVEFGSFSVGPA 434
CaJen2 KWPYIINLSCLMVIQIGTGFVITFQQFLGLRALFGVAMG—— 179 CaJen2 GIVIAHLSTFIGRRTAILIGNVIAGIMIYFWAFHP——-—-MWITAFFMQFGIQGSWSVVPT 398
KlJenl KWPYITCLGLFLICQLCTPWAKTYTQFLGVRWISGIAMG—— 238 KlJenl GMFFGQLME ITGRRVGLLLALTIMAGCFTY PAFMLKTS SAVLGAGFMLWEFSILGVWGVLP T 472
KlJen2 KYSEVLTMALIIVIQIGTGEFVNSFSAFLGCRAIFGIIMGSVEGSAFLGCRAIFXIIMGSV 203 KlJen2 GIIVAHASSFFGRRFSIIVCCIGGGAMLY PWGEFVANKSGINASVEFLQFFVQGAWGIVEPL 422
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Supplementary figure S1.2 Multiple sequence alignment of Jen homologs in Saccharomyces cerevisiae, Candida albicans (Calenl and Calen?2), Aluyveromyces
lactis (KlJen1 and KlJen2) and C. jadinii (six homologs). The sequence alignment was built with ClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and the
localization of transmembrane segments (TMSs) predicted by the PSI/TM-Coffee (http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee). Grey background highlights the previously
identified and characterized motifs of the SHS family for carboxylate transporter affinity.
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Supplementary figure S1.3 Double alignment of the protein sequences of the Homo sapiens SLCH
member 8 (NP_666018.3) and Cyberiindnera jadinii SLC5 homolog (XP_020068154.1) was built with
ClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and the localization of transmembrane
segments (TMSs) predicted by the PSI/TM-Coffee (http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee).
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Supplementary figure S1.4 Double alignment of the protein sequences of the Homo sapiens SLC13
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member 3 (NP_001011554.1) and Cyberfindnera jadini SLC13 homolog (XP_020069270.1) was built
with ClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and the localization of transmembrane
segments (TMSs) predicted by the PSI/TM-Coffee (http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee).
Blue background highlight the identified and/or characterized motifs of DASS transporter family with

relevance for ligand and sodium binding.
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Figure S$2. Topology prediction
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XP 020069270.1 TMHMM2.0 TMhelix 377 396
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Supplementary figure S2.2 CjSLC13 protein topology predicted.
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Figure S$3. Phylogeny data belonging to AceTr, SHS, SSS and DASS transporter families
S3.1 Detailed CjATO-phylogenetic tree with all homolog nominations and bootstrap values (Ascomycota)

emb|CCD24434 1|_hypothetical_protein_NDAI_0D01210_Naumovozyma_dairenensis_CBS_421
emb|CCC71206.1|_hypothetical_protein_NCAS_0G03190_Naumovozyma_castelli_CBS_4309
emb|CCES0708.1|_hypothetical_protein_TDEL _ 0B0S5790 _Torulaspora_delbrueckn
gb|EJS41886.1|_fun34p_Saccharomyoces_arboricola_H-6
gb|KOG97156.1|_ATO2-like_protein_Sacch yces_eub
gb|KZV08629.1_ATO2_Saccharomyces_cere
emb|CCE62059.1|_hypothetical_protein_ TPHA _0B03870_Tetrapisispora_phaffii CBS_4417
emb|CCES0707.1|_hypothetical_protein_TDEL _( 0805780 _Torulaspora_delbrueckii
gb|KOH00670.1|_ADY2-like_protein_Saccharomyces_eubayanus
gbJEJS44523 1|_ady2p_Saccharomyces_arboricola_H-6
gb|KZV12856.1|_ADY2_Saccharomyces_cerevisiae
emb|CCK71846.1|_hypothetical_protein_KNAG_0I00550_Kazachstania_naganishi_CBS_8797
gblOXB46767.1|_hypothetical_protein_B1J92_L07766g_Candida_glabrata
emblCCCB7417 1|_hypothetical_protein_NCAS_0A08590_ Naumovozyma_castelln_CBS_4309
emb|CCK73487.1]_hypothetical_protein_NDAI_0G05040_Naumovozyma_dairenensis_CBS_421
emb|CCF58744.1|_hypothetical_protein_KAFR_0F01480_Kazachstania_africana_CBS_2517
gblOXB45648.1|_hypothetical_protein_B1J92_M03465g_Candida_glabrata
emb|CCH59921.1|_hypothetical_protein_TBLA_0C01060_Tetrapisispora_blattae_CBS_6284
emb|CCD26417.1|_hypothetical_protein_NDAI_0H02430_Naumovozyma_dairenensis_CBS_421
emb|CCF59710.1|_hypothetical_protein_KAFR _ DHDGOOO Kazachstania_africana_CBS | 2517
emb|CCK71598.1|_hypothetical_protein_KNAG_0H01840_Kazachstania_naganishii_CBS_{ 8797
emb|CCF59709.1|_hypothetical_protein_ KAFR | 0H02995 Kazachstania_afncana_CBS_2517
emb|CCHE60930.1|_hypothetical_protein_TBLA_| 0D04340, _Tetrapisispora_blattae_CBS_6284
— emb|CCH59890.1|_hypothetical _pnotenn TBLA_0C00740_Tetrapisispora_blattae_CBS_6284
emb|CCH59920.1|_hypothetical_protein_TBLA_0C01050_Tetrapisispora_blaftae_CBS_6284
emb|CDH11623 1|_probable_Ammonia_transport_ outward |_protein_2, Zygosaocharomyces bailii _ISA1307
|| gb|AQZ18618.1| (ZYROOED4 158g) Zygosaccharomyces parabailii
emb|CDH16625.1|_probable_Ammonia_transport_outward_protein_2_Zygosaccharomyces_baili_ISA1307
gblAQZ15417.1| (ZYROOED4158g) Zygosaccharomyces parabailii
dbj|GAV54431.1|_hypothetical_protein_ZYGR_0AL01830_Zygosaccharomyces_rouxi_NBRC_110857
dbj|GAV49519.1|_hypothetical _protein_ZYGR_OP01G30_Zygosacd\ammyces_rouxi_NBRC_1 10957
emb|CAR30861.1|_ZYROOE04158p_Zygosaccharomyces_rouxii
| ——— emb|CCE®66070.1|_hypothetical_protein_TPHA_0001010_Tetrapisispora_phaffi_CBS_4417
dbj|GAV49520 1| _hypothetical_protein_ZYGR_{ 0P01840_ _Zygosaccharomyces_rouxii_NBRC_ 110957
emb|CAR30862.1]_ZYROOE04180p_Zygosaccharomyces_rouxii
dbj|GAVS4432 1|_hypothetical_protein_ ZYGR_0AL01840_Zygosaccharomyces_rouxii NBRC_110857
gblAQZ18617.1] ADY2 (YCR010C) and ATO2 (YNR002C) Zygosaccharomyces parabailii
emb|CDH11624.1|_probable_Ammonia_transport_outward_protein_2_Zygosaccharomyces_baili_ISA1307
emb|CDH16626.1|_probable_Ammonia_transport_outward_protein_2 Zygosaochammyces ball ISA1307
— gb|AQZ15416.1]| ADY2 (YCR010C) and ATO2 (YNR002C) Zy haromyces p ilin
dbj|BAP70104.1|_hypothetical_protein_KLMA_20099 Kluyveromyces marxianus
emb|CAG99574.1|_KLLAOE 11881p_Kluyveromyces_lactis
emb|CAH02598.1|_KLLADADD242p_Kluyveromyces_lactis
dbyj|BAP70019.1|_hypothetical_protein_KLMA_20009_Kluyveromyces_marxianus
dbj|BAP73695.1|_hypothetical_protein_KLMA_70455_Kluyveromyces_marxianus
l gblAMD22149.1|_HGL191Cp_Eremothecium_sinecaudum
gb|AASS52873.2] AER192Wp_Eremothecium_gossypii ATCC_10895
gb|AET38441.1|_Hypothetical_protein_Ecym_2741_Eremothecium_cymbalariae_DBVPG_7215
gb|ESWS89411.1]_Accumulation_of_dyads_protein_2. Ogataea _parapolymorpha_DL-1
refiXP_018210782.1|_hypothetical_protein_OGAPODRAFT_49212_0Ogataea_pol a
gb|ODVT71966.1|_transmembrane_protein_Cyberlindnera_jadinii_NRRL_Y-1542
gb|ONHE4878.1|_Ammonia_transport_outward_protein_2_Cyberlindnera_fabiani
emb|CCH40892 1|_putative_membrane_protein_Wickerhamomyces_ciferri
gb|ANZ73976.1|_BA75_01381T0_Komagataella_pastoris
gbJAOAB0831.1|_GQ87_02736T0_Komagataella_phaffii
gblANZ75127.1|_BA75_02508T0_Komagataella_pastoris
gb|AOAG2987.1|_GQ67_00713T0_Komagataelia_phaffii
emb|CCH42686.1|_Glyoxylate_pathway_regulator_Wickerhamomyces_ciferrii
emb|CCH42689.1|_putative_membrane_protein_Wickerhamomyces_ciferrii
gb|ONHE9633.1|_Ammonia_transport_outward_protein_2_Cyberindnera_fabianii
gblODV75882 1|_hypothetical_protein_ CYBJADRAFT_121868_Cyberiindnera_jadinu_NRRL_Y-1542
gb|ODV76140.1|_transmembrane_protein_Cyberlindnera_jadinii_NRRL_Y-1542
gblODV73406.1|_hypothetical_protein_ CYBJADRAFT_ 128088 Cyberlindnera_jadinu_NRRL_Y-1542
gb]ODVT76139.1|_hypothetical_protein_CYBJADRAFT_123057_Cyberindnera_jadinii_NRRL_Y-1542
emb|SGZ58340.1_CIC11C00000002607_Candida_intermedia
refiXP_002619494.1|_hypothetical_protein_CLUG_00653_Clavispora_lusitaniae_ATCC_42720
emb|SGZ52386 1| _CIC11C00000005825 Candida_intermedia
ref| XP_025340936.1]_hypothetical_protein_CXQ85_001773_Candida_haemulonis
ref|XP_028889701.1|_uncharactenzed_protein_ CJI97 002438 Candcda auns
gbJABN66073.2|_accumulation_of_dyads_Scheffersomyces_stipitis_CBS_6054
ref[XP_001484751.1|_hypothetical_protein_PGUG_02480_Meyerozyma_guilliermondii ATCC_6260
emb|CAG90152.2|_DEHA2G03564p_| Debaryomyces hansenii_CBS767
emb|CARB5881.1|_DEHA2E24222p_Debaryomyces_hansenii_CBS767
emb|CCE85794.1|_Piso0_005425_Millerozyma_farinosa_CBS_7064
_{ E emb|CCEB8906 1|_Piso0_005425_Millerozyma_farinosa CBS 7064
L] emb|CAG89524.1|_DEHAZF17996p_Debaryomyces_hansenii_CBS767
emb|CCE45313.1|_hypothefical_protein_CPAR2_703280_Candida_parapsilosis
emb|CCG25019.1|_hypothetical_protein_CORT_0G03430_Candida_orthopsilosis_Co_90-125
emb|CCG25030.1|_Yhr032w_protein_Candida_orthopsilosis_Co_90-125
emb|CCE44055.1|_| hxlpotheucal_protem CPAR2_502800_Candida_parapsilosis
emb|CCG22017.1_Ato1_fungal-specific_transmembrane_protein_Candida_orthopsilosis_Co_90-125
emb|CCG21967.1|_hypothetical_protein_CORT_0B02520_Candida_orthopsilosis_Co_90-125
emb|CCE44009.1|_hypothetical_protein_CPAR2_502340_Candida_parapsilosis
emb|CCE44056.1|_hypothetical_protein_CPAR2_ 502810 Candida _parapsilosis
emb|CCG22016.1|_Ato2_fungal-specific_| transmembrane_| _protein_Candida_orthopsiosis_Co_80-125
emb|CCG22018 1|_hypothetical_protein_CORT_0B03060_Candida oﬁhopsulosus Co_90-125
emb|CCE44054.1|_hypothetical_protein_CPAR2_502790_Candida_parapsilosis
refiXP_002549734.1|_protein_FUN34_Candida_tropicalis_| MYA-3404
gblAOW28140.1|_Ato1p_Candida_albicans_SC5314
emb|CAX42614.1|_acetate_transporter_putative_Candida_dubliniensis_CD36
emb|CAX42615.1|_ammonia_export_protein_putative_Candida_dubliniensis_CD36
ablAOW28141.1] Ato2p Candida albicans SC5314

Y
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bJABNG8420.2| predicted_protein_Scheffersomyces_stipits_CBS_6054
— emb|CAX43480.1|_acetate_transporter_putative_Candida_dubliniensis_CD36
gbJAOW27287.1|_Ato7p_Candida_albicans_SCS314
ref|[XP_002547090.1|_conserved_hypothetical_protein_Candida_tropicalis MYA-3404
emb|CAX39632.1|_acetate_transporter_putative_Candida_dubliniensis_CD36
refjXP_002546210.1|_oonserved_hypothetical _pmhem Candida tropocalls MYA-3404
emb|CCEB4008.1|_Piso0_004608_Millerozyma_farinosa_CBS_7064
emb|CCEB5039,1]_Pisod_004608_Milerozyma_farinosa_CBS_7064
rf]XP_001487639.1|_hypothetical_protein_PGUG_01016_Meyerozyma_guiliermondii_ATCC_6260
emb|CARB5583 1| DEHA2C15180p | Debaryomyces hanseni_CBS767
omb|CAGEE423.1|_DEHA2C15158p_Debaryomyces_hansenii_ 88767
ref]XP_025341450.1]_hypotheical_protein_CXQ85 002302 Candida_haemulonis
ref]XP_028890274.1|_uncharacterized_protein_CJIS7_003024_Candida_auris
emb|SGZ58037.1|_CIC11C00000002140_Candida_intermedia
refiXP_002618879.1|_hypothetical_protein_CLUG_00038_Clavispora_lusitaniae_ATCC_42720
ref|XP_002617751.1|_hypothebcal_protein_CLUG_01210_Clavispora_lusitaniae_ATCC_42720

B emb]CAX43055.1|_acetate_transporter_putatve_Candida_dubliniensis_CD36
L gb|AOW28571.1)_AtoBp_Candida_albicans_SC5314

emb|CAX43057.1|_acetate_transporter_putative_Candida_dubliniensis_CD36
gb|AOW28573.1_AtoSp_Candida_albicans_SC5314
——— ref[XP_002546727.1|_hypothetical_protein_CTRG_06205_Candida_tropicalis_MYA-3404
b EAZ63460.1|_putative_ransporter_Schefforsomyces_stpitis_CBS_6054
ob|ABN66333.1_predicted_protein_Scheffersomyces_stipitis_CBS_6054
gb|ABNBB334 2| membrane_protein_Scheffersomyces_stiptis_CBS_6054
gbJABNGB3I32 2|_FUN-related_protein_Scheffersomyces_stipitis_CBS_6054
C emb|CCE39768.1|_hypothetical _protein CPAR? 601880 Candida_parapsilosis
emb|CCG24508.1|_Frp6_protein_Candida orthopsios«s Co_80125
ref]XP_0025485401|_conserved_hypothetical_protein_Candida_tropicalis_MYA-3404

gblAOWJDOSi .1|_FrpSp_Candida_albicans_SC5314
emb]CAX41082.1|_ammonia_ransport_protein_putative_Candida_dubliniensis_CD38
gbJAOW30084.1|_FrpBp_Candida_albicans_SC5314

embICCGzzz76‘1|_Frp3_amonium_transponer_(:andida_ompsiosis_co_g'éd25
emb|CCE40409.1|_hypothetical_protein_CPAR2_104450_Candida_parapsilosis
ref|XP_001483402.1|_hypothelical_protein PGUG_04131_Meyerozyma_guiliermondi ATCC_6260
emb|CAX43879.1|_acetate_transporter_putative_Candida_dubliniensis_CD38
gblAOW27669.1|_putative_ammonium_permease_Candida_albicans_SC5314
ref|XP_002547488.1|_protein_FUN34_Candida_tropicalis_MYA-3404
gb|ABN66862.1)_Accumulation_of_DYads_Scheffersomyces_stipitis_CBS_6054
embjCAGB6082.1|_DEHA2C07810p_Debaryomyces_hansenii_CBST67
embICCE79746.1|_Piso0_001833_Nillerozyma_farinosa_CBS_7064
emb|CCES9035.1|_Piso0_001833_Milerozyma_farinosa_CBS_7064
emb|SG250304.1|_CIC11€00000007001_Candida_intermedia
ref]XP_002618592 1|_hypothetical |_proten | CLUG | 02051 _Clavispora_lusitaniae_ATCC_42720
rof}XP_025341341.1 _hypothetical_protoin_CXQ85_002189_Cancida_haemulonis
ref)XP_028890140.1|_uncharacterized_prolein CJIW 002888 Candida_aurs
gblANB15918.1]_putative_ammonium_permease_ATO2_Sugiyamalia_ignohabitans
@Bnﬂajmwﬁve_ammoﬁm _permease_ATO2_Sugiyamaella_lignohabitans
gbJANB15919.1|_putative_ammonium_permease_ATO2_Sugiyamaella_lignohabitans
| emb|CAGB2510.1|_YALIOC23617p_Yarrowia_lipolytica_CLIB122
1 gb|AOW03316.1_hypothetical_protein_YALIT_C32609g_Yarrowia_lipolytica
L embjCAG82495 1| YALIOC23298p_Yarrowia _lipolytica_CLIB122
gbJAOWO3300.1|_hypothetical_protein_YALIT_C32119g_Yarrowia_lipolytica
emb|CAG78166.1|_YALIOF13145p_Yarrowia_lipolytica_CLIB122
gbJAOWO7115.1|_hypothetical_protein_YALI1_F17569¢_Yarrowia_lipolytica
emb|CAGT9470.1]_YALIOE 12837p_Yarrowia_lipolytica_CLIB122
gbJAOW05342.1|_ypothetical_protein_YALIT_E15804g_Yarrowia_lipolytica
emb|CAG78298.1|_YALIOF16225p_Yarrowia_lipolytica_CLIB122
gbJAOW07264.1)_Rypothetical_protein_YALIT_F21728g_Yarrowia_lipolytica
emb|CAGB0062.1|_YALIOE27291p_Yarrowia_lipolytca_CLIB122
gbIAOW06033.1|_hypothetical_protein_YALIT_E323159_Yarrowia_lipolytica
rel|XP_029320117.1|_uncharacterized_protein_C5L36_0A12170_Pichia_kudriavzevii

—Ef refXP_029320118.1|_uncharacterized_protein_C5L36 0A12180_Pichia_kudriavzevi
roflXP_029320119.1|_uncharactorizod_protein_C5L38_0A12190_Pichia_kudriavzovi

gbJANZ73545.1|_BAT5_01115T0, Komagataella _pastoris
gbJAOAB1549.1|"GQB7 0223010 Komagataela_phafi

ob|ANZ73848.1|_BAT75_01114T0_Komagataella_pastoris
gb|AQAB0896.1| GQB7_02229T0_Komagalaella_phaffi
ref)XP_020319710.1|_uncharacterized_protein_C5L.36_0A0B310_Pichia_kudnavzevi
gb|ESW8909.1]_pulative_transmembrane_protein_involved_in_export_of_ammonia_Ogataea_parapolymorpha_DL-1
ref]XP_018211073.1|_hypothetical_protein. OGAPODRAFT_15977_Ogataea_polymorpha
gbIANZ73092.1 BATS_01155T0_Komagataella _paslons

gb|AOAG1343.1|_GQ6T_02964T0_Komagataella_phaffi
ef|XP~029320379.1|_uncharacterized_protein_C5L36_0B01660_Pichia_kudriavzevi

gb|ESX01134.1|_putative_transmembrane_protein_involved_in expon ot ammonia_Ogataea_parapolymorpha_DL-1
ref]XP_018209951.1|_hypothetical_protein OGAPODRAFT 77222_Ogataea_polymorpha

] gbJONHB8976.1|_Glyoxylate_pathway_requlator_Cyberiindnera_fabiani

emb|CCH41253.1|_Glyoxylate_pathway_regulator_Wickechamomyces_ciferni

—{__‘__‘—_emwccmsm .1]_Glyoxylate_pathway_regulator_ Wid(emammnyces ciferii
gb{ODV70726.1|_hypothetical_protein_CYBJADRAFT_178915_Cyberlindnera_jadinii_NRRL_Y-1542

gb|ONH66172.1|_Ammonia_transport_outward_protein_2 Cybeﬂmdnera fabianii

— emb[CAGI9164.1| KLLAGE02927p_Kluyveromyces_lactis
dbjlBAP70568.1|_hypothetical_protein_| KLW\ 20586 _Kluyveromyces_marxianus
gbJAASSASHS.1|_AFR144Wp_Eremathecium_gossypii ATCC_f0895
gbJAET38063.1|_Hypothetical protein_Ecym 2321_Eremothecium _cymbalariae_DBVPG_7215
omblSCU95012 1|_LAME_0F10330g1_1_Lachancea_meyersi_CBS_8951
emb/SCV08079.1| LANO 0H21838q1™ 1" Lachancea_nothofag) CBS 11611
embiSCU79922.1]_LADA_0B04038g1_1_Lachancea_dasiensis_CBS_10888
emb|CAR24413 1 KLTHOF15268p_Lachancea_thermotolerans_CBS_6340
emb|SCU93461.1|_LAMI_OE1444491_1_Lachancea_mirantina
emb|SCW02329 1|_LAFE_0F0403891_ % Luchma _fermentati
bj|BAP70569. 1)_ammonia_transport_outward_protein_3_Kluyveromyces_mandanus
emb|CAG99163.1| KLLAOE0290Sp Kluyveromyces lachs
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emb|CDF89944.1]_ZYBADS05-0533691_1_Zygosaccharomyces_bailii_CLIB_213
gbJAQZ16663.1) ATO3 (YDR384C) Zygosaccharomyces parabailn
emb|CDH12022.1|_related_to_Ammonia_transport_outward_protein_3_Zyqosaccharomyces_bailii_ISA1307
gblAQZ12435.1| ATO3 (YOR3BAC) Zygosaccharemyces parabaili
dhj|GAV52108.1|_hypothetical_protein_ZYGR_0AGO0930_Zygosaccharomyces_rouxii NBRC_110957
dbj|GAVA7086.1|_hypothetical_protein ZYGR_0E01110_Zygosaccharomyces_rouxii NBRC_110857
emb|CAR26128.1]_ZYRO0B02442p_Zygosaccharomyces_rouxii
gblKOG0274.1|_hypothetical_protein_DI49 2619 Saccharomyces_eubayanus
emb[CCEs%so.Weﬁcaan!eén_TDE 0A03280_Torulaspora_delbrueckii
@mb|CCHS8060.1|_hypothetical_prolein_TBLA_0A02610_Telrapisispora_blattag_CBS_6284
emblCCH58589.1_hypothetical_protein_TBLA_0A07990_Tetrapisispora_blattae_CBS_6284
emb|CCKB95T0.1)_hypothetical_protein_KNAG_0C04600_Kazachslania_naganishi_CBS_8797
emb|CCEG3248.1|_hypothetical_protein_TPHA_OED1550_Tetrapisispora_phaffi_CBS_4417
emb|CCF58519.1|_hypothetical_protein KAFR_(E03680_Kazachsiana_afncana_CBS 2517
emb|CCCATT46.1|_hypothetical_protein_NCAS_DA11880_Naumovozyma_castellii_CBS_4308
emb|CCD22507.1|_hypothebical_proten_NDAI_0A04410_Naumovozyma_dairenensis_CBS 421
gblOXBS0701.1|_hypothetical_protein_B1J92_A032129_Candida_glabrata
0blKZV12628.1|_ATO3_Saccharomyces_ceravisiae
(b|EJS42246.1|_ato3p_Saccharomyces_arboricola_H-6
gblKOHO1204.1_ATOR-ike_protein_Saccharomyces_eubayanus
|—‘ gb|EKJ68G40.1|_hypothetical_protein_FPSE_11186_Fusarium_pseudograminearum_CS3006

gb|EYB21988.1|_hypothetical_protein_FG05_12406_Fusarium_graminearum

gb|ESUDB585.1|_hypothetical_protein_FGSG_12406_Fusarium_graminearum_PH-1
gb|EWGA2632.1|_hypothelical_protein FVEG 04387 Fusarium_verticillioides_7600
gbjKNB20685 1|_hypothetical _pratein_FOXG_22808 Fusarum_oxysporum_{ _sp._lycapersici_4287
emb|CAB10857.1| acetate lransmembrane transporter (predicted) Schizosaccharomyces pombe
ref|XP_013016284.1]_acetate_transporter_Schizosaccharomyces_octosporus_yFS5286

Qb[KZNBT915.1]_Acetate_permease_A_Penicilium_chrysogenum
ObIESU15845.1)_hypothetical_protein_FGSG_09374_Fusarium_graminearum_PH-1
gb|EYB28399.1_hypothetical_protein_FG05_09374_Fusarium_graminearum
gb|EKJT4750 1|_hypothetical_protein_FPSE_05085_Fusarium_pseudograminearum_CS3096

emb|CCTB4543.1|_related lo_Y lipolylica_glyoxylate_palhway_regulator_GPR1_Fusarium_fujkuroi_IMI_58280
gb[EWG41941.1|_hypothetical protein FVEG 03820 Fusarum_verbcilloides_7600
gblOAQE3013.1|_GPR1/FUN34/yaaH_family_domain-containing_protein_Pochonia_chlamydosporia_170

ob|KYKS7565.1| GPRIFUN34_family_prolein_Drechmena_caniospora
GbJAEO60148.1]_hypothetical_protein_MYCTH_2309049_Thermothelomyces_thermophila_ATCC_42464
gbLAEOGTBOB“IE_hypoﬂIehcw rotein_THITE_2155054_Thielavia_terrestris_NRRL_8126
b|EAA30570.2|_GPRIFUN34_family_protein_Neurospora_crassa_ORT4A
gbJKUIT0088 1|_Acetate permease_A_Valsa_mali
gb|EHAS7233.1|_hypothetical_protein_MGG_09225_Magnaporthe_oryzae_70-15
emb|SMY24185.1|_unnamed _protein_product Zymoseplona trici STBICH_1AS
blPIB01991.1|_Acetate_pemease_A_Cercospora_beticola
gb|ATZ56664.1|_hypolhelical_prolein_BCIN_13g04980_Bolrytis_cinerea_B05.10
gb|APADGS78.1|_hypothetical_protein_sscle_029017480_Sclerotinia_sclerotiorum_1980_UF-T0
ob|ATZ45736.1|_hypathetical_protein_BCIN_01g04600_Botrytis_cinerea_B05.10
gh[KZN93809.1|_Acetate_permease_A_Penicilium_chrysogenum
rel]XP_001386340.2]_hypothetical prolein ANI_1 74114 Aspergilus_niger CBS 513 88
pe|CBFE5662. 1| TPA: conserved hypothetical protein Asperqilus nidulans FGSC Ad
ref[XP_001391955.1|_hypothetical_protein ANI_1_1080084_Aspergillus_niger CBS_513.68
dbj|BAES6448.1|_unnamed_protein_product_Aspergillus_oryzae_RIB40
gb|KZNG2267.1|_Acelate_permease_A_Penicilium_chrysogenum
gb|EALBT502.1|_GPRIFUN34_family_protein_Aspergillus_fumigatus_Af203

tpe|CBF81120.1] TPA: Acetale permeasePutative uncharacterized protein Source:UniProtKBITEMBL Acc.Q5B2K4 Aspergillus nidulans FGSC A4
gb|PIB02163.1|_Accumulation_of dyads_protein_2_Cercospora_beticola
tpe|CBF78629.1| TPA: conserved hypathetical protein Aspergillus nidulans FGSC A4
dbj|BAEG4558. 1_unnamed_protein_product_Aspergillus_oryzae_RIBAD
emb|CCT75985.1|_probable_FUN34-ransmembrane_prolein_invalved_in_ammonia_production_Fusanum _fupkurer IMI_S8280

gb|KNB20419.1]_hypothetical_protein FOXG_17487 Fusanum_oxysporum f_sp_lycopersici 4287
gb|ATZ48287 1|_hypothatical_protein_BCIN_03g05160_Botryis_cinerea_B05.10
" dbj[BAE62495.1|_unnamed_protein_product_Aspergillus_oryzae_RIB40

_|:9b]KYKSdBSO.1|_Gpr1_famiry _protein_Drechmeria_coniospora

gh|OAQB6447 1|_GPR1/FUN34/yaaH_family_domain-containing_protein_Pochonia_chlamydosporia_170
ghlESU12128.1|_hypothetical_protein_FGSG_06081_Fusarium_graminearum_PH-1
ghlEYB33115.1|_hypothetical_protein_FGO5_DB081_Fusanum_graminearum
gblEKJT5583.1|_hypolhelical prolein FPSE_04236_Fusarium_pseudograminearum_CS3006
emb|CCT87092.1) related_to_Y lipolytca GPR1_protein_and_Fun3dp_Fusanum fujkuroi_IMI_58289
b|EWGA3098.1)_hypothetical_protein_FVEG_04717_Fusarium_verticilioides_7600
gblKNB05543.1|_hypothetical_protein_FOXG_07791_Fusarium_oxysporum_._sp._lycopersici 4287
gb|KNBOS544.1|_hypothetical_protein_FOXG_07791_Fusarium_oxysporum_f._sp._Iycopersici_4287
emb|CCT74568.1|_related_to_Y lipolytica_GPR1_protein_and_Fun34p_Fusarium_fujikuroi_IM|_58289
gb|EWG49215.1|_hypothetical_protein_FVEG_08800_Fusarium_verticilloides_7600
gb|KNBOBE99. 1|_hypothetical_protein_FOXG_0BB72_Fusarium_oxysporum_f_sp._lycopersici_4287
gb|ESU0G548.1|_hypothetical_protein_FGSG_03652_Fusarium_graminearum_PH-1
gb|EYB32770.1|_hypothetical protein FGO5 03852 Fusanum_graminearum
Gb|EKJTT957.1|_hypothetical_protein_FPSE_01883_Fusarium_pseudograminearum_CS3086
gb|KZNB3926.1|_Prolein_alcS_Penicilium_chrysogenum
gblEWGA5761.1_hypothetical_protein_FVEG_15857_Fusarium_verticilioides_7600
emb|CCTB4135.1)_related_to_Y lipolytica_GPR1_protein_and_Fun3dp_Fusarium_fujikuroi_IMI_58288
gblKNBOG800.1_hypotnetical_protein_FOXG_19778_Fusarium_oxysporum_{._sp. Tycopersici_4267
gb|KNBO0B801.1|_hypothetical_protein_FOXG_19778_Fusarium_oxysparum f_sp._lycopersic: 4287
emb|SMY29801.1|_unnamed_protein_product_Zymoseptoria_tritici_ST9CH_1AS
gb|PIAS7100 1| Accumulation_of dyads_prolein 2 Cercospora_belicola

gblATZ56169.1|_hypothetical_protein_BCIN_13900180_Botrytis_cinerea_B05.10

gbJOBR11585.1| Acelale_lransporter_Collelolnchum_higginsianum _IMI_349083

_|__(—_reﬂXP_001402324.1| acetate_transporter_Aspergillus_niger_CBS_513.88
1pe|CBF8632.1 TPA: canserved hypothetical protein Aspergillus nidulans FGSC M

GbIATZ46145.1]_hypothetical_protein_BCIN_01907980_Botrytis_cinerea_B05.10
emb|SMY27881.1|_unnamed _protein_product Zymoseptona_trlici ST8ICH_1A5

QblPIA5755,1)_Protein_alcS_Cercospora_beficdla
gb|PIAQ0738 1| Protemn_alcS Cercospora_belicola

gbIPIA3418.1]_Protein_alcS_Cercospora_beticola

gbKZNB9801.1|_Protein_aleS_Penicilium_chrysogenum
,—‘:|—_ tpe|CBFB4523.1] TPA: AlcS Source:UniProtKBITrEMBL Acc:Q460G9 Aspergillus nidulans FGSC A4
ob|EALB4794.2]_transcriptional_activator_of_ethanol_catabolism_AleS_Asperaillus_fumigatus_Af293
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emb|SMY28037.1|_unnamed_protein_product_Zymoseptoria_tritici_ST99CH_1AS
gblPIA92310.1|_Profein_alcS_Cercospara_beticola
gb|EHAS51885.1(_hypothetical_protein_MGG_05863_Magnaporthe_oryzae_70-15

gblOAQ71960.1|_GPR1/FUN34/YaaH-class_plasma_membrane_protein_Pochonia_chlamydosperia_170
gb|PIAB2187 1|_Protein_alcS_Cercospora_beticola
gb|EAL8B6189.1[ plasma ammonium (At03) putative Aspergillus fumigatus Af293
tpe|CBF80443.1| TPA: plasma membrane ammonium transporter (Ato3) putative (AFU orthologue AFUA 5G01140) Aspergillus nidulans FGSC A4
gb|PIAS9153.1|_Protein_alcS_Cercospora_beticola
emb|SMY25548.1|_unnamed_protein_product_Zymoseptoria_tritici_ST99CH_1A5
emb[SMY26739.1]_unnamed_protein_product_Zymoseptoria_tritici_ST99CH_1AS
emb|CCT61732.1|_related_to_Y lipolytica_ GPR1_protein_and_Fun34p_Fusarium_fujikuroi_IMI_58289
gb|KNB11109.1|_hypothetical_protein_FOXG_11131_Fusarium_oxysporum_f._sp._lycopersici_4287
gb|EWG50436.1]_hypothetical_protein_FVEG_09658_ Fusarium_verticilioides_7600

gbJEKJE8837.1|_hypothetical_protein_| FPSE_- 11003 Fusarum, _psoudogrammoarum CS3096

gb|ESU08911.1|_hypothetical_protein_| FGSG_01580_Fusanum _graminearum_PH-1

gb|EYB22645.1_hypothetical_protein_FG05_01580_Fusarium_graminearum

{ emb|CCT73175.1|_related_to_Y lipolytica_t GPR1_pmten and_Fun34p_Fusarium_fujikuroi_IMI_58289
gblEWG52159.1|_hypothetical_protein_FVEG_16935_Fusarium_vertiGllicides_7600
gb|OAQ81098. 1| plasma membrane ammonium transporter (Ato3) Pochonia chlamydosporia 170
gblOBR02432.1|_GPR1/FUN34/YaaH-class_plasma_membrane_protein_Colletotrichum_higginsianum_IMI_349063
gb|APA13810.1|_hypothetical_protein_sscle_11g085800_Sclerotinia_sclerotiorum_1980_UF-70
gb|ATZ57988.1|_hypothetical_protein_BCIN_15g04840_Botrytis_cinerea_B05.10
emb|SMY24613.1|_unnamed_protein_product_Zymoseptoria_tntici_STOOCH_1AS
gb|PIA92628.1|_Protein_alcS_Cercospora_beticola
gbiPIAS2847 1|_Protein_alcS_Cercospora_beticola
gbJOAQ64965.1| plasma m {Ato3) Pochenia chlamydosporia 170
emb|CCT73901.1|_related_to_Y lipolytica_ GPR1_protein_and_Fun34p_Fusanum_fujikuroi_IMI_58289
—{L gb|EWG50882.1|_hypothetical_protein_FVEG_10004_Fusarium_verticillioides_7600
gbJKNB12179.1|_hypothetical_protein_FOXG_11828_Fusarium_oxysporum_f._sp._lycopersici 4287

mb|CCT75690.1|_related_to, Yllpolytlca GPRI_protcln and_Fun34p_Fusarium_fujikuroi_IMI_58289
ﬂumzm 1|_hypothetical_protein_FOXG_12242_Fusarium_oxysporum_1._sp._lycopersici_4287

gb|EYB23638.1|_hypothetical_protein_FG05_02968_Fusarium_graminearum
gblEKJ73152.1 |__hypolhol|caI_proxom_FPSE_06765_Fusanum 1_pseudograminearum_CS3096
gb|ESU10328.1|_hypothetical_protein_FGSG_02968_Fusarium_graminearum_PH-1

S3.2 Detailed CjJEN-phylogenetic tree with all homolog nominations and bootstrap values

dbj|BAX5T464 1|_sugar_transporter_Burkholderia_stabilis
ab|AKMO1829.1|_sugar_fransporter_Burkhalderia_pymocinia
gh|A0J24710 1|_sugar_{ransporter_Burkholdera_seminalis
gb|AOJ33028.1|_sugar_transporier_Burkholderia_metallica
gb|ARF84711.1|_major_facilitator_superfamily_protein_Burkholdera_cenocepacia
gb|KWZ35130.1|_sugar_fransporter_Burkholderia_anthina
ab|AOIST372.1|_sugar_transporter_Burkholderia_diffusa
ab|AOI65493 1|_sugar_fransporter_Burkholderia_temitorii
ablAJY22779 1| sugar (and other) transporter family protein Burkholderia ambifaria AMMD
gh|ATF78858.1|_MF5_transporter_Burkholderia_cepacia
ghjAKM41427_1|_sugar_transporter_Burkholderia_contaminans
gb|AQJ38579 1|_sugar_transporter_Burkholderia_lata
gb|AJY 12097 1| sugar (and other) transporter family protein Burkholdenia dolosa AUD158
gh|AOKE9072.1_sugar_transporter_Burkholdena_muliivorans
gb|]ACIS2181 1|_sugar_fransporter_Burkholderia_pseudomuliivorans
gb|AOKD4340 1|_sugar_transporter_Burkholdera_latens
gh|AOK40794.1|_sugar_transporter_Burkholderia_vietnamiensis
r ab]AOKS4340.1|_sugar_transporter_Burkholderia_stagnalis
agb|KWZ60423.1|_sugar_fransporter_Burkholderia_ubonensis
gh|AJKAE5158.1|_general_subsirate_fransporter_Burkholderia_glumae_PG1
4[| ghlALK30425 1|_major_facilitator_superfamily_protein_Burkholdena_plantarii
ghb|AJVSETED 1| sugar (and other) fransporter family protein Burkholderia gladioli
gh|ATE43012 1|_sugar_transporter_Burkholderia_mallei
gh|OMOC13983.1|_sugar_transporter_Burkholderia_pseudomallei
gb|AIOGETE2.1| sugar (and other) transporter family protein Burkholderia oklahomensis
gbJATF37781.1|_MFS_fransporter_Burkholdenia_thailandensis
gb]KST74640.1|_sugar_transporter_Burkholderia_humptydooensis
gbJACCT0880.1|_major_facilitator_superfamily_MFS_1_Paraburkholderia_phymatum_STM&15
gh|AMV42873.1|_sugar_transporter_Paraburkholderia_caribensis
agb|APABS5104 1]_MF5_transporter_Paraburkholderia_sprentiae_WSM5005
gh|AJZ5T376.1| sugar (and other) transporter family protein Paraburkholderia fungorum
gb|AFTE5514 1|_MFS_transporter_SHS_family_lactate_transporter_Paraburkholderia_phenolinuptrix_BR34593
gh|ACD16088.1_major_facilitator_superfamily_MFS_1_Paraburkholderia_phytofirmans_PsJN
ghblAIP31679.1| sugar {and other) transporter family protein Paraburkholdena xenovorans LB400
gh|AOZ49004.1]_MFS_transporter_Chromobacterum_vaccinii
gh|APRSG6410.1|_sugar_fransporter_Pandoraea_thiooxydans
agb|ANCA6TTT.1|_sugar_transporter_Pandoraea_pnomenusa
emb|SNU84790.1|_Sialic_acid_permease_Pandoraea_sputorum
gh|ALS63384 1|_sugar_transporter_Pandoraea_norimbergensis

emb|CDMSTE25 1|_major_facilitator_superfamily_MFS_1_Rhizobium_favelukesii
gb|APOGT42 1|_major_facilitator_superfamily_protein_Rhizobium_gallicum
gh|AGBT1473.1| major facilitator superfamily (MFS) fransporter Rhizobium tropici CIAT 889

agb|ACM2687 2 1|_transporter_Agrobacterium_radiobacter_Ka4
gb|A0HB4988_1|_sugar_transporier_Sphingomonas._panacis
—{ [ gh|AEHBG372 1|_major_facilitator_superfamily_MFS_1_Mesorhizobium_opportunistum_WSM2075
ab|AGB44361 1|_arabinose_efflux_permease_family_protein_Mesorhizobium_australicum_WSM2073
dhj|BAV4TT44 1|_arabinose_efflux_permease_family_protein_Mesorhizobium_loti
gh|AID32370.1| sugar (and other) transporter family protein Mesorhizobium huakuii T653R
gh|AMX97264 1|_sugar_fransporter_Mesorhizobium_cicen
gh|ANT53466.1_sugar_transporter_Mesorhizobium_amorphae_CCNWGS0123

187



ema|SDT31978.1|_MFS_transporter_SHS,_famiy_lactate_transporier_Bradyrhizobhum_canamiense
emb|SHNEE244,1_MFS_iransporter_SHE_Tamily_[Sciate. transporter. BradymizColum_eryivopisl
gbJASEE711.1|_MFS_transporterFrancisalia_haliofcida
GOJAIRETS13,1|_5Ugar_transportar_Pantoea_rwandencls
9BJALVE3S5T 1] sugar_transporter_Pante3_vagans
Gb|ARF4BEEE.1_MFS_transporter_Pantoea stewartl_sudsp. _stewart_DC283
ObjASN1ESER 1|_MFS_franspoder_Pantoea_ananatis
QUAPQ13130.7] MFS_transporter_Pseudomonas_psychrtolerans
ghARUSAZTS 1|_sugar_transporter_Tatumslla_cirea
Gb|AFJ45446 1) putatve_transporter Shimwelia_blattse_DSM_4481_NBRC_105725
gb|AGRE7434.1]_Puialive_metabailte_transpor_protein_Saimonelia_bongor_N258-08
gHiATQ13171 1 MFS_transporier_Salmonella_entarica
QU|AIRDIT45.1)_sugar_iransporter_Plurallbacier_gergoviae
QOJALRTT335.1)_sUgar_transponer_Enterabactar_ignalylicus
[ EmSICAKSE023. 1| metabalfe tarsporl proteh Erwini biingiss Focst
QHAHFTS084, 1| Matabollle_transport_protein_Sodals_prascapiivus
[ mbICADBS649 1| Pustve metaboits fransport prolen Erwinl tsamariersis E/5
emB|CAY72001.1|_putative_metanoita_transport_protein_Erwinia_pyrieiae_DSM_12163
—— QB|AEX54136.1|_arabincse_efux_pemedse_tamily_protein_Ranneia_aqualils_CIP_78.65_ATCC_33071
0o|ADNOD481 1]_Salkc_acld_transporter Dickeya_ dadantl_3337
QOATZOE257.1|_MFS._traneportar_Dickeya_fangznongaal
gb|AUH13321.1|_sugar_transporer_Dickeya_solanl
gOATO3S5107.1|_Putaiive_metaboliie_transport_protein_Dickeya_diarihicola_RNS04.9
QhIACZTET49.1|_major_faciiator_supertamiy_MFS_1_Dickeya_zeae_Fchsas
gbJALIOE224 1] Putative_ melabollle_fransport_proteln_Edwardslelia_anguiiarum_ETOBIE13
ghARD18219.1|_MFS_{ransporter_Eowarsiela_plscicioa
gb|ARD32923 1|_MFS Transporter_ Edwardsislia_letaiurt
QUIATIEA127.1|_MFS_iransporter Eowandsliela fama
EMO|CZQ47060.1_metabaite_fransport_protein_Kledsiela_pneumonias
QOJASR2E163.1|_sugar Iransporter_KleDslela_quasipneumoniae
gbJASV20272 1| MFS_transporter_Klebslela_quashvanicola
gbjAQL2T032.1| sugar transponer Kledslela_varlkola
gHIATYO7766.1|_MFS_Tansporter_Kiebelella_zemgenss
QB|AMLS5437 1|_Pulative_metadolte_transport_protein_Sematia_nubidasa
gb|AMOT3298.1]_sugar_transparter_Coesumbacierium_proteus
OBANC29972. 1 Sugar_transporter_ Hamia_aves
gb|ATAZ0051 1| sugar_transporter_Gibbslells_quencinecans
QUIATMTE342.1_MFS_transporier_Sematia_fontbco:a
ObABVA3854 1) major_faciitator_superfamiy_MFS_1_Semstia_proteamaciians_568
QUJAMHOODM, 1| sugar_Fansporier_Semaia_iiguetackns
00|ANKOD953 1_SUJar_ransporisr_Sematia_piymutnica
eMb{SNWOS157.1|_Siallc_acid_permease_Semalla_ficaria
gb|PIC02239. 1) MFS_transporier_Semalia_marcascens
dbyEAMOTS6E. T_putatve_major_Tachtator_superiamiy_MFS_1_Leptospinlium _femooxians_C2-3
QUAPTSETDA.1|_sugar_fransporier Roseomonas_gliands
——— gBAQSB85T2 1| sugar_ransporter_Maoasala_chiangmalensis
dbj/5AKE2911.1|_major_faciitator_supertamlly_sugar_transporter_Komagalselbacier_ medsllinensis NERC_3288

QUJATUT2E36.1|_MFS_trnsporter_Komagatasibacter_xylinus
QnjADX21240 1|_sugar_iransparter_Kozakla_ballensls
‘QO[EFGE3327.1]_major_fachtator,_ supertamiy_MFS_1_Komagataelnacter_hansenll ATCC 23769
EMb|CARS3IGE0. 1| putative_sugar_transporier_protein_Gluconacetnbacter._ dazatrophicis_PA1_S
emy|CEF42035.1| putative_metabolile_transpori_proen_Acetobacter_senegalensls
gb|ATJ92750.1) MFS_transponer_Acelobactar_iropiealls
emn|CEFST258.1|_major.faciltafor_suparfamily_MFS_1_Acetobacter_ghanensls
gb|4SL30357.1] MFS,_transporier_ Acetobacter pasieurianus
Q9JATIH1955 1|_MFS_transparter_Aceinbacter_pomornum

[ GHANDES135.1| hypotelica_pralein ATSE10_1£840_Dyela tioaeydars
gOiAPGO2609.1|_MFS_iransporter_Lutelbactar_mizovicnizs_DSM_16549
gbJAGGEE315.1]_arstinose_efux_permease_family_protein_Rhodanobacter_denfrifcans
QLAFCE553.1|_arabingss_eMuse_pammease family_protein_Fraleura_surantia_DSM_6220
ODJAHX12430.1|_SUQar_transporter_Dyela_jangningensis
gbJAIF47448.1|_sugar_fransporter_ Dyela aponkca A3

,7 HACO32581.1|_transporter_major_taciltator_family_Agdobacterium_capeulabim_ATCC_S1196
gOAEU3TOTE.1_malor facilitator_supertamily MFS_1_Granulicells_malensis_MPSACTXE

{ ema|SDF25020. 1|_MFS_transporter_SHS_tamily_lactate_transporter_Temigiobus_roseus

|—|_|7—gnmvma: 1_major_taciltator_suparfamity_MFS_1_Temgabus_saanensls_SP1PR4
gEADWES145.1)_major_faciliator_suparfamiiy_MFS_1_Granulicela_fundricola_MPSACTXS
gbJAGTA4TT2 1|_MFS_transporter_lactate fransporter_Amycolatopsis_meditemansl_RE

emb|CCETE045.1]_Slalic_acid-transport_Integral_membrana_protein_nanT_Streptomyces caieya NRRL_E0ST_DSM_45438
gbANSTO234.1|_glallc_ack-transport_niegral_membrane_protein_NanT_Streptomyces_incoinensis
emb{SOT44503 1|_MFS_transparter SHS_family_laciate_ransporter_Microunatus_sol

gb|ADGEETO34.1]_major faciitator_supartamily MFS_1_Segniliparus_rofuncus DSM_44335
emb|SDUST1ET.1|_MFS_iransporter_SHS_family_lactats_transporter_Friedmannialla_sagaminaransis
QOJAFATA0SE.1|_slallc_acid_transporter NanT_Gordons_poyisoprenivorans_VHZ
U|AHHC2452.1)_major_taciitator_suparfamity_protein_Kutznena_albida_DSM_43670
gbJAEA28223.1| major fachitator_supertamiy_MFS_1_Pseudonocarda_dioxanivorans_ CE1130

HAQTIHEE.1]_MFS_transporter_Mysobactenum_lkorale
G| AHH15T73.1_putative_sialle_acke_transporier_Nocardla_nova_SH22a

QUIATLESTE1.1|_MFS._transporter_Mocardia_terpenica
EMb|SHVESEDRS. 1| siallc_acid-Fanspor_int=gral_memarane_protain_NanT_Mycobacterum_temae

QB|AEF3E4T3.1|_slallc_acid-ranspart_intagral_membrane_protsin_NanT_Mycobacterium_sinense
QOJANGODT1. 1|_SUJar_transporter Mysabacienim_bovis
QB APUZTABE 1| _sugar_transporier_ Mycobacterium_capre

Q0| AMQ4DSET1|_sugar_ iransporter_Mycobacterium_aficanum
emb|CCC44250.1)_putlive_slalie aeid-ransport Infegral_membrane_prolein NANT_Myeobacterum_eanatt CIPT 140010053

OJAMCSREAD. 1| slaic_aekHrangport_niegral_membrane_profein_NanT_Mycobactarium_micral
oo|OMHSE31.1[_puiative. slallc_acld fransporier_Mycobactenum Juberciioes

QUARGISIEL. 1| MFS:_transporier_Mycobacterum_kansasl
W[BAV1564. 1] Slalc_ack-ransport_Integral_ membvane_protein Myeobacienum Licerang_SUDep, snnshEns
QOJACC41239.1|_sialke_acit-transport_integral_membrane_prolein_NanT_Myoobacierlum _maninum_W
dbf)EAXE2835, 1) MFS_transparter_Mycobacterum shigaense
‘g|AMP25783.1]_sugar_transporter_Mycobacterum_simize
‘gbJAKN18680.1|_sugar,_iraneporter_Mycabacierium_haemaphilum_DSM_44634

Qo|ANR24190.1|_Sugar transporter_Myeobaclerum avium
QL{ATA2852E.1|_siaic_ackd_transporter_NanT_Myeobactenum_lepraemurium
QUASIOD495.1|_MFS_rangportar_ Myeobacinum_mareeliensa
gb|ARRE3234.1[_sugar_ransporter_family_protein Myeobacierum_yongonense
ghJAFCS4001.1] MFS transporier sialateH+ symparter (SHE) famlly prateln Mycobacterium paranirassliuiare
QUAFS14T76.1|_Carboxylle_acld_transporter-li_proten_Mycobacterum_Indicus_pranil_MTCC_9506
gUASWIS5SE.1]_MFS_iransportsr,_Myeobacierum_Infracebulare
QUASKDD6%S. 1) MFS_iransporter_Mycobactrum_chimagra
‘gb|ABF41560.1] major taciitator supertamily (MFS) iransporter Canddatus Konbacter versatits Eln34s
QOJAHGES24S 1) major_fachtator_supsramily_MFS_1_Gemmatimes_kalamazoonesis
4'} QbJABUE36S3.1)_major_fachtator_supertamiy_MFS_1_Candidalus_Solbacler_ustatus_ENINS0TS
‘GOADINT1043.1] major faciitator superfamily MFS 1 piasmid) Granullcelia tundricoia MPSACTXD

—— d|[BABSET36.1|_sugar_transporter_Thermogiasma_volcanium_GSS1

L emo|CAC1721.1] sugar_transport_protein_related_protein_Themoplasma_acidophium
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QUESUT1911.1|_hypolhetical_protein FGSG_0S382_Flesanum_graminearum_PH-1
QB{EYE3050, 1| nypothetical_protein_FEOS 5852 FLSarum_graminganm
gbJEKJET583.1)_hypathetical_proteln_FPSE_12257 Fusanunjaemngmnrﬂmm C53096
bjKNBA5311.1|_hypalhetical_proten_FOXG_07531_Fusarium_oxysporum 1._sp._Iycopersici 4267
&mb|CCTEAR44. 1]_felatad_to Tamouylic_scid_iransport_profedn_JENT_Fusanim _fulkurol_IMI_5628%
gb|EWG42830.1| Rypatnetical_prolein FUEG_D4SST_Fusanum_vericiiioides_TedD
gbIKYKE1705.1]_carboxylc_ackl mipm_pmeh Drechmerla wrlnspoﬁ
go[CAQSS171.1] siakatect+ symporter (SHS) family MFS transporier Pochonia chiamydospona 170
gb|CBR15164.1|_Major_fschitator_superfamiy_transporter Colletotrichum_higginslanum_IMI_342063
ObjKZN22932.1]_Caranylc_scid transporter_proteinike_protein_Penicium_chrysagznum
1ne|CBF7134.1| TPA: earboxylc acd transport pratein {AFU orhologue AFUA 2G03450) Asperglius nidulans FG3C Ad
QO|EALS3241.1)_carbouyilc_scid_transport protein_Aspergilus_timigatus_Ar293
0| BAESS 195 1]_unnamad_prateln_prouct_Asperallivs_onyzae RIBAD
TeXP_001397397.1|_camoxyik_3cid traniport_protein_Asperglius_niger CBS_513.38
Go|EHASIZTOA|_carboaylic_ackd_iransporter_Magnaporthe_oryzas_70-15
O|EAA32351.2) carbaxyllc_acid Tansporter_ NEUrspora_crassa_ORT4A
gh|AEOSES05.1|_general_subekate_fransporter_Themmomelomycas_thermophiia ATCC_£2464
QB|AECS2851.1]_hypathietical_protein_THITE_ 2042844 Thizlavia_tamesins NRRL &126
emb|3MY24055.1)_unnamed _profein_produc Zymaseptorla_riticl_STOSCH_1AS
‘QO|PIAGTI6E. 1|_Cambonyl_ack_{ransportsr_pratein_Cercospora_betkoid

[ EmoISANS120.1| prtabie eaonyic 360 Transpor proen JENT Ustiago tromiora

gufKIS72107.1|_putatve_carboryllc_3cid_ianspart proten_JEN1_Ustiaga maydis 521
gulADV2203.1|_carboxyllc_acld_transport_protein_putative_Cryptococcus_gattil_WM276
ObAUE27S44.1]_hypotnetical_protein_CKF44_004214_Crypiococcus_neofomans_var._grubl
emBSHOTES4. 1) Similarta & proten JEN1 symportar of the piasma membrang) Malassezia sympodlalls ATCC 42132
emb|SAME1702.1| relatad _camouyle 3l franeport probein_JENT_Ustiago bromivera
emb|CBGT2319 1|_related_to_carboxyl_acid franspart_protein_JENT_Sparisarium_relllanum_SRZ2
gb|KIST0043.1)_hypothetical_protein_ UMAG_05122 Ustiag_mayds_521
’_,— gB|EA185DN 1|_sugar_transportsr_tamily_proteln_Asparglius_fumigatus_Af203

1|_carawylic_aeid_transporizr_Pochonia_ehlamydospora_170
. 1]_unnamesd_protein_product Zymosepiona_tificd STRSCH_1AS
EmICCE44%27.1|_hypathetical_protein_CPAR2_407290_Cantida_parapsliosis
2mb|CCE44228.1| hypothetical_protein_CPAR2_407300_Cantida_parapslicsis
SMp|CCE44073.1)_hypothetieal prfein_CPARD 407250_Candka parapsiiosls
emb|CCE44385 1|_hypothelical_proteln_CPARZ_403830_Candida_parapslisls
embiCCE44209 1| hypothatical protelin_CPAR2_400100_Candida_parapsliosls
emb|CCE£4220.1| hypolhetieal_profein_CPARZ_407310_Candida parspsliesls
AL | protein_CPARZ_803330_Candida_parapslicsis
T eMBCCG25461 1 TRNA-A_Candida_orthopeliceis_ Co_G0-125
EMD|CCE42290.1|_ Nypothetical profein_CPARZ_ 806390 Candida_parapsliosls
emb|CCE25455.1]_hypathetical_proten_CORT_0CD0780_Candida_orihopsiosls_Co_30-125
Smp|CCE42292.1)_Mypothetieal profein_CPARZ EQB41D_Canada parapsiosls
emb|CCE25453.1]_Jen_protein_Candlda_onhopelosls_Co_30-123
TEXP_002551411.1]_hypothetical_proteln_CTRG_05703_Candida tropicalls_MYR-3404
emb|CAK42151.1|_earboxyle_acid_Iransporter_putsive_Candida_dubliiensls_CD36
QOJADW28664.1]_Jentp_Candids_albicans_SCE3N
—— gb|ABNE5148.2_carbaxyllc_acld_fransporier_protein_Scheffersomyces_silpitis_CBS 5054
TEMXP_001454059.1| hypotetical_protein PGUG_D3440_Meyerozyma_guillemondil_ATCT_6250
2| DEHAZF17402p,_ ¥ 5_hansenl_CBST6T
eMb|CAGEI045 2| DEHAZFIT1Z6p Debaryomyeas.hansenl_CESTET
emb|CCHA3335.1]_Carbaxylic_acid_transporier_proteln_ Wickerhamomyess_clerl
&mb|CCH43336.1)_ Carbaxylc_acid_transporter_protein_ Wickeramomyeas_cifeml
emb|CCH43337.1]_puitve_membrane protein_ Wickerhamomyess_cifert]
Qo|ONHTD16.1]_Carboylke_scld_transporiar_proten_Cyberindners_tablank
gb|ODVT4417.1|_MFS_general_subsirate_transpt Cyberindnera_ladinl_NRRL_Y-1542
CEP21956.1_Camonylkc_ack!_transgorier_protein_homolog_Cyberinnera_[acint
f|BART2E14.1|_carbaxylic_acld_fransporter_protein_homolog_Kluyveromyces_manianus
emib|CARIITED 1| KLLADE 16250p_Kiuyveromyeas_lacts
embfSCVee5S1. 1| LAFE_DADTEE8q1_1_Lachancea_fermenial
eMB{CCES3840.1|_hypothetical protein_ TDEL_0GD4730_Torulaspora_gaibeckl
gujKCGE3125.1]_hypothetieal_protein_DIAG_3168_Sacchammyees_eubayanus
QOJKZVDUT19.1|_JEN1_Saccharomyoes_cerevisiae

emB|CCHABSE4.1|_Carbanyle_acid_transpartes_proleln_Wiekerhamomyses_ciferrl
{L—':ﬂownema 1| Carbaorylic_acid_{ransportar_protein_Cyuestindnera_facian
go|0DVT2343 1| MFS_general_substrate Transponir_Cyberindriera Jadni_NRRL_Y-1542
qo{ODVIE19E 1|_MFS_general_subetrate_transporier Cyberindnara Jadnd_NRAL_Y-1542

emb|CCT72545.1|_related_fo_camoxyllc_acld_transporierprotein_Fusarum_fullkurol_IM_58283
QOKNB11574.1]_MFS._transporter_SHS_family_lactste_fransportsr_Fusarum_oxysporum_f,_sp._Iycopersicl_4267
O{EWES1£22.1|_MFS_iransporter_SHS_family_laciata_transporter_Fusanum _verieliolses 7600
QO|EXJ69418.1|_Nypotrietieal_protein_FPSE_10408_FLesanum_pssusogramineanm_CS30ss
gb|ESU08425.1_hypothetical protein_FGSG_04204_Fusarum_graminearum_PH-1
Gb|EYE21459.1|_hypolhetical_protein_ FG0S_04204_Fusarum_gramineanm
bjDARE2175.1]_sugar_transporier_family_profen_Pochonia_Chlamydosparta_{70

o|OBR12832.1| H+_symportar famly_protein_Colletotrizhum_higginstanum, 11340063
GhJEAAIE0S.3|_sugar_iransporier_Neurospora_crassa_ORT4A
QO|EHA4B045.1|_sugar_transporter_ Magnaporihe. oryzag_70-15

gHAPA12274.1| hypothetical_protein_sscie_10g0T7440_Scierotinia_scierotiorum_1380_UF-70

QU|ATZESTO0.1| Bejent_Botryti_cnesea_B0S.10
g0[P1A33438.1|_Carbaxyllc_acld_transporter_profeln_Cercospora_beticoia
gh|EALBER15.1|_sugar_transporier_family_prolein_Aspergius_fumigatus_ATS3

1pe|CBF71233.1| TPA: sugar ransporter family profeln (AFU orinologue AFUA TGOS5SD) Asperglius niduians FGSC A4
—— GbiKZNE4215.1]_Carbasyllz_acid _transporter_protein-ike_protein_Penicllium_chrysogerum

dbBAESE485.1|_Lnamed_protein_product Asperglius_oryzae_RIE4D
TP _001331338.1|_carboryllc_3cld_ransporier_Aspergius_Tiger_CBS_513.66
GO|CACSITOZ i|_MFS_ransporier,_ Pochona_enlamydosparia_i70

emb|CAGE1250.1]_YALIOD2D10dp_Yarrowia _lpolytics CLIS122
QOJAOWO4342.1| Rypoihelical_protein_YALI_D25400g_Yamowla_lipalytca
EMb|CAGE1440.1_YALIOD24607p_Yamonia_lpolyfica_CLI122
GPJADWD4593.1| Rypothatical_profein_YALIT_D325630 Yarmowta _ipalytca
eMbCAGER184.1] YALIOC15488p_Yamowla_Ipolylcs CLIE122
‘GOJAOWO222.1|_nypotnetiea_profein_YALIT_C21046g_Yamawia_Ipolytea
EMOICAGEZ410.1_YALIOG21405p_Yamomta_Ipolytca_CLIE122
GoJADWO3135.1|_hypothalical_profein_YALIT_C285349_ Yarmowta _ipalytca
mb|CAGE0310.1|_YALIDE3Z301p_Yamowia_ipoiytica_CLIB122
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S3.3 Detailed CjSLC5-phylogenetic tree with all homolog nominations and bootstrap values
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S3.4 Detailed CjSLC13-phylogenetic tree with all homolog nominations and bootstrap values
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ASJ2540‘T 1_anion_transporfer | Lanbacler ~_hongko g
BV42395 1 DASS family transport protein ggroba e Sbstrate mmmoxyla{e) Halomonas elongata DSM 2581
ADPQTBSGW sodlum dicarboxylate cofransporter Marinobacter adhaerens Hi
ABM18884.1 anion_transporter_Mannobacter rocarbonoclasticus_VT8
AQY8736971 anien lran Orter. Mannobacr.er salinus
ADRZWGN anion_trarsporier Marlvirga Tractuosa DSM_4126
H5937471_Sodium- dégendent chamoxyﬁle tran5pcrter SdcS_Dokdonia_donghaensis_DSW-1
S 1 55:1]1 Anion nsporTeLTenacwbauTlumJej ense
RO3617.1_anion_transporter_Siansivirga_zeaxanthinifaciens_ CC-SAMT-1
— EAR17083.7_sodium-dependent transporfer Robiginitalea biformata HTCC2501
APU09378.T_anion tran5 rier_Cellulophada_lytica
ASVSmUB 1 7anion transporter _Manbacter_cobaltidurans
004003.T_sodium-dependent_dicarboxyTate_transporter_SdcS_Arenibacter_algicola
AEME‘JBSZT anion_transporter” Muricauda ruestnngen5|s DSM_13258
AKA34526 1 Anion_Transporter TMuricauda Tutaons
EGJ48949 1 anion tran?crl T Desulfccurwbacter aﬁcanus subsp._: afnnanus str_Walvis_Bay
EHO43206. T_anior_transporter_Caldithrix_abyssi DSM 134!
ABM61143.1_ariion_transpadrter_Hal \om‘odosplra halﬁ hila_SL1
ADC64285.1_anion”transporter | Ferrc‘lcbus lacidus D 10632
ABD41657_1_anion_transporter_Mefhanos; |n1Tum nungaha\ JF-1
AGLO0477.1_anion Lranspurlel D’esulfallas Jibsoniae.
DF5 jum:sulfate 5 nerlunongwan &mmnda SM-ABT
9451 1 odlum dent_di-/ini gyl hanspcner Psychroflexus_torquis_ATCC_700755
AEMB9587 1 da_ruestringensis_DSM_1325
A\240838‘I Ao, YTansponer Cel\ulopnaga baltica” 18
54471 1 sodidmsulfate symport&r Zunongwangia pmfunda SM-A87
CAL 68536 1 sodium sulfate symporter Gramel aforsetu KT0803
ASV30515 1 anion_transporier Maribacter cobaltidurar
AEL27951_1_anior_tranSporter_Cyclobacterium mannum DSM_745
AIC943937_soditim- de;xendem transporter_Bacillus_leflensis_G1
ANF59633.1_anion_{ransporter_Halotalea_alkalilenta
ATHE4282.1 anion_{ransporier_Staphylococcus_nepalensis
ALS76115.1_anion_fransporter_Planococcus_rifietoensis
ANU22265 T aniofl_transporteT Planomccu dnnghaensls
AQQ54428.T aniofl_transporteT Planococcus sp” Y42
ANIO6424 1-anion TanSporter SOlDACIS. SESTS .
AUJ23314 1_Sodium-dependent dit SdcS_Virgibacillus_dokdonensis
ARI78502 1_anion Hailobacillus” mangrovi - - -
ASF38250 1 anion_Trans, rler‘HaIchaclIIus‘ha\o ilus
ASVGST%BQ;EEnlon1mn5 orter Cytol ac:\llII 5 Koc|

=
ACM84091.1 T‘:omumdﬁ)endenrtranspoﬂer Eam\lus bevend
60623 rbo; taphylococcus _condimenti
ns

CA-di
SNV01624. TS0dium:sulfate rn ner Stapn Iococcu iscifermenta
ATF29679.1_Cd-dicarbo ate ABC_fransy orter Sla ogoceus, simulan:
ASF19948 1 sodium-dependent_dicarboxyl porter ﬂapny\cmcms saprcphy‘ucus
EF‘\ 34 .FSD':}lum-dependenrqwcarbo aT.e transpo er_ Sd lococcus_ xylosus
793706.1 “Sodium-dependent_dicarboxylate_Transporter SdcS erlg [Coccus. saud\massulenms
AFRDGZED1 sodiun-dependent_dicart late_transporter_sdcS_Nocardiopsis_alba_ATCT_BAA-216:
ARA84441.T anion_transporter_Bacillus_paraficheniformis
OKS83988 1 amun I_transporter” | Eam\us |chennonws
ARK20907 12l 5&)" Sarcin eae
1'D1 Anlon Ilanspcﬁer Pseudcncng ella splml\nae
ANA?QGD? 1 anion
AIC9643371 Sedium-dependent_dicarboxylate | T.ranspor\er sdcS_Bacillus_lehensis_G1
AST95752.1_anion_{ransporter Nka\lnalobaculus clausim
BAD66525 130diurt dical )éyl porter Bacillus clausii KSM-K16
— ATXB0036.1 solute carrier family 13 (scd\um— E_andent d\carboxylale {iransporter) member 2/3/5 Mariprofundus aestuarium
AMMA41925.1_sodium-dependent_dica di

nsporter _Candidatus_Desulfofervidus_auxili
ACN13893.1 redlde( Na(+)-di rﬁox! ale l:otransporler (solite carfier famn'y 13‘prote@ DesulfoBacterium autotrophicum HRM2
CCKB81140.1 dumdependenl ir Di la toluolica
AFH49931 - and Incarbg'g ate transporter_Ignavibacterium album JCM 16511
AFN749 tallve Na(+)-dicar Ep%rter (solute carrier farmily 13 protein) Melioribacter roseus P3M-2

AUD?BST:H sodlum icarboxylate sympot ne%ng\ellapmfundl
376.1 sodium:dicarbo: e symporter Alteromonas mediterranea
AUI82931.1 sodium:dicarbo alesy porter Alteromonas macleodii
AEF02596.1_Na+/dicarboxylate: symporler Alteromonas_nhaphthalenivorans
AMJ95020 T sodium dicarboxylate orfér Alteromonas addita
ANB24100.1 sedium:dicarboxylate m rier Alteromonas stellipelaris
BAL81140.1_putative_sodium-dependent_dicarboxylate_transporter_Caldisericum_exile_AZIM16c01
CEFG 61.1_Sodium/sulphate symporter faml[r l:or'nau'nn?a _protein_Strongyloides_ratti
19371 I mhelma vulgars_subsp. vulgaris
PAN3BD! 1y mlem'P HAL 6G257100_Panicum_halli
ONM39938. T onoj rboxylate trans cner Zea ma
ONM39939. 1’I’0noglasrdlcarbc late_transporter_Zea_ma’ @
ALC04534.1_anion_fransporter Ccrynehacﬁemum desemBIM 1.010" R B
KB04531.1 soluté carrier family 13 (Sodium: icarbox p ) member 2/3/5 Aeromicrobium choanae
—— ADEUZS?CH DASS fag‘llly transport_protein_Haloferax volcanu | DS2

10

2

9BE66.1_membrane_bound lranspo rofein_putalive_Methanocaldococcus,jannaschil DSM_2661
ADY73074.1_anion Lransgorler Desuturobactenum fhemmolinolrophurm DS 11
6.1_Anion_transporfer_Akkermansia_mucini
SEH75605,1 sogium:saifate slyg"gnﬁer fransmembrane reﬁmn Afkkermansia glycaniphila
ACYS185 1 diand ricarboxytate transportce Vibho antialianis
ARP46736.1_Sodium-dependent_dicarboxylate transporter_sSdcS_Vibrio_alginolyticus
AT147835 1 _Anion_transporter_\ Vbna)amnaemo
ANG26152.T Anion_transporter_Vibrio n
AL 95385 1 Drand Thearboxylate ranaparier Vibrio_vuinificus
APPOIBAT T Anjon transporier Vibrio marveyi
AQWiesssi Anion Trafisporter Vibmo_otensi
43 1_Anion_Transporter_vibrio_campbelli
ASISET 181 Avion, itang orier_Vibtio_rotfefianus
AUIB5872.1_Anion_transports azureus
AMG31889.1_Anion Iransparler Gnmorma hollisae
GEDS6A70 1 sodumysnliate _symparfer Nadc: family aivibrio wodanis
CAG20407 T_putative e NadC family Phofo) m_profundum_ss9
AI09300 1 RAGC” Tamih r_Photobacternium aeu:unocla Gungar
RS2 T AN trang) orler RoraDaCenum, dameete Subss - aamedie
ABV3BE74.1_putative_fransporter NadC_family Shewariella_sediminis_HAW-EB3
ANGIA073.1 Angen fansporter’ vibno breogant
ASTZgZ3r 1 Anion Traisporter Vibrio mediteranei
KPH24680.1_Anion_transporier _Vibrio_coralliiyticus
AlW16979.1 Anion_Transporter Vibrio Tubiashil ATCC,
ANU3gUE3 1 Profein | n_not dead Vet Vlbr\cﬁswpnmalml
ANUSSTAT 1 putafive transporier Wibno scophthaimi
CRQG47994.T Sediumrsulphate = aneruansmembranen?mlem N2 famiy) Vibrio anguilarum
ADTH9215 1 ransporer NEdC Ay proten. Vibro, Turmsel NGTC 112
AMF93265_1 Anion_transporter vibrio. Tiuviaiis —
ASAs7ona 1 Anion lransporter Vibrio es
SNC57208 1 Na(+)dicarboxylate s"amp 27 V8o cholerae
ASZ56804.1 Anion fransperier Riebsiella michiganensis
AS42783.1divalent anion N orter {amily transporter Kiebsiella oxytoca
anion ransporier snewanena lrefacens 2

ADV55911-1_anion 1

ASK70710.T_Anior_ransporter: ella

BN 338 I A o e b —Show Al baTcs 08117
ABVE79831_anion_transporTer_Shewanella_pealeana_ATCC_ 700345
‘ABZ77303 1~aniontransporter Shewanella alifaxensis HATY-EBA
‘ACJ25547.1—Sodiumysulphate Symporter Shewanella plezotolerans WP3
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ASM5216271 solufe carmer famlly 13 (scmumdependent mcarboxylale lranspnrter) member 2/3/5 Pseudoalteromonas espejiana DSM 9414



ABO24356.1_anion_transporter_Shewanella Iolh\ca:F_’V-d
ASJ96326.1 Anion Transporter Shewanella_Tarisfiavi
ACAB7365.1T_anion_transporter_Shewanella_woodyi / ATCC 51908
ABV36171.T_anion_transporte”Shewanella_sediminis_HAW-EB3
AQSSTD26 T_anior transgorler Shewanellaa&asnycnm phila
CQ92009.1_anion_transporter_Tolumonas, i5is_DSM_9187
ATUQMOS 1 ‘Amon‘transpcner‘Aerumonas salmonitida
TY An nsponer Aeromonas veronii
o, trang 5_dhakensis
ANTGEW 14 1_An ion ‘llampcrler‘l-\emmnas
APJ15261.1 Amon‘lra sg orter_Aeromonas _hydrophila
AR LC13 family_perMease_Neisseria_mucosa
SNU797‘331 NadC _family_profein_Neissefla_zoodegmatis
AJE1851871 aniof.sodium symporter Neisseria elonﬂata subsp. glycolytica ATCC 29315
AKXBDS1D 1 amcn sodium s Eurler Obllllmunas alkaliphil
91573 1_DASS family_sodium/dicarboxylate s\ crter Campylobacter_gracilis
M40490 1_DASS_family_sadium/dicarboxylate_symporter_Campylobacter_sptorum
APX61785.1 dwalent \on sympcrter protein_Acinetobacter_schindleri
AUCOSTGM DASS s \um coupled_anion_symportel” Aclnetubacler Iwoffii
E%E:E%BE?1 amcn.sc porter Ps)

hmrobaaer cryohaToIenl\s
omum sympcrtel oraxella catarrhal

mporter Moraxella bovoculi
porter Moraxella ovis
AFCHUSUW Sodlum—dependem d\mrboxylate transporter_SdcS_Providencia retl en
EKT5419977 Sodium:sulfate symporter family protein Providencia sneebia DSM 1
APG5DE\721 Anion_transporter”Providencia_stuartii

ATG16483.1 Amun?.ransporler‘medencla alcallfacwens
ATC779711_Anion_transporter

ATM9§r2‘\61 AnlDR;U‘anS Gl‘lel'"P l s_vul ans

1 ion trans?nrler Mnrganella mol
%%%9%311 1_Uncharacterized orter_HI

i
| 0608 Xenorhabdus_bovienii
831.T_Uncharactenzed lranspcner HI_0608_Xenorhabdus_doucetia
CDG20292 T Uncharacterized” orter”

e
transpoi Fﬂ'ﬂGnB‘XenomabdusJ)c\nam G6
AOMA42557. T Amon |rans orfer_Xenorhabdus_hom
CEK21857_1col lypoitietical_protein ulallve membrane_protein_Xenorhabdus_nematophila_ANG/1
CAE13221 1_unnamedJJmﬁ3|n roduct Photorhal dus \aumondn I_subsp._laumondii_TTO1
AKHGE2608.1”Anion_transporter_Photorfiabdus_thra
CAQ82937 1 conserved \ypolhem:alﬁéﬂeln icm) us biotica
AMLS6146-1_Di-and_Tnicarbs arter. Serraua rUD\ aea
79992 nsporier_Setratia Ionlco
SBT5971971 N?(+1 idic yiate symponerFP\esmmcnas smgellomes
shi

1J07134.1 |mn5por1.erd|valen| anion:Na+ symporter family SiEuwardslella anguillarum ET080813
ARD20114.1_Anion_transporter_Edwardsiella_piscicida
AQV96274 1_Anior_transporter” Fdwardsiella oshmae
AT\62131911 ZAnion tran: a]

rier Tdwardsiella tal

H16648.1 solute camerTarmIg 13 (sodium- dependenl dicarboxylate transporter) member 2/3/5 Myroides profundi
ALU25483.1_transportel odoratim
EHQ42385.1 "anion Lranspc er Myrcldes odoraius DSM_2801
QJV‘\QS?‘\ 1'N h’; El‘rﬁcé nlClC Yora a:([gaadbe‘l h h; il
icarpoxylate s\ er Capnocytophaga haemolytica
ATAB5012.1 5|S % %{’J sputigen: Fytophag W
ACU92343 1 amcn trans ﬂer Ca nc ja_ochracea_DSM_7271
ABBT1Z.1 Mnsponer Capnocylcp agajlnglvalls
AJCE5066.1_DASS Iamlli/ sodium/dicarboxylate_symporter_Campylobacter_peloridis_LMG_23910
CBB 57 TDASS‘fam\y so-dlurru'mcarbomlale sy{r:rgmrter Campylobactel” msulaenlgrae‘NCTC 12927
DA sodium/anion_syl yiobacter helveticos
JSGB G TDASS‘famly sodium/anior_symperter_Campylobacter_cuniculorum DSM_23162_LMG_24588
AECWAUS 1 Scd\um sulfate symporter transmembrane region Gallibacterium anatis UMN179
0171 Unnamed_protein_product | Haemcpmusgaralnﬂuenzae T3T1
SNV56205 T_di-and_trici
CKGr7814.1_di-and_tricarboxylate_trans| rler‘Haemopmlus Influenzae
AKU6321011ran5p(mel eganhacte _aphrophilus
3 reﬁ| jatibacier_ adlnomycetemcomllans
ransporter \stopmlus somni_233¢
1_tray nsponer H\sto‘nllus somnT

L7
SNV824501 sodium/sulfate sympurler Pasteurella multccwda
%\hAvaswsz T _sodium/sulfate_s,

a{"ﬁﬂ"ﬂ Pasteurella dage
\U38522.17_CitT_protein_K eimia_succiniciproducens MBELSSE
22 1"anion Lmng[)crler Actinobacillus_succinogenes_1307
AIZ?EINEH uanspcrlér |nobacmus 5_equuli_sb: uuli
5394. T ate_transporter Actinobacillus_suis

mteln APP }_Actinobacillis_pleuropneumoniae_serovar_7_str._AP76
Transporter_Glaesserélla_parasuis ™

_transporter_Mannhel \a_van ena_USDA-ARS-USMARC-1296

transporter_ Mannheimia_h3emolytica
721 _transpoifer_Bibersteinia, Irena osi USDA-ARS-USMARC-189

AIZ78271.1_Tansporter Actinobacillus_equuli_subsp._equuli
SNV25401.T_CItT_proten Acunonaculus SUls’
AAU37985.1 TItT Prolein Mannheimia_stcciniciproducens MBELSSE
84606.1 Ct Jmtelnjﬁbersteln[aﬁlréhalosw USDA-ARS-USMARC-189
ACX8249771_transporter_Aggregatibacter_actmomycetemcomitans_D11S-1
NUB?_'Z13,1‘lransporler Aggregat\bader actinomycetemcomitans ™
CBW15382I nnal laemophilus_parainfluenzae_T3T1
V896731 d\ and mcarboxw te_transporter_Haemophilus_pittmaniae
AMD83325.1 sodium:proton anupuner Desulfowbmi Tairfiefdensis

ﬂNMSGS 1 anion:sodium sympeorter Enterocloster bolteae
CBL25620.1_anion_transporter Ruminococcus_torques_L2-14

ATA57342‘| uansponer Capnocytophaga_ cynouegml

8418.T_transporter Capnocytophaga st

ATABSOMl transj c er Ca nc%l(#)haga Ci rsus
ANWS7023 1_transportes

ica
AFL97634.1 @nion transporler Orr\\lhobaclenum mmctrameale DSM 15997
EHQA42004 1_anion_transporter.

oy
5]

H162041 solufe carrier family 13 (somum dependemﬂlcarboxylate transporter) member 2/3/5 Myroides profundi
ALU25034 1 mvalem cal\on transporter_Myroides_odoratimimus
AEC16573 1 sodium:sulfate symporter trai mbmn region Gallibactenium anatis UMN179
3. sodlum{!ependent alcamox&n lrans‘? orter_Sdcs_Pasteurella_multocida
SMD:{S 30.1 solute carrier famil (sodium-dependent mcarbox;lale fransporter) member 2/3/5 Aquifiexum balticum DSM 16537
|_|:ABBMA231 Sodium/sulphate_symporter Sulfurimonas_denitrificans_DSM 1
AOP337A29‘?590521 anlgln Halangl IUT 1 DSM”14365
— sodiumsulfate ifa lipperaryensis
ASV10773.1 sodium:sulf: a %r@r Leplc%ugpsam I% e
AKUBSHY nsporler Schaalia_meyern
SDT8535'U “1'solute carrier ramlly 13 1somumd%nendem ml:arboxyla(e transponer) member 2/3/5 Schaalia radingae
9440.1_putative_dicarboxylate_uptake orynebacterium_cystitid
ASBSHM 1 Iranspnrlerg‘llgdkalnalea saponllacus

51.1_dnydroorotate del ro enase Prevotella_melaninogenica

AUISSCISQ 1_dil nx:mtiﬂe ﬁe nase Prevolella Jeju

ANR73464.T _di rotafe_ds drogenase Prevoiella_scopos JCM_17725

AEA19996.1_Transpo r| DASS family”Prevotella_denticola

AKUBIBET 1 umyarooroﬂe aenyarogenase_Prevmena fusca_JCM_17724
BAU17339.T cd\um pe transporter_Prevotella_intermedia

ALO47954 1 _dll enase 'Prevol;:lla ENOEC:

a
Tyiop ga spun jena
acea

yiophag ajeadbeﬂen

AG 1.1
Ea3475 1 trans orter mvalenp( Anion-sedim ASS) family Prevotella ruminicola 23
ANE325351 _DASS Tamily_: somumidl(zrboxylate gcrle Campylobatter_hyointestinalis_subsp_hyointestinalis_LMG_9260
ADV44987.1_anion_{ransporter_Bacteroides_helcogenes.
AL.J44070 1_Sodium-dependet_dicarboxylate_transporfe r'Sch Eadermdes thetaiotaomicron
ANU58681.T dihydroorotate_defydrogenase Bacteroides _caecimuri:
ASW16375.1 mn roorotate den\(dmgenase‘Baclemldes caccae
076.1_ anion mncfoner‘ﬁadem\des wgmsuls DsSM 18011
£Amomasw 1_sodiumrdi-_and rboxyfate_cotral Endozoicomonas_montiporae_CL-33
0548331 _sodium/di-_and_iricarboxylate mtmnsporr T_Endozoicomonas_montiporae_CL-33
APP059021 dinydroorotate_defyd VDo,
AQWS8312.T dify ,r@grgt 1é
ARR43252 1 dmgdroorolate deh(\{dmgenase “Vibrio tampbellii
Iroorotate ﬁehy mﬁenase Vibrio_parahaemolyticus
ANQ2?525 T dlhydrucr(ﬂ.ale d_l’lyd enase_Vibrio_natriegens
ARP48120.1 Sodlumdg{:end@nt dicarboxylafe_transporter SdcS _Vibrio_alginolyticus
ASI95231 1 d@hydroorol d enase_Vibrio_rotiferianus
AUL9IE8IT] ransPorler - putative br\o vulmﬂcus
ASIBIEA0 T dydroototate deriyarogen mediter.
5234 T_dinydroorotate_dent ﬂmgenase Vhrlc tub\asl‘lll ATGG 19109
KPHZBHGT dinydroorotafe dErtydrt‘xﬁenase Vlhna corallnﬁmws
ANU352397 pltative_transporter Vibrio_stophthami
CAV172EG utative_transporter_Vibrio_; allanllcus
033875 1 dlh ydroorotate dehydrogenase Vibrio breoﬂgam\
CCO 9240.1 ative_SODIUM/DICARBOXYLATE_COTRANSPORTER_Vibrio_nigripulchritudo
utafive_sodiinvsulphate symporter Vibrg angulllan.lm
ASS.‘)D dlh*ﬁxorcﬂate dehydragenase_Vibrio_gaz
rmeaseVibrio Tluvialis
8: ? foorofaie_dehydrogenase Vibrio mlm\ms
SNC56963.1 Na dl(‘.albmﬁ'TalE symnporler ViDrio chol
AJRDSH321 utative iransporter_Phoiobacts num_gaetbul\mla Gungd?
CAG21658.1 utatlve fransporter_Photobacterium rofundum S89
AMGSI]BSN LC13 rmw_'germease Grimontia
30«1’41 dlhydrocro i dehyd’rcgenase ZcbeHeIIa denitrificans
anion_transporter_Fibrobact nes _subsp._succinogenes_S85
SE355721 aman uans orter AEkermansla muci
.’:\\JB%‘SZ!BQW Di- and_trital

ate_transporier_( GynueHap sunshlnyn YC6258
ABM‘%I%BD T ariion TTansporter Psychromonas_ingral

08271 _anion_fransporter_| wcnmmonas in mnamn 37
ALP42133 1_sodium-dependent_transporier_Aeromonas_schubertii
ATY805427 _dihydroorotate deh
ATU99045.1

i
SBTE0994.1 Na| 1)¥d|(‘a

fO enase Aeromonas_verenii
yrgroorotat jehy enase Aeromoras_salmoenicida
oxylate

Gnmontla hollisae

rter dival enl amcn somum symporier family Shewanella sediminis HAW-EB3
1 droorotate_dehydrog il
CAG19627 1T

rogenase_Photobacterium_damselae_subsp._damselae
utatlve transporter_Photobactrium_profunduni” SS9
AJRD925T.1_putafive wansp & PhOtoDACiER M JaCtbUICol Gung47
ASI90642.1 iydrogrotate_d enase_Vibrio_mediterraner
FL CCO57205.1 ‘putative SCD\

]
ARBOXYLATE COTRANSPORTER Vibrio niaripulchritudo
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ABZ96373.1 Conserved hr

ACR12291.1 transporler divalent ani
ARUS55627.1
ATX78i em 1
chorda_pilosa

BAS28709.1_transporter_Limnos
| ABF91466.
L— ATB48520.1

BAMB1695 1;ﬂobahle IOW@T\N])
0.17]

AAWBS547. 1Trﬂtn;.pcrlér divalent anion:sodium symporter family Aliivibrio TischeriES114
lanis

CED71136.1 ve_sodium/sulfate_symporter” All wmno wodani

ANU36343 1 Jjulallve Trans oner Vlbrlc scophthalmi
AOW d ydrogenase Vlbno mimicus
TNa(+ mcamo

SNC56009.1 ate 5 mporler Vibrio cholerae
AUIB6043.1 dlnydroorolate del ydrogenase Vibrio_azureus
AUL96038.1_Transporter_putative_Vibrio_vullificus —
AQWS59384 1 dihydroorotale_dehydrogenase_Vibrio_owensii
5.1 dih drmmtal Te rggenase‘vmno‘campbellu
rotate_ dehydroﬁenase Vibria_han
theucaﬂrans er_Vibfio_furfiissil CTC 11218
droorotate_dehydrogenase_Vibrio_fluvialis —
utallve :_transporter_Vibrio mlanucus
utative transgoner V\bno arb%unl
ASI96633.1_dihydroorotate_d: 0 roufenanus
ANQ2630471_dihydroorotale dehydmgenase Vibmo_natriegens
ATl48301 1 BLC13 family permease Vibrio”parah@emolylicus
517461 _transporter_Vibrio_antiquarius
ARP4S4971 Scdlumde endent_dicarbo:
Gthetical eln utative membrane
Na+ mily Teredinibactel
family_{ransporter O us messinensis
scd’um sulfate symporfer Remek.ea forseti

LDl
1 sodiom;sulfate symporter Myxococcus xanthus DK 1622
sodlum sulfale symportér Myxococcus macrosporus DSM 14697
CAM 1_putdtive_sodium/sulphate_symporter_Leishmania_infantum_JPCM5
052357151 “Sodiunvsulphate_symportar ive T eishmania donovani_
utative _sodium/sulphate symporler‘l_emnmama major_strain_Friediin

CAJO5751.1
utative_ sodlumlsulpnate SWSF isShmania_mexicana MHOM/GT/2001/U1103
sodiunvsulrat ative. T_elsnmanla anamenss

ADT86955 1
AMF96139.7_di
CAV18414.17F
CDQ50296,

late_transporter_SdcS_Vibrio_alginolyticus
rotein Le[lijiosglra‘bmexa serovar Patoc strain Patoc 1 (Paris)

Plumerae

CBZ28667.
AINI9940.
CAM39844.T_putative SDd S \phal symggrter Lelshrn Drazll\enS\S_MHOM/'BRJ’TSfM2904
EAN80069. 1 sodium/Sulphate ¢ symponer —Trypanosol brucei_brlicei TRE[L’JEQ)ZT

hosphate_transportes anidi 0n_merolae_strain_1
ical p tein_ CKEgd 00’[982 [Eigcomjsmn?azofcrmans var._grubn
osphate_fransporier_Crypiococcus_neoformans_var._grubii
rgamcul.lhosp aIB ﬁans nﬁ]uralve CryptoCoccus_gatti_WM276

E‘cner
ndlum sulfate sympo er

helli
odefma_noxium
lar to

il
S cerevisiae protein PHO91 (Low afmnity vacuolar phosphate transporter) Malassezia sympodialis ATCC 42132
ind_PhoS0p_Ustilago_bromivora

SAMB5044.1_probable PHO91-similarity_to_Pho87p_al
CBQ64716 1 probable PHOS1-similarity To _Pho87p _and _PhoS0p _Sporisorium_reilianum_SR72
hus hdle Transmembrane _trar Enerrﬁllaﬁg% maydis 521
ikuroi

KIS66697 1 alwe murﬁan
G52 33?811' hypothe l I
etical

39, 1—hyp0 i

BHOWJmteln Fusariam
rotéin_FVEG_11326_Fusarium_verTicillioides 7600
[ protein_ FVEG_11326_Fusarium_) vemullmldes‘lﬁl)ﬂ
rotein FOXG ~13901 Fusarium oxysporum_f_sp._lycopersici_4287
roteil_FVEG_ 11325‘ Fusanum VEH.ICIII\OIGES_I
olein_FPSE _TD595 Fu: ramin Eamm CS3096
2273 Fusanum_gramlneamm PH.

5 12273 Fus: l_q
?IOY.EIH 1230 glycopro iz 3) Fochonia chlamydosporia 170

chmena 1_Coniospora

mali
ein Cﬁllelotrr!:hum 1_higginsianum_IMI_349063
|n|ng_protem Magnaporthe_oryzae 70-1
taining_protein Pyricularia_ofyzae 70-15
Ing protein NeUrospora crassa OR74A
ein_ MYCTH 2311845 Thermofhelomyces_thermophila ATCC 42464
ein_MYCTH 2311845 Thermothelomyces_thermophilus ATCC. 42464

ermolmelawowu_les terrestgmglRRLm%‘
S

)_UF=70

EYB25023 -r@ﬁm

SPX domaln DO
main

APA12492 1_hypothefical e %
ATZ49047 1_Rypothetical protein_ BCIN_U4gD2470_Botrytis_cinerea_|
PIBOO761. 1#] ive_transporter_Cercospora_beticola
SMYZSSAS unnamvaleln product oseg_lcna tritici STS9CH_1AS
385071_putati ispolter_Pefcillium_chrysogenum
PA: phosphate transport (Eulofung{) Asperg\llus nidulans FGSC A4
88746 2_plasma_membrane_phosphate nspu PnoB? '_Aspergillus_niger_CBS_513.88
AES8036.1_unmamed protein_proddct Aspergillus_ol |
EALBBW%B; _Iasma memhraneJJnas ﬁale transpnrler Ph‘EYrJ]ulauve Ar?Eergwllus fumigatus_Af293
XP 013020242 1 mambrane lransp:)rler Schlzosacmarcmycas ocigsporus_yFS286
srotein_YALIT_E36! a

meum\ DgDYarmma lipolytic:
_| CA 02221"( E p_Yarrowia_lipolytica_(
ANB15340.1 PI‘IDQ‘HJ I'? amaella lignohabitans
AQZ137T YN |)‘ osaccharomiyd Earaballll
CDHﬂDD‘! n b L wafﬁ husphale nsporter_PHO31 Zy%usacchammyces bailii_ISA1307
CDF91635.1 saccharomyces Dailii CL
CDH17257.1_ Dab\e Lowafﬁm jhospnale transportel PH091 _Zygosaccharomyces_baili_ISA1307
AQZ18194.1 PHOI1 (YNRO13C) josacchardi /{I% rabail;
GAV53886. 'go etical protein ZYGR 0/ Zygosaccnaromyces rouxii NBRC_110957
CAR27892 1 00008 Z;{gZ?cmamn?I ouXi
GAV48974 1Typctnetlcau)r i GR_ONO: Qciyqosaccharomyces rouxii NBRC_110957
CCE90054.1 Tiypothetical asgora delbi Kl
la_gia

?Iot
otnetlcajrmem B‘IJSZ I0553T Candi
K Kluyvemmyu:s marxianus

OXB4773:
BAP73200.1 uncharacterzed fransporter YNRO1

CAGI8067 T KLI A)FDE1SU5FKI ‘eromyces_lactis
SCU83017.1 LAMI 0COT706q1 1 _Lachancea_mirantina
WO00353.T LAFE 0C02322g7T T_Lachancea_fermentati
AR21276T _KLTHDA05962p Cachancea_thermotolerans CBS 6340
SCV03946.171AME 0H14510g1_1_Lachancea_meyersii TBS B951
SCU78165.T_LAN Lachancea_nothofagi CBS 11611
REANZN | PADA MHNSARAAT T Tachancea Msiensis’ CRS
1 hyi)ctneth:a\ 1pmttam NCAS DAD4630 Naumovozyma castélli_CBS_4309
7350 rg thefical_protein_NDAI_OKO01890_Naumovozyma_dairenensis_CBS_421
0G97166.1 PHOS1-like Jrotem |_Saccharomyces_gubayanus
1398 T ho91p_Saccharomyces_arboricola_H-6
PHO TSaccnam ces._cerevisiag B
CEGCMT\ 1 r;ypc\heuca\ ein_TPHA DHUQWD Telra |sw5gora haffii CBS_4417
CCl rotEin TBEA UG blattae CBS 6284
CCFgBEBZ 1J1y Ealjlme\n KAFR _OFOU: Kazachsianla africana_CBS_ 2517

Othe!
Fhet\oa\JruT.em KNAG UDDUMO Razachstania_naganishii_ CBS_8797
9Cp _Eremotheciim_gossypii ATCC_10895
78641 ifpoﬂ'lethl rotein_Ecym 2117 Eremothecium_cymbalariae DBVPG_7215
D2ia55. 1 HER174Cp Eremotneciim simecaudum
CCH42708 .1 Ive_m&mbrane_pratein mamnm_}f ferrii

LYBMDRAFT 1681852 E;berlmdneraJamnn NRRL_Y-1542

_ i
ODV76005. h\;oth‘tm'ljhprotem
AOW25891 Candida alhlcans
ni e trans) utative_Candida dubllnlensls CD36
nd\ a MYA-34

1 mnslmﬁlve low- (_ph
110) n:aWs
n_CPAR2_108190_Candida_par. I:P
osphafe_transporter_Candida crlno

91 Icwafﬁmly:‘)h
&S Shale ransporter_Scheffersomyces_sfpitis_t
000002907_Candida Thitermedia

P
55§

—

|Iosws Co_90-125
BS_6054 —

1 CICH
11 atnetlca:\mpmt in_CLUG_03257_Clavispora lusitaniae ATCC_42720
P 025339998 .1 T clnéluzl mleln XQE& CImaE»S‘Candﬁa haemulonis
XP 028892879 1_uncharacterized” protein_C. 0494_Candida
hypothetical_protein_| G_| 05589 IV! rgzgma_guuhenmndu ATCC_6260

ces_hansenii

Wil
ANZ73761.T BA?E 0052670 Koma ataella

AOCAG4048. TGUBT 03567 T0_Komagataella_phaffil
P 029319619 1" uncharacterizéd protein_C5L36_0A07420_Pichia_kudriavzevii
ESWS?MU WQnulalTve transporter. B8.04C_ Olﬁg}fea arapolymorpha_DL-1
XP_01821221 hypdthetical_profein. OGAPDI FTI57: galaeajdyrnorp a
r‘ESWBSBBﬁ 1_Inos anlc osphate T.rans&ger PHO&T_BﬁJalaea aeapoxmurgha DL-1
XP 018213462 1 tical C‘ap ‘?
S5s | SEXIOMaIN-LO \nln iforganic nos hate_trans| ndida_albicans SC5314
CAX4481 hate Irans ler utdlve andlf dubliniensis_CD36
XP_002550547.1_Nyp cal_protéin C G ]]41839 andida_tropicalis MYA-3404
Eﬂ538092 hosphate permease Scheffersomyces_stipitis TBS_ 6054
CAGE7836.2 DI 0f é] Debal c&s_hansenii TB3767
CCEB8373371_Piso0_00431 ‘Mwllem farmosa_CBS_7064
CCEB4764.17Pi ' farinosa_CBS 7064
Candida_infermedia

001 825 Cagvd\da haemuloms

olnellcal ein_ CPAR2 TUYZBU Candida arapsw\osls
hosphate_permease”_Candida rlhu _Co_90-125

2353 1_putative mernbrane :_protein_Wickerhamomyce: S
ODV7223 SPX Jomain- cunla\mn jrotein C}berhndneracjadlnu NRRL_Y-1542
AAS53999 628Cp_Erematheciul _g
AET414321‘H olnﬂ\na%"(ﬂewn E%m 141 Eremcthemum |_cymbalariae_DBVPG_7215
AMD19585 1 _HCL566
BAPE9344.1 Inorganic. ﬁ T.ranspor\er_F_HOBT Kluyveromyces_marxianus
CAHO01201 1 RLLADCI %eromy s_lactis
U96930.1_LADA, UHU 32g91_1 Lachancea daswensls CBS_10888
1'[AME'DGDSSTB§T 1 Lachan ii TBS 8351
- 1_LANO_0GD335 W‘Lachancea n(ﬂh agi CE!S
‘KLTHU'FUSSSZJJ icea_thernmoioles ra _CES'BZ:HU
LAMI_0GO07624g1 1 nti

Lachanr.ea miral
TAFE "060351%91 _1_Lachancea_Terme:
"1007671_PHOSI

nI
Sactharomyces cerewswaa
3199.1 pho90p_Saccharomyces_al
PH Q'DLIIKE rotem Saccnalo afces eubay
521 _hyp cal_protein 590
CCKE9328.1 ﬁyp(ﬂ.nellcal
—— CCH63059.T hvpothetical

anus

proteim TBLA™0J00590 Tetrabisispora blal

194

Kazachstania_africana_ CBS 2517
rotein_KNAG. 1]002170 “Kazachstania Tia amshu CBS 8797



— (OXB48964.1_hypothietical_profein_B1J32 FDZE»S?%DCandlﬂa_g\abrata -
CCE91454“\ hgpuihetl rotein_TDEL 0C05650 Torulaspora_delbrueckii
CCl ical_protein_ TPHA 0B03530_Tetrapisi ora haffii_CBS 4417
CCEG 71 thetical tein_TPHA_OE03570_Tetrapisis) affi_CBS_4a17
KZV128861 PHOB87_Sacchafomyces_cerevisiae
S44511.1 1yh0871?1*33ccnar0myces _arboricola_H-§
CCCG 937 *}mt&ln NCAS DBDBSBEI Naumovozyma_castelli CBS 4309
CCC719837 hy%othe rotem NCAS_0103150_Naumovozyma casielll CBS_ 4309
CCF5905471 |_protein_KAFR _0G00Z10 Kazachsiaria_africana CES 2517
CCK69195 1"h§ MIeucanromanMGU 00830 Kazachs1anla naganlsﬁl CBS 8797
1_hy] olnel\(:a!‘_’prmeln TBLA 0COBD10_Tetrapisispora_blattae CBS_6284
ARZYdaf ROOCT7930p_Zygos accnarongoes rouxii
GAV484621 nypomet\raljrlﬂéln ZYGR 0107590 josaccharomyces_rouxii NBRC 110‘357
GAV 34 —:ﬁ I.hel\cal rotein ZYGR—DAIUTSWU osaccharomyces _rouxii NBRC_1

able | anic_ph Sﬂ nsporier PHOS7 Z\yg sacchal ces‘ba\lu I5A1307
HOSY RIJ ?C) and [ OQU‘(YJLWQBW Zygosaccnaro ces parabailiir
CDF397|141 ZYBAI rv_%] accnaron%)es ailii_ CLIB
AQZ14146. W"PHOBT (YCRUSTC and'P 90 gm ) osaccharomy-:es parabailii
CDH13830.1_probable_Inorganic_phosphate_transporter PHO87_Zygosaccharomyces_bailii_ISA1307

Figures $4. Docking studies and pore radius trajectories
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Figure S4.1 Molecular docking of Escherichia coli Satp 3D-model, based on SatP_Ck
structure, with the substrates lactate (blue ligand), succinate (orange ligand) and citrate
(green ligand). The four binding sites are depicted from S1 to S4 sites, including the localization of N-
and C-terminal of the protein. The narrowest hydrophobic constriction of the anion pathway formed by
F17,Y72 and L131 is also represented.
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Constriction-site view

Figure $4.2 Channel structures of Ato proteins are depicted in the left-side in cartoon, having the
color scheme represented by blue (larger aperture), green (intermediate pore size) and red (more
constricted) colors. In the right-side is depicted the top view of the narrowest hydrophobic constriction
site of the anion pathway, including the predicted distances (A) between represented residues.
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CHAPTER VI

Phylogenetical, functional, and structural analysis of the CexA
citrate exporter from Aspergillus niger



Note:

The work presented in this chapter is in preparation for publication.
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CHAPTER VI

Phylogenetical, functional, and structural analysis of the CexA citrate exporter
from Aspergillus niger

ABSTRACT

The recently identified citrate exporter from Aspergillus niger (AnCexA) is a member of the major facilitator
superfamily (MFS) and the Drug-H- antiporter (DHA1) family (TC 2.A.1.2). Phylogenetic analysis revealed
that the DHA1 family is mostly dispersed in eukaryotic genomes. The disruption of AnCexA in A. njger
completely abolishes citric acid secretion, while its heterologous expression in Saccharomyces cerevisiae
promoted the secretion of citric acid during growth on glucose. In this study, we overexpressed the AnCexA
in a Saccharomyces cerevisiae to further characterize its activity and specificity. We found that A. niger
transporter is highly specific for citric and isocitric acids, and besides its role as a citrate exporter, it is
also able to import citrate with low affinity and high capacity at pH 5.5 (A,=29.4 mM of citric acid and
V..=11.40 nmol citric acid s* mg* dry wt.). In addition, we explored the structure-function relationship of
AnCexA using rational site-directed mutagenesis based on 3D structure prediction, molecular docking
analysis, and the identification of conserved amino acid residues within the DHA1 family members.
Mutants with altered activity and specificity were obtained and provide the first insights on the structure

of the citrate exporter AnCexA, which can ultimately lead to the improvement of citrate bioproduction.

KEYWORDS: Plasma membrane transport; Citrate export; AnCexA transporter; DHA1 transporter family;
Aspergillus niger, Heterologous expression; /n silico studies
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6.1 INTRODUCTION

Organic acids, such as carboxylic acids, are structurally diverse chemicals, commonly used in many
industrial formulations from food, pharmaceutical, and cosmetic to polymer/plastics sectors [1]. Citric
acid, a well-known carboxylic acid, is employed in the food and beverage industry due to its antioxidant
properties, as a food preservative, or as an acidifier by boosting the flavors and aromas from fruit juices,
soft drinks, and other beverages [2]. In 2020, the global citric acid market achieved a volume of 2.39
million tons. By 2026, the citric acid market is estimated to reach 2.91 million tons [3]. A great diversity
of microbes from bacteria, fungi, to yeast have been reported to be involved in the production of citric
acid [4-6]. Aspergillus nigeris the oldest industrial workhorse, revealing outstanding properties that turn
it ideal for industrial fermentation. This fungus is used for the industrial production of citric acid since
1923 [7, 8]. Its natural ability to secrete metabolites, such as organic acids and proteins, coupled with
its robustness to extreme acid environments, are desired traits that turn A. njger into an important
industrial bioplatform [9]. Microbes are metabolically engineered to produce specific metabolites and to
use particular substrates, like industrial wastes and subproducts [10]. Rewiring the plasma membrane
transport of such molecules in microbial cell factories is one of the key-processes to optimize cellular
metabolism. Transporter engineering approaches have improved the efficiency of microbial cell factories
for the production of desired metabolites [11, 12]. Some current limitations for the industrial exploitation
of microbial cell factories include the ability to assimilate specific carbon and energy sources and product
accumulation and subsequent toxicity with resulting low product extracellular titers [13, 14]. Low-product
yield, reactor productivity, and final product concentration can be caused by severe end-product inhibition
[15]. To surpass these bottlenecks, researchers outlined strategies that include the expression of
importers and/or exporters, that can be improved by genetic manipulation for increased transport
capacity or altered specificity [10, 12, 16]. Additionally, the employment of acid-tolerant microorganisms,
like Saccharomyces cerevisiae, determines one of the crucial steps in effective bioprocess development
[17, 18]. The coupled superior predisposition for growing at lower pH values and strengthened resistance
mechanisms to weak carboxylic acid stress turns it into an ideal chassis to produce desired fine chemicals
[19]. Although several carboxylate importers are known in fungi, few exporters are currently identified
[10]. Two itaconate exporters were already identified, Itpl in the fungal pathogen Ustilago maydis [20],
and MfsA in Aspergillus terreus [21, 22]. The Maelp from Schizosaccharomyces pombe is a
proton/dicarboxylate transporter able to export fumarate, succinate, and malate [23, 24]. Despite being

characterized as monocarboxylate importers, when expressed in an S. cerevisiae strain engineered for
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lactate production, Jen1 and Ady2 were able to export lactic acid [25]. Recently two citrate exporters were
identified, AnCexA from A. niger [11, 26] and Cex1 from Yarrowia ljpolytica [27]. AnCexA belongs to the
Drug-H* Antiporter (DHA1) family (TC 2.A.1.2), while Cex1 belongs to the Drug:H* Antiporter 2-Family
(DHA2) (TC 2.A.1.3). The disruption of AnCexA impaired citric acid production in A. niger and its
heterologous expression in S. cerevisiae, lead to the secretion of citric acid in glucose-grown cells [11,
26]. Previous studies proposed different molecular mechanisms for citrate export in A. niger. passive
diffusion, citrate/H- antiporter, or ApH-driven symport with H+ ions [4, 28, 29]. In the present study, we
present the phylogenetic analysis of the citrate exporter AnCexA, its 3D structure prediction as well as its

functional characterization through heterologous expression in S. cerevisiae.

6.2 MAATERIALS AND METHODS

6.2.1 PHYLOGENETIC RECONSTRUCTION OF ANCEXA

About 10000 proteomes were downloaded from the refseq subsection of the NCBI Assembly platform as
individual FASTA files and converted into a local database. Only sequences derived from a single genome
of a given species were considered to avoid redundancies. The specimen with the higher number of
proteins described in the database was selected. A BLAST search, with a cut-off e-value of 10-© and an
associated query-cover value higher than 65%, was carried out on this database using the protein
XP_025452994.1 from Aspergillus niger. Retrieved protein sequences were aligned using the MAFFT
online server [30], which incorporates multiple alignment strategies. Sequences that were not aligning
extensively across the conserved region of the alignment were further excluded from the phylogenetic
analysis. These sequences, in many cases, could represent the lower quality of the stretch of the genome
where they are located or incomplete annotation of the full gene and they should not necessarily be
regarded as non-functional genes. Phylogenetic reconstruction was performed using Maximum
Likelihood, more appropriate for the deeper divergences under analysis here, using MEGA7 [31] and the
Jones-Taylor-Thornton substitution model. Bootstrap was performed for 1000 repetitions. Obtained

phylogenetic tree was displayed and edited in FigTree v.1.4.4. (http://tree.bio.ed.ac.uk/).

6.2.2 YEAST CULTIVATIONS, PLASMID CONSTRUCTS, AND GROWTH CONDITIONS

The yeast strains, plasmids, and primers used in this study are listed in tables 1 and 2, and 3 respectively.
In this study, two S. cerevisiae CEN.PK strains were used: the CEN.PK 113-5D [32] and the IMX1000

[33]. The S. cerevisiae CEN.PK 113-5D transformants were maintained on YP agar plates supplemented
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with 2% (w/v) glucose and 0.3 mg/mL hygromycin B. The S. cerevisiae IMX1000 strains were maintained
in minimal media with the required supplements for the growth of the auxotrophic strains [11, 33].

Yeast cells were grown in yeast nitrogen base (YNB, Difco), 0.67%, w/v (YNB medium), enriched with
adequate requirements for prototrophic growth. Carbon sources were glucose (2%, w/v), acetic acid
(0.5%, v/v; pH 6.0), lactic acid (0.5%, v/v; pH 5.0), pyruvic acid (0.5% w/v; pH 5.0), fumaric acid (1%,
w/v, pH 5.0), succinic acid (1%, w/v, pH 5.0), malic acid (1%, w/v; pH 5.0) and citric acid (1%, w/v; pH
5.5). Yeast growth was carried out at 30°C, both in liquid and solid media. Cultures were harvested
during the mid-exponential phase of growth. For growth tests, cells were grown on YNB Glu-Ura media,
until the mid-exponential phase and adjusted to an OD..., of 0.1. A set of three 1:10 serial dilutions were
performed and 3 pL of each suspension was inoculated in the desired media, using YNB Glu-Ura as a
control carbon source. Cells were incubated at 30°C for 2 days and at 18°C for 14-22 days. At 18°C,
carboxylic acid uptake by diffusion is drastically reduced so that growth on CA as sole carbon and energy

source is directly dependent on a functional transporter, as described by Soares-Silva ef a/. (2007) [34].

6.2.3 TRANSPORT ASSAYS

Transport assays were performed as previously described by Ribas ef a/ (2017) [35] using labelled
[1,5-4C] citric acid (Perkin Elmer, Massachusetts, USA) with a specific activity of 300 and 1500
dpm/nmol. Optimalfitting of the experimental data for initial uptake rate was done through
computer-assisted non-linear regression analysis performed by GraphPad Prism (California, USA) version
6.0 for Windows. The kinetic parameters were obtained at a significance level p<0.05. The data presented
is the mean value of at least three independent experiments, with three replicas each. Inhibition assays
were carried out through the simultaneous addition of labelled and nonlabelled substrates. The
determination of non-specific “C-adsorption to the cells, along with the diffusion component, was
performed by adding a mixture of labelled acid and unlabeled acid concentrated 1000-fold and measured

in a PerkinElmer Tri-Carb 4810TR liquid scintillation spectrophotometer, with dpm correction.
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Table 1. Yeast strains used in this study

Strain Genotype Source

:bcerewslae CEN.PK113- AT MAL2-8C SUC2 ura3-52 Eg::[zrr] (azrz)dw)
MATa ura3-52 trp1-289 leu2-3112 his3A
canlA::cas9-natN72 mchilA mchZA mchaA

IMX1000 (parental strain  aqyIA /trIA pariZ2A mch3A mch4A Mans et al.

CEN.PK113-7D) yil166cA hxtiA jenlA atolA aqriA thi73A  (2017)

fosIA aqy2A yil053cA atoZA ato3A aqy3A
tpo2A yroZA azrlA yhl008cA tpo3A

S. cerevisiae CEN.PK 113- S cerevisiae transformed with arscen

5D pd

S. cerevisiae CEN.PK 113-

5D pTEF1

S. cerevisiae CEN.PK 113-

plasmid, empty vector

S. cerevisiae transformed with p 7EF I-cex4

tCYC1 cassette
S. cerevisiae transformed with p 7P/ I-cex#4

Steiger et al.
(2019)
Steiger et al.
(2019)
Steiger et al.

5D pTPI1 tCYC1 cassette (2019)
IMX1000 pé IMX1000 transformed with arscen plasmid, This work
empty vector

IMX1000 pTEF1 IMX1000 transformed with pTEF1-CexA This work
IMX1000 pCexA-S71A IMX1000 transformed with pCexA-S71A This work
IMX1000 pCexA-S75A IMX1000 transformed with pCexA-S75A This work
IMX1000 pCexA-N76A IMX1000 transformed with pCexA-N76A This work
IMX1000 pCexA-P80A IMX1000 transformed with pCexA-PS80A This work
IMX1000 pCexA-D84A IMX1000 transformed with pCexA-D84A This work
IMX1000 pCexA-G122A IMX1000 transformed with pCexA-G122A This work
IMX1000 pCexA-R123A IMX1000 transformed with pCexA-R123A This work
IMX1000 pCexA-R124A IMX1000 transformed with pCexA-R124A This work
IMX1000 pCexA-R154A IMX1000 transformed with pCexA-R154A This work
IMX1000 pCexA-F188A IMX1000 transformed with pCexA-F188A This work
IMX1000 pCexA-R192A IMX1000 transformed with pCexA-R192A This work
IMX1000 pCexA-Q196A IMX1000 transformed with pCexA-Q196A This work
IMX1000 pCexA-P200A IMX1000 transformed with pCexA-P200A This work
IMX1000 pCexA-T207A IMX1000 transformed with pCexA-T207A This work
IMX1000 pCexA-P235A IMX1000 transformed with pCexA-P235A This work
IMX1000 pCexA-E236A IMX1000 transformed with pCexA-E236A This work
IMX1000 pCexA-T237A IMX1000 transformed with pCexA-T237A This work
IMX1000 pCexA-Y307A IMX1000 transformed with pCexA-Y307A This work
IMX1000 pCexA-S311A IMX1000 transformed with pCexA-S311A This work
IMX1000 pCexA-S315A IMX1000 transformed with pCexA-S315A This work
IMX1000 pCexA-R461A IMX1000 transformed with pCexA-R461A This work
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Table 2. Plasmids used in this study

Plasmid Characteristics Reference
pd BB3_arscen_URA_Hygro; empty vector (low copy plasmid) LR
Addgene

pMST-1312; cassette p 7P/ I-cexAtCYC1, constitutive 118075 in
pTPI1 .

expression Addgene

pMST-1313; cassette p 7TEFI-cexAtCYC 1, constitutive 118076 in
pTEF1 :

expression Addgene
pCexA-S71A pTEF1 with the substitution S71A in CexA This work
pCexA-S75A pTEF1 with the substitution S75A in CexA This work
pCexA-N76A pTEF1 with the substitution N76A in CexA This work
pCexA-P8OA pTEF1 with the substitution P80A in CexA This work
pCexA-D84A pTEF1 with the substitution D84A in CexA This work
pCexA-G122A pTEF1 with the substitution G122A in CexA This work
pCexA-R123A  pTEF1 with the substitution R123A in CexA This work
pCexA-R124A pTEF1 with the substitution R154A in CexA This work
pCexA-R154A pTEF1 with the substitution R154A in CexA This work
pCexA-F188A pTEF1 with the substitution F188A in CexA This work
pCexA-R192A  pTEF1 with the substitution R192A in CexA This work
pCexA-Q196A pTEF1 with the substitution Q196A in CexA This work
pCexA-P200A pTEF1 with the substitution P200A in CexA This work
pCexA-T207A pTEF1 with the substitution T207A in CexA This work
pCexA-P235A pTEF1 with the substitution P235A in CexA This work
pCexA-E236A pTEF1 with the substitution E236A in CexA This work
pCexA-T237A  pTEF1 with the substitution T237A in CexA This work
pCexA-Y307A pTEF1 with the substitution Y307A in CexA This work
pCexA-S311A  pTEF1 with the substitution S311A in CexA This work
pCexA-S315A pTEF1 with the substitution S315A in CexA This work
pCexA-R461A pTEF1 with the substitution R461A in CexA This work
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6.2.4 ANCEXA STRUCTURAL MOLECULAR DOCKING STUDIES

The tridimensional modelling was performed for the AnCexA (XP_001398400.1). For 3D structure
prediction, the AnCexA amino acid sequence was threaded through the PDB library using HHPred [36]
and LOMETS (Local Meta-Threading-Server) [37]. The top-ranked threading template was the L-lactate
transporter from Syntrophobacter fumaroxidans (PDB 6G9X; 2.54 A resolution) [38]. Molecular docking
simulations were done as previously described [35], using the ligand structure of citric acid downloaded
from the Zinc database [39]. Docking prediction was carried out with deprotonated forms of citric acid
with the protonation states adjusted to match the desired pH. The results were exported in the .mol2
format. Substrate 3D structures were built by inputting canonical SMILES strings in the UCSF Chimera
[40], being minimized before molecular docking simulations in PyRx software [41] using AutoDock Vina.
All simulated interactions were analyzed in 2D and 3D pose views using both Chimera and Maestrov11.2.
To validate any structural differences that might indicate different substrate preferences for the wild-type
AnCexA protein and mutant alleles, we used the HOLE program (2.2.005 Linux) to predict the pore radius
[42]. The image for the pore was obtained using the Visual Molecular Dynamics program (VMD, 1.9.3)
[43]. The pore radius of the wild-type and the mutants of AnCexA proteins were compared in a graph with

the coordinate in the direction of the channel vector serving as the X-axis.

6.2.5 CONSTRUCTION OF ANCEXAP MUTATIONS, CLONING, AND EXPRESSION IN

S. CEREVISIAE

Oligonucleotide-directed mutagenesis was performed as previously described [34] using the pTEF1-CexA
plasmid (60 ng) [11]. Twenty-one mutations of the AnCexA were obtained. The oligonucleotides used are
listed in table 3. Mutations were confirmed by sequencing. The mutant versions of AnCexA were
transformed in a S. cerevisiae IMX1000 strain [33] using the High Efficiency Transformation Method [44]

and transformants were selected by complementation of uracil auxotrophy.
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Table 3. Oligonucleotides used for strain construction, cloning, and expression

Name Sequence

S71A_fwd CTCGCTGCCATATTTGCTCCGCTTTCGTCGAAC
S71A_rev GTTCGACGAAAGCGGAGCAAATATGGCAGCGAG
S75A_fwd CATATTTTCTCCGCTTTCGGCTAACATTTACTTCCCTG
S75A_rev CAGGGAAGTAAATGTTAGCCGAAAGCGGAGAAAATATG
N76A_fwd TCTCCGCTTTCGTCGGCTATTTACTTCCCTGCC
N76A_rev GGCAGGGAAGTAAATAGCCGACGAAAGCGGAGA
P80A_fwd GTCGAACATTTACTTCGCTGCCCTGGATGATG
P80A_rev CATCATCCAGGGCAGCGAAGTAAATGTTCGAC
D84A_fwd CTTCCCTGCCCTGGATGCTGTCTCGAAATCCCTC
D84A_rev GAGGGATTTCGAGACAGCATCCAGGGCAGGGAAG
G122A_fwd CATGTCAGACGCCACAGCTAGACGGCCTGTCTTTATTG
G122A_rev CAATAAAGACAGGCCGTCTAGCTGTGGCGTCTGACATG
R123A_fwd GTCAGACGCCACAGGTGCTCGGCCTGTCTTTATTG
R123A_rev CAATAAAGACAGGCCGAGCACCTGTGGCGTCTGAC
R124A_fwd GACGCCACAGGTAGAGCTCCTGTCTTTATTGGAAC
R124A_rev GTTCCAATAAAGACAGGAGCTCTACCTGTGGCGTC
R154A_fwd GAGCTCATGGCCTTCGCTGCCTTGCAGGCTGCTG
R154A_rev CAGCAGCCTGCAAGGCAGCGAAGGCCATGAGCTC
F188A_fwd GTAGCTTGGTGGGTATCGCTGGTGGAGTTCGCATG
F188A_rev CATGCGAACTCCACCAGCGATACCCACCAAGCTAC
R192A_fwd GTATCTTCGGTGGAGTTGCTATGCTTGGACAGGGAATC
R192A_rev GATTCCCTGTCCAAGCATAGCAACTCCACCGAAGATAC
Q196A_fwd GTTCGCATGCTTGGAGCTGGAATCGGGCCGGTTTTC
Q196A_rev GAAAACCGGCCCGATTCCAGCTCCAAGCATGCGAAC
P200A_fwd GGACAGGGAATCGGGGCTGTTTTCGGCGGCATTTTC
P200A_rev GAAAATGCCGCCGAAAACAGCCCCGATTCCCTGTCC
T207A_fwd GTTTTCGGCGGCATTTTCGCTCAGTATCTCGGATATC
T207A_rev GATATCCGAGATACTGAGCGAAAATGCCGCCGAAAAC
P235A_fwd CATTCTGGTGCTTCTTGCTGAGACATTGAGGCCAATTG
P235A_rev CAATTGGCCTCAATGTCTCAGCAAGAAGCACCAGAATG
E236A_fwd CTGGTGCTTCTTCCGGCTACATTGAGGCCAATTG
E236A_rev CAATTGGCCTCAATGTAGCCGGAAGAAGCACCAG
T237A_fwd GTGCTTCTTCCGGAGGCTTTGAGGCCAATTGCTG
T237A_rev CAGCAATTGGCCTCAAAGCCTCCGGAAGAAGCAC
Y307A_fwd CTTTGGAAGTATCGTGGCTACAGTGTGGAGCATG
Y307A_rev CATGCTCCACACTGTAGCCACGATACTTCCAAAG
S311A_fwd GTGTACACAGTGTGGGCTATGGTGACATCCAGTAC
S311A_rev GTACTGGATGTCACCATAGCCCACACTGTGTACAC
S315A_fwd GTGGAGCATGGTGACAGCTAGTACCACCGACCTCTTC
S315A_rev GAAGAGGTCGGTGGTACTAGCTGTCACCATGCTCCAC
R461A_fwd GTGAACAATCTGATGGCTTGCCTGCTTGGAGCTG
R461A_rev CAGCTCCAAGCAGGCAAGCCATCAGATTGTTCAC

Primer seq_F

Primer seq_R

GGTCATGTCCTCAACCACGTCCTCA
AAGCCTAGTTGCCGTTGGCTTTGGCCT
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6.3 RESULTS

6.3.1 EVOLUTIONARY RELATIONSHIPS OF ANCEXA

A phylogenetic analysis was carried out to study the evolution of the members from the Drug-H* antiporter
(DHA1) family (TC 2.A.1.2) present in eukaryotic and prokaryotic genomes. The homolog nominations
and bootstrap values from the phylogenetic reconstruction are all available in the Supplementary material
section (Figure S1). The BLASTP search in the NCBI's assembly database using complete genomes
retrieved 581 hits. A total of twenty-one sequences that lacked large conserved regions were excluded
resulting in a final dataset of 560 sequences.

Sixteen protein homologs to AnCexA were found in the A. njger CBS 513.88 strain in this database
(Figure 1). For a further study of the present tree, we have highlighted sections according to the
distribution of homologs among eukaryotic and prokaryotic organisms. The prokaryotic clade is formed
by the presence of a single homolog from Bacillus anthracis. The yeast and filamentous fungi homologs
present can be divided into four main eukaryotic clades (E1-E4, in figurel).

Eukaryotic divisions were defined by the presence of previously characterized transporters. The E1 clade
includes the CexA protein from A. niger [11], the Itp1 protein, an itaconate transporter characterized in
Ustilago maydis [20], three homologs from S. cerevisiae, the multidrug transporters Qdrlp [45], Qdr2p
[46] and Agrlp [47, 48], and one homolog from Y. /ipolytica, YALIOFO3751p [27], and other homologs
present in ascomycetes and basidiomycetes. Aqrlp confers resistance to short-chain monocarboxylic
acids and quinidine [47, 48], and was implicated in the excretion of excess amino acids in S. cerevisiae
cells. Qdrlpis involved in the spore wall assembly and provides resistance to drugs like quinidine, barban,
ketoconazole, fluconazole [45]. Besides its involvement in drug resistance, Qdr2p is also recognized as
an importer of potassium ions and an exporter of copper [49].

The E2 clade is split into two subclades. On the E2-major subsection are the other three homologs
detected in U. maydis, the remaining homologs from VY. /jpolytica, including YALIOE21241g and
YALIOF25597¢ characterized as not being involved in citrate secretion [27], some homologs from other
basidiomycetes such as Cryptococcus, Sporisorium, Phellinus and Malassezia species, the other
homologs from A. niger, and a large section of homologs from other yeast and fungi. In another subclade
is the multidrug transporter Qdr3p from S. cerevisiae [50], and other homologs present in ascomycetes

and basidiomycetes from Phellinus and Cryptococcus species.
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DHA1 Homologs

o Aspergillus niger AnCexA ; (16 other homologs)

o Ustilago maydis Umltp1; (3 other homologs)
9 Saccharomyces cerevisiae 3a-Qdrip; 3b-Qdr2p; 3c-Qdr3p; 3d-Aqrip; 3e-Dtrip

Yarrowia lipolytica 4a-YALIOF03751g; 4b-YALIOF25597g; 4c-YALIOC00847g; 4d-YALIOE10483g;
4e-YALIOE21241g; (13 other homologs)

Figure 1. Maximum likelihood phylogenetic tree of DHA1 family (TCDB 2.A.1.2) members
present in eukaryotic and prokaryotic genomes. Branch lengths are proportional to sequence
divergence. Groups indicated as E1, E2, E3, E4, P1 were created to facilitate tree description in the main
text and are not meant to provide any type of classification. Major taxonomic groups are indicated in
shades of blue - bacteria, orange — ascomycetes, and brown - basidiomycetes. Homologs relevant to
the discussion of the manuscript are here highlighted.
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Close to this latter subclade is found another major E3 clade that includes two of the homologs from
Y. lipolytica, YALIOCO0847g, and YALIOE10483g, also previously characterized as not being involved in
citrate production [27] and other homologs present in several ascomycetes and Cryptococcus species.
E4 clade contains the putative dityrosine transporter Dirlp from S. cerevisiae [51] and several homologs
present in other yeasts species. The AnCexAp characterized in this study is phylogenetically closer to
other homologs from Fusarium species (F. fujikuroi and F. oxysporum), Colletotrichum higginsianum,
Neurospora crassa, Sclerotinia sclerotiorum, Botrytis cinerea, Penicillium chrysogenum, and one homolog
from Aspergiflus oryzae. A strong presence of AnCexA homologs in several ascomycetes was evidenced.

The few basidiomycetes members are dispersed across the phylogenetic tree.

6.3.2 FUNCTIONAL STUDIES OF ANCEXA IN SACCHAROMYCES CEREVISIAE

The S. cerevisiae CEN.PK 113-5D strain was used for heterologous expression of the AnCexA under the
control of 7P/1 and T7EFI constitutive promoters. Cells were grown in media containing mono-, di- and
tricarboxylic acids as sole carbon and energy at 18 and 30°C. As observed in Figure 2, all the S. cerevisiae
CEN.PK 113-5D transformed strains presented growth on all carbon sources, both at 18°C and 30°C,
with increased growth in the last temperature. The negative control grew better than the cells expressing
the AnCexA protein. Most probably, cells expressing AnCexA are exporting citrate, as previously reported
for S. cerevisiae cells [11] which can be essential to sustain long-term cellular growth on solid media.

The uptake rate of radiolabelled “C-citric acid 1.0 mM revealed a higher citrate uptake of the S. cerevisiae
CEN.PK 113-5D strain harboring pAnCexA-TEF1 compared to cells transformed with pAnCexA-TPI1 (data
not shown). Therefore, the effect of the pH on the initial uptake rates of citrate was determined in
glucose-grown cells only considering the S. cerevisiae CEN.PK 113-5D pAnCexA-TEF1 strain (Figure 3A).
The highest transport of citrate occurred at pH 7.0. To assess the transporter activity at different growth
stages (see Supplementary material section, Figure S2), citrate uptake (10.0 mM, 30°C, pH 7.0) was
evaluated in four time-points during the exponential growth phase (Figure 3B) revealing that citrate uptake

capacity increased during the progression of the growth on glucose.
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Glucose Acetic acid Lactic acid Pyruvic acid Fumaric acid Malic acid Succinic acid Citric acid

pd
CEN.PK113-5D - pTEF1-CexA
I pTPI1-CexA

| pd
CEN.PK113-5D + pTEF1-CexA

I pTPI1-CexA

Figure 2. Growth phenotypes of S. cerevisiae CEN.PK 113-5D strains expressing Aspergillus niger CexA transporter under the control of
TEF1 and TPI1 prometers. Different media containing glucose (2% w/v), acetic acid (0.5% v/v; pH 6.0), lactic acid (0.5% v/v; pH 5.0), pyruvic acid (0.5% w/v;
pH 5.0), fumaric acid (1% w/v; pH 5.0), malic acid (1% w/v; pH 5.0), succinic acid (1% w/v; pH 5.0) and citric acid (1% w/v; pH 5.5) were tested as sole carbon
and energy sources. The negative control corresponds to the strain carrying the corresponding empty vector (p). Cells suspension were 1/10 serially diluted; 3
uL drops of each dilution were spotted in plates and incubated at 18°C for 22 days and 30°C for 2 days.
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Figure 3. Uptake of “C-citric acid 10.0 mM in glucose-grown cells of S. cerevisiae CEN.PK
113-5D transformed with pAnCexA-TEF1. A) Effect of the pH on the uptake of the acid. B) Time-
course of the acid uptake during the exponential growth phase. The data shown are mean values of at
least three independent experiments and the error bars represent the standard deviation.

The kinetic parameters for the initial uptake rates of radiolabelled citric acid at pH 5.5 and pH 7.0, 30°C,
were determined in glucose-grown cells of S. cerevisiae CEN.PK 113-5D transformed with AnCexA,
collected at the O.D. of 0.5 (Figure 4). At pH 7.0, a linear kinetic was obtained for citric acid uptake
(Figure 4A), as for pH 5.5, citrate uptake presented a Michaelis—Menten kinetics with the following
K, 29.4 + 13.7 mM of citric acid and V.. 11.40 + 3.66 nmol st mg! dry wt. (Figure 4B). These latter
findings suggest the involvement of AnCexA as low-affinity transporter for citrate in S. cerevisiae and
evidence its role as a citrate importer. The specificity and energetics of AnCexA were further assessed at
pH 5.5 (Figure 5). None of the mono- and dicarboxylic acids tested had an inhibition effect on citrate
uptake (Figure 5A) however it was inhibited by isocitric acid (Figure 5B) suggesting that only
tricarboxylates are substrates of AnCexA. Additionally, the protonophore CCCP (carbonyl cyanide
m-chlorophenylhydrazone), a recognized metabolic inhibitor that collapses the proton motive force, did
not affect citrate transport, revealing that the uptake of citrate is not dependent on the proton motive force

(Figure BA).

211



. 1.0 __ 6.0~
; : Kn= 29.4%13.7 mM
E 6.0 ‘E 5.0- Vimae= 1140 * 3.66 nmol s mg* dry wt.
5 5.0 T 40-
‘© 4.04 ‘o
£ E 3.0
‘Tm 3.0 F'w
S 2.0 5 >
£ E
£ 1.0- £
> >
D'U T T L L T T 1 0'0 1 L L 1
0 5 10 15 20 25 30 35 0 5 10 15 20

[*C-Citric acid] mM ['*C-Citric acid] mM
- p® -+ pCexA-TEF1

Figure 4. Citric acid transport in S. cerevisiae CEN.PK 113-5D cells expressing AnCexA
under the control of TEF1. Initial uptake rates of radiolabelled “C-citric acid as a function of the acid
concentration at A) pH 7.0 and B) pH 5.5, at 30°C. Cells were grown on YNB-glucose as the sole carbon
and energy source and collected in the mid-exponential growth phase (OD=0.5). The data shown are
mean values of at least three independent experiments. Error bars correspond to the standard deviations.
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Figure 5. Specificity and energetics of citric acid uptake at pH 5.5, 30°C in S. cerevisiae
CEN.PK 113-5D cells expressing AnCexA under the control of TEF1. A) “C-itric acid uptake
(12 mM) in the presence of non-labelled acetic, lactic, malic, succinic, a-ketoglutaric acids (120 mM),
and CCCP (5 and 50 uM). B) “C-citric acid (3 mM) uptake in the absence and presence of non-labelled
citric (30 mM and 120 mM) and isocitric (30 mM) acids. The data shown are mean values of at least two
independent experiments and the error bars represent the SD.
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6.3.3 ANCEXA STRUCTURAL CHARACTERIZATION

The 3D-model structure of AnCexA (Figure 6) was predicted based on the crystal structure of the MFS
transporter from Syntrophobacter fumaroxidans. This transporter presents twelve transmembrane
segments with 14% identity with AnCexA and BLASTP analysis presented an E-value of 3.7e%. The AnCexA
structure contains four predicted binding sites for citrate (1-4, Figure 6A), one located in the extracellular
side of the membrane and the other three closer to the central pore of the protein. The putative
interactions of citrate with amino acid residues at each site were also predicted by this model (Figure 6B).
Tables S1 and S2 describe the amino acid residues with predicted strong intramolecular interactions with
deprotonated forms of citric acid and the estimated binding affinity values [kcal/mol] by PyRx software
for the docking of AnCexAp with the citrate form adjusted for pH 5.5. In the first binding site, citrate
interacts with T207, 1215, and T318 residues establishing hydrogen bonds. In the second binding site,
citrate also interacts through hydrogen bonds with S75, N76, Q196, Y307, W310, and T314 residues. In
the third binding site, C343 is found to interact with citrate through a hydrogen bond. The residue R192
presents a shared salt bridge interaction, that is relevant for the citrate binding located at the third and
fourth binding sites. Finally, on the fourth binding site, besides R192, citrate also interacts with S71
through a hydrogen bond. Based on this analysis we have selected these residues as targets for
mutagenesis of AnCexA (Figure 7). Further amino acid residues were selected based on the residue
conservation of the AnCexA alignment (Figure 7A). Site-directed mutagenesis in CexA was performed by
replacing each residue with an alanine residue (Figure 7B). The mutations were tested on media
containing mono-, di- and tricarboxylic acids as sole carbon and energy sources at 18°C and 30°C (Figure
8). The S. cerevisiae IMX1000 strain was used as a host background for the heterologous expression of
AnCexA alleles, under the control of the 7£F7 promoter. The growth phenotypes at 30°C revealed three
distinct types of mutations (Figure 8A).
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Figure 6. Structure-function analysis of the Aspergillus niger CexAp. A) Molecular docking of citrate with the 3D-model of AnCexA, based on the crystal

structure of the MFS transporter from S. fumaroxidans (PDB 6G9X). Four binding sites (1-4) were found for citrate in the A. njger CexA. B) The 2D view represents
the interactions between citrate and AnCexA residues.
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Figure 7. Structure-function study of AnCexA. A) The conservation logo resulted from the alignment
of AnCexA homologs visualized with WebLogo (https://weblogo.berkeley.edu). The regions presented
correspond to residues with more than 90% of aligned sequences. Transmembrane segments (TMSs)
predicted with PSI/TM-Coffee (http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee) and TMHMM 2.0
(http://www.cbs.dtu.dk/services/ TMHMM/) are highlighted in brown in the logo, and orange arrows and
boxes (highly conserved) indicate amino acids mutated in this study. B) Predicted topology of CexA.
Transmembrane segments are colored with the rainbow scheme from | to XIl TMS. The residues mutated
for alanine are shown as grey circles: | TMS (S71, S75, N76, P80, D84), beginning of Ill TMS (G122,
R123, R124), IV TMS (R154), V TMS (F188, R192, Q196, P200, T207), VI TMS (P235, E236, T237), VIl
TMS (Y307, S311, S315) and XI TMS (R461). The hydrophilic pore is depicted by the white triangle between
the | and VIl TMSs, pointing to the transport of carboxylate molecules from periplasm to cytoplasm. The
N- and C-terminal of the exporter are annotated by N and C, respectively.
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Glucose (2%) Acetic acid Lactic acid Pyruvic acid Fumaric acid Malic acid Succinic acid Citric acid
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pCexA
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Figure 8. Structural-functional analysis of AnCexA. A) Growth phenotypes of S. cerevisiae IMX1000 strains expressing AnCexA transporter, transformed with the empty
vector and respective AnCexA mutant versions M1, M2 and M3, at 30°C grown on glucose (2% w/v), acetic acid (0.5% v/v; pH 6.0), lactic acid (0.5% v/v; pH 5.0), pyruvic acid
(0.5% w/v; pH 5.0), fumaric acid (1% w/v ; pH 5.0), malic acid (1% w/v; pH 5.0), succinic acid (1% w/v; pH 5.0) and citric acid (1% w/v; pH 5.5) as sole carbon and energy
sources. The negative control corresponds to the strain carrying the corresponding empty vector (p). Cells were serially diluted; 3 pL drops of each dilution were spotted in
plates and incubated for 4 days. B) Cartoon of the simulations using HOLE software for pore shape prediction of AnCexA and mutant proteins M1, M2, and M3: color scheme

is ruled by blue (larger aperture), green, and red (more constricted). The plot represents the simulations for the pore radius profiles along the AnCexA (green line), M1 (blue-dotted
line), M2 (grey line), and M3 (yellow dashed-line) proteins.
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Mutant M1 presented mild growth in all carbon sources, exhibiting a growth profile similar to cells
expressing AnCexA. This indicated that the mutation did not cause significant alterations at the level of
the protein transport capacity and specificity. In the M2 mutant, a toxic phenotype was detected which
might be coupled to a gain of function of the transporter, potentially favoring the export of citrate and thus
decreasing the ability of cells to grow on organic acids. For the mutant M3 improved growth was found
on all media with carboxylic acid used as the sole carbon and energy source. This latter mutation might
be critical for citrate transport resulting in a loss of function since a similar phenotype was displayed by
the negative control.

The prediction of the pore shape for the AnCexA protein and the mutants M1, M2, and M3 was explored
with the Hole software (Figure 8B). An increase of about 2.0 A on the pore radius was observed in the
initial section in the M2 mutant when compared to the wild-type AnCexA. As for M1 and M3 mutants’

minor differences were observed.

6.4 DISCUSSION

The phylogenetic analysis CexA homologs belonging to the DHAL transporter family revealed a high
prevalence in fungi. The single member of the prokaryotic clade is likely to represent a case of horizontal
gene transfer. On the AnCexA clade, four homologs are functionally characterized: the itaconate
transporter Itplp from U. maydis [20], and three multidrug transporters from S. cerevisiae (Qdr1, Qdr2,
Agrl) [45-48]. From these, Aqrlp is described as a transporter of carboxylic acids, conferring resistance
to monocarboxylic acids and quinidine, being also associated with the excretion of amino acids [47, 48].
Qdrl1 is involved in the resistance to drugs e.g. quinidine, ketoconazole, and fluconazole, and the in spore
wall assembly [45]. Qdr2p presents a wide substrate specificity, including the transport of several drugs
and mono- and divalent cations, and the export of copper, also contributing to potassium homeostasis in
cells [46]. S. cerevisiae has twelve proteins belonging to the DHA1 family, however, the remaining proteins
were not included in the CexA-phylogenetic tree, e.g. FIrl, Holl, Tpol, Tpo2, Tpo3, Tpo4, and Yhk8 [52,
53].

In Y. /jpolytica, the five AnCexA homologs are not involved in citrate export (YALIOFO3751g,
YALIOCO0847g, YALIOE10483g, YALIOF25597g, and YALIOE21241g) and recently uncovered Cexl
citrate transporter belongs to another transporter family [27]. The function of this group of genes still

needs to be characterized.
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Among the AnCexA homologs present in the tree, only AnCexA has been identified as a citrate exporter.
The number of AnCexA homologs is also strain dependent. In the genome of the A. niger strain ATCC
1015, only six putative homologs (>30% identity) were identified when compared to the seventeen
homologs found in the A. niger strain CBS 513.88 reference genome (Figure 1). This is in accordance
with a high variation reported for this species verified by exo-metabolite profiling and phylogenetic studies
[54]. In fact, the genome sequencing of the A. njger CBS 513.88 strain revealed an extensive number of
MFS transporters, such as the AnCexA homologs [55]. Nonetheless, the functionally characterized
AnCexA and the AnCexA from CBS 513.88 vary only in one residue 121T that is localized in the N-terminal.
In this work, the heterologous expression of AnCexA in S. cerevisiae resulted in a decreased growth on
all carbon sources tested. The growth phenotype obtained in YNB-citric acid (1%) as sole carbon and
energy source is in accordance with previous results [11], where a decreased growth was observed when
the citrate exporter is expressed, under the control of a constitutive system, in S. cerevisiae cells. The
observed growth phenotypes in carboxylic acids may be associated with the export of citrate, or even of
other carboxylic acids, although the transporter seems to be specific for citrate and isocitrate. In this
scenario, we hypothesize that the intracellular depletion of citrate and isocitrate affects cell growth
performance on carboxylic acids. In the study by Steiger ef a/. (2019), the constitutive expression of CexA
in A. niger had an impact on cellular traits, namely in the reduction of conidiation pattern verified upon
growth in solid media plates [11]. In S. cerevisiae it is possible that the expression of AnCexAp also
interferes with other cellular processes.

The CexA citrate uptake activity was optimal at pH values between 5.0 to 7.0. At a pH below the pK, of
the acid, the undissociated form predominates, being able to enter the cell by simple diffusion [56, 57].
For a pH value above the pK. of the acid, the charged anionic form prevails, needing a transporter to
cross the biological membrane [56]. In our findings, the increase in citrate uptake occurred at higher pH
suggesting that a charged citrate is transported by AnCexA (pK.=3.13; pK.=4.76; pK.=6.39; 6.40) [4].
The reduction in the citrate uptake observed at pH 8.0, is in agreement with previous reports, as this pH
value is considered critical and non-physiological for S. cerevisiae cells [58]. The optimal pH for citrate
transport was pH 7.0. At this pH, citric acid is in the fully deprotonated state (pH > pK.) and simple
diffusion is limited by its cell membrane permeability.

The kinetic parameters for citrate uptake obtained at pH 5.5 correspond to a low-affinity and high capacity
transporter with the following kinetic parameters A, 29.4 + 13.7 mM of citric acid and
V.x 11.40 + 3.66 nmol stmg'dry wt. These values are in accordance with the primary role reported for

AnCexA, citrate export. In order, to be an efficient exporter, the transporter has to present a low affinity
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for substrate import, thus preventing a futile cycle. Prior studies have associated low-affinity transport
systems for carboxylic acids as protein exporters. The low-affinity plasma-membrane monocarboxylate
transporter MCT4 (TC 2.A.1.13.6) is reported as being an exporter with a major physiological role in
monocarboxylate efflux [59-61].

Inhibition assays suggest that citrate and isocitrate are transported by AnCexAp in S. cerevisiae. The
AnCexAp transporter was the second plasma membrane citrate transporter identified in fungi [11, 26].
The first was the AnBestl1, an anion efflux channel from Aspergillus nidulans [62] and more recently the
citrate exporter YICex1 from Y. /jpolytica [27] and the citrate importer PKJEN2-2 from P. Audriavzevii[63]
were also identified. However, the kinetic parameters for citrate transport of these three transporters were
not determined.

The effect of the protonophore CCCP revealed the non-dependence of this transporter on a proton motive
force, although one of the mechanisms hypothesized for citrate export was a citrate/H-antiporter [11].
Thus, further assays are needed to clarify the driving force of the citrate transport by AnCexAp, such as
the utilization of ionophores valinomycin or monensin, to verify if citrate transport is influenced by the
transmembrane electrochemical potential.

The structure-function studies of the AnCexA transporter were based on a 3D model and docking studies.
The AnCexAp 3D-model structure was predicted based on the recently reported crystal structure of a MFS
transporter belonging to a Solute Carrier (SLC) member 16 family from Syntrophobacter fumaroxidans
[38]. In this latter family, several family members are carboxylic acid transporters, e.g. the MCT1-4 that
encode proton:linked monocarboxylate transporters with affinity for L-lactate and pyruvate substrates [64,
65]. Molecular docking studies of AnCexA suggest four putative binding sites for citrate, one located in
the extracellular side of the membrane and the other three closer to the central pore of the protein.
Transmembrane segments (TMSs) I, V and VII contain the majority of the residues involved in strong
intramolecular interactions with the deprotonated citric acid. Interestingly, the residue R192 seems to
interact with citrate through a salt bridge. The nature of this interaction is likely to contribute to the
conformational stability of the protein structure and specificity [66, 67]. With the present mutations, we
observed three distinct growth patterns (Figure 8A): (i) cell growth similar to native AnCexA; (i) growth
similar to the negative control and, finally (iii) a lower growth than the native AnCexA. The projection of
the pore radius in the mutant M2 revealed a considerable increase of the pore radius near the central
zone. This suggests a larger aperture of the pore size that could result in an improvement of transport
capacity as these mutants present a decreased growth when compared to wild-type AnCexA. Further

studies are needed to confirm this hypothesis, namely the evaluation of the transport capacity and citrate
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production in these mutants. The site-directed mutagenesis approach enabled the identification of critical

residues involved in citrate transport.

6.5 CONCLUSIONS

Tricarboxylic acids, such as citric and isocitric acids, are a group of chemical building-blocks with a high
demand in the global market driven by their applicability in many sectors from food to beverage fields,
pharmaceutical to personal care products to the industry of cleaning products (detergents and cleaners)
[3]. The microbial production of citric acid via fermentation has been strongly related to filamentous fungi,
particularly to A. niger [68]. Membrane transporter proteins are key players for the optimization of final
product export, directly influencing the productivity of cell factories. In this work, we have characterized
the newly identified A. nijger CexA transporter by heterologous expression in S. cerevisiae. Our results
indicate that, besides its role as an exporter, AnCexA can work as an importer of citric acid, although with
low affinity.

Further studies are needed to uncover the nature of the molecular transport mechanism involved in citrate
uptake/efflux by AnCexA. Site-directed mutagenesis strategies played an important role in the
identification of crucial residues for protein function. The combination of 3D-model refinement, ligand
docking, and identification of conserved domains by multiple sequence alignment, has become a powerful
tool for the prediction of key functional residues involved in substrate specificity and transporter function.
Further experiments are necessary to confirm if the decreased growth in carboxylic acids presented by
mutant alleles is due to an improved citrate export capacity. Inhibition assays determine if mutant alleles
present altered substrate specificity. In addition, protein localization assays are necessary to determine if
the alleles presenting increased growth are the result of AnCexA loss of function or incorrect protein
localization, or low expression levels. In the future, an extended set of mutations will further uncover the
structure-function relationship of this transporter, helping to elucidate the mechanism for substrate

recognition and specificity of AnCexA.
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SUPPLEMENTARY MATERIAL

S1. Detailed AnCexA-phylogenetic tree with all homolog nominations.

emb|CCT70728.1|_related_to_multidrug_resistant_protein_Fusarium_fujikuroi_IMI_58289
gb|KNB18066.1|_hypothetical_protein FOXG_15713_Fusarium_oxysporum_f._sp._lycopersici 4287
gb|EWG55119.1|_hypothetical_protein_ FVEG_13166_Fusarium_verticillioides_7600
gb|EKJT4212.1|_hypethetical _protein_ FPSE_05509 Fusarium_pseudograminearum_CS3096
gb|ESU10438.1|_hypothetical_protein_FGSG_02869_Fusarium_graminearum_PH-1
gb|EYB23546.1|_hypothetical _protein FG05_02869 Fusarium_graminearum
gblOBRO6594.1]_Major_facilitator_superfamily_transporter_Colletotrichum_higginsianum_IMI_345063

4|:|;gbIAEO 59172.1|_general_substrate_transporter_Thermothelomyces_thermophila_ ATCC_42464
gb]AEOB4461.1|_hypothetical_protein_THITE_2110618_Thielavia_terrestris NRRL_8126
———— gb|EAA31306.1|_membrane_transporter_Neurospora_crassa_ORT4A
gb|OAQB3053.2|_major_facilitator_superfamily_protein_Pochonia_chlamydosporia_170

——— gb|PIB01378.1|_putative_transporter_Cercospora_beticola
— T emb|CCT64691.1|_related_to_multidrug_resistant_protein_Fusarium_fujikuroi_IMI_58289
{ gbJAEQ58214.1]_hypothetical_protein MYCTH_2118654_Th thelomyces_th phila_ATCC_42464
gb|EHAS1706.1|_hypothetical_protein_MGG_07595_Magnaporthe_oryzae_70-15

gblPIAS6272.1|_putative_transporter_Cercospora_beticola
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gb|KNAS7T780.1|_hypothetical_protein_FOXG_18289_Fusarium_oxysporum_f._sp._lycopersici_4287
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B gb|EHAS5205.1|_cycloheximide_resistance_protein_Magnaporthe_oryzae_70-15
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dbj|BAES6748.1|_unnamed_protein_product_Aspergillus_oryzae_RIB40
4[5 reflXP_001397323.1|_MFS_multidrug_transperter_Aspergillus_niger_CBS_513.88
tpe|CBF84231.1| TPA: MFS multidrug transporter putative (AFU orthologue AFUA 3G01120) Aspergillus nidulans FGSC A4
gb|DAQG7821.2|_cycloheximide_resistance_protein_Pochonia_chlamydospona_170

gblKZN88636.1|_putative_transporter_Penicillium_chrysogenum
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gb|EKJ75017 1|_hypothetical_protein_FPSE_04837_Fusarium_pseudograminearum_CS3096
gb|ESU0B799.1|_hypothetical_protein_FGSG_04317_Fusarium_graminearum_PH-1
gb|EYB24845_1|_hypothetical_protein_FG05_04317_Fusarium_graminearum
dbj|BAES9506.1|_unnamed_protein_product_Aspergillus_oryzae_RIB40
gb|EALBE6395.1|_MFS_multidrug_transporter_putative_Aspergillus_fumigatus_Af293

gb|PIA92734 1|_putative_transporter_Cercospora_beticola
emb|CCT75248.1|_related_to_multidrug_resistant_protein_Fusarium_fujikuroi_IMI_58289
gb|EALB4868.1]_MFS_multidrug_transporter_putative Aspergillus_fumigatus Af293

tpe|CBFE7203.1] TPA: MFS multidrug transporter putative (AFU orthologue AFUA 7G00230) Aspergillus nidulans FGSC A4
gb|ATZ57941.1|_hypothetical_protein_ BCIN_15g04440 Botrytis cinerea_B05.10
gb|OAQ6T219.1|_multidrug_resistance_protein_Pochonia_chlamydosporia_170
gbl|APA10314.1|_hypothetical_protein_sscle 06g050840 Sclerctinia_sclerotiorum_1980_UF-70
dbj|BAE59927_1|_unnamed_protein_product_Aspergillus_oryzae_RIB40
ref|XP_001399503.1]_MFS_multidrug_transporter_Aspergillus_niger_CBS_513.88

i emb|CCT69087.1|_related_to_multidrug_resistant_protein_Fusarium_fujikuroi_IMI_58289

- gb|KNB10473.1|_hypothetical_protein_FOXG_10666_Fusarium_oxysporum_f._sp._lycopersici_4287

gb|AEO63142.1|_hypothetical_protein_THITE_120949_Thielavia_terrestris_ NRRL_8126
gb|OBR04855.1|_Fluconazole_resistance_protein_1_Colletotrichum_higginsianum_IMI_349063
tpe|CBFT73623.1| TPA: conserved hypothetical protein Aspergillus nidulans FGSC A4
| L tpelCBFBBATY.1| TPA: MFS multidrug transporter putative (AFU orthologue AFUA 2G16320) Aspergillus nidulans FGSC A4
emb|SMY28941.1|_unnamed_protein_product Zymoseptoria_tritici ST99CH_1A5

gb|KUI69750.1]_hypothetical_protein_VM1G_05655_Valsa_mali
gb|AEO58615.1|_hypothetical_protein_MYCTH_2080893_Thermothelomyces_thermophila ATCC_42464

gblAEQG8E51.1|_hypothetical_protein_THITE_121452_Thielavia_terrestris_NRRL_8126
gb|OBRO9104.1|_major_{facilitator_superfamily_transporter_Colletotrichum_higginsianum_IMI_349063

dbj|BAE5S8952 1] _unnamed_protein_product Aspergillus_oryzae RIB40
E reflXP_001393200.1]_MFS_multidrug_transporter_Aspergillus_niger_CBS_513.88
gblKZN88303.1|_putative_transporter_Penicillium_chrysogenum

gb|APADB466.1]_hypothetical _protein_sscle_01g002360_Sclerotinia_sclerotiorum_1980_UF-70

[ gb|ATZ51638.1|_hypothetical protein BCIN_07g02420 Botrytis_cinerea_B05.10

dbj|BAEG4609.1|_unnamed_protein J:mduct_AspergiIlus_oryzae:R\840
tpe|CBFE9379.1| TPA: MFS multidrug transporter putative (AFU orthologue AFUA 1G01930) Aspergillus nidulans FGSC A4

gb|KZN83646.1|_putative_transporter_Penicillium_chrysogenum
gb|EALB7905.1|_MFS_multidrug_transporter_putative Aspergillus_fumigatus_Af293
reflXP_001402183.1]_MFS_multidrug_transporter Aspel@illusﬁnigerfCBSim3.88

gb[RUIE4102.1|_hypothetical _protein_VM1G_10891_Valsa_mali
—— emb|SMY25365.1|_unnamed_protein_product_Zymoseptoria_tritici_ST93CH_1A5

L gblAPAD9344 1|_hypothetical_protein_sscle_05g041140_Sclerotinia_sclerotiorum_1980_UF-70

gb|PAV21285 1|_MFS_general_substrate_transporter_Phellinus_noxius
mb]CCET9251.1|_Piso0_001303_Millerozyma_farinosa CBS 7064

e
45 emb|SGZ57149.1|_CIC11C00000003614_Candida_intermedia
XP_504223.1_YALIOE21241p_Yarrowia_lipolytica_CLIB122
gb|ESU09339.1|_hypothetical_protein_FGSG_03844_Fusarium_graminearum_PH-1
gblEYB21691.1|_hypothetical_protein_FG05_03844_Fusarium_graminearum
gb|EKJ73213.1|_hypothetical protein FPSE_06637_Fusarium_pseudograminearum_CS3096
gb]KNB19709.1/_hypothetical_protein_FOXG_16924_Fusarium_oxysporum_f._sp._lycopersici_4287

gblEWG54792.1|_hypothetical_protein_FVEG_12907_Fusarium_verticillioides_7600
gblOAQT0903 1|_efflux_pump_antibiotic_resistance_protein_Pochonia_chlamydesporia_170

—— gblKUIG4144_1|_hypothetical_protein_¥M1G_10901_Valsa_mali
gblATZ54854 1|_hypothetical protein BCIN_11g01770_Botrytis cinerea B05.10

——— dbj|BAES5959.1|_unnamed_protein_product_Aspergillus_oryzae RIB40
emb|CCT73909.1|_related_to_multidrug_resistant_protein_Fusarium_fujikuroi_IMI_58289
gb|EWGE0886.1|_hypothetical protein. FVEG_10007_Fusarium_verticillioides_7600
[ emb|CAB59612.2] membrane transporter (predicted) Schizosaccharomyces pombe
reflXP_013019092.1|_membrane_transporter_Schizosaccharomyces_octosporus_yFS286
emb|CBQE9386.1|_related_to_MFS_multidrug_transporter_Sporisorium_reilianum_SRZ2

4,—[ emb|SAM85783.1|_probable_mfs-multidrug-resistance_transporter_Ustilago_bromivora
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L emb|SHO79823.1| Similar to S.cerevisiae protein FLR1 (Plasma membrane transporter of the major facilitator superfamily) Malassezia sympodialis ATCC 42132
- dbjlBAE57729.1|_unnamed_protein_product_Aspergillus_oryzae_RIBA0
refiXP_001400436.1|_MFS_multidrug_transporter_Aspergillus_niger_CBS_513.68
gbJANB15002.1|_Tpolp_Sugiyamaella_lignohabitans
gb|PAV16754.1]_MFS_polyamine_transporter_Phellinus_noxius
gblAPA13108.1|_hypothetical_protein_sscle_10g078780_Sclerotinia_sclerotiorum_1980_UF-70
gbIATZ55900.1|_hypothetical_protein_BCIN_12g04490_| Bon'ylls cinerea_B05.10
gbJOBR02488_1|_Major_facilitator_ 1_IMI_349063
gb|KNB10734.1|_hypothetical_protein_FOXG_- maﬁﬁ Fusarium_oxysporum_f_sp__lycopersici 4287
gblOAQ71223.1|_multidrug_resistance_protein_Pochonia_chlamydosporia_170
gblKUIGB182.1|_hypothetical_protein VM1G_04063_Valsa_mali
dbj|BAE62217.1|_unnamed_protein_product_Aspergillus_oryzae_RIB40
tpe|CBF78056.1| TPA: MFS multidrug putative (AFU orthologue AFUA ) Aspergillus nidulans FGSC A4
dbjIBAE6D182.1]_unnamed_protein_product Aspergillus_oryzae_RIB40
gb|EAL85734 1|_MFS_multidrug_transporter_putative_Aspergillus_fumigatus_Af293
gb|0AQ62371.1|_MFS_transporter_Pochonia_chlamydosporia_170
reflXP_001396212.1|_MFS_multidrug_transporter_Aspergillus_niger_CBS_513.88
ref|XP_001394704 2|_MFS_multidrug_transporter_Aspergillus_niger_CBS_513 88
gblPIB02553.1]_putative_transporter_Cercospora_beticola
gblAPAQ9951.1|_hypothetical_protein_sscle_05g047210_Sclerotinia_sclerotiorum_1980_UF-70
emb|SMY18972.1|_unnamed_protein_product_Zymoseptoria_tritici_ ST99CH_1A5
. gbIPIABS696.1|_putative_transporter_Cercospora_beticola
gbIKZNBI5711] putative_transparter_Peniciium_chrysogenum
tpelCBF71792.1| TPA: h | protein ill mdulans FGSC A4
gb|OBR12977 1]_MFS. muhldrugL - Ca 1_IMI_349083
emb|CCT65000.1|_related_to_multidrug_resistant_protein_F Fusarium _fujikuroi_IMI_58289
gblKNB02984.1|_hypothetical_protein_FOXG_05602_Fusarium_oxysporum_f._sp._lycopersici_4287
gblEWG41299.1|_hypothetical_protein_FVEG_03436_Fusarium_verticillioides_7600
gb|ESUDB294 1]_hypothetical_protein_FGSG_11525_Fusarium_graminearum_PH-1
gb|EYB21869.1|_hypothetical_protei FGDE 11525_Fusarium_graminearum
gblOBRO6822.1I_MFS_multidrug_t _IMI_349063
gb|APA0B336 thypmheuml |_protein_sscle_01g011060_Sclerotinia_sclerotiorum_1980_UF-70
gb|ATZE5329.1|_hypothetical_protein_BCIN_11g05340_Boirytis_cinerea_B05.10
gblOBR16457.1]_Multidrug_resi ._protein_C i fanum_IMI_349063
XP_501444.1_YALIOC04499p_Yarrowia_lipolytica_CLIB122
XP_501568.1_YALIOCO7722p_Yarrowia_lipolylica_CLIB122
XP_505874.1_YALIOF25597p_Yarrowia_lipolytica_CLIB122
XP_501443.1_YALIOC04477p_Yarrowia_lipolytica_CLIB122
gblANZ76993 1]_BA75_03977T0_Komagataella_pastoris
gbIAOAG1076.1]_GQ67_01728T0_Komagataella_phaffii
dbjIBAE63710.1]_unnamed_protein_product Aspergillus_oryzae_RIB40
emb|CCTE3091.1|_related_to_multidrug_resistant_protein_Fusarium_fujikuroi_IMI_56289
gblKNAG5865 1|_hypothetical_protein_FOXG_01267_Fusarium_oxysporum_f_sp_lycopersici_4287
gb|EWG36065.1| hypoﬂvehcaljmtem FVEG_00229_Fusarium_verticillioides_7600
gblEHA50726.1|_fi I ._protein_1_! porthe_oryzae_70-15
gbJAECE4097 1|_I hypohel\caljmleln THITE - 2109873 Thielavia_terrestris NRRL_8126
L gblEDOGS5246 2|_hypothetical_protein_NCU10314_Neurospora_crassa_ORT4A
gblKZN88954.1|_putative_drug/proton_antiporter_Penicillium_chrysogenum
gb|OAQT3873.1|_multidrug_resistance_protein_Pochonia_chlamydosporia_170
emb|CCT70162.1_related_to_multidrug_resistant_protein_Fusarium_fujikuroi_IMI_58283
gbIEWG39033.1|_hypothetical_protein_FYEG_02044_Fusarium_verticillcides_7600
gblKZN85529.1|_putative_drug/proton_antiporter_Penicillium_chrysogenum
reflXP_001400577.2|_MFS_transporter_Aspergillus_niger_CBS_513.88
dbj|BAES9728.1|_unnamed_protein_product_Aspergillus_oryzae_RIB40
gb|PIA91736.1|_putative_drug/proton_antiporter_Cercospora_beticola
GbIAPAQSSTT. 1]_hypothetical_protein_sscle_04g033470_Sclerotinia_sclerctiorum_1980_UF-70
gblATZ58201.1]_hypothetical_protein_BCIN_16g00530_Botrytis_cinerea_B05.10
emb|CBQ72989.1|_related_to_multidrug_resistant_protein_Sporisorium_reilianum_SRZ2
Ij XP_500222.1_YALIOA18920p_Yarrowia_lipolytica_CLIB122
XP_505386.1_YALIOF13739p_Yarrowia_lipolytica_CLIB122
——————————— gbJAEOB3931.1|_hypothetical_protein_THITE_2141914_Thielavia_terrestris_NRRL_8126

XP_500099.1_YALIOA15576p_Yarrowia_lipolytica_CLIB122
’—,—: XP_505105.1_YALIOFO7062p_Yarrowia_lipolytica_CLIB122
| XP_505146.1_YALIOFU8063p_Yarrowia_lipolytica_CLIB122
gblEWGE3172.1|_hypothetical_protein_FVEG_11656_Fusarium_verticillicides_7600
dbj|BAEB4493.1|_unnamed_protein_product_Aspergilius_oryzae RIB40
gbJADV23623.1|_Polyamine_transport-related_protein_putative_Cryplococcus_gattii WM276
it gbJAUB26660.1|_hypothetical_protein_CKF44_003112_Cryptococcus_neoformans_var._grubii
gblPAV21995 1]_MFS_general_substrate_transporter_Phellinus_noxius
emb|SAM81401.1]_probable_mfs ltidrug porter_Ustilago_L
L gblKIS70849.1]_putative_mfs-multidrug-resistance_transporter_Ustilago_maydis_521
gblKISEE248 1|_hypothetical_protein UMAG_05248_Ustilago_maydis_521
emb|CBQ73118.1|_probable_mis-multidrug-resistance_transporter_Sporisorium_rellianum_SRZ2
gbJKIS69389.1|_putative_mfs-mullidrug-resistance_transporter_Ustilago_maydis_521
gbJAUB22127.1|_hypothetical_protein CKF44_D00465_Cryptococcus_neoformans_var._grubii
gblADV24402.1|_spermine_transporter_putative_Cryplococcus_gattii WM276
L gbJAUB27442 1|_hypothetical_protein_CKF44_004298 Cryptococcus_neoformans_var._grubii
L gblaUB28478 1|_hypothetical Lprotein_CKF44_005478_Cryplococcus_neoformans_ var._grubi

|: gb|KZN93571.1|_Pol i

XP_501168.1 VALI(]EZ114Zp Yarrowia Ilpuly'\lra cuB122
emb|CCE72443.1|_Piso0_000011_Millerozyma_farinosa_CBS_7064
emb]CCE73002.1|_Piso0_000011_Millerozyma_farinosa_CBS_7064
gb|ONHE8432.1|_Polyami r_3 Cyberlindnera_fabianii
gb|PIB02543. 1|_pmz|we MFS-type_transporter_Gercospora_beticola
gblAPA14254 1|_hypothetical_protein_sscle_12g090240_Sclerotinia_sclerotiorum_1980_UF-70
gblATZ47468 1|_hypothetical_protein_BCIN_02g07440_Botrytis_cinerea_B05.10
gb|EALBE034.1]_MFS_multidrug_transporter_putative_Aspergillus_fumigatus_Af293
gbJAEQT70680.1]_hypothetical_protein_ THITE_2122357 Thielavia_1 teresiris | NRRL 8126
gb|OAQE8T731.2]_ MFS_multidrug 1 - Pochonia_chlamyd 170
gb|EKJ75527.1|_hypothetical_protein_ FPSE_04302 Fusanumjseudoglammeamm CS3096

emb|CCT64016.1]_probable_multidrug_resistance_protein_Fusarium_fujikuroi_IMI_58289
gb|KNBO7069.1|_hypothetical_protein_FOXG_08371_Fusarium_oxysporum_f_sp._lycopersici_4287
gblKNBO7071.1|_hypothetical_protein_FOXG_08371_Fusarium_oxysporum_f._sp._lycopersici_4287
gblKNBO7067.1|_hypothetical_protein_FOXG_08371_Fusarium_oxysporum_f._sp._lycopersici_4287
gbIKNBO7088_1|_hypothetical_protein_FOXG_08371_Fusarium_oxysporum_f_sp._lycopersici_4287
emb|SMY21311_1|_unnamed_protein_product_Zymoseptoria_tritici_STISCH_1A5
E— A tpe|CBF73862 1] TPA- conserved hypothetical protein Aspergillus nidulans FGSC A4
gblPIA97565.1|_putative_transporter_Cercospora_beticola
gblPIA98416.1|_putative_transporter_mfs2_Gercospora_beticola
\—‘_'— gb|APA0G215.1|_hypothetical_protein_sscle_01g009850_Sclerofinia_sclerotiorum_1980_UF-70
gblATZ55282 1|_hypothetical_protein_BCIN_11g05520_Botrytis_cinerea_B05.10
XP_503088.1_YALIOD20834p_Yarrowia_lipolylica_CLIB122
XP_505392.1_YALIOF13981p_Yarrowia_lipolytica_CLIB122
XP_504964.1_YALIOF03795p_Yarrowia_lipolytica CLIB122
dbj|BAEG5142.1]_unnamed_protein_product_Aspergillus_oryzae_RIB40
gb|APA13051.1]_hypothetical protein_sscle_10g078210_Sclerotinia_sclerotiorum_1980_UF-70
dbjlBAES5871.1|_unnamed_protein_product_Aspergillus_oryzae_RIB40
tpe|CBF89705.1| TPA: conserved hypothetical protein Aspergillus nidulans FGSC A4
gblKZN90505.1|_putative_transporter_Penicillium_chrysogenum
gb|EAL93187.1]_MFS_transporter_putative_Aspergillus_fumigatus_Af293
tpe|CBF70261.1| TPA: MFS P putative (AFU AFUA 2G08910) jillus nidulans FGSC A4
gblPAV17244.1|_MFS_general_substrate_transporter_Phellinus_noxius
gblPAV21643.1]_MFS_general_substrate_transporter_Phellinus_noxius
gblAUB24047.1|_hypothefical_protein_CKF44_004599_Cryptococcus_neoformans_var._grubii
emb|CCT75627.1]_related_to_dityrosine_transporter_Fusarium_fujikuroi_IMI_58289
[L gbJEWG51378 1|_hypothetical_protein_ FVEG_10820_Fusarium_veriicillioides_7600
gblKNB12810.1|_hypothetical_protein_ FOXG_12306_Fusarium_oxysporum_f_sp._lycopersici_4287
gblKNB12809.1|_hypothetical_protein_FOXG_12306_Fusarium_oxysporum_f_sp_lycopersici_4287
emb|CCT68543 1|_related_to_dityrosine_fransporter_Fusarium_fujikurei_IMI_58289
gbKNB02382.1|_hypothetical_protein_FOXG_05286_Fusarium_oxysporum_f._sp._lycopersici 4287
gb|EWGA0462 1|_hypothetical_protein_FYEG_02843_Fusarium_veriicillioides_7600
gblESU16796.1|_hypothefical_protein_FGSG_10120_Fusarium_graminearum_PH-1
gb|EKJTT162.1|_hypothetical_protein FPSE_02612_Fusarium_pseudograminearum_CS3096
gblEYB25751.1]_hypothetical_protein_FGO05_10120_Fusarium_graminearum
— gblOAQ65507.1]_multidrug_resistance_protein_Pochonia_chlamydosporia_170
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i|_— gb|KYKE0419.1]_Quinidine_resistance_protein_3_Drechmeria_coniospora
gblOAQE1884.1|_multidrug_resistance_protein_Pochonia_chlamydospona_170
gb|OBRO7533.1]_major_facilitator_superfamily_transporter_Colletotrichum_higginsianum_IMI_349063
gb|KUIGB027.1]_MFS_antiporter_QDR3_Valsa_mali
gb|PIAS0945_1|_MFS_antiporter QDR3_Cercospora_beticola
gb|KUIT4107.1|_MFS_antiporter_QDR3_Valsa_mali
gb|AEO55914_1|_hypothetical_protein MYCTH_101107_Thermothelomyces_thermophila ATCC_42464
gb|EAA31598.1|_MFS_multidrug_resistance_transporter_Neurospora_crassa_ORT74A
gb|EHA52435 1|_quinidine_resistance_Magnaporthe_oryzae 70-15
emb|SMY 18873.1|_unnamed_protein_product_Zymoseptoria_tritici_ST99CH_1AS
gb|PIB02836.1|_MFS_antiporter_QDR3_Cercospora_beticola
gb|EKJT72491.1|_hypothetical_protein_FPSE_07372_Fusarium_pseudograminearum_CS3096
tpe|CBF81466.1] TPA: MFS multidrug resistance transporter putative (AFU orthologue AFUA 4G13660) Aspergillus nidulans FGSC A4
gb|KZN85942.1|_MFS_antiporter_Penicillium_chrysogenum
reflXP_001389355.1]_MFS_multidrug_resistance_transporter_Aspergillus_niger_CBS_513.88
dbj|BAES4704.1]_unnamed_protein_product Aspergillus_oryzae_RIB40
gb|EALB9427.1|_MFS_multidrug_resistance_transporter_putative_Aspergillus_fumigatus_Af293
gbJATZ49134.1]_hypothetical protein BCIN_04g03200_Botrytis cinerea_B05.10

’_— gb|KZNB8905.1]_Quinidine_resistance_protein_Penicillium_chrysogenum
ref[XP_001393036.2|_MFS_multidrug_resistance_transporter_Aspergillus_miger_CBS_513.88

gb]AMD22027.1|_HGL313Cp_Eremothecium_sinecaudum
XP_504927.1_YALIOF02959p_Yarrowia_lipolytica_CLIB122
gbl|ANB13305.1|_Qdr3p_Sugiyamaella_lignohabitans

emb|CAX41068.1|_uncharactenzed mulfidrug_fransporter_putative_Candida_dubliniensis_CD36
gblAOW30070.1|_Qdr3p_Candida_albicans_SC5314
ref|XP_002548526 1|_hypothetical_protein_CTRG_02823_ Candida_tropicalis_MYA-3404
emb|CCE39857.1|_hypothetical_protein_CPAR2_602760_Candida_parapsilosis
emb|CCG24597.1|_membrane_transporter_Candida_orthopsilosis_Co_890-125
gblABNG7044.2| A(acid azole) Q(quinidine) Resistance multidrug resistance transporter Scheffersomyces stipitis CBS 6054
emb|CAGB9412 2|_DEHA2F15642p_Debaryomyces_hansenii_CBS767
ref|XP_001484410.1|_hypothetical_protein_PGUG_03791_Meyerozyma_guilliermondii_ATCC_6260
emb|CCEB1664.1]_Piso0_002327_Millerozyma_fannosa_CBS_7064
emb|CCE82595.1|_PisoD_002327_Millerozyma_farinosa CBS_7064
reflXP_025342494.1|_hypothetical_protein_CXQ85_000535_Candida_haemulonis
reflXP_028888252.1|_uncharactenized_protein_CJI97_005256_Candida_auris
refiXP_002614247.1|_hypothetical_protein_CLUG_05733_Clavispora_lusitaniae_ATCC_42720
emb|SGZ55319.1|_CIC11C00000001214_Candida_intermedia
ref|XP_025342713.1|_hypothetical_protein_CXQ85_000764_Candida_haemulonis
ref|[XP_028888473.1|_uncharacterized_protein_CJIS7_005486_Candida_auris
gb|ESX00774.1|_Multidrug_transporter_of_the_major_facilitator_superfamily_Ogataea_parapolymorpha_DL-1
reflXP_018209614.1|_hypothetical_protein_OGAPODRAFT_94527_Ogataea_polymorpha
reflXP_029319165.1|_uncharacterized_protein_C5L36_0A02300_Pichia_kudriavzevii
gb|ANZT73480.1]_BAT75_00996T0_Komagataella_pastons
gblAOAG1834.1]_GQE7_02109T0_Komagataella_phaffii
emb|CCH46298.1|_putative_membrane_protein_Wickerhamomyces_ciferrii
gb|ONHE5801.1|_Quinidine_resi _protein_3_Cyberlindnera_fabianii
emb|CAH02226.1|_KLLAOB06798p_Kluyveromyces_lactis
gbJAET39543.1|_hypothetical _protein_Ecym_4506_Eremothecium_cymbalariae_DBVPG_7215
gblAAS51056.1|_ACL172Cp_Eremethecium_gossypii_ATCC_10895
emb|SCWV03399 1|_LAMI_0HO7844qg1_1_Lachancea mirantina
gblKZV13111.1]_QDR3_Saccharomyces_cerevisiae
emb|CCES1964.1|_hypothetical_protein_TDEL_0D03800_Torulaspora_delbrueckii
dbjlGAV501221|_hypothetical protein ZYGR_0502560_Zygosaccharomyces rouxii NBRC_ 110957
emb|CAR28622.1|_ZYROOF08228p_Zygosaccharomyces_rouxii
dbjlGAV46565.1|_hypothetical_protein_ZYGR_0AQ1570_Zygosaccharomyces_rouxii NBRC_110957
emb|CAR25592.1|_ZYRO0AD3564p_Zygosaccharomyces_rouxii
gb|AQZ16055.1] QDR3 (YBR043C) Zygosaccharomyces parabailii
gb|AQZ17662.1] QDR3 (YBR043C) Zygosaccharomyces parabailii
’— gbJADV 19946 1|_Dityrosine_transporter_putative_Cryptococcus_gatti WM276
gblAUB22336.1|_hypothetical _protein CKF44_000636_Cryptococcus neoformans_var._grubii
tpe|CBF79532.1| TPA: MFS transporter putative (AFU orthologue AFUA 2G05350) Aspergillus nidulans FGSC A4
emb|CCEB1437.1|_Piso0_002093_Millerozyma_farinosa_CBS_7064
emb|CCEB2370.1|_Piso0_002093_Millerozyma_farinosa_CBS_7064
emb|CCH46881._1|_putative_transporter Wickerhamomyces_ciferrii
emb|SCUB6249.1]_LADA_0D13322g1_1_Lachancea_dasiensis_CBS_10888
gb|ONHE4911.1|_putative_transporter_mfs2_Cyberlindnera_fabianii
gb|ESW97033.1| A(acid azole) Q(quinidine) Resistance Ogataea parapolymorpha DL-1
ref|XP_018211904.1]|_hypothetical_protein_ OGAPODRAFT_92410_Ogataea_polymorpha
emb|CAGB4748.2|_DEHA2A10362p_Debaryomyces_hansenii_CBS7G67
gb|ABNG4766 2|_A_Q resistance_Scheffersomyces_stipitis CBS_6054
emb|SCW03427.1|_LAFE 0G10176g1_1_Lachancea_fermentati
emb|SCUB2115.1]_LAMI_0B08988g1_1_Lachancea_mirantina
emb|SCV01548 1]_LANC_0F12332g1_1_Lachancea_nothofagi CBS_11611

L XP_501303.1_YALIOCO0B47p Yamowia_lipolytica CLIE122
XP_503782.1_YALIOE10483p_Yarrowia_lipolytica_CLIB122

gb|KUI64366.1|_hypothetical_protein_VM1G_11169_Valsa_mali
E gb|OBR08258.1|_MFS_transporter_Colletotrichum_higginsianum_IMI_349063
tpe|CBF71432.1| TPA: MFS transporter putative (AFU orthologue AFUA 3G11760) Aspergillus nidulans FGSC A4
dbj|BAEST881.1|_unnamed_protein_product_Aspergillus_oryzae_RIB40
gb|EAL92407 1|_MFS_transporter_putative Aspergillus_fumigatus_Af293
gb|KZN91878.1|_MFS_antiporter_Penicillium_chrysogenum
reflXP_001399891.2]_MFS_transporter_Aspergillus_niger_CBS_513.86
gbJOBR0S565.1|_Major_facilitater_superfamily_transporter_Ceolletotrichum_higginsianum_IMI_349063
—L ¢ gb|OBR12848 1] Major facilitator_superfamily transporter Colletotrichum_higginsianum_IMI_349063
{ gb|KNB10666.1|_hypothetical_protein_FOXG_10813_Fusarium_oxysporum_f._sp._lycopersici_4287
gb|OAQE7250.2]_major_facilitator_superfamily_transporter_Pochonia_chlamydosporia_170
emb|SMY21763.1|_unnamed_protein_product Zymoseptoria_tritici STI99CH_1A5
gb|PIA99803.1]_Quinidine_resistance_protein_3_Cercospora_beticola
gblAPA11858.1|_hypothetical_protein_sscle_08g066280_Sclerotinia_sclerotiorum_1980_UF-70
gb|ATZ53398.1|_hypothetical_protein_BCIN_09g02550_Botrytis_cinerea_B05.10
gb|AEO56951.1|_hypothetical protein MYCTH_ 64868 _partial Thermothelomyces thermophila ATCC 42464
gb|KUI72591.1|_Dityrosine_transporter_1_Valsa_mali

gb|EHA56982._1]_hypothetical_protein MGG_16196_Magnaporthe_oryzae_70-15

gb]OAQT2102 1|_MFS_transporter Pochonia_chlamydosporia_170

r gb|EWG40071.1|_hypothetical_protein_FVEG_15105_Fusarium_verticillioides_7600
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gb|KNB02805.1|_hypothetical protein FOXG_05511_Fusarium_oxysporum_f_sp._lycopersici_ 4287

emb|CCTB8737.1|_related_to_dityrosine_transporter_Fusarium_fujikuroi_IMI_58289
gb|EKJ76680.1|_hypothetical_protein_FPSE_03091_Fusarium_pseudograminearum_CS3096
gb|ESU16557.1|_hypothetical_protein_FGSG_09913_Fusanum_graminearum_PH-1
gblEYB21641.1|_hypothetical_protein_FG05_09913_Fusarium_graminearum

gblKFJ79975.1] sugar (and other) transporter family protein Bacillus anthracis
emb|CDH12361.1|_related_to_Dityrosine_transporter_1_Zygosaccharomyces_bailii_ISA1307
gbJAQZ10965.1] DTR1 (YBR180W) Zygosaccharomyces parabailii
emb|CDF90885.1|_ZYBADS08-05512g1_1_Zygosaccharomyces_bailii_CLIB_213
gb|AQZ09954 1| DTR1 (YBR180W) Zygosaccharomyces parabailii
dbjlGAVE5313.1|_hypothetical_protein_ZYGR_0AS06370_Zygosaccharomyces_rouxi_NBRC_110957
dbj|GAV50406 1|_hypothetical_protein_ ZYGR_0U02620_Zygosaccharomyces_rouxii NBRC_ 110957
emb|CAR28904.1|_ZYROOF14652p_Zygosaccharomyces_rouxii
emb|CCCE8285.1|_hypothetical_protein_NCAS_0B02010_Naumovozyma_castelli_CBS_4309
emb|CCD24226.1|_hypothetical_protein_NDAI_0C05670_Naumovozyma_dairenensis_CBS_421
emb|CCF59852.1|_hypothetical protein KAFR_0100710_Kazachstania_africana_CBS_2517
emb|CCEB4680.1|_hypothetical_protein. TPHA_0101760_Tetrapisispora_phaffii CBS_4417
emb|CCKB8035.1|_hypothetical_protein_ KNAG_0A03540_Kazachstania_naganishii_CBS_8797
emb|CCH59284 1|_hypothetical protein TBLA 0B04480_Tetrapisispora_blattae CBS_6284
gb|KOHO00495.1]_DTR1-like_protein_Saccharomyces_eubayanus
gblKZV13261.1|_DTR1_Saccharomyces_cerevisiae
gb|OXB45772.1|_hypothetical_protein_B1J92_MO06281g_Candida_glabrata
gb|AAS54685.1|_AGR195Wp_Eremothecium_gossypii ATCC_10895
gblAET40916.1|_hypothetical protein_Ecym 7063 Eremothecium_cymbalariae DBVPG_7215
gb|AMD20829.1]_HDRO87Cp_Eremothecium_sinecaudum
emb|SCU91901.1]_LAMI_0E07822g1_1_Lachancea mirantina
emb|SCWO03632.1|_LAFE_0G14752g1_1_Lachancea fermentati
emb|CAR23615.1|_KLTHOE13222p_Lachancea_thermotolerans_CBS_6340
emb|SCUS4815.1|_LADA_0D03972g1_1_Lachancea_dasiensis_CBS_10888
emb|SCU94801.1|_LANO_0E08196g1_1_Lachancea_nothofagi_CBS_11611
emb|SCV03028.1|_LAME_0HO07140g1_1_Lachancea_meyersi_CBS_8951
[ dbjlBAP69967.1|_uncharacterized_transporter_YBR180W_Kluyveromyces_marxianus
emb|CAHO0125.1|_KLLAOE24113p_Kluyveromyces_lactis
ref]XP_002616861.1|_hypothetical protein CLUG_02305_Clavispora_lusitaniae ATCC_ 42720
emb|SGZ57748.1]_CIC11C00000002920_Candida_intermedia
gbJABN6G4445 2| dityrosine transporter A(acid azole) Q(quinidine) Resistance Scheffersomyces stipitis CBS 6054
emb|CCE42744.1|_hypothetical_protein_CPAR2_203870_Candida_parapsilosis
emb|CCG23238.1|_membrane_fransporter_Candida_orthopsilosis_Co_90-125
gb|ACW31198.1|_hypothetical_protein_CAALFM_CRO4620CA_Candida_albicans_SC5314

emb|CAX40023.1] Major Facilitator Superfamily (MFS) transporter putative Candida dubliniensis CD36
reflXP_002545732.1|_hypothetical_protein_CTRG_00513_Candida_tropicalis_MYA-3404
gb|ODVT1122.1|_dityrosine_transporter A Q_resistance Cyberlindnera_jadinii NRRL_Y-1542
gb|ONHEE714.1|_Dityrosine_transporter_1_Cyberlindnera_fabianii
emb|CCH45674_1|_putative_membrane_protein_Wickerhamomyces_ciferrii
emb|CCET2967.1]_Piso0_000575_Millerozyma_farinosa_CBS_7064
emb|CCE73528.1]_Piso0_000575_Millerozyma_fannosa_CBS_7064

tpe|CBFB4174.1] TPA: conserved hypothetical protein Aspergillus nidulans FGSC Ad
dbj|BAEG2148.1|_unnamed_protein_product_Aspergillus_oryzae RIB40
gb|OBR11949.1]_Major_facilitator_superfamily_transporter_Colletotrichum_higginsianum_IMI_349063

gb|PIAS3869.1|_Dityrosine_transporter_1_Cercospora_beticola
gb|KYK57101.1|_uncharacterized_protein_DCS_04108_Drechmeria_coniospora
gb|OAQE4343.1]_bicyclomycin_resistance_protein_Pochonia_chlamydosporia_170
gblOAQE4579.1|_MFS_transporter_Pochonia_chlamydespona_170

gb|AEO64729.1]_hypothetical_protein_THITE_2037799 Thielavia_terrestris NRRL_8126
’_,—:mEHAm 11.1|_hypothetical_protein_MGG_04329_Magnaporthe_oryzae_70-15
gb|KUI69145.1|_putative transporter AQR1_Valsa_mali

— tpe|CBF78716.1] TPA: conserved hypothetical protein Aspergillus nidulans FGSC A4
emb|CCTE8953.1|_probable_dityrosine_transporter_Fusarium_fujikuroi_IMI_58289
gblEWG49570.1|_hypethetical_protein_FVEG_09064_Fusarium_verticillioides_7600
gb|KNB10025.1]_hypothetical_protein_FOXG_10415_Fusanum_oxysporum_f._sp._lycopersici_4287
gblEKJ77857.1]|_hypothetical_protein_FPSE_01950_Fusarium_pseudograminearum_CS3096
gb|ESUO7896.1|_hypothetical protein_FGSG_12141_Fusarum_graminearum_PH-1
gb|EYB31736.1|_hypothetical_protein_FGO05_12141_Fusarium_graminearum
gb|OAQ70815.1|_general_substrate_transporter_Pochonia_chlamydesporia_170
gb|EAA28T15.1|_MFS_multidrug_transporter_Meurospora_crassa ORT4A
gb|KUI68354 1|_Quinidine_resistance_protein_2_Valsa_mali
gb|OBR12995.1|_Major_facilitator_superfamily_transporter_Colletotrichum_higginsianum_IMI_349063
gb|ATZ56926.1|_hypothetical_protein_BCIN_14g01330_Botrytis_cinerea_B05.10
gb|KUIE9228.1|_Quinidine_resistance_protein_1_Valsa_mali
Ij gb|EALS3829.1|_MFS_efflux_transporter_putative_Aspergillus_fumigatus_Af293
gb|KZN84451.1|_Quinidine_resistance_protein_Penicillium_chrysogenum
reflXP_001389836.1|_MFS_transporter_Aspergillus_niger CBS_513.88
gb]AEOS3729 1|_hypothetical protein MYCTH_2030361_partial Thermothelomyces thermophila ATCC_42464
gb|AEOE9113_1|_hypothetical_protein_THITE_2119140_Thielavia_terrestris_NRRL_8126
gblATZ54125 1|_hypothetical_protein_BCIN_10g01450_Botrytis_cinerea_B05.10
gblPIAS5814.1|_putative_transporter_AQR1_Cercospora_beticola
gb|EAL86476.1|_MFS_multidrug_transporter_putative_Aspergillus_fumigatus_Af293
gb|KZNE7165.1|_Quinidine_resistance_protein_Penicillium_chrysogenum
ref|XP_001402538.3|_MFS_transporter_Aspergillus_niger_CBS_513.68
gb|PIAB1336.1|_putative_transporter AQR1_Cercospora_beticola

gb|EHA51602 1|_hypothetical _protein. MGG_07498 Magnaporthe_oryzae 70-15
E gb|EWGE5585.1]_hypothetical_protein_FVEG_13567_Fusarium_verticillioides_7600
gblKNB16343_1|_hypothetical_protein FOXG_14752_Fusarium_oxysporum_f_sp__lycopersici_4287

gb|EAL92050.2|_MFS_multidrug_transporter_putative_Aspergillus_fumigatus_Af293
{: gblOAQB4952.1]_MFS_multidrug_transporter_Pochonia_chlamydosporia_170
reflXP_001402330.1|_MFS_transporter_Aspergillus_niger_CBS_513.86

dbj|BAE64922.1|_unnamed_protein_product_Aspergillus_oryzae_RIB40
gb|EALB6152.1|_MFS_transporter_putative Aspergillus_fumigatus Af293

gb|KUI70522 1|_Quinidine_resistance_protein_2_Valsa_mali
emb|CCT66592.1]_probable_dityrosine_transporter_Fusarium_fujikuroi_IMI_58283

gb|[EWG44747 1|_hypothetical_protein_FVEG_15715_Fusarium_verticillioides_7600
dbj|BAEGOB79.1|_unnamed_protein_product_Aspergillus_oryzae_RIB40
gb|KZN90618.1|_Quinidine_resistance_protein_Penicillium_chrysogenum

tpe|CBF73556.1] TPA: MFS transporter putative (AFU orthologue AFUA 5G01520) Aspergillus nidulans FGSC A4
gb|KZNB5700.1|_Quinidine_resistance_protein_Penicillium_chrysogenum
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S

emb|SMY24646. lLLn\amad_prulem_pruduct Zymoseptona_tnbic_STISCH_1AS

gh|EALBSGEA.1_MFS_tra rer_putative_ _AF293
4|—5:IKZMBSBET 1|_Quinidine_resistance_protein_| Penicillium_ _chrysogenum
1pe|CBFE1521.1] TPA: MFS transporter putative (AFL orthologue AFUA 4G11060) Aspergillus nidutans FGSC A4

APAT3187 1|_hypothetical_protein_sscl_1 0g079570_Sclerotinia_scleraborum_1980_UF-70

bl
L gblATZE6018.1|_hypothetical_protein_BCIN_12g05570_Botrytis_cinerea_B05.10

gh|AEDET227 1]_hypothetical protein THITE_2116093_Thielavia_temestria NRRL_B8126
gblEAA3IZ18 1|_MFS_transporter_Neurospora_crassa_ORT4A
ghlKUIGS642.1|_Cuinidine_resistance_protein_1_Valsa_mali

gblEHA4T309.1|_hypothetical _protein_MGG_17679_Magnaporthe_oryzae_T0-15
gblKYK59331.1|_hypothetical_protein_DCS_00461_Drechmeria_coniospora
gb|OAQES106.1]_chloramphenicol_resistance_protein_Peochonia_chlamydospodia_170
ghlEWGA5623 1]_hypothetical_protein_FVEG_06346_Fusarium_verticilioides_7600
gbJKNBO6969.1]_hypothetical_protein_FOXG_08326_Fusanum_oxysporum_f._sp._lycopersici_4267
emb|CCTE4051.1|_related_to_dityrosine_transporter_Fusarium_fujikuroi_IMI_58289
ablEYB29790.1|_hypothetical_protein_FGOS5_09737_Fusarium_graminearum

gb|EKITETES 1|_hypothetical protein FPSE_01047_Fusarum_pseudograminearsm_CS3096
gb|ESU16351.1]_hypothetical_profein_ FGSG 09737 '_Fusarium_graminearum_PH-1
gbIAEOEEST3.1]_hypothebeal_prolem_THITE_2118141_Theelavia_terrestnis_NRRL_8126
gblOAQT26061|_florfenicol_exporter_| F'ot:honla cllamydnspcna 170

gblADV23325.1]_C d_hypothetical_protein ,_gattii WM276
gblAUB26360. 1Lhypo1hema|ymm CKF44_| 002882 _Cryplococeus_neoformans_var _grubii

1pe|CBFT8942 1] TPA: conserved hypothetical protein Aspergillus nidulans FGSC A4
emb]SMY21053.1|_unnamed_protem_preduct_Zymoseplona_intic_STI3CH_1A5
gh|ESU1T316.1]_hypothetical_protein_FGSG_10579_Fusarium_graminearum_PH-1
bIKYKE2000.1]_hypothetical_protein_DCS_03145_Drechmeria_coniospora
ghlKNB16502.1|_hypolhetical_protein_FOXG_14348_Fusarium_oxysporum___sp._lycopersici_4287
gbIAEQT1470.1|_hypothetical_protein_THITE_2123861_Thislavia_temestris_NRRL_8126
gb|EAAISSSS 2|_hypothetical_protein NCUDD2TS_Neurnspora_crassa_ORT4A

emb|SHO78289.1| Similar to 5 cerevisiae protein QDR (Multidrug transporter of the major facilitator superiamily) Malassezia sympedialis ATCC 42132
4|:|:m|sm?am 1] Similar fo S cerevisiae protein QDR1 (Mutidrug transporter of the major facilitator superfamily) Malassezia sympodialis ATCC 42132

gbIKISTO005 1|_hypothetical_pratein_UMAG_11777_Ushilago_maydis_521
diy| BAESS067.1]_unnamed_profein_product Aspsrylus uryzae RIE40

gh[HKZMNB4922 1|_MFS i Penicillium_ch
dbj|BAESEE40 1]_unnamed _protein_product kapergulus oryzae_RIB40
ref] XP_001398400 1]_hypethelical_prolein_ANI_1_478154_Aspergillus_niger_CBS_513 88

gb|APADBOM0.1| I'rypuﬂ'leucal_pmbm ssCle D}gEIZlHEIO Sclerotinia_sclerotiorum_1980_UF-70

I

gb|ATZ48294 1|_hypothetical_protean_BCIN_D3g05230_Botrytis_cinerea_B05.10
—————— gh|EAA29407 .1|_hypothetical _protein_NCUOSBTE_Meurospora_crassa_ORT4A
ghlOBR12589 1]_major_facilitator_superfamily_transporter_Colletotrichum_higginsianum_IMI_349063
gblOBRO4265.1|_Magor_facilitator_superfamily_L P _Calletolr _IMI_349063
emb|CCTEIZIE.1|_related_to_multidrug_resistance_protein_| Fusarium 1 fusjibouro_ I'MI 58289
gh|KNE10648.1|_hypothetical_protein FOXG_10736_Fusarium _cirysporum_ f._sp._lycopersici_4287
gbICBROS361.1]_Major_faciitator_superfamity_Colletotrichurn_higginsianurn_IMI_349063

BIPAV19301.1]_MFS_general_subsirate_transporter_Phellnus_noxius:

gblEWGS0050_1|_hypothetical_protein_FVEG_09382_Fusanum_verbciboides_T600
gh|KNB10575.1|_hypothetical_protein_FOXG_10738_Fusarium_oxysporum_f._sp._ycopersici_4287
L emb|CCTE9168.1|_related_to_mulfidrug_transporter_Fusarium_fujikuroi_IMI_58289
gb|EKJ75897 1|_hypothetical_protein_FPSE_04077_Fusarium_pseudograminearum_GCS3096
gb|ESU10669.1|_hypothetical_protein_FGSG_04793_Fusarium_graminearum_PH-1
gb|EYB27084.1|_hypothetical_protein_FG05_04799_Fusarium_graminearum
gb|OBR09619.1|_Major_facilitator_superfamily_transporter_Colletotrichum_higginsianum_IMI_349063
agblAEO54531.1|_hypothetical _protein_ MYCTH_2115336_Thermothelomyces_thermophila_ ATCC_42464
gb|EAA32970.3|_MFS_multidrug_transporter_Neurospora_crassa_ORT4A
reflXP_001393344.2]_MFS_multidrug_transporter_Aspergillus_niger_CBS_513.88
dbj|IBAE63488_1|_unnamed_protein_product_Aspergillus_oryzae_RIB40
gb|EALBE600.1]_MFS_multi p r_putative_Aspergillus_fumigatus_Af293
reflXP_001395380.1|_MFS_ mullldrug transporter_Aspergillus_niger_CBS_513 88
emb|SCW03889.1]_LAFE_0H01266g1_1_Lachancea_fermentati
emb|SCU77217_1]_LAMI_0AD0122g1_1_Lachancea_mirantina
emb|SCU96571.1|_LADA_0HO1618g1_1 Lal:hancsa dasiensis_CBS_10888
,7 gb|EHAS8476.1]_| hypolhehcal)rulsm MGG_08656 Magnapor\hs oryzae 70»15

—t

L gblOBR06933.1|_Major_facilitator j_tr 1| m_IMI_343063
ablAUB25612.1|_hypothetical_protein_CKF44_001835_Cryptococcus_ neoformans 5_var._grubii
gbJADV22691.1|_Multidrug_transporter_putative_Qdr2p_Cryptococcus_gattii_WM276
gblAUB25611.1|_hypothetical _protein_CKF44_001835_Cryptococcus_neoformans_var._grubii

gb|ANB 14805.1|_Qdr2p_Sugiyamaella_lignohabitans
4|——|7— gblANB 15909 1|_Aqr1p_Sugiyamaella_lignohabitans
XP_504962.1_YALIDF03751p_Yarrowia_lipolytica_CLIB122

emb|SGZ54572.1|_CIC11C00000002882_Candida_intermedia
reflXP_002616737.1|_hypothetical_protein_CLUG_03978_Clavispora_lusitaniae_ ATCC_42720
reflXP_025341190.1|_hypothetical_protein_CXQ85_002035_Candida_haemulonis
reflXP_028889973.1|_uncharacterized_protein_CJI97_002716_Candida_auris

emb|CAX39985.1|_multidrug_resistance_transporter_putative_Candida_dubliniensis_CD36
gbJAOW31159.1|_multidrug_transporter_Candida_albicans_SC5314
refXP_002545604 1|_hypothetical_protein_CTRG_00385_Candida_tropicalis_MYA-3404
refXP_002546723 1|_hypothetical_protein_CTRG_06201_Candida_iropicalis_MYA-3404
emb|CAX43052.1|_multidrug_transporter_of the_major_facilitator_superfamily_putative_Candida_dubliniensis_CD36
gblAOW28568.1]_Qdr2p_Candida_albicans_SC5314
emb|CCG23056.1|_hypothetical_protein_ CORT_0D02080_Candida_orthopsilosis_Co_90-125
emb|CCE42570.1|_hypothetical_protein CPAR2_202130_Candida_parapsilosis
emb|CCG23066. TLhypdthetlcaIJerem CORT_0D02180_Candida_orthopsilosis_Co_90-125
gblABNG8473.1]_multidrug_r :_transporter_¢ ;_stipitis_CBS_6054
reflXP_001486958_1|_hypothetical_protein_PGUG_00335_Meyerozyma_guilliermondii_ATCC_6260
reflXP_002614701.1|_hypothetical_protein_CLUG_05479_Clavispora_lusitaniae_ATCC_42720
emb|SGZ51913.1|_CIC11C00000000482_Candida_intermedia
ref|XP_025342793 1|_hypothetical_protein_CXQ85_000847_Candida_haemulonis
ref]XP_028888559.1|_uncharacterized_protein_CJI97_005575_Candida_auris
emb|CAG89659.2| DEHA2F21142p Debaryomyces_hansenii_CBST67
emb|CCE78569.1|_Piso0_001196_Millerozyma_farinosa_CBS_7064
emb|CCE79155.1]_Piso0_001196_Millerozyma_farinosa_CBS_7064

emb|CCEBG444 1|_F Psnl] 004934 _Millerozyma_farinosa_CBS_7064

I: gb|ABNG4705.1]_ _stipitis_CBS_6054
ref|XP_| 002545587, WLpredll:tedJ:miem Candida_tropicalis_MYA-3404

gblANZT75790.1|_BA75_01933T0_Komagataella_pastoris
gblADAG2894 1|_GQ6T_01284T0_Komagataella_phaffii

reflXP_029318996.1|_uncharacterized_protein_C5L36_0A01250_Pichia_kudravzevii

4:|: ref]XP_029318997.1]_uncharacterized_protein_C5L36_DAQ1260_Pichia_kudriavzevii
gb|ESW96194.1|_transporter_AQR1_Ogataea_parapolymorpha_DL-1
emb|CCC71186.1]_hypothetical_protein_ NCAS_0G02990_Naumovozyma_castelli_CBS_4309
emb|CCD24415.1|_hypothetical_protein_NDAI_0D01020_Naumovozyma_dairenensis_CBS_421
emb|CCF60161.1|_hypothetical_protein_KAFR_0J00930_Kazachstania_africana_CBS_2517
emb|CCK71976.1|_hypothetical_protein_KNAG_0101910_Kazachstania_naganishii_CBS_8797
gb|KOGI7092.1|_hypothetical_protein_DI49_4666_Saccharomyces_eubayanus
NP_0143343_Aqrip_Saccharomyces_cerevisiae_S288C
dbjlGAV56055.1]_hypothetical_protein_ZYGR_0AZ02270_Zygosaccharomyces_rouxii NBRC_110957
gb|OXB47594.1|_hypothetical_protein_B1J92_J09944g_Candida_glabrata
emb|CCE91348.1|_hypothetical_protein_TDEL_0C04590_Torulaspora_delbrueckii
emb|CCH62193.1|_hypothetical_protein_ TBLA_0G02550_Tetrapisispora_blattae_ CBS_6284

emb|CCE63614.1|_hypothetical_protein_TPHA_0F01290_Tetrapisispora_phaffii CBS_4417

dbj|BAPT3872.1|_probable_transporter AQR1_Kluyveromyces_marxianus
emblCAGI7938.1|_KLLAOF03311p_Kluyveromyces_lactis
emb|SCUB4625_1|_LAMI_0C08240g1_1_Lachancea_mirantina

emb|CAR25002 1|_KLTHOG09372p_Lachancea_thermotolerans_CBS_§340
emb|SCW02002.1|_LAFE_0E11380g1_1_Lachancea_fermentati
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emb|SCV05443.1]_LANO_0HO07602g1_1_Lachancea_nothofagi_CBS_11611
emb|SCU86375.1|_LAME_0D05864g1_1_Lachancea_meyersii_CBS_8951
emb|SCU88410.1|_LADA_0E09978g1_1_Lachancea_dasiensis_CBS_10688
emb|CCH41471.1|_putative_transporter_AQR1_Wickerhamomyces_ciferrii
4’_7: gb|ONHES571.1|_putative_transporter_ AQR1_Cyberlindnera_fabianii
gb|ONHE9227 .1|_putative_transporter AQR1_Cyberlindnera_fabianii
gblAAS51662.1|_ADL258Wp_Eremothecium_gossypii_ ATCC_10895
dbj|BAPT3873.1|_quinidine_resistance_protein_2_Kluyveromyces_marxianus
emb|SCUB6380.1]_LAME_0D05886g1_1_Lachancea meyersii_CBS_ 8951
emb|SCV05444 1|_LANC_0H07624g1_1_Lachancea_nothofagi_CBS_11611
emb|SCUB8407.1|_LADA_OE09956g1_1_Lachancea_dasiensis_CBS_10888
emb|CAR25001.1]_KLTHOGO9350p_Lachancea_thermotolerans_CBS_6340
emb|SCUS4630.1|_LAMI_0C08262g1_1_Lachancea_mirantina
emb|SCWO02003.1|_LAFE_DE12002g1_1_Lachancea_fermentati
emb|SCU83183.1|_LANO_0B08548g1_1_Lachancea_ncthofagi CBS_11611
emb|SCUT7433.1]_LANO_0AD0364g1_1_Lachancea_nothofagi_CBS_11611
emb|SCUY92268.1|_LADA_0F15500g1_1_Lachancea_dasiensis_CBS_10888
emb|CCCE8732.1|_hypothetical_protein_ NCAS_0B06480_Naumovozyma_castelli_CBS_4309
emb|CCD23411.1|_hypothetical_protein_NDAI_0B03770_Naumovozyma_dairenensis_CBS_421
emb|CCCE9350.1|_hypothetical_protein_NCAS_0C03600_Naumovozyma_castelli_CBS_4309
emb|CCFB0227.1|_hypothetical_protein_ KAFR_0J01620_Kazachstania_africana_CBS_2517
gblKOG98783.1|_hypothetical_protein_DI49_2665_Saccharomyces_eubayanus
gb|KZV10492.1]_QDR2_Saccharomyces_cerevisiae
gb|OXB48802.1|_hypothetical _protein_B1J92_G08624g_Candida_glabrata
emb|CCK70383.1|_hypothetical_protein_ KNAG_DE01160_Kazachstania_naganishii CBS_8797
emb|CCK70384 1|_hypothetical_protein_ KNAG_OE01170_Kazachstania_naganishii_CBS_8797
emb|CCE91347 1|_hypothetical_protein_ TDEL_0C04580_Torulaspora_delbrueckii
gblKOG98784.1|_hypothetical_protein_DI49_2666_Saccharomyces_eubayanus
gblKZV10493.1|_QDR1_Saccharomyces_cerevisiae
emb|CCE62463.1|_hypothetical_protein_TPHA_0C03100_Tetrapisispora_phaffi_CBS_4417
emb|CCHE2364.1|_hypothetical_protein_TBLA_0HO0750_Tetrapisispora_blattae CBS 6284
emb|CCHG61433.1|_hypothetical_protein_TBLA_0E03790_Tetrapisispora_blattae_ CBS 6284
emb|CCH61434 1|_hypothetical_protein_TBLA_0E03800_Tetrapisispora_blattae_CBS_6284
gblAQZ 11094 1|_hypothetical_protein_BZ1 39_C00130_Zygosaccharomyces_parabailii
gblAQZ13992.1|_hypothetical_protein_BZL39_F06310_Zygosaccharomyces_parabailii
dbjlGAV4647T7.1|_hypothetical_protein_ZYGR_0A00690_Zygosaccharomyces_rouxii NBRC_110957
emb|CAR25505.1]_ZYRC0AD1474p_Zygosaccharomyces_rouxii
dbjIGAVE6056.1|_hypothetical_protein_ZYGR_0AZ02280_Zygosaccharomyces_rouxii NBRC_110957
emb|CDH11264.1|_probable_Quinidine_resistance_protein_2_Zygosaccharomyces_bailii_I1SA1307
emb|CDF91169.1]_ZYBA0S10-01244qg1_1_Zygosaccharomyces_baili_ CLIB_213
emb|CDH16943 1|_probable_Quinidine_resistance_protein_2_Zygosaccharomyces_baili_ISA1307
gblAQZ 15783 1] AQR1 (YNLOB5W) and QDR1 (YIL120W) Zygosaccharomyces parabailii

03

$2. Growth curve of S. cerevisiae CEN.PK 113-5D strain expressing pAnCexA-TEF. Cells were grown in

2% glucose media, at 30°C. Time points where the uptake of radiolabeled citric acid (10 mM) was
measured are highlighted in the blue square.
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Table S1. AnCexA residues predicted to present strong intramolecular interactions with citrate by
molecular docking studies. Grey initials IL/H stands for ionic ligation and hydrogen bond.

3D-Protein Citrate
template (-1) (-2) (-3)
A68; S75; N76; P80; D84; P80; D84;

S161; G189; R192(/L/H); R192(/L/H); Q196; S71; N76; R192(/L/H);
AnCexA Q196; P200; T207; 1215; P200; T207; 1215; Q196; T207; Y307;
Y307; S311; T314; S315; Y307; W310; T314; W310; T314; 1215;
T318; S329; C343; S431; T318; S329; C343; T318; C343
T432 T432

Table S2. Average of the binding affinity values [kcal/mol] calculated with PyRx software for the docking
of AnCexA with citrate.

Average of binding affinities (kcal/mol) at different binding sites

3D-Protein _
template Citrate
S1 $2 S3 S4
AnCexA 5,7 -5,83 5,3 -4,6
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CHAPTER VII

The acetate uptake transporter family motif “NPAPLGL(M/S)” is essential for
substrate uptake

ABSTRACT

Organic acids are recognized as one of the most prevalent compounds in ecosystems, thus the transport
and assimilation of these molecules represent an adaptive advantage for organisms. The AceTr family
members are associated with the active transport of organic acids, namely acetate and succinate. The
phylogenetic analysis shows this family is dispersed in the tree of life. However, in eukaryotes, it is almost
limited to microbes, though reaching a prevalence close to 100% in fungi, with an essential role in spore
development. Aiming at deepening the knowledge in this family, we studied the acetate permease AceP
from Methanosarcina acetivorans, as the first functionally characterized archaeal member of this family.
Furthermore, we demonstrate that the yeast Gprl from Yarrowia /jpolytica is an acetate permease,
whereas the Ady?2 closest homologue in Saccharomyces cerevisiae, Fun34, has no role in acetate uptake.
In this work, we describe the functional role of the AceTr conserved motif NPAPLGL(M/S). We further

unveiled the role of the amino acid residues R122 and Q125 of SatP as essential for protein activity.

KEYWORDS: AceTr family phylogeny; Acetate transport; Succinate transport; Carboxylate transporters;

Cell membrane
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7.1 INTRODUCTION

Organic acids are one of the most prevalent and abundant organic compounds on earth’s surface
and they are vital intermediates for cell metabolism [1]. The cell homeostasis of every organism in an
ecosystem is highly dependent on the transport of specific molecules across the cell membrane. The
transport of organic acids is influenced by abiotic factors, such as pH and temperature. When the
environmental pH is below the pKa of the acid, the protonated form predominates and crosses the
cell membrane by passive diffusion according to its diffusion coefficient. However, when the pH is
above the acid pKa the anionic form of the acid predominates, requiring a transporter protein to cross
the membrane [2, 3].

The AceTr family was recently reassigned as The Acetate Uptake Transporter Family (TCDB 2.A.96)
due to the functional characterization of several of its members as acetate transporters. AceTr
proteins have six predicted transmembrane segments (TMS), sharing the conserved motif
NPAPLGL(M/S) located at the beginning of the first TMS [3, 4]. The Yarrowia /jpolytica Gprl protein was
the first to be characterized. Its transcription was found to be regulated by the presence of acetic acid
or ethanol [4], being involved in acetic acid sensitivity, cell and colony morphology, yeast-to-hyphae
transition and cell lifespan [4, 5]. The AceTr member of Saccharomyces cerevisiae, Ady2, was initially
described as critical for proper ascus formation in the presence of acetate [6]. The ADY2 gene was later
found to be strongly overexpressed in acetate growth conditions, and acetate uptake assays confirmed
the role of the Ady2 protein in acetate uptake [7]. S. cerevisiae has two other AceTr homologues, Ato3
and Fun34 (Ato2), which were reported to be involved in ammonium export, along with Ady2 [8]. In the
filamentous fungi Aspergillus nidulans, four AceTr homologues are described, AcpA, AcpB, AcpC, and
AlcS, [9-11]. The AcpA protein was reported to be essential for the uptake and use of acetate as a
sole carbon source and it is thought to contribute to spore maintenance and homeostasis [9, 11].
AcpB was found to be responsible for residual acetate transport in mycelia, whereas no function related
to acetate transport was found for AcpC [11]. The AlcS protein is not involved in the transport of
carboxylic acids [10,12]. In Escherichia coli only one AceTr homolog reported is the SatP protein. Unlike
other AceTr members, it has specificity for both mono- and dicarboxylic acids being a succinate/acetate
proton symporter, which is mostly active during exponential phase [13]. In archaea, the aceP gene from
Methanosarcina acetivorans was found to be overexpressed in the presence of acetate, however, this
high level of expression is only reached when acetate is used as a sole carbon source [14]. Recently two

AceTr homologues, of the human pathogen Crypfococcus neoformans, referred as Ady2 and Ato2, were
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reported to play a role in acetate transport, which was demonstrated to be critical for the survival of this
species in stress and starvation conditions [15]. In this study, we carried out a phylogenetic analysis of
AceTr family and further characterized two of its members. We heterologously expressed the GPRI from
Y. lipol/tica in S. cerevisiae and aceP from M. acetivorans in E. coli. We also analyzed the role of each
residue of the conserved motif NPAPLGL(M/F) in substrate transport of both membrane proteins SatP
and Ady2. Complementary molecular docking analyzes were used to uncover putative binding sites in

the vicinity of this conserved motif.

7.2 MIATERIALS AND METHODS

7.2.1 HOMOLOGY SEARCH
We downloaded over 10000 proteomes from NCBI Assembly platform as individual FASTA files. A

BLAST search, with a cutoff evalue 10°, was performed on this database using three queries, a
bacterial, an archaeal and an eukaryotic member: Satp from the organism £. coli AceP from
M. acetivorans and Ady2 from S. cerevisiae. To avoid redundancies, only sequences from a single

genome of a given species were considered.

7.2.2 ALIGNMENT AND PHYLOGENETIC RECONSTRUCTION
Retrieved protein sequences were aligned with PROMALS3D [16], a multiple-alignment algorithm that

incorporates secondary structure prediction. Sequences that were not aligning extensively across the
conserved region of the alignment were further excluded from the phylogenetic analysis. A phylogenetic
reconstruction was performed using Maximum Likelihood, more appropriate for the deeper divergences
under analysis here, using MEGA6 [17] and the Jones-Taylor-Thornton (JTT) substitution model.
Bootstrap was performed for 1000 repetitions. Obtained phylogenetic tree was displayed and edited in

FigTree v.1.3.1. (http://tree.bio.ed.ac.uk/).

7.2.3 STRAINS, PLASMIDS AND GROWTH CONDITIONS

The strains and plasmids used in this work are listed in Tables 1 and 2 respectively. The
S. cerevisiae strain W303-1A jenIA adyZ/\, lacking monocarboxylate uptake capacity, was used to
express the ADYZ2 alleles and the GPRI from Y. /jpolytica. The cultures were maintained on slants of
yeast extract (1%, w/v), peptone (1%, w/v), glucose (2%, w/v) and agar (2%, w/v) or yeast nitrogen base

(Difco), 0.67%, w/v (YNB medium), supplemented with adequate requirements for prototrophic growth.
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For growth tests, cells were grown as previously described [18]. The E£. coli strain actPA llap/
satPA (assigned in this study as £. coli 3A) was used to express the SafP alleles and the aceP gene

from M. acetivorans. Bacterial strains were grown as previously described [13].

Table 1. List of plasmids used in this study

Plasmid Characteristics Reference
puUC18 High-copy plasmid, constitutive expression (Norrander et a/. 1983) [19]
PSatP pUC18 derivative; constitutive expression of SatP (Sa-Pessoa et al, 2013) [13]

pSatP-N8A pSatP with the substitution N8A in SatP This study
pSatP-P9A pSatP with the substitution P9A in SatP This study
pSatP-A10T pSatP with the substitution A10T in SatP This study
pSatP-P11A pSatP with the substitution P11A in SatP This study
pSatP-L12A pSatP with the substitution L12A in SatP This study
pSatP-G13A pSatP with the substitution G13A in SatP This study
pSatP-L14A pSatP with the substitution L14A in SatP This study
pSatP-M15A pSatP with the substitution M15A in SatP This study

p416GPD Glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter (Mumberg et al., 1995) [20]

pDS1::GFP p416 derivative, constitutive expression of JEN1::GFP (Soares-Silva et al., 2007) [18]
pAdy2::GFP p416 derivative, constitutive expression of ADY2::GFP This study
pAdy2::GFP-N89A pAdy2::GFP with substitution N89A in Ady2 This study
pAdy2::GFP-P90A pAdy2::GFP with substitution P9OA in Ady2 This study
pAdy2::GFP-A91T pAdy2::GFP with substitution A91T in Ady2 This study
pAdy2::GFP-P92A pAdy2::GFP with substitution P92A in Ady2 This study
pAdy2::GFP-L93A pAdy2::GFP with substitution L93A in Ady2 This study
pAdy2::GFP-G94A pAdy2::GFP with substitution G94A in Ady2 This study
pAdy2::GFP-L95A pAdy2::GFP with substitution L95A in Ady2 This study
pAdy2::GFP-S92A pAdy2::GFP with substitution S92A in Ady2 This study
PAceP pUC18 derivative; constitutive expression of aceP This study
p416::Gprl p416GPD with constitutive expression of GPRI This study
p416::Gpr1-GFP p416GPD with constitutive expression of GPR1.:GFP This study
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Table 2. List of strains used in this study

Strain Genotype Reference
E. coli MG1693 thyA715 (Arraiano ef al. 1988) [21]
E. colillldP MG1693 lldP //dR'.'CmR} This study
E. coli 3A MG1693 yaaH actP lldP (AyaaH This study
E. coli 3A pUC18 E. coli 3A transformed with pUC18 This study
E. coli 3A pSatP E. coli 3A transformed with pSatP This study
E. coli 3A pSatP-N8A E. coli 3A transformed with pSatP-N8A This study
E. coli 3A pSatP-P9A E. coli 3A transformed with pSatP-P9A This study
E. coli 3A pSatP-A10T E. coli 3A transformed with pSatP-A10T This study
E. coli 3A pSatP-P11A E. coli 3/ transformed with pSatP-P11A This study
E. coli 3A pSatP-L12A E. coli 3/ transformed with pSatP-L12A This study
E. coli 3A pSatP-G13A E. coli 3A transformed with pSatP-G13A This study
E. coli 3A pSatP-L14A E. coli 3A transformed with pSatP-L14A This study
E. coli 3A pSatP-M15A E. coli 3A transformed with pSatP-M15A  This study
E. coli 34 pAceP E. coli 3A transformed with pAceP This study

S. cerevisiae W303-1A

S. cerevisiae jenIA ady2A
S. cerevisiae jen1A ady2A

MATa ade? leu2 his3 trol ura3

W303-1A; JEN1.:KanMX4
JenlA ady2A transformed with

(Thomas and Rothstein
1989) [22]

(Soares-Silva et al., 2007)
(Soares-Silva et al., 2007)

S. cerevisiae jen1A ady2A pAdy2  jenIA ady2A transformed with This study
S. cerevisiae jenlA ady2A JjenlA ady2A transformed with This study
S. cerevisiae jenlA ady2A JenlA ady2A transformed with This study
S. cerevisiae jenlA ady2A JjenIA aay2A transformed with This study
S. cerevisiae jenIA ady2A JenlA ady2A transformed with This study
S. cerevisiae jenlA ady2A JenlA ady2A transformed with This study
S. cerevisiae jenlA ady2A JenlA ady2A transformed with This study
S. cerevisiae jenlA ady2A JenlA ady2A transformed with This study
S. cerevisiae jenlA ady2A JenlA ady2A transformed with This study
S. cerevisiae jenlA ady2A JenlA ady2A transformed with This study
Yarrowia lipolytica PYCC 4811 Wild-type Collection
S. cerevisiae $288c Wild-type Collection
S. cerevisiae jenIA ady2A pGprl JenlA ady2A transformed with This study
S. cerevisiae jenlA ady2A pGprl-  jenlA ady2A transformed with This study
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7.2.4 CONSTRUCTION OF E. coL/ACcTPA LLDPA SATPA
The /ldP null-mutant was constructed using the primer pairs dlldP1/dlldP2 and following the A-red

recombinase method [23] with a few modifications, as described previously [13, 24]. The
chloramphenicol-resistance cassette of plasmid pKD3 replaces nucleotides +50 to +1587 of the /aP
gene. The gene deletion was verified by colony PCR using the primer pair P1llldP/P2IldP and the
chromosomal mutation subsequently transferred to a fresh genetic background (MG1693 strain) by P1
phage transduction, to generate £ coli MG1693 /dP (A/ldP:CmR) strain. To construct the triple
yaaH)/ actP/ lldP mutant, the antibiotic resistance genes of the double yaaH/ actP mutant (BBC234) (Sa-
Pessoa et al., 2013) were eliminated using a helper plasmid encoding the FLP recombinase (pCP20)
and following the procedures previously described [23]. The loss of the kanamycin and chloramphenicol
resistance was confirmed, and the strain used as receptor, in the P1 phage transduction of /@P mutation
from the single /d@P null-mutant. The chloramphenicol resistance was used for selection of the /dP
mutation and the presence of the three, yaaH, actP and //dP, gene deletions were confirmed by PCR
using specific primers: PlyaaH/P2yaaH for yaaH. P1ActP/P4actP for actP and P1IldP/P2IldP for /dP

(primers listed in Table 3).

7.2.5 CONSTRUCTION OF ADY2 AND SATP MUTANTS

Site-directed mutagenesis was performed as previously described [18]. For GFP fusion proteins with
the ADYZ GAP repair technique was performed as previously described [18], using the primers
listed in Table 3.

7.2.6 HETEROLOGOUS EXPRESSION OF GPR1
The pGPR1 plasmid was constructed by restriction enzyme cloning and the pGPR1::GFP plasmid through

GAP repair technique [25]. The GPR1 gene was amplified by PCR, from genomic DNA extracted from
Yarrowia ljpolytica PYCC 4811 [26], using the primers Gprl1_FWD and Gpr1_REV (Table 3). The amplified
GPR1 was digested using Hindll andSad enzymes (7hermoFisher Scientific, USA). The final product
was inserted into the vector p416GPD, previously digested with the same restriction enzymes using the
same conditions. The resultant plasmid pGPR1 was cloned into S. cerevisiae W303-1A jenlA adyZA
strain. To obtain the plasmid pGPR1-GFP, the GFP gene was inserted as described by Bessa et al.,
2012, using the primers Gprl-gfp_FWD and the Gprl- gfp_REV (Table 3).
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Table 3. Oligonucleotides used for strain construction, cloning, expression, site-directed mutagenesis

and GFP tagging.

Name Sequence

N89A_FWD  GTGCACAAATTTGCTGCTCCTGCGCCCTTAGG

N89A_REV  CCTAAGGGCGCAGGAGCAGCAAATTTGTGCAC

POOA_FWD  CACAAATTTGCTAATGCTGCGCCCTTAGGTC

P90A_REV GACCTAAGGGCGCAGCATTAGCAAATTTGTG

A9IT_FWD  CAAATTTGCTAATCCTACGCCCTTAGGTCTTTC

A91T_REV GAAAGACCTAAGGGCGTAGGATTAGCAAATTTG

P92A_FWD  GCTAATCCTGCGGCCTTAGGTCTTTCAGCC

P92A_REV GGCTGAAAGACCTAAGGCCGCAGGATTAGC

LO3A_FWD  GCTAATCCTGCGCCCGCAGGTCTTTCAGCCTTC

L93A_REV GAAGGCTGAAAGACCTGCGGGCGCAGGATTAGC

G94A_FWD  GCTAATCCTGCGCCCTTAGCTCTTTCAGCCTTCGCG

G94A_REV  CGCGAAGGCTGAAAGAGCTAAGGGCGCAGGATTAGC
LOSA_LFWD  CCTGCGCCCTTAGGTGCTTCAGCCTTCGCGTTG

L95A_REV CAACGCGAAGGCTGAAGCACCTAAGGGCGCAGG

N8A_FWD CAACACTAAGTTGGCTGCTCCGGCACCGCTGGGC

N8A_REV GCCCAGCGGTGCCGGAGCAGCCAACTTAGTGTTG

POA_FWD CACTAAGTTGGCTAATGCGGCACCGCTGGGCCTG

POA_REV CAGGCCCAGCGGTGCCGCATTAGCCAACTTAGTG

ALOT_FWD  CTAAGTTGGCTAATCCGACACCGCTGGGCCTGATGG

A10T_REV CCATCAGGCCCAGCGGTGTCGGATTAGCCAACTTAG

P11A_FWD  GTTGGCTAATCCGGCAGCGCTGGGCCTGATGGGC

P11A_REV GCCCATCAGGCCCAGCGCTGCCGGATTAGCCAAC

L12A_LFWD  GCTAATCCGGCACCGGCGGGCCTGATGGGCTTC

L12A_REV GAAGCCCATCAGGCCCGCCGGTGCCGGATTAGC

G13A_FWD  CTAATCCGGCACCGCTGGCCCTGATGGGCTTCGGC

G13A_REV  GCCGAAGCCCATCAGGGCCAGCGGTGCCGGATTAG

L14A_FWD  CCGGCACCGCTGGGCGCGATGGGCTTCGGCATG

L14A_REV CATGCCGAAGCCCATCGCGCCCAGCGGTGCCGG

M15A_FWD  GGCACCGCTGGGCCTGGCGGGCTTCGGCATGACC

M15A_FREV  GGTCATGCCGAAGCCCGCCAGGCCCAGCGGTGCC
:dyz-gf"-f‘” CCCATTACCATCTACTGAAAGGGTAATCTTTAGTAAAGGAGAAGAAC
ady2_gfp_rev  CATAACTAATTACATGACTCGAGCTATTTGTATAGTTCATCCATGCC
dildP1 GTTAAGACATAAGCCTGAAGCGTGGTGATCACGCCCACTATACAGGTGAAGAGTGTAGGCTGGAGCTGCTTC
dlldP2 éTGAATCTCTGGCAACAAAACTACGATCCCGCCGGGAATATCTGGCTTTCGGTCCATATGAATATCCTCCTTA
P1lldP ACGATGTGCGTGGACTCCAG

P2IldP ATCAATCAGCGCCCGCAC

PlyaaH ATGCCGCGCCCTGAAAACACTAC

P2yaaH AGTGCAAGACGCGACGTTAGCGAAT

PlactP TCTACATCTGGCGGGCGAAC

PactP ACAGAGTGGTTATCGTTAATCAG

Gprl_FWD  GGCAAGCTTATGAACACCGAAATCCCC

Gprl_REV GCGGTCGACTTAGTCCTTCTTGACGAA

(g;fl::ll;WD TTTCCTCAAAGAGATTAAATACTGCTACTGAAAATATGAACACCGAAATCCCCGA
Gprlgfp_REV ACTCGAGGTCGACGGTATCGATAAGCTTTACTATTTGTATAGTTCATCCA
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7.2.7 CLONING STRATEGY OF ACEP GENE
The aceP gene was chemically synthesized with an optimal codon usage for expression in £. coli since

no expression was obtained with the original gene cloned into the pUC18 vector. The synthetic aceP gene
was codon optimized by the OptimumGene software tool (GenScript, Piscataway, NJ, USA Inc.). The
synthetic version of aceP flanked by Apn/ and Nde/ restriction sites was cloned in the pucl8 vector,

originating the pAceP vector.

7.2.8 TRANSPORT ASSAYS
Measurement of transport activity in yeast and bacterial strains was performed as previously described

by Soares-Silva et al. (2007) and Sa-Pessoa et al. (2013), respectively. The radiolabeled substrates used
were the following: [1-*C] acetic acid, sodium salt (GE Healthcare, London, UK) and [2,3-**C] succinic

acid (Moravek Biochemicals, California, USA).

7.2.9 EPIFLUORESCENT MICROSCOPY
Microscopy analysis was performed as described in SoaresSilva et al. (2007) on a Leica DM5000B

epifluorescent microscope with a Leica DFC 350FX R2 digital camera using the LAS AF V1.4.1 software.

7.2.10 STRUCTURAL MODELING AND MOLECULAR DOCKING SIMULATIONS
To obtain the predicted 3D structure of SatP transporter, the amino residue sequence was threaded

through The Robetta server (http://robetta.bakerlab.org) [27]. The molecular docking of substrates with

SatP transporter was performed as previously described [28].

7.3 RESULTS

7.3.1 PHYLOGENETIC ANALYSIS OF ACETR FAMILY

A total of 818 hits were obtained for the BLAST search in the NCBI's Assembly database, using complete
genomes only, with the 3 proteins of the AceTr family: Ady2, SatP, and AceP. Homologues were present
across a wide range of organisms: most of them were detected in bacteria, archaea, and fungi.
Hypothetical AceTr homologues were also detected in the genus Leishmania of eukaryotic euglenids,
usually as multiple copies per organism, but also in three Viridiplantae of the family Bathycoccaceae and

the Rhodophyta Cyanidioschyzon merolae. In order to maximize phylogenetic accuracy 12 sequences
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that lacked large conserved regions were excluded from a final dataset of 806 sequences in the
phylogenetic tree. The phylogenetic tree is displayed in Figure 1.

Relevant homologues to the present study are indicated. For a clearer description of the tree, some
sections were labelled as E1, E2, and P1 to P4. The Phylogenetic tree suggests a basal split between
eukaryotic and prokaryotic organisms. The bootstrap value is low as expected for such a deep divergence
in a protein sequence however, this deep divergence suggests a reliable reconstruction. Eukaryotes and
prokaryotes form almost two monophyletic clades with an exception from each subclade. The exception
in the eukaryotic clade is the protein of bacteria Gordonia polyisoprenivorans. The relatively long branch
of the tree and the undefined position in relation to the neighbouring eukaryotic counterpartssuggests
that the inclusion of the bacteria G. polyisoprenivorans might be dubious. The exception in prokaryotic
clade is a clade containing one set of homologues from the pathogenic trypanosome Leishmania genus.
The clade is quite deeply embroiled in various prokaryotic sub-branches suggesting that it likely represents
a case of horizontal gene transfer.

The prokaryotic subclade shows bacterial and archaeal homologues intertwined within the tree. The tree
splits deeply into two branches, labelled P1-3 and P4 in Figure 1. The less common of these two
branches (P4) contains mostly homologues present in the bacterial phylum Firmicutes and there is no
functional characterization described on any of the members of this clade. The second clade (P1-3) also
contains another split between a clade containing a high percentage of homologues present in
Actinobacteria (P3), including a monophyletic branch from this group, a monophyletic archaea sub-branch
and homologues from various other bacteria (including from Phyla Firmicutes, Proteobacteria and others),
and a second more frequent clade (P1-2) where bacterial homologues from phylum Proteobacteria are
the most common (forming the totality of minor clade P2). The large subclade P1 also contains other
bacteria, several archaea and the mentioned-above subclade of eukaryotic Leishmania genus. The Pl
subclade contains the SatP from bacteria £ coli [13] and AceP (this study) from archaea M.
acetivorans, two transporters functionally characterized as acetate transporters as well as two other
homologues for the latter organism not functionally characterized (MA_0103 and MA_4393). It is
important to note that while prokaryotic homologues dominate the tree, only 15% of the genomes in the
database contained at least one member of the AceTr family (14% in bacteria and 31% in archaea),
reflecting mostly the large numbers of sequenced prokaryotic genomes.

The eukaryotic branch has a deep divergence between homologues present in fungi and other eukaryotes.
This latter clade only contains 9 representative sequences, four from Leishmania sp., Thalassiosira

pseudonana (a marine diatom), Cyanidioschyzon merolae (red algae) photoautotrophic organism that
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inhabits sulfate-rich hot springs and three in green algae [29]. The presence of this deep clade suggest
a probable more ancient presence in a wider range of eukaryotes, although the AceTr family was only
found at 10% of the genomes other than fungi analyzed, a value that is likely overestimated due to the
substantial number of Leishmania genus genomes that contain homologues. The main eukaryotic
clade contains homologues present in fungi. Homologues belonging to the AceTr family were strikingly
detected in 97% of the genomes analyzed and the fungi without AceTr members belonged to the
Encephalifozoon genus. This clade splits also into two clades. The minor one (E2) contains mostly
homologues present in filamentous ascomycetes, including two homologues present in Aspergillus
nidulans.

A second one (E1) includes homologues from a wider taxonomic range of fungi, including Basidiomycota
and a few filamentous Ascomycetes, namely experimentally tested homologues in Aspergillus nidulans
AcpA, AcpB, and AcpC. The AcpC homologue in Aspergillus nidulans that is not associated with an
acetate transport activity [11], is located in an earlier branching of this clade together with the homologues
from Cryptococcus neoformans involved in acetate transport [15]. In the remaining clade, most
sequences were mainly detected in Saccharomycetes, including a large sub-clade formed by
Saccharomycetales only, although one subclade includes the AcpA and AcpB and the homologue in
Schizosaccharomyces pombe. The large clade containing only Saccharomycetales has the three
homologues of S. cerevisiae. Ady2 and Ato2 are very similar phylogenetically with Ato3, suggesting a
duplication and evolution of the gene dating to an earlier divergence within the Saccharomycetales
evolution. This duplication probably occurred before the whole genome duplication event in yeast, since
the yeasts Aluyveromyces marxianus and Aluyveromyces lactis have homologues in a cluster together
with both Ady2/Ato2 and Ato3 from S. cerevisiae. This major clade of Saccharomycetales also contains
the homologues of Yarrowia ljpolytica. Apart from the homologue Gprl, experimentally tested here, the
organism contains a set of homologues (five) forming a cluster (probably the result of recent duplications

of the gene) whose function is yet undetermined.
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Figure 1. Maximum likelihood phylogenetic tree of AceTr family (TCDB 2.A.96) present
in eukaryotic and prokaryotic genomes. Branch lengths are proportional to sequence divergence.
Major taxonomic groups are indicated in different shades of grey. Homologues relevant for the
discussion through the manuscript are highlighted. Groups indicated as E1, E2, P1, P2, P3, and P4
were created to facilitate the following of the tree description in the main text and are not meant to
provide any type of classification.
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7.3.2 GPR1 MEDIATES ACETATE TRANSPORT IN S. CEREVISIAE
The functionality of the Gprl membrane protein from Y. /jpol/tica was accessed through heterologous

expression in a S. cerevisiae W303-1A jenlA adyZAstrain, which does not have activity for plasma
membrane carboxylate transport under the conditions tested [18, 28, 30, 31]. The control strains and S.
cerevisiae strain expressing GPRI were grown in minimal medium YNB-Glu and then transferred to
minimal media containing 0.5% acetic acid during 6 h. The expression of Gprl was able to restore the

acetate-mediated transport in S. cerevisiae jenIA adyZA strain with a Am of 0.95 + 0.21 mM and
Vnax of 0.37 + 0.04 nmol acetate s'mg'dry weight, at pH6.0 (Figure 2A). A GFP-tagged version of

Gprlp was analyzed by fluorescence microscopy revealing that the fusion protein was localized at the

plasma membrane (Figure 2B).
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Figure 2. A) Initial uptake rates of radiolabeled 14¢.acetic acid at different
concentrations by S. cerevisiae W303-1A jenIA ady2A cells heterologously expressing
pGprl, pAdy2 and p416GPD as a control at pH 6.0, 30°C and respective kinetic
parameters. Cells were cultivated in glucose until exponential growth phase, washed and transferred
to YNB supplemented with acetic acid (0.5%) during 6 hours. B) Epifluorescence and contrast phase
microscopy of a GFP-tagged version of S. cerevisiae W303-1A jenIA adyZA cells expressing GPRI,
before and after 4h of exposure of cells to 0.5% acetic acid, at pH6, 30°C. Scale bars = 7.5 um.
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7.3.3 THE ACEP GENE CODES FOR A HIGHLY SPECIFIC ACETATE-PROTON SYMPORTER
Methanosarcina acetivorans uses acetate as a source of carbon and as a source of energy by

breaking down acetate to produce carbon dioxide and methane. It was previously shown that aceP gene
from M. acetirovans is overexpressed in the presence of acetate (Rohlin and Gunsalus, 2010).

The M. acetivorans species has an optimal growth temperature between 35 °C and 45 °C and
optimal pH between 6.5 and 7 [32], close to the model organism £. coli, which led us to attempt the
heterologous expression of acePin this last organism. In addition, the tools for genetic manipulation of
M. acetivorans are scarce, and culture conditions are difficult to achieve. The heterologous expression
of aceP was performed in the £. coli 3A strain, deleted for three monocarboxylate transporters. An
optimized version of aceP was created using the GeneScript codon usage adaptation algorithm. The
vector pAceP was transformed in the £. coli 3A strain, and the acetate uptake measured after growth in
the minimal medium during exponential phase. The £. coli 3A pAceP was able to recover the mediated
transport of acetate, with a Michaelis-Menten kinetics, displaying a Am of 0.49 + 0.07 mM of acetic acid
and a Vnax of 46.4 + 2.9 nmol min™* mg* protein (Figure 3A).

To further characterize the transport energetics of the £. coli 3A pAceP strain, the acetate uptake
was accessed in the presence of several relevant inhibitors. The protonophore CCCP (carbonyl cyanide
mchlorophenylhydrazone), which collapses the proton motive force, lowered acetate transport to almost
negligible values at pH 6.0 in cells expressing AceP (Figure 3B). The potassium ionophore valinomycin
and the sodium ionophore monensin, which disrupt the membrane electrical potential (4y), had no
significant effect on acetate uptake. These data suggest that acetate uptake occurs by a proton symporter
mechanism, similar to other AceTr members.

The measurement of labelled acetate uptake in the presence of non-abelled acids allowed the
identification of potential inhibitors of acetic acid uptake, being indicative of an interaction of these acids
with the transporter protein. None of the carboxylic acids tested inhibited the acetate uptake in £. coli 3A
cells expressing aceP (Figure 3C). Thus, this acetate transporter is not able to bind the carboxylic acids
here tested, namely the monocarboxylates lactate, pyruvate and formate, and the dicarboxylates malate

and succinate.
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Figure 3. Acetic acid kinetics and transport energetics of E. coli 3A heterologously
expressing pAceP. A) Initial uptake rates of radiolabelled *C-acetic acid at different concentration by
E. coli 3/ heterologously expressing pAceP or pUC18, at pH 6.0, 30°C. Cells were cultivated in
glucose until exponential growth phase. B) Transport energetics: effect of pH and of CCCP, valinomycin,
and monensin on the uptake of 0.1 mM C-acetic acid in cells of £ coli 3A pAceP. Cells were pre-
incubated with the compounds mentioned, at the concentration indicated and pH 6.0 for 1 min before
adding the radiolabelled substrate. C) transport specificity: the uptake of 0.1 mM '*C-acetic acid in in £.
coli 3A heterologously expressing pAceP or pUC18 measured in the absence and presence of non-
labelled formic, pyruvic, lactic, succinic and malic acid (10 mM), pH 6.0 and 30-C. Cells were pre-
incubated with the compounds mentioned, at the concentration indicated and pH 6.0 for 1 min before
adding the radiolabelled substrate. Each data point represents the mean+ S.D. for three independent
experiments.

7.3.4 THE CONSERVED MOTIF NPAPLGL(IM/S) PLAYS A ROLE IN SUBSTRATE UPTAKE

A multiple alignment of several AceTr family members described in the literature as acetate transporters,
as well as the AceP protein above characterized, was performed. Among the conserved regions identified,
the motif NPAPLGL(M/S)®® (numbers refer to Ady2 sequence) exhibited strong conservation in AceTr
family members. Most of the conserved residues are polar and hydrophobic and thus have the potential
to interact with charged substrates, e.g. acetate, succinate. The Ady2 topology prediction using the
PROTTER web server suggests that this motif is found at the beginning of the first transmembrane
segment (TMS 1) in the transition between the cytoplasm and the plasma membrane (data not shown).
A similar output was also obtained for the topology prediction of SatP transporter. Site-directed
mutagenesis was performed in the conserved motif NPAPLGL(M/S) of Ady2 and SatP, replacing each
conserved residue by an alanine residue, excluding the alanine residues 89 (Ady2) and 10 (SatP),
which were replaced each by a tyrosine residue. All the mutants from both Ady2 or SatP presented an

abolished acetate transport profile (Figure 4 A, B). Since SatP is known to mediate the transport of
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succinate, we also measured succinate uptake in the SatP mutant alleles (Figure 4B). Similar to acetate
uptake, the SatP mutant alleles displayed a succinate uptake capacity significantly reduced when
compared to the wild-type allele. The Ady2 mutant alleles were also grown in YNB acetic acid (0.5%) as
sole carbon and energy source. All Ady2 mutant alleles displayed poor growth when compared with

the native allele.
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Figure 4. A) The percentage of 0.1 mM “C-acetic acid uptake, at pH 6.0, considering
the velocity of transport found for the S. cerevisiae ady2A jenlA strains expressing pAdy2
as 100%. Cells were collected at mid-exponential growth phase from YNB glucose 1 % (w/v), Cells
were cultivated in glucose until mid- exponential growth phase, washed and transferred during 6 h to
YNB supplement with the acetic acid (0.5%) and solid YNB acetic acid (0.5 %) for growth tests shown in
the images above each bar of Ady2 alleles in p416GPD. B) The percentage of 0.5 mM !¢ C-acetic
acid uptake, at pH 6.0, considering the velocity of transport found for the £. coli 3A strains expressing
pSatP as 100%. Cells were collected at mid-exponential growth phase from minimal medium with glucose
1% (w/v). The data shown are mean values of at least three independent experiments and the error bars
represent the standard deviation.

249



7.3.5 THE moTiIF NPAPLGL(M/S) IS NOT CRITICAL FOR MEMBRANE TARGETING OF ADY2

Single mutations in the conserved motif NPAPLGL(M/S) residues studied led to lack of Ady2 mediated
acetate transport activity. In order to formally distinguish whether this is due to an incorrect
protein location or lack of transporter function, we used mutant alleles expressing an Ady2::GFP chimeric
transporter. The Ady2::GFP localization was determined by fluorescence microscopy. In all cases
Ady?2::GFP mutant alleles were localized, similar to the wild-type version, at the plasma membrane level
after 6h induction in YNB acetic acid as it was found for the wild- type (Figure 5). These results
strongly suggest that in these mutants presenting low or no transport capacity this is not a consequence

of stability or trafficking, but rather due to an effect on the mechanism of substrate transport per se.

p416GPD

Figure 5. Epifluorescence microscopy localization of Ady2::GFP expressed in S. cerevisiae
ady2A jenlA. Cells were collected at mid-exponential growth phase from YNB glucose 1% (w/v),
washed and transferred during 6 h to YNB, supplement with the acetic acid (0.5%), and observed by
epifluorescence microscopy.
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7.3.6 THE CONSERVED MOTIF NPAPLGL(M/S) IS INVOLVED IN THE FORMATION OF A
PUTATIVE SUBSTRATE BINDING SITE

To further understand the specific role of each residue in protein activity and specificity, molecular
docking analysis was performed to uncover putative interactions between the transporter and substrate
ligand molecules at the molecular level (Figure 6). Only the 3D predicted structure from SatP displayed
a level of confidence required for further molecular docking analysis, and thus docking analysis was not
possible with the Ady2. Molecular docking results suggest that the residues of the conserved motif
|NPAPLGL(M/S)* of SatP may be involved in the formation of a putative binding site (Figure 6). It is
noticeable that acetate and succinate molecules share a similar spatial location, in which the carboxyl
group of acetate is superimposed with one of the carboxyl groups of succinate. The residues A10, P11,
L12,G13, L14, and M15 form a hydrophobic binding pocket for substrates, quite close to the cytoplasmic
pore entrance. In addition, L12, G13, L14 and M15 residues interact covalently with the carboxyl group

of both acetate and succinate by hydrogen bonds.
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Figure 6. Molecular docking of SatP with acetate and succinate. A) Transversal and cytoplasmic
view of SatP protein surface with the identification of the putative binding site surrounded by a grey
circle. Ligand molecules are represented in their stick molecular structure. B) 2D view of the interactions
between ligands (acetate and succinate) and SatP residues. Black arrows represent hydrogen bonds
between ligands atoms and residue atoms.
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7.4. DISCUSSION

The AceTr-Acetate Transporters are found in all domains of life. The phylogenetic analysis of all the
homologues so far sequenced, suggests basal split between eukaryotic and prokaryotic organisms that
form almost two monophyletic clades, with an exception from each subclade. Overall, the phylogenetic
tree suggests that an ancestral form of this family was present in the primordial organisms in the
root of the tree of life. However, although present in a taxonomically diverse range of organisms, the
AceTr homologues are limited to very specific groups of prokaryotic and eukaryotic organisms. This
fact strongly appoints to their loss in most organisms during evolution. While this trend is obvious for
most eukaryotic organisms outside fungi (homologues detected in only 10% of analyzed genomes), the
picture is similar for prokaryotic organisms, with members of the AceTr family detected in only 15% of
the genomes in the database. On a drastic shift, homologues were detected in 97% of the fungal genomes
analyzed. These data suggest that these transporters play an important role in fungi. In fact, the Ady2p
from S. cerevisiae was described as essential for proper ascus formation [6] and later AcpA from A.
nidulans as the major acetate transporte during germination of conidiospores [11]. In addition, the
Ady?2 homologue of Crypfococcus neoformans was also associated with acetate transport and described
as indispensable for survival during physiologically relevant starvation conditions [15]. The deletion of
C. neoformans Ady2 and Ato2 was also found to impair virulence factors-ability to grow at human
body temperature, produce melanine and the capsule structure, which are major immune modulators
[15]. Based on this evidence, it is tempting to postulate that this family of transporters is critical for spore
germination process in fungi, and thus greatly conserved throughout evolution. According to the
phylogenetic analysis, the only fungal genomes without AceTr members were the Encephalitozoon that
belongs to phylum Microsporidia. These are atypical fungi, first considered a deeply branching protist
lineage, lacking mitochondria and peroxisomes, that are obligate intracellular parasites infesting many
animal groups [33].

In this work, we also extended the number of AceTr members functionally characterized as acetate
transporters, and for the first time to an archaealmember, the aceP gene from M. acetivorans. The
Methanosarcineae are the most metabolically diverse methanogens, thrive in a broad range of
environments, and are unique among the Archaea in forming complex multicellular structures. Species,
like M. acetivorans display high methanogenesis metabolic activity. In nature, the methane produced is
mostly derived from acetate with a strong impact on global warming [34]. Here we demonstrate that the
aceP from M. acetivorans is mediating the transport of acetic acid, by an acetate-proton symport

mechanism, highly specific for acetate.
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Additionally, we characterized the acetate transport capacity of Gprl from Y. /jpol/tica, an AceTr family
member, until now only described as being involved in cells” sensitivity to acetic acid[4]. Gprlp was
reported to have an important role over stress cue, triggered by the exposure of cells to acetic acid, and
to be involved in the repression of genes that encode glyoxylate cycle enzymes [4,5]. Fluorescence
analysis of S. cerevisiae cells harbouring Gprl-GFP revealed that the fusion protein was detected
at the plasma membrane, as expected [4, 35]. The yeast Y. /jpolytica is reported to display specific
physiological, metabolic and genomic characteristics, which differentiates it from the model yeast S.
cerevisiae [36]. Although the whole genome duplication event did not occur in Y. /ipolytica, its genome
size is almost de double of S. cerevisiae.

Nevertheless, Gprl and Ady?2, two of the AceTr members of these distinct yeast species, maintained their
activity as acetate transporters over evolution. To gain insights into the structure of AceTr family members,
the most conserved motif NPAPLGL(M/S) of Ady2 and SatP proteins, was analyzed by site-directed
mutagenesis. Until now, no protein structure has been determined for members of this family. Given the
results presented herein the motif, NPAPLGL(M/S) can be considered as a ‘signature’ motif of this group
of transporters, as substitutions in the residues of this domain abolished the transport activity and resulted
in poor growth in acetate, as sole carbon and energy source. Nevertheless, the membrane targeting of
Ady?2 was not affected by mutations in residues of Ady2 motif NPAPLGL(M/S). In a similar mutagenesis
approach made by Gentsch and colleagues (2008), several residues of Ady2 were randomly mutated and
characterized regarding acetic acid sensitivity in S. cerevisiae, the mutant alleles A70V, F71V, T741, A88Y,
E144G N145D, M211K, and F212S were found to be critical for acetic acid sensitivity. Interestingly, the
A88 residue was placed right before the NPAPLGL(M/S) motif. In addition, it was also reported that the
deletion of NPAPLGL(M/S) motif in the Gprl protein heterologously expressed in S. cerevisiae strain,
deleted for all AceTr homologues, displayed alterations in acetic acid sensitivity [37]. Thus, the
NPAPLGL(M/S) is critical for transport activity but the targeting and membrane stability in not driven
by residues of this motif, at least for Ady2. Molecular docking analysis led to the identification of a
putative binding site formed by the “NPAPLGL(M/S)*"” motif in a SatP 3D predicted structure. Although
at the moment, there is no direct experimental evidence that the AceTr protein is an acetate exporter,
several reports propose the role of these proteins in acetate export [4, 13, 37]. The predicted
location of this critical conserved motif in the vicinity of the protein pore entrance at the cytoplasm side
reinforces the hypothesis that SatP plays a role in acetate export.

According to this study, the members of AceTr family were lost during the evolution of both eukaryotic

and prokaryotic organisms, excluding few exceptions. Interestingly this evolutionary pattern is also
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displayed by other carboxylate transporter family, designated as the Jenl family (TCDB 2.A.1.12). The

Jenl family, which includes members characterized as carboxylate transporters, is present in fungi and

bacteria, but there are no homologues in higher eukaryotes, where other membrane proteins such as the

members of the Monocarboxylate Transporter Family (TCDB 2.A.1.13), seem responsible for the transport

of carboxylic acids [2, 3].

It is biologically reasonable to consider that evolutionary pressures led to alternate physiological processes

to evolve from a catalogue of alternatives, present in ancestral organisms (especially in prokaryotic

organisms characterized by their evolutionary plasticity). However, we must consider the presence of

AceTr family members in almost all analyzed fungi organisms. This suggests the existence of a specific

and essential role in fungal evolution, possibly in sexual reproduction through sporulation.
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CHAPTER VIl

Evolutionary engineering reveals amino acid substitutions in Ato2 and Ato3 that
allow improved growth of Saccharomyces cerevisiae on lactic acid

ABSTRACT

In Saccharomyces cerevisiae, the complete set of proteins involved in transport of lactic acid across the
cell membrane has not been identified, which limits its potential as industrial production host for this bulk
chemical. In this study we aimed to identify transport proteins not previously described to be involved in
lactic acid transport via a combination of directed evolution, whole-genome resequencing and reverse
engineering. Evolution of a strain lacking all known lactic acid transporters on lactate led to the
identification of mutated Ato2 and Ato3 as two novel lactic acid transport proteins. When compared to
previously identified S. cerevisiae genes involved in lactic acid transport, A703=+ was able to facilitate
the highest growth rate (0.15 + 0.01 h?) on this carbon source. A comparison between (evolved)
sequences and 3D models of the transport proteins showed that many mutations resulted in a widening
of the narrowest hydrophobic constriction of the anion channel. We hypothesize that this observation,
sometimes in combination with an increased binding affinity of lactic acid in the binding sites adjacent to

this restriction site, are responsible for the improved lactic acid transport in the evolved proteins.

KEYWORDS: Adaptive laboratory evolution; Saccharomyces cerevisiae, Ato transporters;

Monocarboxylate transporters; Molecular docking studies
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8.1 INTRODUCTION

Carboxylic acids are widely applied as platform molecules in the chemical, pharmaceutical, food and
beverage industries. Some organis acids, like succinic and lactic acid, are currently produced on industrial
scale using biotechnological processes [1-3]. Advantages of bioprocesses are their potential sustainability
compared to their petrochemical counterparts and, in the case of chiral compounds, their ability to
selectively produce one of the enantiomers. The latter is of importance for the production of biodegradable
polymers, which requires the precursors to be optically pure [4]. One of these optically active molecules
is lactic acid, which is used as a preservative in the dairy industry and as precursor for bioplastic
formation. The demand for lactic acid was 1.220.000 tons in 2016 and is expected to further increase
by 16.2% by 2025 [5]. At present, lactic acid is mostly produced by prokaryotic hosts (reviewed by Es,
Mousavi Khaneghah [6] and McKinlay, Vieille [7]), with titers reaching upwards of 182 g L in fed-batch
cultures [8]. The limited tolerance of these hosts to low pH implicates that neutralizing agents must be
added during microbial fermentation under industrial conditions. Subsequent retrieval of the
undissociated acid requires acidification of the broth, with concomitant production of gypsum, resulting
in additional costs in downstream processing [9].

Despite exhibiting the highest growth rate at pH 5.0-5.5 [10], the yeast Saccharomyces cerevisiae is
known for its tolerance to low pH, and could therefore be an interesting production host for carboxylic
acids [11-13]. Early attempts to engineer this organisms for industrial production of lactic acid have been
successful [14, 15] and, more recently, fed-batch cultures of engineered S. cerevisiae strains reached
titers of 82 g L' and 142 g L for the D and L isomer, respectively [16, 17]. Despite our ability to engineer
the production several organic acids in S. cerevisiae, little is known about their transport across the yeast
membrane [11, 18]. Transport of carboxylic acids forms an important optimization target for metabolic
engineering, to stimulate product export (increasing productivity and titers) and to increase tolerance to
weak organic acid stress [11, 19, 20]. Diffusion of undissociated lactic acid across yeast cell membranes
is unlikely to be the main mechanism for lactic acid export under physiological conditions [21-23].
Therefore, further investigation of the genes involved in lactic acid export in yeast remains important to
enable the design and construction of future industrial cell factories.

Two genes encoding transporters for monocarboxylic acids have been identified in S. cerevisiae. JEN1
and ADY2. Jenl is a member of the Major Facilitator Superfamily (MFS) which enables uptake of lactic,
acetic and pyruvic acid, while Ady2, a member of the AceTr family, has been described to function

predominantly as an acetate transporter [24-26]. While deletion of both genes abolished growth on lactic
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acid as the sole carbon source, export of lactic acid in an engineered S. cerevisiae strain remained
unaffected by combined deletion of JENI and ADYZ2 [27, 28]. The difficulty of identifying the export
system(s) for lactic acid was further illustrated by a recent study, in which the combined deletion of 25
(putative) transporter-encoding genes in a single yeast strain did not affect the rate of lactic acid export
[29].

A powerful strategy to identify genes involved in a specific physiological function is the use of adaptive
laboratory evolution. Application of a selective pressure is used to enrich for mutants with the phenotype
of interest, which can subsequently be analysed by whole genome sequencing to identify mutated genes
related to the evolved phenotype [30]. Whereas the use of this strategy to select for mutants with altered
lactic acid export remains a challenge, adaptive evolution can be directly applied to select for improved
lactic acid uptake. This concept was demonstrated in a previous study, in which laboratory evolution of a
JenlIA strain in culture medium with lactic acid as sole carbon source led to the identification of mutated
ADY?2 alleles that had an increased uptake capacity for lactic acid [31].

In this study, we use adaptive laboratory evolution to identify additional transporters, which upon mutation
can efficiently catalyze lactic acid uptake in S. cerevisiae. Subsequently, we overexpress the complete
suite of native and evolved lactic acid transporters and characterize the ability of the resulting strains to
grow on a variety of organic acids. Finally, we identify specific amino acid residues in the evolved
transporters which play a key role in determining their ability to transport lactic acid and provide a
mechanistic explanation using three dimensional structure predictions combined with molecular docking

analysis.

8.2 MAATERIALS AND METHODS

8.2.1 STRAINS AND MAINTENANCE

The S. cerevisiae strains used in this study (Table ) share the CEN.PK113-7D or the CEN.PK2-1C genetic
backgrounds [32]. Stock cultures of S. cerevisiae were grown aerobically in 500 mL round-bottom shake
flasks containing 100 mL synthetic medium (SM) [33] or YP medium (10 g L' Bacto yeast extract, 20 g L
Bacto peptone) supplemented with 20 g L glucose. When needed, auxotrophic requirements were
complemented via addition of 150 mg L* uracil, 100 mg L histidine, 500 mg L* leucine and/or 75 mg L
tryptophan [34]. For plate cultivation, 2% (w/v) agar was added to the medium prior to heat sterilization.
Stock cultures of £. co/i XL1-Blue Subcloning Grade Competent Cells (Agilent, Santa Clara, CA, USA) that

were used for plasmid propagation were grown in LB medium (5 g L' Bacto yeast extract, 10 g L Bacto
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tryptone, 10 g Lt NaCl) supplemented with 100 mg Lt ampicillin. Media were autoclaved at 121°C for
20 min and supplements and antibiotics were filter sterilized and added to the media prior to use. Frozen
culture stocks were prepared by addition of sterile glycerol (to a final concentration of 30% v/v) to
exponentially growing shake flask cultures of S. cerevisiae or overnight cultures of £. cofiand 1 mL

aliquots were stored at -80°C.

8.2.2 MOLECULAR BIOLOGY TECHNIQUES

Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, USA) was used for PCR
amplification for cloning purposes. Diagnostic PCRs were performed using DreamTaq PCR Master Mix
(2X) (Thermo Fisher Scientific). In both cases, the manufacturer’s protocol was followed, with the
exception of the use of lower primer concentrations (0.2 uM each). Desalted (DST) oligonucleotide
primers were used, except for primers binding to coding regions, which were PAGE purified. Primers were
purchased from Sigma Aldrich (Saint Louis, MO, USA), with the exception of primers 17453 and 17453,
which were purchased from Ella Biotech (Planegg, Germany). For diagnostic PCR, yeast genomic DNA
was isolated as described by Ldoke, Kristjuhan [35]. Commercial kits for DNA extraction and purification
were used for small-scale DNA isolation (Sigma Aldrich), PCR cleanup (Sigma Aldrich), and gel extraction
(Zymo Research, Irvine, CA, USA). Restriction analysis of constructed plasmids was performed using
FastDigest restriction enzymes (Thermo Scientific). Gibson assembly of linear DNA fragments was
performed using NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs, Ipswich, MA, USA) in
a total reaction volume of 5 pL. Transformation of chemically competent £. co/i XL1-Blue (Agilent) was

performed according to the manufacturer’s protocol.

8.2.3 PLASMID CONSTRUCTION

The plasmids and oligonucleotide primers used in this study are listed in Table 1 and Supplementary
Table 1, respectively. All plasmids were constructed by Gibson assembly of two linear fragments. With
the exception of the fragments used for the construction of plasmid pUDR420, all fragments were PCR-
amplified from either a template plasmid or from genomic DNA. A detailed description of the parts used
to make each plasmid can be found in Supplementary Table 2.

Plasmid pUDR405 was constructed by Gibson assembly of two linear fragments, both obtained via PCR
amplification of plasmid pROS13 using primers 8664 and 6262 (for the JENI-gRNA_2u_ADYZ2gRNA
insert) and 6005 (for the plasmid backbone), as previously described by Mans, van Rossum [36]. Plasmid

pUDR420 was constructed by Gibson assembly of a double-stranded DNA fragment, obtained by
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annealing the complementary single-stranded oligonucleotides 8691 and 13552, and a vector backbone
amplified from plasmid pMEL13 using primers 6005 and 6006. For construction of pUDE813, the linear
p426-TEF plasmid backbone was amplified from plasmid p426-TEF using primers 5921 and 10547 and
the A703 open reading frame (ORF) was amplified from yeast strain CEN.PK113-7D genomic DNA using
primers 13513 and 13514. Subsequently, Gibson assembly of the linear p426-TEF plasmid backbone
and the A703 insert yielded pUDE813. pUDE814, pUDE1001, pUDE1002, pUDE1003, pUDE1004,
pUDE1021 and pUDE1022 were constructed similar to pUDE813, using primers 5921 and 10547 to
amplify the linear p427-TEF plasmid backbone. The inserts were amplified from genomic DNA of strain
CEN.PK113-7D (for wildtype genes) or from genomic DNA of the corresponding evolved strain (for
mutated genes) using primers 13513 and 13514 (pUDE814), 17170 and 17171 (pUDE1001), 17168
and 17169 (pUDE1002, pUDE1003 and pUDE1004) or 17452 and 17453 (pUDE1021 and pUDE1022).
For construction of pUDC319, plasmid p426-TEF was amplified using primers 2949 and 17741 and the
CENS origin of replication was amplified from pUDC156 using primers 17742 and 17743. Subsequently,
Gibson assembly of the linear p426-TEF plasmid fragment and the CEN6 fragment yielded pUDC319.
pUDC320, puUDC321, puDC322, puDC323, puDC324, puUDC325, pUDC326 and pUDC327 were
constructed in a similar way using the same primers, but the linear plasmid fragment was amplified from
pUDE813, pUDE814, pUDE1001, pUDE1002, pUDE1003, pUDE1004, pUDE1021 and pUDE1022,

respectively.

Table 1. Plasmids used in this study

Name Relevant characteristic Origin
pROS13 2um ampR kanMX gRNA-CANI gRNA-ADEZ2 [36]
pMEL13 2um ampR kanMX gRNA-CAN 1 [36]
pUDR405 2um ampR kanMX gRNA-JENI gRNA-ADYZ2 This study
pUDR420 2um ampR xanMX gRNA-ATO3 This study
p426-TEF 2um URA3 pTEFI-tCYC1 [37]
pUDE813 2um URA3 pTEFI-ATO3-CYCI This study
pUDE814 2um URA3 pTEFI-ATO3-tCYC1 This study
pUDE1001 2um URA3 pTEFI-JENICYCI This study
pUDE1002 2um URA3 pTEFI-ADY2tCYCI This study
pUDE1003 2um URA3 pTEFI- ADYZ27 -{CYC1 This study
pUDE1004 2um URA3 pTEFI- ADY2=={CYC] This study
pUDE1021 2um URA3 pTEFI-ATO2+CYC1 This study
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pUDE1022 2um URA3 pTEFI-ATO2#-tCYC1 This study
pUDC156 CEN6 URA3 pTEF-CAS9-tCYC1 [38]

pUDC319 CEN6 URA3 pTEFCYC1 This study
pUDC320 CEN6 URA3 pTEFI-ATO3ICYC1 This study
pUDC321 CEN6 URA3 pTEFI-ATO3>*-tCYCI This study
pUDC322 CEN6 URA3 pTEFI-JENI-tCYCI This study
pUDC323 CEN6 URA3 pTEFI-ADY2CYC] This study
puUDC324 CEN6 URA3 pTEF1- ADYZ -tCYC1 This study
pUDC325 CEN6 URA3 pTEFI- ADYZ+-tCYC] This study
pUDC326 CEN6 URA3 pTEFI-ATO2tCYC1 This study
puUDC327 CEN6 URA3 pTEFI-ATOZ2%>-tCYCI This study

8.2.4 STRAIN CONSTRUCTION

S. cerevisiae strains were transformed with the LiAc/ssDNA method [39]. For transformations with a
dominant marker, the transformation mixture was plated on YP plates, containing glucose (20 g L) as
carbon source, and supplemented with 200 mg L* G418 (Invitrogen, Carlsbad, CA, USA). Gene deletions
were performed as previously described [36]. For transformation of plasmids harboring an auxotrophic
marker, transformed cells were plated on SM medium with glucose (20 g L) as a carbon source and
when needed, appropriate auxotrophic requirements were supplemented. The tryptophan auxotrophy of
IMX1000 was the result of a single point mutation in the 7ARPI gene (&rpl-289 [40] and was
spontaneously reverted by plating the strain on SM medium supplemented with uracil, histidine and
leucine, and picking a tryptophan prototrophic colony, yielding strain IMX2486. Strain IMX2487 was
constructed by transforming IMX2486 with a linear fragment, obtained by PCR amplification of the LEU2
gene from CEN.PK113-7D, using primers 1742 and 1743. Strain IMX2488 was constructed by
transforming IMX2487 with a linear fragment, obtained by PCR amplification of the AH/S3 gene from
CEN.PK113-7D, using primers 1738 and 3755. Strain IMK875 was constructed by transforming the
Cas9-expressing strain IMX585 with plasmid pUDR405 and two double stranded repair oligonucleotides
obtained by annealing oligonucleotides 8597 to 8598 and 8665 to 8666. Strain IMK876 was constructed
by transforming the Cas9-expressing strain IMX581 with plasmid pUDR405 and two double stranded
repair oligonucleotides obtained by annealing oligonucleotides 8597 to 8598 and 8665 to 8666. Strains
IMK882 and IMK883 were obtained by transforming strains IMK875 and IMK876, respectively, with
plasmid pUDR420 and a double stranded repair oligonucleotide obtained by annealing oligonucleotides

14120 and 14121. Plasmids p426-TEF, pUDE813, pUDE814, pUDE1001, pUDE1002, pUDE1003,
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pUDE1004, pUDE1021, pUDE1022, pUDC319, pUDC320, pUDC321, puDC322, pUDC323, pUDC324,
pUDC325, pUDC326 and pUDC327 were transformed in strain IMX2488, yielding IME581, IME5S82,
IMES83, IMES84, IMES85, IMES86, IMES87, IMES88, IMES89, IMC164, IMC165, IMC166, IMC167,
IMC168, IMC169, IMC170, IMC171 and IMC172, respectively. Single colony isolates from evolution
cultures (‘IMS’-strains) were obtained by plating the evolved culture on solid medium and restreaking a

grown colony to a fresh plate three consecutive times.

Table 2. Saccharomyces cerevisiae strains used in this study

Strain name Relevant genotype - Origin
CEN.PK113-7D Prototrophic reference, MATa [32]
IMX581 MATa ura3-52 canl::cas9-nati2 [36]
IMX585 MATa canl..cas9-natNT2 [36]
IMK341 MATa ura3::loxP ady2::loxP-hphNTI1-loxP jen1.:loxP [27]
IMW004 MATa URA3 ADY275 jen 1. loxP-KanMX4-loxP [27]
IMWOO05 MATa URA3 ADY2e5 jen 1. JoxP-KanMX4-loxP [27]
IMX1000 MATa ura3-52 trp1-289 leu2-3112 his3A canliA:cas9- | [41]

natiN72 mchiA mch2A mch54 aqylA itriA padriZA
mch3A mch4A yil166¢A hxtiA jenlA adyZA aqriA
thi73A fpsIA aqyZA yll053cA afoZA ato3A aqy3A
o2/ yroZA azriA yhli008cA tpo3A

IMK875 MATa canl..cas9-natNT2 jeniA adyZA This study
IMK876 MATa canl..cas9-natNT2 ura3-52 jenlA ady2A This study
IMK882 MATa canl..cas9-natNT2 jenlA ady2A ato3A This study
IMK883 MATa canl..cas9-natNT2 ura3-52 jeniA adyZA ato3A | This study
IMS807 IMK341 evolved for growth on lactate, evolution line A | This study
IMS808 IMK341 evolved for growth on lactate, evolution line A | This study
IMS809 IMK341 evolved for growth on lactate, evolution line A | This study
IMS810 IMK341 evolved for growth on lactate, evolution line B | This study
IMS811 IMK341 evolved for growth on lactate, evolution line B | This study
IMS1122 IMK882 evolved for growth on lactate This study
IMS1123 IMK882 evolved for growth on lactate This study
IMS1130 IMK882 evolved for growth on lactate This study
IMX2486 IMX1000 wra3-52 TRPI, leu2-3112, his3A This study
IMX2487 IMX1000 wra3-52 TRPI, LEU2, his3A This study
IMX2488 IMX1000 wra3-52 TRPI, LEUZ, HIS3 This study
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IME581 IMX2488 p426-TEF (2um) This study
IME582 IMX2488 pUDE813 (2um AT03) This study
IME583 IMX2488 pUDE814 (2um AT03%%) This study
IME584 IMX2488 pUDE1001 (2um JENI) This study
IME585 IMX2488 pUDE1002 (2um ADY2) This study
IME586 IMX2488 pUDE1003 (2um ADYZ2x) This study
IME587 IMX2488 pUDE1004 (2um ADYZre) This study
IME588 IMX2488 pUDE1021 (2um A702) This study
IME589 IMX2488 pUDE1022 (2um AT7027) This study
IMC164 IMX2488 pUDC319 (CENE) This study
IMC165 IMX2488 pUDC320 (CEN6 ATO3) This study
IMC166 IMX2488 pUDC321 (CEN6 ATO3%x) This study
IMC167 IMX2488 pUDC322 (CEN6 JEN) This study
IMC168 IMX2488 pUDC323 (CEN6 ADY2) This study
IMC169 IMX2488 pUDC324 (CEN6 ADYZ7%) This study
IMC170 IMX2488 pUDC325 (CEN6 ADYZ¥%) This study
IMC171 IMX2488 pUDC326 (CEN6 ATO2) This study
IMC172 IMX2488 pUDC327 (CEN6 ATOZ7) This study

8.2.5 MEDIA AND CULTIVATION

Evolution experiments were performed in 500 mL shake-flask cultures containing 100 mL synthetic
medium [33] with 84 mM lactic acid as sole carbon source. The pH of the medium was set at 5.0 and
the cultures were incubated at 30°C in an Innova incubator shaker (New Brunswick Scientific, Edison,
NJ, USA) set at 200 rpm. Auxotrophic requirements were supplemented as needed.

Strains were characterized in SM supplemented with different carbon sources. To achieve an initial carbon
concentration of 250 mM, the culture media contained either 42 mM glucose, 83 mM lactic acid, 125
mM acetic acid or 83 mM pyruvic acid. The characterization was performed in a Growth-Profiler system
(EnzyScreen, Heemstede, The Netherlands) equipped with 96-well plates in a culture volume of 250 pL,
set at 250 rpm and 30°C. The measurement interval was set at 30 minutes. Raw green values were
corrected for well-to-well variation using measurements of a 96-well plate containing a culture with an
externally determined optical density of 3.75 in all wells. Optical densities were calculated by converting
green values (corrected for well-to-well variation) using a calibration curve that was determined by fitting
a third-degree polynomial through 22 measurements of cultures with known OD values between 0.1 and

20. Growth rates were calculated using the calculated optical densities of at least 15 points in the
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exponential phase. Exponential growth was assumed when an exponential curve could be fitted with an

Re of at least 0.985.

8.2.6 ANALYTICAL METHODS

Culture optical density at 660 nm was measured with a Libra S11 spectrophotometer (Biochrom,
Cambridge, United Kingdom). In order to measure within the linear range of the instrument (OD between
0.1 and 0.3), cultures were diluted in an appropriate amount of demineralized water. Metabolite
concentrations in culture supernatants and media were analyzed using an Agilent 1260 Infinity HPLC
system equipped with a Bio-rad Aminex HPX-87H ion exchange column, operated at 60°C with 5 mM

H,SO, as mobile phase at a flow rate of 0.600 mL min.

8.2.7 DNA EXTRACTION AND WHOLE GENOME SEQUENCING

Strain IMK341 and the evolved single colony isolates (IMS-strains) were grown in 500 mL shake flasks
containing 100 mL YP medium supplemented with glucose (20 g L) as a carbon source. The cultures
were incubated at 30°C until the strains reached stationary phase and genomic DNA was isolated using
the Qiagen 100/G kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions and
quantified using a Qubit® Fluorometer 2.0 (Thermo Fisher Scientific). The isolated DNA was sequenced
in-house on a MiSeq (lllumina, San Diego, CA, USA) with 300 bp paired-end reads using TruSeq PCR-free
library preparation (lllumina). For all the strains, the reads were mapped onto the S. cerevisiae
CEN.PK113-7D genome [42] using the Burrows—Wheeler Alignment tool (BWA) and further processed
using SAMtools and Pilon for variant calling [43-45].

8.2.8 3D MODELLING AND MOLECULAR DOCKING OF ADY2, AT02 AND AT03

The three-dimensional modelling analysis was performed for the protein sequences of Atol, Ady2=,
Ady2#ss Ato2, Ato2wes, Ato3 and Ato3rs. The amino acid sequences were retrieved from the
Saccharomyces Genome Database [46]. To determine the predicted transporter 3D structures, the amino
acid sequences were threaded through the PDB library using LOMETS (Local Meta-Threading-Server)
[47]. The Cifrobacter koseri succinate acetate permease (CkSatP, PDB 5YS3) was the top ranked
template threading identified in LOMETS for Ady2, Ato2 and Ato3 [48]. Since the CkSatP
three-dimensional modelling obtained the best score for protein structure prediction, it was further
considered for molecular docking analysis. Molecular docking simulations were performed as described

by Ribas et a/, 2017 [49]. Ligand structures of acetic, lactic and pyruvic acids for all target proteins in
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the study were downloaded from Zinc database [50]. Structures used for docking were all confirmed in
Maestro v11.2 before ligand-protein simulations using AutoDock Vina in PyRx software [51]. The docking
studies were performed with dissociated forms of each carboxylic acid. The protonation states were
adjusted to match a pH of 5.0-6.0 and exported in the mol2 format. Docking was performed with four
docking-boxes for each protein complex, containing top, bottom and middle-structure parts for a more
robust use of Autodock Vina program. Exhaustiveness parameter was set up for 1000 calculations for
each one of grid-zones defined for docking. The generated docking scores and 2-3D pose views were

evaluated for the establishment of molecular interactions and ligand binding affinities.

8.3. RESULTS

8.3.1 LABORATORY EVOLUTION ON LACTIC ACID LEADS TO POINT MUTATIONS IN AT02 OR

ATt03

In an attempt to identify additional transporters able to catalyze uptake of lactic acid transport after gaining
point mutations, we incubated strains IMK341 and IMX1000 in duplicate shake flasks cultures containing
synthetic medium with lactic acid as the sole carbon source. In IMK341 the known carboxylic acid
transporters JENI and ADY2 are knocked out (fenlA, adyZA), whereas IMX1000 contains a further 23
deletions in putative lactic acid transporter-encoding genes [41]. After 9 weeks, growth was observed in
both cultures of IMK341 whereas no growth was observed after 12 weeks of incubation of IMX1000.
Whole-genome sequencing of evolved IMK341 (jeniA, adyZA) cell lines, isolated after transfer to fresh
medium, revealed three to seven non-synonymous SNPs in each mutant and no chromosomal
duplications or rearrangements (Table 3). Strikingly, all evolved isolates shared an identical mutation in
ATO3 (ATO3=+«), which encodes a protein described to be involved in ammonium transport [52]. To
investigate the role of A703in lactic acid uptake, we overexpressed both the native and evolved A703in
IMK883 (jeniA, adyZA, ato3A) and tested the strains for growth on SM lactic acid plates. After 5 days,
only the reference strain CEN.PK113-7D and the strain carrying the A703%« allele were able to grow
(Supplementary Figure 1), indicating that the T284C mutation in A703 was responsible for the evolved
phenotype. We then combined the deletion of JENI, ADY2 and ATO3 in strain IMK882 (jeniA, adyZA,
ato3A) and repeated the evolution. After 5 and 12 days, growth was observed in two of the cultures from
which strains IMS1122 and IMS1123 were isolated after transfer to a flask with fresh medium. In both
single colony isolates, five SNPs were present (Table 3), including a common mutation in A702,

(AT02=x), which has also been described as an ammonium transporter together with A703 and ADY2
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[52]. Finally, the evolution was repeated with IMK982 (jenIA, adyZA, ato3A, afoZA), but no growth was

observed after 12 weeks of incubation.

Table 3. Amino acid changes identified by whole-genome sequencing of single colony isolates evolved
for growth in medium containing lactic acid as sole carbon source. Isolates IMS807 to IMS811 are derived
from IMK341 (jenlA, ady2A) and IMS1122 and IMS1123 are derived from IMK882 (jenlA, ady2A,
ato3A)). IMS807, IMB08 and IMS809 are isolates from evolution line #1 and IMS810 and IMS811 are
isolates from evolution line #2. The mutation Sip5+x®indicates the loss of the stop codon.

IMK822 IMK822
IMK341 evolution #1 IMK341 evolution #2 evolution evolution
#1 #2
IMS807 IMS808 IMS809 IMS810 IMS811 IMS1122 IMS1123
Ato 3 Ato3rss Ato3=s Ato3rs Ato3=s Ato 22 Ato2:21=s
Mms2rse Mms2rse Mms2rse Sip5e Sip5 e Lrgromen Whi2ee
Pih 10w Pih 10w Pih 1o Ssn 2z Lip5re YkrO51wee | YkrO5 1wz
Ubalws Drnlras Jjj1resee Jjj1rmsee
Sty Trm 10w Trm10w
Whi2eer
Vbageoe

8.3.2 OVEREXPRESSION OF MUTATED TRANSPORTERS ENABLES RAPID GROWTH IN LIQUID
MEDIUM WITH LACTIC ACID AS SOLE CARBON SOURCE

Strikingly, the evolved transporters able to catalyze uptake of lactic acid (4702 and A703 in this study,
and ADYZ in work by de Kok et al., 2012) represent all members of the Acetate Uptake Transporter
Family (TCDB 2.A.96). To characterize impact of the mutations on the ability of the mutated transport
proteins to catalyze uptake of organic acids, we individually overexpressed JENI, ADY2, ATOZ2 and ATO3
and their mutated alleles via centromeric vectors in IMX2488, a strain background in which 25 (putative)
organic acid transporters were deleted (Table 2). Whereas no viable cultures could be obtained with
strains overexpressing wildtype A702 , all other IMX2488-derived transporter expressing strains had
similar growth rates in liquid medium with 42 mM glucose as carbon source compared to the empty
vector control (IMC164), indicating no major physiological adaptations to the overexpression of the
transporters when grown on glucose (Figure 1, top left panel). Overexpression of the transporter variants
from multicopy vectors resulted in a growth rate reduction of up to 66% compared to the empty vector
reference when grown on glucose and were therefore not tested further (Supplementary Figure 2). In

accordance with previous research, strains overexpressing ADYZ, ADYZ»< and ADYZs= showed a
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maximum specific growth rate of 0.02 + 0.01 ht, 0.08 + 0.01 h* and 0.10 + 0.01 h* when grown in
medium containing 83 mM lactic acid as carbon source, respectively (de Kok et al., 2012). Surprisingly,
strains expressing the evolved A702sx* and A703=« alleles outperformed all the other tested strains,
with a maximum specific growth rate of 0.11 + 0.01 h* and 0.15 + 0.01 h?, respectively (Figure 1, top
right panel and Supplementary Figure 5). These represent the highest reported growth rates reported for
S. cerevisiae on this carbon source and indicate that, similar to the role of evolved Ato3 in IMS807-811,
the mutations in Ato2 are responsible for the evolved phenotypes observed in IMS1122 and IMS1123
(Table 3).
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Figure 1. Growth rates on different carbon sources of S. cerevisiae reference strain
CEN.PK113-7D and the 25-transporter deletion strain IMX2488 expressing an empty
vector or a vector carrying the indicated organic acid transporter. Bars and error bars
represent the average and standard deviation of three independent experiments. SMD: synthetic medium
with 42 mM glucose. SML: synthetic medium with 83 mM lactic acid. SMA: synthetic medium with 125
mM acetic acid. SMP: synthetic medium with 83 mM pyruvic acid. Empty: empty plasmid. ADY2*:
ADYZ=% allele. ADY2**: ADYZs% allele. ATO2*: ATO2+« allele. ATO3*: ATO3=x allele. For some
experiments, a linear increase in optical density was observed, which impeded the determination of an
exponential growth rate (indicated by L.G.). N.D.: not determined.
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8.3.3 MUTATIONS IN ATO2 AND ATO3 CHANGE THE UPTAKE CAPACITY OF ACETATE AND
PYRUVATE

After demonstrating that the point mutations increased the catalytic activity of Ato2, Ato3 and Ady?2 for
lactic acid transport, we also investigated their ability to transport acetic and pyruvic acids (Figure 1,
bottom panels and Supplementary Figures 6 and 7). In liqguid medium at pH 5.0 with 125 mM acetic acid
(pK, of 4.75), no growth was observed for any of the strains with the 25-deletion background, likely caused
by acetic acid toxicity due to the absence of essential acetic acid exporters (Supplementary Figure 3).
However, at pH 6.0 different growth characteristics were observed in strains expressing ADY2?and AT03
compared to their evolved counterparts. Whereas expression of native ADYZ resulted in slow
non-exponential growth, expression of ADY27% or ADYZ2ss improved growth performance. Surprisingly,
native ATO3 was apparently able to catalyze acetate transport, a function not previously described for this
gene, whereas only slow, non-exponential growth was observed for the evolved A703T=% variant. In
medium containing 83 mM pyruvic acid, no exponential growth was observed for any of the strains
expressing Ato2, Ato3 or Ady2 variants. However, slow, non-exponential growth was observed for strains
expressing A702s= or any variant of ADY2 which could indicate a minor change in affinity for this

substrate caused by the point mutations.

8.3.4 PROTEIN MODELLING REVEALS MUTATIONS IN THE CENTRAL HYDROPHOBIC
CONSTRICTION SITE AS IMPORTANT FACTOR IN DETERMINING SUBSTRATE SPECIFICITY

In order to establish a link between the observed phenotypes and the structure alterations of transporters
carrying the mutated amino acid residues, the 3D protein structures of Ady2, Ato2 and Ato3 were
predicted based on the crystal structure of the Cifrobacter koseriacetate anion channel SatP (PDB 5YS3),
a bacterial member of the AceTr family [48]. When combined with sequence alignment of Ady2p, Ato2p
and Ato3p, it showed that the Leu219Val mutation in Ady2, the Leu218Ser mutation in Ato2 and the
Phe95Ser mutation in Ato3 are amongst three amino acid residues that were previously identified to be
essential for the formation of the central narrowest hydrophobic constriction of the anion pathway in
C. koseri SatP [48] (Figure 2 and Figure 3). Specifically, these changes result in the substitution of the
amino acid side group with a smaller (and in the case of Ato2 and Ato3 a more hydrophilic) alternative
(Ato3 is shown in Figure 3 and the models for Ady2 and Ato2 can be found in Supplementary Figures 9
and 10). Based on these models, we estimated the distance between these three hydrophobic residues

and found an increased distance in the ADYZsse, ATO3%+< and AT702%* encoded mutants compared to
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their corresponding wildtype protein, leading to a larger aperture in the pore of the channel (table 4). We
hypothesize that this increased size of the hydrophobic constriction may allow larger substrates to pass
through, thus increasing substrate specificity and transport capacity.
To investigate if the mutations affected the presence and affinity of binding sites for acetate, lactate and
pyruvate, docking of ligands in the protein structures was simulated using AutoDock Vina (Supplementary
Figure 10, Supplementary table 3 and 4). In all proteins, both wildtype and mutated models, four binding
sites were identified for acetate, which is in accordance with what has previously been reported for the
homolog CASatP [48]. Of these four binding sites, two, which are located closest to the hydrophobic
constriction, also consistently bind lactate and pyruvate. Strikingly, mutations in Ady2, Ato2 and Ato3 led
to an increased lactate affinity of at least one of these two sites closest to the hydrophobic constriction,
which might have contributed to the increased lactate transport capacity. No clear correlation was found
between the physiology observed for strains overexpressing the different protein variants when grown on
acetate and pyruvate and the corresponding binding affinities of these two ligands (Supplementary table
3).
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Figure 2. Multiple sequence alignment of Citrobacter koseri SatP and Saccharomyces
cerevisiae Ady2, Ato2 and Ato3. The multiple sequence alignment was built with ClustalOmega
(https://www.ebi.ac.uk/Tools/msa/clustalo/). Localization of transmembrane segments (TMSs) was
predicted with PSI/TM-Coffee (http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee). Blue rectangles indicate
residues of the narrowest constriction site FO98-Y155-L219 (amino acid numbers reports to Ady?)
(Qiu et al., 2018). Bold, underlined letters indicate the mutated residue.
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Table 4. Average distances (in A) between different amino acids in the constriction pore of Ady2, Ato2
Ato3 and mutated alleles, calculated using the corresponding protein model. Bold values in the table
indicate distances which are at least 1 A larger than the one calculated in the reference structure.

Amino acid residues Amino acid residues Amino acid residues
Protein Protein Protein
219898 | 98&155 1558219 218897 97&154 1548218 215895 | 95&152 1528215

Ady2 4,57 6,85 3,96 Ato2 4,16 5,74 4,37 Ato3 4,04 4,60 4,11
Ady2 Ato2 Ato3

1219V 4,37 6,94 5,34 1218S 5,94 5,64 5,57 FO5S 7,69 8,50 4,51
Ady2

oo | 44 6,74 3,89 /

Figure 3. 3D-Models of the transporters Ato3 (dark blue) and Ato3 F95S (light blue). Left:
side view of Ato3. Arrows indicate the hydrophobic constriction site, consisting of F95, L215 and F152.
Binding sites for acetate (green ligand), lactate (blue ligand) and pyruvate (orange ligand) are here
presented. Right, top view of either Ato3 (top) or Ato3ws(bottom). The amino acids involved in the
constriction site are shown. Purple lines and values indicate distances (in A) between different anchor
points of amino acids.
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8.4 DISCUSSION

In this study, we report the identification and characterization of a family of transporter genes which, upon
mutation, are able to efficiently catalyze the import of lactic acid in S. cerevisiae. As rational engineering
to identify lactic acid transporters remains elusive [18, 41], we used adaptive laboratory evolution to
select for mutants capable of consuming lactic acid, which led to the identification of mutations in A703
(ATO32«) and ATO2 (ATO2==), Together with ADYZ, ATO2 and ATO3 were previously described to code
for ammonium transporters (Ammonium Transport Qutwards) based on two observations: the high
expression levels of these genes when S. cerevisiae exports ammonium, and the presence of a motif
associated with ammonium transport in the encoded proteins [52]. However, the function of ADY2 has
previously been assessed by Rabitsch, Toth [53], who identified it as a gene required for correct spore
formation, and thus named it as ADYZ (Accumulation of DYads). In view of the observations in our study,
where ADY2 ATOZ and AT0O3 and their evolved variants catalyzed uptake of lactic and acetic acid, and
the absence of mechanistic studies aimed at illustrating the phenomenon of ammonium export, we
support the recent proposition by Alves, Sousa-Silva [54] to rename these genes, present in S. cerevisiae
and other yeasts, as “Acetate Transporter Ortholog”. Our finding that besides Ady2, native Ato3 is able
to catalyze acetate transport is in accordance with the observation that expression of both genes encoding
these proteins are induced in yeast cells shifted from glucose to acetic acid as carbon source [26].

For physiological studies focused on organic acid substrate uptake, a platform strain devoid of organic
acid importers is a useful tool as it enables characterization based on growth rate. The prototrophic strain
IMC164 (25 deletions and empty vector) used in this study, exhibited a ~36% decreased growth rate on
glucose (0.24 + 0.00 h, Figure 1 and Supplementary Figure 4) compared to the reference laboratory
strain CEN.PK113-7D (0.38 + 0.02 h), which is in accordance with previous observations in bioreactor
cultures [41].

No growth was observed for IMC164 on medium containing either lactic acid or pyruvate as sole carbon
source (Figure 1), demonstrating that this is a suitable strain background to test pyruvic and lactic acid
transport capacity of transporter variants. In contrast, when grown on acetic acid at pH 6.0, IMC164
exhibited non-exponential linear growth (Supplementary Figure 6), suggesting acetic acid diffusion, or the
presence of at least one gene involved in acetate transport in this strain background. It was reported by
Kok, Nijkamp [27] that the overexpression of ADYZ, under the control of the strong glycolytic promoter
TEF1, was sufficient to enable slow growth (u... ~0.02 h1) in medium containing lactic acid as sole carbon

source.
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While the native alleles of A703 and likely A702 were not able to sustain growth on lactic acid medium,
their mutated versions (A702¢* and A703%+«) enabled high growth rates, with the highest growth rate
determined at 0.15 + 0.01 h* for the strain harboring A703=+,

To the best of our knowledge, this growth rate represents the highest reported growth rate of S. cerevisiae
expressing a single transport protein on lactic acid and is close to the growth rate observed by de Kok et
al. (2012) of 0.14 h by a strain expressing ADY <, This 3-fold increase in growth rate of the engineered
strain compared to the reference strain CEN.PK113-7D indicates that, in non-engineered S. cerevisiae
strains, growth on lactic acid is likely limited by its transport into the cell, and not the capacity to be
further metabolized. Therefore, for future work that requires fast consumption of lactic acid,
overexpression of A7032+« can be considered.

To infer the function of the newly identified mutations, the 3D structures of Ady2 (Atol), Ato2 and Ato3
were modeled using the known structure of a homologous transporter CkSatP as a scaffold [48]. Out of
the four identified mutations in the evolved transporters, three modified one of the three amino acids in
the narrowest hydrophobic constriction of the protein, allowing for a larger aperture to be formed. This
observation is in line with previous research, in which changes in these hydrophobic residues in the
Escherichia coli SatP homolog have been associated with a change of substrate specificity [55][56].
Simulation of ligand docking in the predicted Ato protein structures showed that the identified mutations
led to an increased binding affinity of lactate in the core of the protein, whereas a similar consistent
change in binding affinity for acetate and pyruvate was not observed. We postulate that an increased
binding affinity upon mutation may contribute to increased transport capacity by facilitating passage of
the ligand through the hydrophobic constriction, although the increased size of the hydrophobic
constriction is probably the main contributor to the evolved phenotype. Other mechanisms may also
contribute to an improved transport capacity, as observed for the A252G mutation which is located outside
the constriction pore. These may include an improved transition between the closed to open state of the
transporter or increased stability in the plasma membrane.

In this study, we show that laboratory evolution is a powerful tool for the identification of genes involved
in substrate transport and resulted in the identification of Ato3%, which enables the highest growth rate
on lactic acid by S. cerevisiae reported in strains expressing a single transport protein thus far. In addition,
the presented data on transporter structure and function led to the identification of important amino-acid
residues that dictate substrate specificity of S. cerevisiae carboxylic acid transporters, which could
potentially aid in future rational engineering and annotation of additional proteins involved in organic acid

transport.
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SUPPLEMENTARY DATA

Supplementary Table 1. Primers used in this study

CAATCTAATCTAAG ATGTCTGACAGAGAACAAAGC

Number | Name Sequence (5’ -> 3') Purpose
JNL treetiys | TGCGCATGTTTCGGCGTTCGARACTICTCOGCAGTGARRG |
8664 e 8 ATARATGATCGTCACTCAATATTAATTTACGTTTTAGAGCTA | /St
P GAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAAC P
CrRtA et Ay | TCCGCATGTTTCGGCGTTCGAAACTICTCCGCAGTGARAG |
6262 o ATAAATGATCCCCACCGTAAGAACATARTBGTTTTAGAGCT | ™0
AGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAAC | P
GATCATTTATCTTTCACTGCGGAGAAG Construction of
6005 0426 CRISP rv onstruction 0
pUDR405 — pUDRA420
TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAAG
s6o1 ATO3_targetRNA | ATAAATGATCGAGTATATCTCTTGAATATTGTTTTAGAGCTA | Construction of
FW Sspl GAAATAGCAAGTTAAAATAAG pUDR420
CTTATTTTAACTTGCTATTTCTAGCTCTAAAACAATATTCAA
ATO3_targetRNA_R .
ass2 |y s GAGATATACTCGATCATTTATCTTTCACTGCGGAGAAGTTT | Construction of
—>%P CGAACGCCGAAACATGCGCA pUDR420
o0t 0426 CRISP fw GTTTTAGAGCTAGAAATAGCAAGTTAAMATAAGGCTAGTC | Construction of
pUDRA420
_ AAAACTTAGATTAGATTGCTATGCTTTCTTTCTAATGAGC | Linear pA26-TEF
5921 Primer_pTEF1_rv T
backbone amplification
54y | PA26GPD TCATGTAATTAGTTATGTCACGC Linear p426-TEF
backbone rv backbone amplification
TACAACTTTTTTTACTTCTTGCTCATTAGAAGAAAGCATAG | Construction of
13513 | pTEF1_ATO3 pUDES13 and
CAATCTAATCTAAGTTTTATGACATCGTCTGCTTCTTC
pUDES14
CGGTTAGAGCGGATGTGGGGGGAGGGCGTGAATGTAAGCG | Construction of
13514 | tCYC1_ATO3 pUDE813 and
TGACATAACTAATTACATGATTAAGGAGCATTTGGCATTG
pUDES14
Construction of
TACAACTTTTTTTACTTCTTGCTCATTAGAAAGAAAGCATAG | pUDE1002,
17168 | pTEF1_ADY2_fw
CAATCTAATCTAAGTTTTATGTCTGACAAGGAACAAACG pUDE1003 and
pUDE1004
Construction of
CGGTTAGAGCGGATGTGGGGGGAGGGCGTGAATGTAAGCG SESEEUOCO';” °
17169 | tCYC1_ADY2 v | TGACATAACTAATTACATGATTAAAAGATTACCCTTTCAGTA | P !
. pUDE1003 and
pUDE1004
TACAACTTTTTTTACTTCTTGCTCATTAGAAAGAAAGCATAG | Construction of
17170 | pTEF1_JEN1_fw
CAATCTAATCTAAGTTTTATGTCGTCGTCAATTACAGATG | pUDE1001
CGGTTAGAGCGGATGTGGGGGGAGGGCGTGAATGTAAGCG | Construction of
17171 | tCYC1_JENI rv
TGACATAACTAATTACATGATTAAACGGTCTCAATATGCTCC | pUDE1001
TACAACTTTTTTTACTTCTTGCTCATTAGAAGAAAGCATAG | Construction of
17452 | pTEF1_ATO2 fw pUDE1021 and

pUDE1022
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CGGTTAGAGCGGATGTGGGGGGAGGGCGTGAATGTAAGCG

Construction of

17453 tCYC1_ATO2_rv TGACATAACTAATTACATGATTAGAAGAACACCTTATCATTG | pUDE1021 and
C pUDE1022
17742 0426 CENARS_fw TAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCG | Amplification of CEN6
AAAAGTGCCACCTGAACGAACGGATCGCTTGCCTGTAAC from pUDC156
17743 0426_ CENARS_rv GATAATATCACAGGAGGTACTAGACTACCTTTCATCCTACA | Amplification of CEN6
TAAATAGACGCATATAAGTTCCCCGAAAAGTGCCACCTG from pUDC156
Construction of
2949 F Tag Episomal Rev | CGTTCAGGTGGCACTTTTCG oUDC319-pUDC327
Construction of
17741 p426_originremoval | ACTTATATGCGTCTATTTATGTAGGATG oUDC319-pUDC327
1742 LEU2 check fw GGTCGCCTGACGCATATACC LEUZ amplification
1743 LEU2 check rv TAAGGCCGTTTCTGACAGAG LEUZ amplification
HIS3 check fw GCAGGCAAGATAAACGAAGG o
1738 HIS3 amplification
3755 his3 outside rv (B) CACTTGTTCGCTCAGTTCAG HIS3 amplification
JENI_repair oligo AAGAAGAGTAACAGTTTCAAAAGTTTTTCCTCAAAGAGATTA
8597 fw - AATACTGCTACTGAAAATTCACTTTTCATTGCTCTCTAGGG | Deletion of JENI
CGTGTTCGCTTCTCTATGTAACTGCATTTCACATATA
TATATGTGAAATGCAGTTACATAGAGAAGCGAACACGCCCT
8598 JEN1_repair oligo rv | AGAGAGCAATGAAAAGTGAATTTTCAGTAGCAGTATTTAATC | Deletion of JENI
TCTTTGAGGAAAAACTTTTGAAACTGTTACTCTTCTT
ADY2. repair oligo CGACAGCTAACACAGATATAACTAAACAACCACAAAACAAC
8665 i - TCATATACAAACAAATAATGAGCACGACCTACTAATAACGA | Deletion of ADY2
GAACTATTGAAATAAAAAAGAGTAGTTTTTTATTTTTC
ADY2_ repair oligo GAAAAATAAAAAACTACTCTTTTTTATTTCAATAGTTCTCGT -
8666 - TATTAGTAGGTCGTGCTCATTATTTGTTTGTATATGAGTTGT | Deletion of ADY2
v TTTGTGGTTGTTTAGTTATATCTGTGTTAGCTGTCG
ATO3. repair_syn_{ ATTGAGACGCTCCCCCAGCAGGGTTCGATTGCAGGCGTTT -
14120 CGCAGGGCAGTAGAATTTCACCTAGACGTGGCCTTCTTGA | Deletion of A7T03
v TGTTGATGTGTACATTGAAGAGCACGTGGGGTTTGTTCT
ATO3. repair_syn_{ AGAACAAACCCCACGTGCTCTTCAATGTACACATCAACATC |
14121 AAGAAGGCCACGTCTAGGTGAAATTCTACTGCCCTGCGAA | Deletion of A7T03

w

ACGCCTGCAATCGAACCCTGCTGGGGGAGCGTCTCAAT
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Supplementary Table 2. Plasmid construction. Each plasmid was constructed via Gibson assembly of
two linear DNA fragments. The template and the primers used to generate those fragments are indicated
for each constructed plasmid.

Name Relevant characteristic :ri;sgtment Second fragment | Origin
PROS13 ZgﬁAzn;[gkanMXgRNA— CAN1 (36]
pMEL13 2um ampR kanMX gRNA-CAN1 [36]
PUDRA05 zgﬁA;n;p)Z AR gggigzez Zggg l(t:jinds twice) | S study
pUDR420 2um ampR kanMX gRNA-ATO3 gl\o/loEsngoo 6 S;ng\g‘iligf;gged This study
p426-TEF 2u URA3 pTEFI-CYCI 37]
pUDES13 2u URA3 pTEFIATO34CYCI Egﬁjfgs - ?gggﬂgff This study
pUDES14 2u URA3 pTEFI-ATO3=CYC1 ggg?f&) . %28121 13514 This study
pUDE1001 2u URA3 pTEFI-JENILCYCI ggg?f&) . ?5?72’3;3177? This study
pUDE1002 2u URA3 pTEFI-ADY24CYC1 gg;?ji; i ?5'1\'62511;31675 This study
pUDE1003 2u URA3 pTEFI- ADY27 CYCI ggg?jfg 517 'l“gvlvggfm 6 This study
pUDE1004 2u URA3 pTEFI- ADY2=4CYC] ggg?jfg 517 g“g"lvggfm 6 This study
pUDE1021 2u URA3 pTEFI-ATO24CYC] Egiff&-, . ?5252512575 This study
pUDE1022 2u URA3 pTEFI-ATO2=4CYC] ggifg 517 2“43155217 453 This study
pUDC156 CEN6 URA3 pTEF-CAS9-tCYC1 Marques et al. 2017
pUDC319 CENG URA3 pTEF-CYCI ggigf; i 5";?22151677 i This study
pUDC320 CENG URA3 pTEFI-ATOHCYCI 235;811;’7 i 5";?22151677 i This study
pUDC322 CENG URA3 pTEFI-JENIHCYCI 2359???71 i 5’3?2215’1677 i This study
pUDC323 CEN6 URA3 pTEFI-ADY2-4CYC] 2329???72 i ‘;;’702215’1677 1 This study
pUDC326 CENG URA3 pTEFI-ATO24CYCI 232;1%1 i ‘1);]7'3221 +51677 i This study
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Supplementary Figure 1. Growth of different strains on SM media with lactic acid as the sole carbon
source. Bottom left quadrant: prototrophic strain CEN.PK113-7D. Bottom right quadrant: IMK883
(ura3-52, jenlA, ady2A, ato3A) carrying an empty p426-pTEF plasmid. Top right quadrant: IMK883
carrying pUDE813 (p426-pTEF-ATO3). Top left quadrant: IMK883 carrying pUDE814 (p426-pTEF-
ATO3m=x), Cells were streaked from a single colony and the plate was incubated at 30 °C for 5 days.
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Supplementary Figure 2. Growth rates on SMD of S. cerevisiae reference strain CEN.PK113-7D and
the 25-transporter deletion strain IMX2488 expressing an empty multicopy vector or a multicopy vector
containing the indicated organic acid transporter gene. Bars and error bars represent the average and
standard deviation of three independent experiments. Empty: empty plasmid. ADY2*: ADY2v=¢ allele.
ADY2**: ADY2ces:¢ allele. ATO2*: ATO2m=x allele. ATO3*: ATO3 allele.
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Supplementary Figure 3. Growth rates of S. cerevisiae reference strain CEN.PK113-7D and the
25-transporter deletion strain IMX2488 expressing an empty centromeric vector or a centromeric vectors
containing the indicated organic acid transporter gene. Growth on SMA medium set at pH5. Bars and
error bars represent the average and standard deviation of three independent experiments. Empty: empty
plasmid. ADY2*: ADY2¢<ss allele. ADY2**: ADY2¢es= allele. ATO2*: ATO2m = allele. ATO3*: ATO3m« allele.
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Supplementary Figure 4. Growth profiles in synthetic medium (pH 5.0) with glucose as the sole carbon
source of CEN.PK113-7D and the 25-transporter deletion strain IMX2488 expressing an empty multicopy
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vector or a multicopy vector containing the indicated organic acid transporter gene. Empty: empty
plasmid. ADY2*: ADYZs allele. ADY2**: ADYZs allele. ATO2*: ATO2=> allele. ATO3*: ATO3=« allele.
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Supplementary Figure 5. Growth profiles in synthetic medium (pH 5.0) with lactate as the sole carbon
source of CEN.PK113-7D and the 25-transporter deletion strain IMX2488 expressing an empty multicopy
vector or a multicopy vector containing the indicated organic acid transporter gene. Empty: empty
plasmid. ADY2*: ADYZ allele. ADY2**: ADYZs allele. ATO2*: ATO2+> allele. ATO3*: ATO3 =« allele.
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Supplementary Figure 6. Growth profiles in synthetic medium (pH 6.0) with acetate as the sole carbon
source of CEN.PK113-7D and the 25-transporter deletion strain IMX2488 expressing an empty multicopy
vector or a multicopy vector containing the indicated organic acid transporter gene. Empty: empty
plasmid. ADY2*: ADYZ allele. ADY2**: ADYZs allele. ATO2*: ATO2+> allele. ATO3*: ATO3 =« allele.
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Supplementary Figure 7. Growth profiles in synthetic medium (pH 5) with pyruvate as the sole carbon
source of CEN.PK113-7D and the 25-transporter deletion strain IMX2488 expressing an empty multicopy
vector or a multicopy vector containing the indicated organic acid transporter gene. Empty: empty
plasmid. ADY2*: ADYZ= allele. ADY2**: ADYZ2+= allele. ATO2*: ATO2== allele. ATO3*: ATO3=« allele.
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Supplementary Figure 8. 3D model of Ady2, Ady2 C755G and Ady2 C655G alleles. Left, side view of Ady2 where arrows indicate the hydrophobic constriction site. Ady2 binding sites for
acetate (green ligand), lactate (blue ligand) and pyruvate (orange ligand) are presented. Right, top view of Ady2, Ady2 C755G and Ady2 C655G alleles. The amino acids involved in the hydrophobic
constriction site are shown. Purple lines and values indicate distances (in A) between different anchor points of amino acids.

289



' / 5 F154 <( \“

Qf\"

‘Jits

Supplementary Figure 9. 3D model of Ato2 and Ato2 L218S allele. Left, side view of Ato2 where the
arrows indicate the constriction site. Ato2 binding sites for acetate (green ligand), lactate (blue ligand)
and pyruvate (orange ligand) are presented. Right, top view of either Ato2 or Ato2 L218S allele. The amino
acids involved in the constriction site are shown. Purple lines and values indicate distances (in A) between
different anchor points of different amino acids.
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Supplementary Table 3. Average of the binding affinity values [kcal/mol] calculated with PyRx software
for the docking of ligand in the predicted structures of wildtype and mutated Ady2, Ato2 and Ato3.

Average of binding affinities (kcal/mol) at different binding sites
3D-Protein Acetate
templates 1 4
a b c 2 3 a b c
Ady2 2,1 2,4 2,3 2,7 -3,1 2,7 - -
Ady2 A252G 2,3 2,2 2,1 3,1 -3,1 2,6 2,7 -
Ady2 L219V 2,4 - - -3,0 -3,0 2,5 2,7 -
Ato2 2,5 2,6 - 3,1 29 2,8 29 -3
Ato2 L218S 2,7 - - 2,7 -3,1 -3,3 2,6 2,5
Ato3 2,3 2,2 - 2,9 -3,0 2,2 - 2,4
Ato3 F95S 2,6 2,4 - -3,0 2,9 2,4 2,4 2,4
Lactate
1 4
a b c 2 3 a b c d
Ady2 - -3,1 -3,0 -3,6 4,3 -3,6 3,1 3,1 -
Ady2 A252G 2,9 2,8 2,7 3,7 4,4 -3,3 -3,4 - 2,1
Ady2 L219V 3,4 - - -39 4,4 - -3,8 - -
Ato2 3,2 -3,1 -3,2 -39 -3,8 - 2,9 - -
Ato2 L218S -3,5 - - -3,8 4,2 -3,6 - -3,4 -
Ato3 - - - -3,4 -3,8 3,1 - -3,2 -
Ato3 F95S 3,3 - - 4,2 4,0 -3,2 -3,2 -3,2 -
Pyruvate
1 4
a c 2 3 a b c
Ady2 - -3,1 - -3,7 4,2 -3,2 -3,3
Ady2 A252G 3,0 - 2,7 -39 4,3 -3,3 -3,3
Ady2 L219V 3,2 - - 4,0 4,2 - -3,5
Ato2 -3,3 -3,3 -3,1 -39 4,1 - -3,6 -
Ato2 L218S -3,5 - - -39 4,3 - - -3,3
Ato3 - - - -3,6 4,0 -3,0 - -3,2
Ato3 F95S 3,4 - - 4,2 -39 - -3,4 -
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Supplementary figure 10. Molecular docking sites of acetate (green ligand), lactate (blue ligand) and pyruvate (orange ligand) in the predicted structure of
Ady?2, Ato? and Ato3, identified using Autodock Vina.
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Supplementary Table 4. Residues identified by molecular docking analysis as being involved in the

establishment of strong interactions with the indicated ligand. Initials IL stands for ionic ligation.

3D-Protein Acetate Lactate Pyruvate
templates
N89, N145, S208, N89, T102, S106, 0133, E140, | N145, S208, T222,
Ady2 T222, H230 (IL), T262 | N145, D182, S208, T222, H230, T238
G229, H230, T238
Ady2 Y176, T209, T222, T102, N109, Y176, T209, N109, Y166, Y176, T222,
L219V H230, T238, N255 1222, H230, N255 7209, H230, N255
N109, R111(IL), Q133, | K86, T102, N109, R111(IL), Y176, R111(IL), T209,
Ady2 N145, Y176, T209, Q133, N145, Y176, T209, 1238, T222, H230,
A252G T222, H230 (IL), T238, | T222, H230(IL), T238, N255, N255, T262
N255, G259, T262
Q132, N229, K176(IL), | T101, Q132, N144, S207, H84, K85(IL), Q132,
Ato2 Y175, T237, T221, T221, N229, T237, N254, $207, T221, N229, T237,
5207 T261, R262(IL) 7261, N254
Ato2 K176, S180, T208, S105, Q132, D173, A174, D173, K176, S180,
12185 $218, T221, N229, K176, D177, S180, L182, L182, T208, T221
1237 T208, T221
N106, Y173, T205, €99, N106, G162, Y173, T218, | N106, Y173, T218
Ato3 1218, M271 N230
S95, N106, T218, S95, N106, C158, Y159, T218, | S95, N106, T218, K234,
Ato3 F95S | K234, 5258 D229, N231, K234, S244, $258

S251
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CHAPTER IX

General discussion & Future perspectives



GENERAL DISCUSSION

As highlighted throughout this project, organic acids play a central role in cell metabolism regulating
several cellular mechanisms and overall cell homeostasis. In addition, compounds like carboxylic acids
have a wide versatility, as chemical-building blocks, and applicability in several industrial segments
particularly in the food, pharmaceutical and chemical sectors [1]. Currently there is a great demand to
obtain such products in a more sustainable way, as an alternative to the traditional petrochemical-based
methods. Several processes are being implemented at the industrial level relying on their production
via microbial fermentation using yeasts and bacteria [2]. Nevertheless, several constraints still have to
be overcome, as the majority of these molecules are reported to be toxic to cell factories leading to cytosol
acidification, affecting negatively the productivity and titer of bioprocesses, or even conducting to
membrane disruption [3-5]. Thus, it becomes necessary to optimize existing cell factories and explore
novel expression hosts, as more efficient and robust microbial cell factories are needed achieve an
economically viable industrial production of carboxylic acids.

One of the microorganisms emerging as a promising biorefinery is the yeast Cyberlindnera jadinii, as
reviewed in Chapter Il. Its increased tolerance level to adverse conditions present in industrial
fermentation [6], turn this yeast an ideal platform for biotechnological processes. In addition, C. jadinii
has been widely explored as a source of single-cell protein while being able to synthetize several important
compounds, e.g. vitamins, organic acids and proteins [6-9]. In this review, we highlighted ecology,
morphology and physiology, taxonomy, life cycle, and genome variation of C. jadiniiyeast strains. We also
present the molecular tools already developed for its genetic manipulation and highlight the need for more
efficient genomic manipulation systems. The emerging biotechnological potential of this yeast includes
therapeutic applications, the production of food supplements using cost-effective carbon sources,
improvement of cosmetic and health care products, and applications in agriculture and wine making
industry. Finally, an overview of membrane transporters characterized in this yeast is also presented since
they play a pivotal role in cell homeostasis, regulating substrates consumption, metabolic fluxes between
organelles and metabolite export [10, 11].

In Chapter lll we have reviewed membrane transporters used for the bioproduction of organic acids. The
expression of organic acid exporters is reported to improve the microorganism’s tolerance to organic
acids and increase extracellular titers [12, 13]. The most relevant and emerging cell factories for the
production of organic acids are presented in this review, along with the engineering strategies applied to
turn them into efficient producers of this family of compounds. The transporter engineering approaches

were also highlighted, especially in Saccharomyces cerevisiae. Albeit the progresses made on this field,
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the redesigning and engineering of optimized membrane transporters for industrial organic acid
production remains in an early stage as the functional and structural characterization of transporters is
still a laborious process [14].

The experimental work of this PhD thesis was mainly we focused in the identification of novel carboxylic
acid transporters and its functional and structural characterization. Next, the most prominent conclusions

of the work, are presented.

o Non-Saccharomyces yeasts may become attractive platforms for the bioproduction of
carboxylic acids. C. jadinii strains display distinct physiological and genomic traits.

In Chapter IV we explored ten wild yeast species isolated from biowastes. Morphological and physiological

traits of the wild species were studied and the yeasts Pichia kudriavzevii Candida tropicalis and

Cyberiindnera jadinii yeasts were identified as promising expression hosts for bioproduction of organic

acids. The yeast C. jadinii was selected for further analysis where the physiological and genetic diversity

of distinct wild isolates and laboratorial strains was explored. These results highlight a set of promising

yeasts to be further investigated considering their robust metabolic capabilities.

e (. jadiniitransporter proteins from the SHS, AceTr, DASS and SSS families mediate the
uptake of acetate, lactate, succinate and citrate in S. cerevisiae IMX1000.

In this work, we made an extensive characterization of the predicted C. jadlinii transportome, and the
most promising carboxylate transporters were functionally characterized by heterologous expression in
the S. cerevisiae IMX1000 strain. A total of sixteen transporters were uncovered belonging to six
transporter families, AceTr (TC 2.A.96), SHS (TC 2.A.1.12), SSS (TC 2.A.21; SLC member 5), TDT (TC
2.A.16), DASS (TC 2.A.47; SLC member 13) and MCT (TC 2.A.1.13; SLC member 16). The carboxylate
transporters in S. cerevisiae strain encode sixteen acetate transporters, fourteen lactate transporters
(CjSlc16; CjSlch; CjSlc13-1; all CjAto and Cjlen), five succinate transporters (CjAto2; CjAtob; CjJen6;
CjSlch and CjSlc13-1) and four citrate transporters (CjAto5; Cjlen6; CjSlc5 and CjSlc13-1). Some of these
transporters have a distinct substrate specificity than previously identified homologs. For instance, CjAto2
and CjAtob are the only AceTr yeast members able to transport succinate so far described, and for the
first time a citrate transporter, CjAtob5, was functionally characterized in this family. In addition, functional
characterized CjSlcb homologs are described as amino acid transporters.

The modifications detected in specific amino acid residues may be responsible for gain of function for

succinate and citrate uptake observed in the CjAto2p, CjAtobp, CjJen6p and CjSlchp transporters. Since
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Jenl and Atol transporters are involved in the efflux of lactate in a S. cerevisiae lactic acid producing
strain [15], a similar export activity might be present in C. jadinihomolog proteins. In view of the already
uncovered protein-transporter systems previously reposted in C. jadinii[16, 17], we postulate that CjAtol,
CjAto3-4 and CjJen1-5 can encode the proton-symporter systems accepting several monocarboxylates.
The transporters CjAtobp, Cjlen6p, CjSlc13-1p and CjSlcbp may correspond to the facilitated-diffusion
systems working as general organic permeases able to accept mono, di and tricarboxylic acids. However,
further studies are necessary to reveal the identity of the transporters functionally characterized in
C. jadinii, i.e. expression patterns, energetics of transporter systems.

The phylogenetic reconstructions of SHS, SSS and DASS family members revealed that SHS and DASS
homologs are present in prokaryotic and eukaryotic organisms, whereas SSS members were only found
in eukaryotic organisms. The presence of SHS and DASS members across the microbial diversity suggests

the occurrence of a specific and essential role of theses members in microbial evolution.

e The AnCexAp membrane protein transports both citrate and isocitrate in S. cerevisiae.
Structure function studies reveal critical residues involved in citrate transport.
The functional and structural characterization of the AnCexA by heterologous expression in S. cerevisiae
is reported in Chapter VI. In this study, we characterized the import of citrate as a low-affinity system,
being highly specific for citric and isocitric acids at pH 5.5. AnCexA is a member of DHAI transporter
family [18]. The phylogenetic analysis of AnCexA homologs revealed their distribution across the microbial
diversity, evidencing a high prevalence in basidiomycetes and ascomycetes. A site-directed mutagenesis
approach, based on the existence of conserved domains, as well as 3D model prediction and docking
studies, identified critical residues for citrate transport. These findings can provide leads on how to

engineer AnCexA transporter for improved bioproduction of citrate.

o The signature motif NPAPLG(M/S) of AceTr family is essential for substrate uptake. The
evolutionary analysis of AceTr family members reveals a ubiquitous occurrence in fungi.
MaAcep and YIGprlp are acetate permeases.

AceTr family members are present in eukaryotic and prokaryotic organisms with a strong incidence in

fungi, suggesting the relevance of AceTr members in fungal evolution.

The functionality of several AceTr family members was explored in this work. Ato2p from S. cerevisiae

and Gprlp from Yarrowia lipolytica were characterized by heterologous expression in S. cerevisiae jeniA
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aadyZA strain and Acep from Methanosarcina acetivorans was expressed in Escherichia coli triple
yaaH/actP/ IldP mutant strain. YIGprlp and MaAcePp were characterized as acetate transporters.

A structure function study revealed that the NPAPLGL(M/S) conserved motif of AceTr members, EcSatP
and ScAtol, is essential for substrate transport, once mutations in this domain suppressed transport

activity. Membrane targeting and stability was found not to be affected in these Atol mutant alleles.

e Adaptive laboratory evolution lead to the selection of key amino acid residues from
ScAto2 and ScAto3 carboxylic acid transporters involved in substrate specificity.

Chapter VIl presents the characterization of mutated versions of Ato transporters resulting from a directed
evolution strategy on lactate, which were able to efficiently catalyze the import of lactic acid in
S. cerevisiae. Whole-genome resequencing and reverse engineering identified the transporter alleles Ato2
L218S and Ato3 F95S, as being involved in lactic acid transport. The Ato2 L218S mutation also led to
the gain of function for acetic acid transport, as the native ScAto2 was not able to transport this acid [19].
The growth rate displayed by Ato3 F95S on media containing lactic acid as sole carbon source was the
highest growth rate (0.15 + 0.01 h+) reported so far.

The in sifico analysis of transporter protein 3D models showed that several mutations resulted in the
widening of the narrowest hydrophobic constriction of the pore. This observation, in combination with an
increased binding affinity predicted for lactic acid in the binding sites adjacent to this constriction site,
can be responsible for the improved lactic acid transport in the evolved proteins

Overall, the presented data on transporter structure and function led to the identification of relevant
residues that dictate substrate specificity of S. cerevisiae carboxylic acid transporters that could potentially

aid in future rational engineering and annotation of additional proteins involved in organic acid transport.

FINAL REMARKS AND FUTURE STEPS

Our studies support the relevance of carboxylate transporters in the biotech industry, expand the list of
microbial carboxylate transporters characterized and provide novel phylogenetic, functional and structural
insights on members from different transporter families. Altogether, we studied members from seven
transporter families, namely AceTr (in Chapters |, V, VIl and VIIl), SHS, SSS, TDT, DASS, MCT (all in
Chapter V) and DHA1 (in Chapter VI), and present a set of studies that demonstrate their role as functional

carboxylate transporters.
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The future steps will include the functional expression of these carboxylate transporters in microbial
strains engineered for the carboxylic acid production. The overexpression of promising carboxylate
transporters will contribute to the improvement of biorefineries by increasing carboxylic acid titers,
decreasing production costs, turning carboxylic acid bioproduction a competitive alternative to
petrochemical-derived products.

The inexistence of an extensive knowledge on the metabolism, regulatory networks, and transport
mechanisms of C. jadinii hampers the utilization of this yeast in a wider range of biotechnological
applications. The genomic characterization of several C. jadinii strains will certainly reveal the genetic
features underlying the existing interspecies variability, in particular between its teleomorph (C. jadinij
and anamorph (C. utilis) states. It is also important to determine the ploidy level of the different strains,
as they are predicted to vary between 2n-5n. Another important aspect will be the determination of
interspecies variation regarding carboxylate transporters, and if present to correlate them with the existing
phenotypic differences for the utilization of carboxylic acids as sole carbon and energy sources.

Also, the evaluation of gene expression patterns by gRT-PCR of the different transporters here uncovered,
or even a RNAseq approach to determine the expression profile of transporter proteins when cells are
grown in different carboxylic acids, will help to characterize the C. jadiniitransportome. Ultimately, the
disruption of genes in C. jadinii can unveil the overall contribution of each transporter protein for
carboxylate transport. One of the procedures to efficiently perform such deletions is the CRISPR/Cas
system that was recently reported for this yeast. To deepen the knowledge on structure-function,
site-directed mutagenesis of the residues highlighted throughout the study is also necessary to determine
their role in the substrate recognition and protein activity. Further studies are also needed to clarify the
energetics associated to the identified transporters. To evaluate the role of these transporters as exporters,
carboxylate-producer strains will be engineered to express selected proteins. The bioreactor cultivations
coupled with HPLC measurements will allow the assessment of the produced metabolites e.g. lactate,
succinate and citrate.

Moreover, across the other uncovered non-Saccharomyces yeasts, C. tropicalis and P. kudriavzevii; it is
still missing a deep knowledge over their morphological, physiological and genomic traits for a
comparative analysis between the wild yeast isolates against correspond collection strains. The genome
sequencing of these latter species will allow the identification of genomic variations occurred due to their
adaptation to acidic environments. According to the results here obtained the two yeast species can

become promising hosts for the production of organic acids.
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Meanwhile, the molecular transport mechanism involved in AnCexAp citrate uptake/efflux it is still
unconfirmed. The use of ionophores, such as valinomycin or monensin, can clarify the citrate transport
dependency on the electrochemical potential. We also propose a detailed characterization of AnCexA
mutants by measuring the transport activity, protein localization and citrate production. These will be of
particular interest in mutants that present a growth lower than the wild-type CexA, that could result from
an increased export capacity. Inhibition assays can confirm modifications in substrate specificity.
Furthermore, to elucidate whether the growth phenotypes associated to a loss of function are a result of
an incorrect protein localization or lack of transporter function, protein localization will be evaluated in
GFP-tagged mutant alleles.

Future work on AceTr family members, e.g ScAtol, EcSatp and YIGprl, should be extended to other
conserved residues to determine their contribution in substrate specificity, protein localization stability
and energetics. This approach should also be applied to evolved lactic acid transporters ScAto2 L218S

and ScAto3 F95S.
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