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a b s t r a c t   

The Aspergillus niger CexA transporter belongs to the DHA1 (Drug-H+ antiporter) family. CexA homologs are 
exclusively found in eukaryotic genomes, and CexA is the sole citrate exporter to have been functionally 
characterized in this family so far. In the present work, we expressed CexA in Saccharomyces cerevisiae, 
demonstrating its ability to bind isocitric acid, and import citrate at pH 5.5 with low affinity. Citrate uptake 
was independent of the proton motive force and compatible with a facilitated diffusion mechanism. To 
unravel the structural features of this transporter, we then targeted 21 CexA residues for site-directed 
mutagenesis. Residues were identified by a combination of amino acid residue conservation among the 
DHA1 family, 3D structure prediction, and substrate molecular docking analysis. S. cerevisiae cells expres
sing this library of CexA mutant alleles were evaluated for their capacity to grow on carboxylic acid-con
taining media and transport of radiolabeled citrate. We also determined protein subcellular localization by 
GFP tagging, with seven amino acid substitutions affecting CexA protein expression at the plasma mem
brane. The substitutions P200A, Y307A, S315A, and R461A displayed loss-of-function phenotypes. The 
majority of the substitutions affected citrate binding and translocation. The S75 residue had no impact on 
citrate export but affected its import, as the substitution for alanine increased the affinity of the transporter 
for citrate. Conversely, expression of CexA mutant alleles in the Yarrowia lipolytica cex1Δ strain revealed the 
involvement of R192 and Q196 residues in citrate export. Globally, we uncovered a set of relevant amino 
acid residues involved in CexA expression, export capacity and import affinity. 

© 2023 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural 
Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/ 

licenses/by-nc-nd/4.0/).   

1. Introduction 

Carboxylic acids are weak organic acids displaying great applic
ability in the food, pharmaceutical, cosmetic, and polymer sectors  
[1]. Citric acid is one of the most relevant chemicals in the world 
produced via microbial fermentation, and is utilized as a pre
servative, acidulant, emulsifier, flavouring, sequestrant, and buf
fering agent [2]. With a global market of 2.4 million tons in 2020, 
citric acid demand is still increasing and is expected to reach 2.9 

million tons in 2026 [3]. Several microorganisms are able to produce 
citric acid, including filamentous fungi, yeast, and bacteria [2,4]. The 
industrial production of citric acid by Aspergillus niger dates back to 
1923, and it is still the major method for microbial production of 
citric acid in large-scale fermentations [4]. The capacity of A. niger to 
secrete organic acids and proteins to the extracellular media, com
bined with its tolerance to extreme acid environments, contributes 
to its relevance as an industrial microbial cell factory [5]. 

In an age that works towards a circular bioeconomy, several 
microorganisms have been metabolically engineered to use specific 
substrates such as industrial wastes and sub-products, to produce 
high-value metabolites [1]. The transport of such compounds across 
cell membranes and cellular metabolism are key steps in the opti
mization of microbial cell factories. This need has leveraged the 
engineering of plasma membrane transporters towards the 
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improved assimilation of substrates and the export of metabolites of 
interest [6,7]. Engineering strategies comprise the expression of 
specific importer and/or exporter proteins with improved properties 
regarding transport stability, capacity and specificity [1,7,8]. Despite 
the existence of a significant number of carboxylate importers 
functionally characterized in fungi, few exporters have been identi
fied to this day [1]. Itp1 and MfsA are itaconate exporters from Us
tilago maydis [9] and Aspergillus terreus [10], respectively, and 
members of the Major Facilitator Superfamily, although not re
ciprocal best hits in terms of sequence identity [11]. Mae1p, a 
member of the Tellurite-resistance/Dicarboxylate Transporter Family 
from Schizosaccharomyces pombe, exports fumarate, succinate, and 
malate [12,13]. In S. cerevisiae, Jen1 (Sialate:H+ Symporter family) 
and Ady2 (Acetate Uptake Transporter family) are able to mediate 
the export of lactic acid [14]. 

Recent studies have reported two citrate exporters: CexA from A. 
niger [6,15] a member of the Drug-H+ Antiporter family, and Cex1 
from Yarrowia lipolytica [16] a member of the Drug:H+ Antiporter 2 
family. The production of citric acid was impaired in A. niger upon 
the disruption of CexA, while its heterologous expression in S. cer
evisiae promoted the secretion of citric acid when cells were grown 
on glucose [6,15]. CexA is the main plasma membrane transporter 
for citric acid in A. niger. Its overexpression led to significant in
creases in secreted citric acid, demonstrating how the manipulation 
of a single plasma membrane exporter can significantly improve 
citric acid secretion [6]. Furthermore, the engineering of CexA 
homologs from Aspergillus luchuensis mut. kawachii, (AkCexA) and 
Aspergillus oryzae (AoCexA and AoCexB) demonstrated that the ex
pression level of these transporters is a key factor for citric acid 
productivity in these strains [17]. Distinct molecular mechanisms 
were suggested for citrate export in A. niger - passive diffusion, ci
trate/H+ antiporter, and a ΔpH-driven symport with H+ [18] – but the 
de facto energetics of the transporter remains unclear. In the present 
study, we characterized the kinetics, energetics, and specificity of 
CexA expressed in S. cerevisiae. By using a rational site-directed 
mutagenesis approach, we identified amino acid residues essential 
for CexA activity and, in particular, key residues crucial for the export 
of citrate. Finally, selected mutant alleles were expressed in Y. lipo
lytica disrupted in its native citrate exporter (Cex1). Cultivation in 
bioreactors allowed us to determine the role of these residues in 
citrate export. 

2. Materials and methods 

2.1. Strains, plasmids, and growth conditions 

The plasmids, yeast strains and oligonucleotides utilized in this 
work are described in Tables 1, 2, and S1, respectively. The strains 
Saccharomyces cerevisiae CEN.PK 113-5D [19] and Yarrowia lipolytica 
DSM 3286 [16] were used as hosts for the heterologous expression of 
CexA. The multicopy plasmids constructed by Steiger et al. [6] were 
used for the expression of CexA in S. cerevisiae under the control of 

the constitutive S. cerevisiae promoters TPI1 or TEF1. The S. cerevisiae 
CEN.PK 113-5D transformants were maintained on YP glucose 2 % 
(w/v) supplemented with 0.3 mg/mL hygromycin B [6]. Yeast cells 
were grown in Difco yeast nitrogen base (BD Life Sciences, MD, USA), 
0.67% w/v (YNB medium), supplemented with adequate require
ments for prototrophic growth. Carbon sources utilized: glucose (2.0 
% w/v), lactic acid (0.5 % v/v, pH 5.0), acetic acid (0.5 % v/v, pH 6.0), 
pyruvic acid (0.5 % w/v, pH 5.0), succinic acid (1.0 % w/v, pH 5.0), 
fumaric acid (1.0 % w/v, pH 5.0), malic acid (1.0 % w/v, pH 5.0) and 
citric acid (1.0 % w/v, pH 5.5). The culture media pH was adjusted 
with NaOH solution (12 M). For the evaluation of S. cerevisiae growth 
phenotypes by spot assays, cells were grown on YNB glucose 
without uracil (YNB Glu−Ura) media, until the mid-exponential 
phase. Initially, the optical density at 640 nm (OD640) was adjusted 
to 0.1 and a set of three 1:10 serial dilutions were performed; 3.0 μL 
of each suspension were inoculated into the desired media, using 
YNB Glu−Ura as a control carbon source. Cells were incubated at 
30 °C for 4 days. Cell growth of S. cerevisiae was also evaluated in 
YNB liquid media containing acetic acid (0.5 % v/v, pH 6.0) or glucose 
(2.0 % w/v), at 30 °C, both in duplicates. The supernatants were 
collected for the quantification of citrate, acetate and glucose con
centration by HPLC analysis with an Auto Sampler L-2200 Elite La
Chrom chromatograph coupled to a Refractive Index (RI) L-2490 
detector (Hitachi, Berkshire, United Kingdom) and a Rezex ROA-Or
ganic Acid H+ (8 %) Ion Exclusion column (Phenomenex, CA, USA). 
The column was operated at 40 °C with 2.5 mM H2SO4 as the mobile 
phase and a flow rate of 0.5 mL/min for 25 min. 

2.2. Transport assays 

Measurement of transport activity was performed as previously 
described [20] using [1,5-14C] citric acid (Perkin Elmer, MA, USA) 
with a specific activity of 300 and 1500 dpm/nmol. Cells were har
vested by centrifugation, washed twice in ice-cold deionized water 
and resuspended in ice-cold deionized water to a final concentration 
between 25 and 35 mg cell dry weight/mL. The reaction mixtures 
were prepared in microtubes containing 60 μL of 0.1 M KH2PO4 at 
the desired pH and 30 μL of the yeast cell suspension. After 2 min of 
incubation at 30 °C, the reaction was started by the addition of 10 μL 
of a solution of the radiolabelled substrate at the desired pH and 
concentration. After 15–30 s, the reaction was stopped by the ad
dition of 100 μL of a cold non-labelled substrate (100-fold con
centrated). The suspension was centrifuged for 7 min at 13,200 rpm. 
The supernatant was carefully rejected, and the pellet was re
suspended in 1 mL of deionized cold water and centrifuged for 
10 min at 13,200 rpm. The pellet was resuspended in 1 mL of the 
scintillation liquid Opti-Phase HiSafe 3 (Perkin Elmer, MA, USA). 
Radioactivity was measured in a Tri-Carb 4810TR liquid scintillation 
spectrophotometer (Perkin Elmer, MA, USA), with disintegrations 
per minute correction. The GraphPad Prism (San Diego, CA, USA) 
v4.0 for Windows was used to estimate the kinetic parameters using 
a non-linear regression analysis, and the unpaired t-test was used to 
determine the statistical significance P < 0.05 . The data shown cor
respond to the mean values of at least three independent experi
ments, with three replicas of each one. The inhibition effect of non- 
labelled substrates on the initial uptake velocities of labelled citric 
acid was assayed by adding simultaneously the labelled and non- 
labelled substrates. Non-specific 14C adsorption to the cells, as well 
as the diffusion component, was determined with a mixture of un
labelled acid 1000-fold concentrated and labelled acid, according to 
the methodology previously established [21]. 

2.3. Phylogenetic reconstruction of CexA 

A total of around 10,000 proteomes were retrieved from the re
fseq subsection of the NCBI Assembly platform. The individual FASTA 

Table 1 
List of plasmids utilized in this work.     

Plasmid Characteristics Reference  

pɸ BB3_arscen_URA_Hygro [6] 
pCexA-1; pCexA pMST-1313; cassette pTEF1-cexA-tCYC1 [6] 
pCexA-2 pMST-1312; cassette pTPI1-cexA-tCYC1 [6] 
pJen1::GFP p416GPD derivative, constitutive 

expression of JEN1::GFP 
[21] 

pCexA::GFP pMST-1313 derivative, constitutive 
expression of CexA::GFP 

This work 

pɸ-Yl pMEG_BB3_YL68N_AB used for negative 
control in Y. lipolytica cultivations 

[22] 

pYl-CexA pMEG_BB3_YL68N_AB; cassette pTEF1- 
cexA-tCYC1 

This work 
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files were converted into a local database. To avoid redundancies, 
only sequences derived from a single genome from a particular 
species were selected for the database [23] considering the genome 
of that species with the highest number of proteins described. A 
BLAST search using the protein XP_025452994.1 from Aspergillus 
niger as a query was done in the local database; the data obtained 
was filtered with a cut-off e-value of 10−10 and an associated query- 
cover value higher than 65 %. Protein sequences were aligned with 
the online server MAFFT [24]. Sequences not aligning extensively 
throughout the conserved region were removed from the sub
sequent phylogenetic analysis. These low-quality alignments could 
result from the lower quality of the stretch of the genome where the 
sequences are located as well as from an incomplete gene annotation 
and they could still be functional genes, although unusable in the 
phylogenetic reconstruction. A Maximum Likelihood algorithm was 
used for the phylogenetic reconstruction using MEGA7 [25] under 
the Jones-Taylor-Thornton substitution model using a Bootstrap of 
1000 repetitions [26]. The FigTree v.1.4.4. software (http://tree.
bio.ed.ac.uk/) was used for phylogenetic tree visualization and 
edition. 

2.4. CexA site-directed mutagenesis and functional analysis in 
Saccharomyces cerevisiae 

Site-directed mutagenesis was performed on the pTEF1-CexA 
plasmid, as previously described [21], resulting in 21 mutant CexA 
alleles (Table 1). The mutagenesis was performed with Accuzyme 
DNA Polymerase (Meridian Bioscience, TN, USA) using the pCexA-1 
as a template (20 ng) and the complimentary oligonucleotides 
containing the desired substitution described in Table S1. PCR re
action: 30 s at 95º C, 18 cycles of 30 s at 95º C, 60 s at the oligonu
cleotide Tm, 8 min at 68º C, and a final extension step of 10 min at 
68º C. To destroy the parental strands, the PCR reaction was 

incubated with the restriction enzyme DpnI (NZYTEC, Lisbon, Por
tugal) for 2 h at 37º C. This mixture was then used to transform E. coli 
and plasmid extraction was performed with the NZYMiniprep 
(NZYTEC, Lisbon, Portugal). The sequences of CexA mutant alleles 
were confirmed by sequencing (Eurofins Genomics, Ebersberg, Ger
many). CexA alleles were expressed in S. cerevisiae CEN.PK 113–5D 
(Table 2) strain [27] and transformants were selected by the com
plementation of uracil auxotrophy. 

The insertion of the GFP tag in the C-terminal of CexA was done 
using the gap-repair technique [28]. Briefly, the linearization of the 
plasmid was done through PCR reaction using the Linear_F and the 
Pseq_R primers with 20 cycles: 30 s at 95 °C; 1 min at 68.8 °C; and 
8 min at 72 °C. The amplification of the GFP was done via PCR in 30 
cycles using the GFP GR_F and GFP GR_R primers: 30 s at 95 °C; 30 s 
at 75 °C; and 90 s at 72 °C. In a stoichiometric ratio of 2:1 (in
sert:vector) the mix of the DNA was transformed into Escherichia coli 
XL1-blue using the heat shock transformation protocol. The trans
formants presenting resistance to Hygromycin B were selected for 
further evaluation. The constructions were confirmed by sequencing 
and transformed in the S. cerevisiae CEN.PK 113–5D strain [27]. 
Transformants were selected by complementation of the uracil 
auxotrophy. For the evaluation of protein localization, cells were 
grown overnight in YNB Glu−Ura, collected during the exponential 
growth phase, and visualized with the fluorescence microscope 
BX63, coupled with a digital camera DP74 and the image analysis 
software cellSens Dimension v.2.3 (Olympus, Hamburg, Germany). 

2.5. CexA structure prediction and molecular docking 

The CexA transmembrane segments (TMSs) were predicted with 
the TMHMM software (http://www.cbs.dtu.dk/services/TMHMM- 
2.0/). The predicted 3D structure of CexA (XP_001398400.1) was 
obtained using the HHpred [29] and AlphaFold [30]. For the HHpred 

Table 2 
Yeast strains utilized in this work.     

Strain Genotype Reference  

S. cerevisiae CEN.PK113–5D MATa MAL2–8C SUC2 ura3–52 [19] 
S. cerevisiae CEN.PK 113–5D pɸ S. cerevisiae CEN.PK113–5D transformed with arscen plasmid, empty vector [6] 
S. cerevisiae pCexA (1); cE(pTEF1)-CexA S. cerevisiae CEN.PK113–5D transformed with pTEF1-cexA-tCYC1 cassette [6] 
S. cerevisiae pCexA (2); 

cE(pTPI1)-CexA 
S. cerevisiae CEN.PK113–5D transformed with pTPI1-cexA-tCYC1 cassette [6] 

S. cerevisiae pCexA-S71A S. cerevisiae CEN.PK 113–5D transformed with pCexA-S71A This work 
S. cerevisiae pCexA-S75A S. cerevisiae CEN.PK 113–5D transformed with pCexA-S75A This work 
S. cerevisiae pCexA-N76A S. cerevisiae CEN.PK 113–5D transformed with pCexA-N76A This work 
S. cerevisiae pCexA-P80A S. cerevisiae CEN.PK 113–5D transformed with pCexA-P80A This work 
S. cerevisiae pCexA-D84A S. cerevisiae CEN.PK 113–5D transformed with pCexA-D84A This work 
S. cerevisiae pCexA-G122A S. cerevisiae CEN.PK 113–5D transformed with pCexA-G122A This work 
S. cerevisiae pCexA-R123A S. cerevisiae CEN.PK 113–5D transformed with pCexA-R123A This work 
S. cerevisiae pCexA-R124A S. cerevisiae CEN.PK 113–5D transformed with pCexA-R124A This work 
S. cerevisiae pCexA-R154A S. cerevisiae CEN.PK 113–5D transformed with pCexA-R154A This work 
S. cerevisiae pCexA-F188A S. cerevisiae CEN.PK 113–5D transformed with pCexA-F188A This work 
S. cerevisiae pCexA-R192A S. cerevisiae CEN.PK 113–5D transformed with pCexA-R192A This work 
S. cerevisiae pCexA-Q196A S. cerevisiae CEN.PK 113–5D transformed with pCexA-Q196A This work 
S. cerevisiae pCexA-P200A S. cerevisiae CEN.PK 113–5D transformed with pCexA-P200A This work 
S. cerevisiae pCexA-T207A S. cerevisiae CEN.PK 113–5D transformed with pCexA-T207A This work 
S. cerevisiae pCexA-P235A S. cerevisiae CEN.PK 113–5D transformed with pCexA-P235A This work 
S. cerevisiae pCexA-E236A S. cerevisiae CEN.PK 113–5D transformed with pCexA-E236A This work 
S. cerevisiae pCexA-T237A S. cerevisiae CEN.PK 113–5D transformed with pCexA-T237A This work 
S. cerevisiae pCexA-Y307A S. cerevisiae CEN.PK 113–5D transformed with pCexA-Y307A This work 
S. cerevisiae pCexA-S311A S. cerevisiae CEN.PK 113–5D transformed with pCexA-S311A This work 
S. cerevisiae pCexA-S315A S. cerevisiae CEN.PK 113–5D transformed with pCexA-S315A This work 
S. cerevisiae pCexA-R461A S. cerevisiae CEN.PK 113–5D transformed with pCexA-R461A This work 
S. cerevisiae pCexA::GFP S. cerevisiae CEN.PK 113–5D transformed with pCexA::GFP This work 
Y. lipolytica DSM 3286 Cex1Δ Y. lipolytica DSM 3286 with Cex1 citrate exporter deleted [16] 
Y. lipolytica pɸ Y. lipolytica DSM 3286 Cex1Δ transformed with pɸ-Yl This work 
Y. lipolytica pCexA Y. lipolytica DSM 3286 Cex1Δ transformed with pYl-CexA This work 
Y. lipolytica pCexA-S75A Y. lipolytica DSM 3286 Cex1Δ transformed with pYl-CexA-S75A This work 
Y. lipolytica pCexA-P80A Y. lipolytica DSM 3286 Cex1Δ transformed with pYl-CexA-P80A This work 
Y. lipolytica pCexA-R192A Y. lipolytica DSM 3286 Cex1Δ transformed with pYl-CexA-R192A This work 
Y. lipolytica pCexA-Q196A Y. lipolytica DSM 3286 Cex1Δ transformed with pYl-CexA-Q196A This work 
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prediction, the L-lactate transporter from Syntrophobacter fumarox
idans (PDB 6G9X; 2.54 Å resolution) was used as a template [31]. The 
Alphafold AF-G3Y4N5-F1-model_v4 structure was used in this work. 
The molecular docking simulations of citrate binding to CexA were 
done as previously described [20]. Deprotonated forms of citric acid, 
having the protonation states adjusted to match the desired pH, 
were used for substrate docking simulations. The substrates’ 3D 
structures were built by inputting canonical SMILES strings in the 
UCSF Chimera [32], being minimized before molecular docking si
mulations in PyRx software [33] with AutoDock Vina. Chimera and 
Maestro v11.2 were used for visualizing the predicted interactions 
and 3D structures. The pore radius was predicted as previously de
scribed [34] using the HOLE (2.2.005 Linux) [35] and the Visual 
Molecular Dynamics (VMD) v1.9.3 software [36]. The pore radius 
was visualized on a graph with the X-axis presenting the coordinates 
along the protein pore. 

2.6. CexA expression in Yarrowia lipolytica and bioreactor cultivation 

The mutant alleles S75A, P80A, R192A and Q196A were expressed 
in the Y. lipolytica DSM 3286 strain with the native citrate exporter 
(Cex1) deleted. The plasmids containing the CEXA mutant alleles 
were constructed using the Golden Gate Cloning (GGC) method in 
Escherichia coli DH10B using the TEF1 and CYC1 as promoter and 
terminator, respectively, as previously described [22]. The batch 
fermentations in bioreactors were done in triplicate, in a DASGIP 
Parallel Bioreactor System (Eppendorf Hamburg, Germany) with four 
parallel bioreactors and a maximum working volume of 1.2 L [37]. 
The preculture was grown on YPD media with 400 mg/L nourseo
thricin at 30 °C and 180 rpm and used to inoculate 500 mL of media 
to a final OD640 of 1. The media used for the fermentation had the 
following composition per litre: 100 g glycerol, 3.1 g (NH4)2SO4, 1.0 g 
KH2PO4, 1.3 g Na2HPO4

.2 H2O, 1.0 g MgSO4
.7 H2O, 0.2 g CaCl2

.2 H2O, 
0.5 g citric acid, 21 mg FeCl3, 1 mg Thiamine-HCl, 0.5 mg H3BO3, 
0.06 mg CuSO4

.5 H2O, 0.1 mg KI, 0.45 mg MnSO4
.H2O, 0.71 mg ZnSO4  

.7 H2O, 0.23 mg Na2MoO4
.2 H2O and 400 mg nourseothricin. Due to 

the production of foam, 5 % (w/v) Struktol (SB 2121; Schiller+Sei
lacher GmbH) was added to the bioreactor when needed. Dissolved 
oxygen and pH were monitored (VisiFerm DO 120 and Mettler-To
ledo probe, respectively) and maintained at 50 % and pH 5.5, re
spectively. Glycerol, citrate, erythritol, arabitol, mannitol and α- 
ketoglutarate concentration were determined by HPLC analysis with 
an Aminex HPX-87 H column 300 × 7.8 mm (Bio-Rad Laboratories, 
CA, USA) as previously described [37]. The yeast cultures were also 
monitored considering OD and cell dry mass, both in duplicates. For 
cell dry mass determination 2 mL of culture were collected and 
centrifuged at 10,000 g for 5 min. The pellet was washed with 
deionized water and dried for 2 days at 100 °C. An unpaired t-test, at 
a significance level p  <  0.05, was done in GraphPad Prism (San 
Diego, CA, USA) v4.0 for Windows to probe for statistical differences 
among the data collected for the distinct strains. 

3. Results 

3.1. Functional studies of CexA in Saccharomyces cerevisiae CEN.PK 
113–5D 

Expression of CexA in Saccharomyces cerevisiae was performed 
under the control of the constitutive promoters TEF1 or TPI1 
(Fig. 1 A). The expression of CexA under the control of the TEF1 
promoter resulted in a more evident impaired growth on carboxylic 
acids than the TPI1 promoter, when compared with the growth 
phenotype of cells transformed with the empty plasmid. Thus, the 
expression vector containing the TEF1 promoter, considered one of 
the strongest promoters in yeast [38], was used in the remaining 
work. The impaired growth observed on carboxylic acids could be 

due to the reduction of intracellular citrate levels associated with the 
activity of CexA. Citrate secretion was observed in cells expressing 
CexA cultivated in liquid media containing acetic acid as the sole 
carbon source, whereas no citrate was detected in cultivations of 
cells transformed with the empty vector (Table 3). A similar beha
viour was found in glucose-grown cells. Furthermore, and in ac
cordance with previous studies [6], a decreased specific growth rate 
and final OD were observed in cells expressing CexA (Table 3) when 
compared to cells transformed with the empty plasmid. 

The uptake rate of 14C-citric acid (1.0 mM, pH 5.5) when CexA 
was expressed under the control of the TEF1 promoter was 20 % 
higher than when CexA was expressed under the control of the TPI1 
promoter (not shown). The higher activity of CexA expressed under 
the control of the TEF1 promoter is in accordance with the data 
presented in previous work [6], as well as with the growth pheno
type observed on the drop tests (Fig. 1 A). Cells expressing CexA 
presented a first order kinetics for 14C-citric acid uptake at pH 7.0 
(Fig. 1 B), with higher velocities than cells transformed with the 
empty plasmid. At pH 5.5, cells expressing CexA presented saturable 
kinetics with the following estimated parameters: Km 

43.7  ±  13.4 mM of citric acid and Vmax 9.4  ±  4.0 nmol citric acid s−1 

mg−1 dry wt. (Fig. 1 C). A first order kinetics and lower velocities 
were found in cells transformed with the empty plasmid at both pH 
values. These findings suggest that CexA behaves as a citrate im
porter in S. cerevisiae and improves citric acid uptake. When asses
sing the effect of the pH (between pH 3.0 and pH 8.0) on the initial 
uptake rates of 14C-citric acid in cells expressing CexA, we verified 
that the highest uptake occurred at pH 7.0 (Fig. 1 D). Citric and 
isocitric acids, but not monocarboxylic (acetate, lactate) or di
carboxylic acids (succinate, malate, α-ketoglutarate), were able to 
inhibit the uptake of labelled citric acid, suggesting that only tri
carboxylates are able to bind to CexA (Fig. 1 E, F). The disruption of 
the proton motive force by the protonophore carbonyl cyanide m- 
chlorophenylhydrazone (CCCP), did not affect 14C-citric acid trans
port, evidencing that CexA activity is independent of the proton 
motive force (Fig. 1 E). 

3.2. Evolutionary relationships of CexA 

Phylogenetic analysis was used to address the evolution of CexA 
homologs, which are members of the Drug-H+ antiporter (DHA1) 
family (TC 2.A.1.2). A total of 580 hits were retrieved following a 
BLASTP screening against the NCBI’s assembly database of com
plete genomes. Twenty-one hits were subsequently excluded due 
to sequence incompleteness in the highly conserved regions that 
characterize the gene family. The final dataset thus contained 559 
sequences. All the homologs and corresponding bootstrap values 
from the CexA phylogenetic reconstruction are presented in Fig. S1. 
The phylogenetic tree of the DHA1 family (Fig. 2 A) presents 
homologs in eukaryotic organisms, divided into 5 clades (E1-E5), in 
addition to a single prokaryotic homolog from Bacillus anthracis 
(P1). CexA homologs were observed in several ascomycetes (or
ange) and in a smaller number of basidiomycetes members 
(brown), both distributed through the phylogenetic tree. Analysis 
targeting the A. niger CBS 513.88 strain highlighted sixteen proteins 
homologous to CexA (6 in the E1 clade, 8 in the E2, 2 in the E3 and 1 
in the E4). The E1 clade contained ascomycetes and basidiomycetes 
homologs, including the CexA from A. niger [6], the itaconate 
transporter Itp1 from Ustilago maydis [9], the YALI0F03751g from 
Yarrowia lipolytica [16], and the multidrug transporters Qdr1 [39], 
Qdr2 [40] and Aqr1 [41,42] from S. cerevisiae. CexA was phylogen
etically closer to homologs belonging to Fusarium species (F. fuji
kuroi and F. oxysporum), Colletotrichum higginsianum, Neurospora 
crassa, Sclerotinia sclerotiorum, Botrytis cinerea, Penicillium chryso
genum, and to one homolog from Aspergillus oryzae. The E2 clade 
included homologs found in Y. lipolytica that are not citrate 
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exporters [16], also proteins from U. maydis and other basidiomy
cetes such as Cryptococcus, Sporisorium, Phellinus and Malassezia, 
and several homologs belonging to other fungi. In the E3 clade, the 
sole characterized member was the S. cerevisiae multidrug trans
porter Qdr3 [43]. The E4 clade included two other Y. lipolytica 
homologs also reported as not being involved in citrate production  
[16]. The E5 clade contained Dtr1p, a putative dityrosine trans
porter from S. cerevisiae [44]. The alignment of all retrieved pro
teins present in the phylogenetic tree revealed several highly- 
conserved residues across all taxa (Fig. 2 B). 

3.3. Site-directed mutagenesis of CexA 

The predicted topology for CexA is presented in Fig. 3 A. CexA has 
524 amino acid residues and 12 transmembrane segments (TMS). A 
total of 21 amino acid residues were selected for site-directed mu
tagenesis of CexA, taking into account the highly-conserved residues 
of the DHA1 family and predicted interactions with the substrate. 
The 3D model of CexA was obtained based on the structure of the L- 
lactate transporter from Syntrophobacter fumaroxidans (PDB 6G9X). 
This structure was the top-ranked template threading identified by 

Fig. 1. Functional assays of S. cerevisiae CEN.PK 113–5D cells expressing the CexA transporter. A) Growth phenotype of cells transformed with the empty vector (pɸ), or expressing 
CexA under the control of promoter TEF1 (pCexA-1) and TPI1 (pCexA-2) on glucose, 2.0 % w/v, acetic acid, 0.5 % v/v, pH 6.0 (AA), lactic acid, 0.5 % v/v, pH 5.0 (LA), pyruvic acid, 0.5 % 
w/v, pH 5.0 (PA), fumaric acid, 1.0 % w/v, pH 5.0 (FA), malic acid, 1.0 % w/v, pH 5.0 (MA), succinic acid, 1.0 % w/v, pH 5.0 (SA) or citric acid, 1.0 % w/v, pH 5.5 (CA), as sole carbon 
sources, at 30 °C for 4 days. B) Initial uptake rates of 14C-citric acid, pH 7.0, as a function of the acid concentration, in glucose-grown cells of S. cerevisiae cells transformed with 
pCexA-1(•) and with the empty plasmid pɸ (○). C) Initial uptake rates of 14C-citric acid at pH 5.5 as a function of the acid concentration in glucose-grown cells of S. cerevisiae cells 
transformed with pCexA-1 (•) and with the empty plasmid pɸ (○). D) Effect of the pH on the transport of 14C-citric acid, 10.0 mM, in glucose-grown cells of S. cerevisiae pCexA-1. E)  
14C-citric acid (12.0 mM, pH 5.5) uptake by glucose-grown cells of S. cerevisiae pCexA-1, in the absence or presence of non-labelled carboxylic acids (120 mM), or in the presence of 
CCCP. F) Transport of 14C-citric acid 3.0 mM, pH 5.5, in glucose-grown cells of S. cerevisiae pCexA-1 in the absence or presence of non-labelled citric (30.0 mM and 120.0 mM) and 
isocitric (30.0 mM) acid. The data presented are mean values of at least three independent assays; the error bars represent the standard deviation. Statistical significance was 
estimated by one-way ANOVA followed by a post hoc Tukey’s multiple comparisons test as follows: * P  <  0.01, pH 3.0 significantly different from pH 7.0; #### P  <  0.0001. 
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HHpred (probability 100 %; e-value 4.9 e−35; score 293.9). This car
boxylic acid transporter is a member of the Major Facilitator Su
perfamily (MFS), with 12 TMS, a 14 % protein sequence identity with 
CexA, and an e-value of 3.7 e−35 in the BLASTP analysis. The highly 
conserved residues of the DHA1 family targeted for mutagenesis 
were G122, R123, R124, R154, P235, E236, T237 and R461. Molecular 
docking studies disclosed four binding regions for citrate on CexA 
(Fig. 3 B), revealing residues with strong interactions with citrate: 
P80, D84, P200, T207 (position 1), S75, N76, R192, Q196, Y307, S311, 
S315 (position 2), F188, R192, Y307, (position 3), S71, and R192 
(position 4). The amino acid residues targeted for site-directed 
mutagenesis (replaced by an alanine), are highlighted both in Fig. 2 B 
(orange arrows and boxes) and in Fig. 3 A (grey dots). 

3.4. Unveiling critical residues for citrate transport activity 

The growth phenotype of S. cerevisiae CEN.PK 113–5D cells ex
pressing the 21 CexA mutant alleles under the control of the TEF1 
promoter was evaluated in spot assays using distinct carbon sources 
(Fig. 4 A). Cells expressing the N76A and D84A mutant alleles re
vealed a growth profile similar to cells expressing the wild-type CexA 
allele on minimal media containing citric acid, indicating that these 
substitutions had no significant impact on protein activity. The 
mutant alleles S71A, S75A, P80A, G122A, R123 A, R124, R154, F188A, 
Q196A, T207A, P235A, E236A, S311A displayed the ability to use ci
tric acid, showing an intermediate growth phenotype between cells 
transformed with pɸ and cells transformed with pCexA. As for the 
R192A, P200A, T237A, Y307A, S315A and R461A mutant alleles, a 
growth pattern similar to cells transformed with pɸ was obtained, 
suggesting that these residues are critical for citrate transport. For 
the remaining carboxylic acids, some variations in growth pheno
types were found for mutant alleles R124 A, R154A, Q196A, P200A, 
P235A, and S315A. A GFP C-terminal tagged version of the CexA al
leles was constructed to determine whether the altered growth 
phenotypes were due to the mislocalization of the transporter. 
Epifluorescence microscopy analysis revealed that the mutant alleles 
S71A, G122A, R123A, R124A, R154A, E236A and T237A were not 
properly located at the plasma membrane, or presented low ex
pression levels (Fig. 4 B). With exception of the residues S71 and 
R154, predicted to be located in TMS I and IV, respectively, residues 
G122, R123, R124, E236, and T237 are predicted to be located in 
transmembrane loops (Fig. 3 A). 

The capacity to transport citrate was evaluated in the strains 
presenting proper localization at the plasma membrane of GFP- 
tagged CexA variants (Fig. 4 A). Reduced transport activity was ob
served for F188A, T207A, and P235A mutant alleles, whereas citrate 
uptake of the P200A, Y307A, S311A, S315A, and R461A variants was 
similar to the negative control. Cells expressing the N76A allele 
presented a citrate uptake rate similar to cells expressing CexA, 
whereas cells expressing the S75A, P80A, R192A and Q196A alleles 
showed higher citrate uptake rates. Fig. 4 C incorporates a summary 
table of the 12 mutant alleles properly located at the plasma 

membrane that displayed altered growth on citrate and/or citrate 
transport. 

3.5. Kinetics of citrate import of the mutant alleles S75A, P80A, R192A 
and Q196A 

The initial uptake rates of citrate were determined in the four 
mutant alleles displaying citrate transport activity higher than wild- 
type CexA. The kinetic parameters for 14C-citric acid uptake at pH 5.5 
of mutant allele S75A were Km 11.8  ±  3.6 mM and Vmax 5.6  ±  0.8 
nmol s−1 mg−1 dry wt, revealing higher affinity for citrate than the 
values estimated for CexA (Fig. 5 A, B). Conversely, the kinetic 
parameters estimated for P80A (Vmax 8.0  ±  2.9 nmol s−1 mg−1 dry 
wt; Km 30.1  ±  17.4 mM), R192A (Vmax 8.5  ±  2.1 nmol s−1 mg−1 dry wt, 
Km 41.4  ±  14.8 mM) and Q196A (15.1  ±  4.4 nmol s−1 mg−1 dry wt, Km 

55.6  ±  21.8 mM) alleles were not statistically different to the ones 
estimated for the wild-type allele (Fig. 5 A, B). Despite the absence of 
relevant alterations in the import of citric acid, these mutant alleles 
displayed the ability to grow on citrate, a phenotype associated with 
an alteration of CexA transporter properties. The most striking 
phenotype was found in mutant R192A, which was able to grow on 
citrate much like cells transformed with the pɸ, but displayed ac
tivity for citrate import equivalent to cells transformed with the 
pCexA. The mutant alleles S75A, P80A, and Q196A revealed an in
termediate growth on citrate and a citrate import similar to the 
wild-type CexA. A higher affinity for citrate import was found for the 
mutant S75A. 

3.6. Export capacity of the mutant alleles S75A, P80A, R192A and Q196A 

The phenotypes found for the mutant alleles S75A, P80A, R192A 
and Q196A, led us to hypothesize that the export of citric acid could 
be affected. The Y. lipolytica DSM 3286 strain deleted in Cex1 was 
used to express the CexA alleles under conditions similar to in
dustrial fermentation, in order to evaluate the production of relevant 
metabolites (Fig. 6). All strains behaved similarly for biomass pro
duction and glycerol consumption. Besides citrate, α-ketoglutarate, 
erythritol, arabitol and mannitol were measured in the extracellular 
medium over time. The only significant differences compared to the 
expression of CexA were found in mutant alleles R192A and Q196A. 
Cells expressing the R192A allele produced residual levels of citrate 
(equivalent to the pattern observed for the strain transformed with 
the empty plasmid) and increased production of α-ketoglutarate. 
Regarding the mutant Q196A, a lower citrate and a higher α-ke
toglutarate production were found. 

3.7. Structure prediction of the mutant alleles 

The pore topology prediction performed for mutant alleles 
mentioned in Fig. 4 C, detected significant alterations for the re
sidues F188 (TMS V), R192 (TMS V) and Y307 (TMS VII) in compar
ison to the wild-type CexA. As depicted in Fig. 7 A, the most relevant 
alterations in the pore radius were located in the protein moiety 

Table 3 
Growth rate (kc), final OD640 and citrate production of S. cerevisiae CEN.PK 113–5D transformed with pΦ or pCexA in YNB with either glucose (2 % w/v) or acetic acid (0.5 % v/v, pH 
6.0) as carbon sources, supplemented with adequate requirements for prototrophic growth.          

Carbon source  

Glucose Acetic Acid 

Strains kc Final OD640
1 [Citrate]2 kc Final OD640

1 [Citrate]2  

pΦ 0.29  ±  0.01  1.8 Not Detected 0.10  ±  0.01  0.6 Not Detected 
pCexA 0.22  ±  0.01  1.2 32.7  ±  10.1 0.03  ±  0.02  0.4 50.2  ±  1.0 

(1) Final OD640 was measured at 12 h and 28 h in cell cultures containing glucose and acetic acid, respectively. 
(2) The supernatant citrate concentration (mg/L) was evaluated in the time points indicated for the final OD640. 
The data presented are mean values plus SD of three independent assays.  
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Fig. 2. Analysis of CexA homologs. A) Maximum likelihood phylogenetic tree of the DHA1 transporter family (TC#2.A.1.2). Branch lengths are proportional to sequence divergence. 
To facilitate the tree analysis the E1, E2, E3, E4, E5, and P1 groups were created which do not represent any type of classification. Colours represent the major taxonomic groups: 
bacteria (blue), ascomycetes (orange) and basidiomycetes (brown). The most relevant homologs discussed in the main text are highlighted in the figure. B) Partial representation 
of the conservation logo generated from the alignment of CexA homologs using WebLogo (https://weblogo.berkeley.edu), highlighting the relevant regions containing the amino 
acids targeted for mutagenesis. Sequences were used if they contained more than 90 % of aligned residues. Transmembrane segments (TMSs) are highlighted as brown bars in the 
logo. Orange arrows and boxes (highly conserved) indicate the 21 amino acids targeted for mutagenesis. The N- and C-terminal directions of the protein are indicated as N and C, 
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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facing the cytoplasm, between positions − 15 and − 5 on the pore 
axis. In the R192A mutant allele, the pore radius increased from 1.6 Å 
to 3.9 Å around position − 10 (see arrow in Fig. 7 B). The widening of 
pore radius around position − 10 was also found in the Y307A mu
tant allele, although to a lesser extent (see arrow in Fig. 7 B). The 
F188A substitution caused not only a widening of the pore in the 
same position, but also a narrowing of the radius near the position 
− 5, from 3.2 Å to 1.1 Å (see arrow in Fig. 7 B). 

Docking analysis with the HHpred CexA model revealed that the 
F188 residue interacts with citrate in binding position 3, whereas 

Y307 interacts with citrate in binding positions 2 and 3. In ac
cordance, the functional analysis supported the involvement of re
sidues F188 and Y307 in the translocation pathway of citrate. The 
R192, with a key role in the export of the acid, is the sole residue 
presenting salt bridge interactions in the binding positions 2, 3 and 
4. An example of these interactions is presented in Fig. 7 C, showing 
the predicted molecular interactions of the R192 residue in position 
2 with the three anionic forms of citrate. The Q196 residue, relevant 
for citrate export and also located in TMS V, only interacts with ci
trate in position 2 (Fig. 3 B). Likewise, the residue S75 (TMS I) 

Fig. 3. Predicted structure of CexA transporter. A) Predicted topology of CexA with transmembrane segments (TMSs) coloured with the rainbow scheme from I to XII. The amino 
acid residues replaced by alanine are shown as grey circles: TMS I (S71, S75, N76, P80, D84), extracellular loop between TMS II and TMS III (G122, R123, R124), extracellular loop 
between TMS III and TMS IV (R154), TMS V (F188, R192, Q196, P200), extracellular loop between TMS V and TMS VI (T207), extracellular loop between TMS VI and TMS VII (P235, 
E236, T237), TMS VII (Y307, S311) extracellular loop between TMS VII and VIII (S315) and TMS XI (R461). The white triangle represents the central pore of the transporter. The N- 
and C-terminal directions of the protein are indicated as N and C, respectively. B) Transversal view of the CexA 3D model obtained by homology threading based on the crystal 
structure of the MFS transporter from Syntrophobacter fumaroxidans (PDB 6G9X). The residues interacting with citrate (red/grey colour) are located in TMS I, V, VII and XI. Four 
citrate-binding positions (1−4) were predicted by molecular docking. C) Top and side view of the central pore of the 3D-model of CexA highlighting amino acid residues S75, P80, 
F188, R192, Q196, P200, T207, Y307, S311, S315, and R461, predicted to be part of the substrate translocation pathway (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.). 
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interacts with citrate in binding position 2 and its substitution to 
alanine increased the affinity of citrate uptake. 

According to the CexA predicted structure, the TMS I, V, VII and 
XI (Fig. 3 C) form the central pore of the transporter. Supporting 
this model is the loss of function, both in the import and export of 
citrate, observed for mutations in residues P200 (TMS V), Y307 
(TMS VII), S315 (TMS VII) and R461 (TMS XI). Although undetected 
initially with the HHpred CexA model, molecular interactions of 
the conserved R416 residue with citrate were found when Al
phaFold was used (not shown). The results obtained with the two 
structural prediction bioinformatics tools complemented each 
other, and brought robustness to the CexA structural 3D model 
herein described. Nevertheless, functional assays are needed to 
confirm modelling approaches. For instance, the residues S71, P80, 
F188, T207 and S311 were only predicted to interact with citrate in 
the HHpred model. Conversely, the conserved residue R123 was 
only found to interact with citrate when using the AlphaFold 
model. 

4. Discussion 

4.1. Heterologous expression of CexA in Saccharomyces cerevisiae 

The heterologous expression of CexA, under the control of a 
constitutive promoter, impaired Saccharomyces cerevisiae cell growth 
in minimal media containing carboxylic acids (Fig. 1). We postulate 
that this phenotype is due to the secretion of citrate to the extra
cellular media (Table 3), associated with the expression of CexA, 
which depletes the cells of citrate, a substrate of the citric acid cycle 
crucial to support cell metabolism in respiratory substrates. It has 
been shown that constitutive expression of CexA in Aspergillus niger 
decreases conidiation patterns when grown in solid media [6]. 
Therefore, we cannot exclude that the expression of CexA in S. cer
evisiae may also interfere with other cellular traits. 

CexA activity is influenced by the pH (Fig. 1 B, C, D). An increase 
in citrate uptake occurred above the pKa1 of citrate (pKa1=3.13; 
pKa2=4.76; pKa3=6.40) [4] suggesting that charged forms of citrate 

Fig. 4. Characterization of CexA mutant alleles expressed in S. cerevisiae CEN.PK 113–5D. A) Heatmap of CexA mutant alleles according to their ability to grow in media containing 
glucose, 2.0 % w/v, acetic acid, 0.5 % v/v, pH 6.0 (AA), lactic acid, 0.5 % v/v, pH 5.0 (LA), pyruvic acid, 0.5 % w/v, pH 5.0 (PA), fumaric acid, 1.0 % w/v, pH 5.0 (FA), malic acid, 1.0 % w/v, 
pH 5.0 (MA), succinic acid, 1.0 % w/v, pH 5.0 (SA) or citric acid, 1.0 % w/v, pH 5.5 (CA), as sole carbon sources, at 30 °C for 4 days. Transport activity was determined in glucose- 
grown cells with 14C-citric acid, 10.0 mM, pH 5.5, assuming as 100 % the initial uptake rate of the wild-type CexA. The cells transformed with the empty vector are represented by 
pɸ. The abbreviation n.d. stands for not determined. B) Localization of GFP-tagged CexA and mutant alleles in glucose grown-cells observed by epifluorescence microscopy. C) 
Summary table of the phenotype of 12 CexA mutant alleles expressed in S. cerevisiae properly localized at the plasma membrane. Two categories were considered for growth on 
citric acid: cells displaying full growth on citric acid (similar to pɸ); cells showing an intermediate phenotype, higher than pCexA and lower than pɸ. Three categories were 
considered for the uptake of citric acid: higher than CexA (100 %), approximately 50 % and less than 30 %. The predicted location of the corresponding amino acid residues is 
presented in Fig. 3 B, C. 

Fig. 5. Transport of 14C-citric acid at pH 5.5 in S. cerevisiae CEN.PK 113–5D cells expressing the S75A, P80A, R192A and Q196A CexA mutant alleles. A) Initial uptake rates of 14C- 
citric acid as a function of the acid concentration in glucose-grown cells transformed with plasmids pɸ (♦), pCexA (•), pCexA-S75A (∆), pCexA-P80A (○), pCexA-R192A (◊) and 
pCexA-Q196A (□). The data shown are mean values of at least three independent experiments and the error bars represent the standard deviation. B) Kinetic parameters, Vmax and 
Km, for 14C-citric acid uptake estimated from the plots presented in A). Error bars correspond to the SE (* P  <  0.05). An unpaired t-test was done for the evaluation of significant 
differences. 
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are transported by CexA. When the pH is lower than the pKa1 of the 
citric acid, the undissociated form predominates, being able to enter 
the cell by simple diffusion [45]. At a pH value higher than the pKa1 

of citric acid, the charged anionic forms prevail, requiring a trans
porter protein in order to cross the plasma membrane [45]. The 
reduction in the citrate uptake observed at pH 8.0 is in agreement 
with previous studies, indicating that this is a critical and non- 
physiological pH value for S. cerevisiae cells [46]. The uptake of ci
trate was higher at pH 7.0 (Fig. 1 D), displaying linear kinetics for the 
initial uptake rates of citrate as a function of citrate concentration 
(Fig. 1 B). At this pH, citric acid is in the fully deprotonated state 
(pH > pKa3) reinforcing the evidence that the anionic form(s) of the 
acid is the substrate of CexA. At pH 5.5, the estimated kinetic 
parameters for citrate uptake are in agreement with a low-affinity 

and high-capacity transporter. Further studies analysing the uptake 
of citrate at different pH are necessary to disclose which anionic 
form of citrate is preferentially transported by CexA. The outcome of 
the protonophore CCCP on citrate uptake evidenced the in
dependence of the CexA transporter from the proton motive force 
(Fig. 1 E), excluding the hypothesis of CexA acting as a secondary 
active transporter [6], but rather as a passive transport mechanism  
[45]. Furthermore, the kinetics at pH 7.0 and 5.5 (Fig. 1 B, C) are 
compatible with a mediated mechanism for citrate transport 
through a facilitated diffusion [45], and are in accordance with its 
primary role as an exporter. To be an efficient exporter, the trans
porter needs to have a low affinity for substrate import, hence 
avoiding a futile cycle. Previous works have reported carboxylic acid 
exporters as low-affinity transport systems. An example of such 

Fig. 6. Cultivation of Yarrowia lipolytica DSM 3286 Cex1∆ on glycerol, 100 g/L, pH 5.5. The distinct strains express the wild-type CexA (×), the mutant alleles S75A (△), P80A (◇), 
R192A (+), Q196A (□), and cells transformed with the empty vector (○). (A) Cell culture growth and glycerol consumption; production of (B) citrate, (C) arabitol, (D) mannitol, (E) 
α-ketoglutarate, and (F) erythritol. An HPLC analysis was used to determine the concentration of metabolites present in the culture supernatants. Biomass accumulation was 
measured by optical density at 640 nm (OD640). A detailed description of culture conditions can be found in the Materials and Methods section. Mean values and standard 
deviations were determined from three biological replicates and an unpaired t-test was done for evaluation of significant differences. 
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Fig. 7. Pore topology prediction of the CexA transporter. A) Prediction of the pore radius plotted along the axis of CexA and mutations F188A, R192A, and Y307A using the HOLE 
software. B) Analysis of the effect of the F188A, R192A and Y307A mutations on the predicted transporter 3D structure. The arrow highlights the location of the F188, R192 and 
Y307 positions. Solid surface representation of the intraprotein radius variation is depicted in blue (larger aperture) and green (more constricted). C) Representation of CexA 2D 
view, with the interactions predicted by molecular docking. The R192 residue displays strong molecular interactions (salt bridges) with citrate−1, citrate−2, and citrate−3 in position 
4. The images were obtained with the Maestro Schrödinger Software. 
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physiological behaviour is present in human cells where the low- 
affinity plasma membrane monocarboxylate transporter MCT4 is 
mostly associated with the export, whereas the homologue MCT1, a 
high-affinity monocarboxylate transporter, is typically associated 
with the import of the acids [47]. Several citrate transporters have 
been found in fungi species. The first report was described in the 90 s 
in Candida utilis where low- and high-affinity transport systems for 
citrate transport were characterized [48,49]. Furthermore, other ci
trate transporters have been characterized. However, the kinetic 
parameters for citrate transporters were not reported, namely, for 
AnBest1, an anion efflux channel from Aspergillus nidulans [50], for 
YlCex1 from Y. lipolytica [16], and PkJEN2–2 from Pichia kudriavzevii  
[51]. A recent study in the yeast Cyberlindnera jadinii [52] identified 
the citrate transporters CjAto5, CjJen6, and CjSlc5, reporting Km va
lues for the uptake of citrate of 21.2, 21.4 and 17.2 mM, respectively. 

4.2. Phylogeny of CexA 

So far, the CexA transporter is the sole member of the DHA1 
transporter family to be functionally characterized as a citrate 
transporter, despite the fact that this family has a high occurrence in 
fungi (Fig. 2). The detection of a sole prokaryotic member in our 
phylogenetic investigation is likely due to a horizontal gene transfer 
event. The itaconate transporter Itp1p from U. maydis [9] and the 
multidrug transporters Qdr1, Qdr2, and Aqr1 from S. cerevisiae  
[39–42] are the only CexA homologs functionally characterized. Aqr1 
is a carboxylic acid transporter that was reported to confer re
sistance to monocarboxylic acids and quinidine while being also 
involved in the secretion of amino acids [41,42]. The expression of 
Qdr1 promotes resistance to drugs like quinidine, ketoconazole, and 
fluconazole, and it intervenes in the spore wall assembly [39]. The 
Qdr2 transporter has a wide-ranging substrate specificity that in
cludes numerous drugs and mono- and divalent cations, also pro
moting potassium homeostasis [40] and the export of copper [53]. 
Other members of the DHA1 family present in S. cerevisiae, such as 
Flr1, Hol1, Tpo1, Tpo2, Tpo3, Tpo4, and Yhk8, were not present in the 
phylogenetic tree since they failed to meet our stringency criteria 
due to a low identity with CexA [54]. Recent work reported the Tpo2 
and Tpo3 transporters as the major acetate efflux systems in S. cer
evisiae, and that Aqr1 only plays a minor role in this process [55]. In 
the yeast Y. lipolytica, the CexA homologs are not citrate exporters, 
and the function of these genes is still unknown, while the citrate 
exporter Cex1 is a member of the DHA2 transporter family [16]. An 
interesting aspect is that the number of CexA homologs seems to be 
strain dependent. In the genome of the A. niger ATCC 1015 strain, six 
homologs were identified, whereas in the genome of the reference 
strain CBS 513.88, seventeen homologs are annotated. A high 
genomic variation was reported for this species, supported by phy
logenetic studies and exo-metabolite profiling [56]. Also, a larger 
number of transporters belonging to the MFS were identified in the 
genome of the A. niger CBS 513.88 strain [57]. Nonetheless, in these 
two strains the CexA protein sequence only varies in one residue 
I21T localized in the N-terminal region of the protein. 

4.3. Structural-functional analysis of CexA 

The CexA 3D-model structure was predicted with HHpred, using 
as a template an MFS lactate transporter from Syntrophobacter fu
maroxidans belonging to the Solute Carrier member 16 (SLC16) fa
mily [31]. This family comprises several carboxylic acid transporters, 
namely the human proton-linked monocarboxylate transporters 
MCT1–4 [58]. Molecular docking studies of CexA revealed four pu
tative citrate-binding sites, one facing the extracellular space 
(Fig. 3 B, position 1) and three in the central region of the protein 
(Fig. 3 B, positions 2–4). As shown in Fig. 3 B, TMS I, V, VII and XI 
contain the residues predicted to be involved in citric acid binding 

and in this study we disclose their functional role in citrate 
transport. 

The amino acid residues conserved throughout evolution 
(Fig. 2 B; orange boxes) are mostly located in membrane loops. 
Substitutions in these amino acids, namely the 122GRR124

, R154, and  
236ET237, impacted largely on the localization of the protein. The  
122GRR124 and 235PET237 appear within two blocks of conserved re
sidues in the amino acid sequence alignment of CexA homologues 
(Fig. 3 A), located at the beginning of TMS III and VI, respectively. In 
the predicted 3D structure of CexA, these two blocks are in proximity 
to each other, with the negatively charged side chain of the E236 in 
contact with the positive side chain of the R123 and R124 residues 
(not shown), indicating that these conserved residues have a struc
tural function and, potentially, their substitution to alanine affects 
transporter conformation and correct trafficking to the plasma 
membrane. The CexA structure predicted by AlphaFold also evi
denced the positioning of the 122GRR124 facing the conserved block  
235PET237 (not shown), reinforcing the hypothesis that the interac
tion between these two conserved blocks has a role in protein 
conformation, contributing to the stability of the transporter. The 
P235A mutation did not affect protein localization at the plasma 
membrane (Fig. 4 B), but led to a decreased citrate transport capa
city, an indication of its role in the proper function and structure of 
CexA. The amino acid S71 located in the middle of TMS I, albeit not 
being conserved, also hindered protein localization at the plasma 
membrane when substituted to alanine, and it most probably plays 
an important role in transporter conformation. 

Combining the 3D models obtained with HHpred and AlphaFold 
with the functional analysis of the CexA mutant alleles evidenced 
amino acid residues that are part of the substrate translocation 
pathway (Fig. 3 C). They include the S75, N76, P80 (TMS I), F188, 
R192, Q196, P200, T207 (TMS V), Y307, S311, S315 (TMS VII) and R461 
(TMS XI) residues. The four citrate-binding positions predicted by 
molecular docking using the HHpred model revealed the inward 
positioning of all the above-mentioned residues, facing the central 
pore. When using the AlphaFold model, these residues were also 
predicted to interact with citrate, except for P80, F188, P200, T207 
and S311. Conversely, the AlphaFold model predicted a citrate in
teraction with the R123 residue, a feature not evidenced when using 
HHpred. 

Some amino acid substitutions lead to the complete or partial 
loss of CexA activity. Mutations in the residues P200, Y307, S315, and 
R461 originated a loss of function of the transporter, resulting in 
improved growth on citrate. These results are indicative of their 
crucial role in substrate binding and translocation throughout the 
protein pore. The substitutions F188A, T207A, and S311A resulted in 
a partial loss-of-function, with altered growth phenotype on citrate. 
All of these residues were predicted to interact with citrate (Fig. 3 B) 
and are associated with the transport of citric acid. 

The shortening of the side chain of the F188 and Y307 residues 
resulted in a widening of the pore radius (Fig. 7) which are located in 
binding positions 3 and 4. We hypothesize that the widening of the 
pore region facing the cytoplasm facilitates access to position 2, thus 
affecting both the import and the export of citrate. 

The mutant alleles S75A, P80A, and Q196A present an inter
mediate growth phenotype on citrate. This result suggests that these 
substitutions cause a lower capacity to export citrate. The conserved 
non-polar residue P80 is located in binding position 1. The rigidity 
provided by the proline led us to postulate the importance of this 
residue for transport activity. We found that mutation of P80 lead to 
an altered growth phenotype on all carboxylic acids tested and an 
increased citrate uptake in S. cerevisiae (Fig. 4). However, the P80A 
substitution did not influence the production of citrate in Y. lipolytica 
(Fig. 6). The S75A substitution promoted a higher affinity for citrate 
import (Fig. 5) and higher cell growth on carboxylic acids. In this 
mutant, the export capacity was not affected, as citrate production in 
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Y. lipolytica was similar to cells expressing CexA. Thus, the decreased 
Km for citrate was only affecting the import and did not affect the 
export of citrate. No significant differences in citrate uptake were 
found in cells expressing the Q196A (TMS V) mutant allele (Fig. 5). 
However, this mutant presented a diminished production of citrate 
(Fig. 6). Thus, Q196 is a key residue for citrate export. 

Another residue critical for citrate translocation is the R192 (TMS 
V). Cells expressing the R192A mutant allele presented a growth 
phenotype similar to cells carrying the empty vector, while main
taining a citrate uptake similar to the wild-type CexA (Fig. 5). This 
suggests that such a substitution influences protein activity, main
taining the import of citrate but impairing the export. This hypoth
esis was confirmed in bioreactor cultivations where the production 
of citric acid equaled the profile of cells transformed with the empty 
vector (Fig. 6). The small increase in α-ketoglutarate production 
observed in Y. lipolytica cells expressing the R192A mutant allele can 
be due to the intracellular accumulation of citrate, leading to an 
increase of this intermediate compound of the TCA cycle, resulting in 
its secretion to the extracellular media (Fig. 6 E). As shown in Fig. 7, 
the R192A substitution promoted a strong alteration in the predicted 
pore radius for CexA, widening the pore in the proximity of the 
cytoplasm. Curiously, the R192 residue is not conserved throughout 
the evolution of the DHA1 family, but it is the sole CexA residue 
predicted to form a salt bridge with citrate (Fig. 7 C), suggesting the 
relevant role of this interaction for citrate export. 

5. Conclusions 

Tricarboxylic acids, including citric and isocitric acids, are che
mical building blocks with an increasing demand in the global 
market due to their application in several industrial sectors. 
Filamentous fungi, and in particular Aspergillus niger, are crucial 
players in the microbial production of citric acid via fermentation  
[2]. Here, membrane transporter proteins play a critical role in the 
improvement of metabolite export, directly influencing microbial 
cell factory productivity. In the present work, we used heterologous 
expression in Saccharomyces cerevisiae to deepen the knowledge of 
the A. niger CexA citrate exporter. We uncovered its ability to also 
import citrate, although with low affinity. In addition, a combination 
of phylogenetic analysis, identification of conserved domains, 3D 
model prediction, molecular docking and site-directed mutagenesis 
allowed us to uncover structural features of CexA, including critical 
residues for protein function. Finally, the use of Yarrowia lipolytica 
allowed us to reveal CexA mutant alleles affecting citrate export. We 
uncovered the role of S75 on citrate import, as its substitution for 
alanine increased the affinity of the transporter for citrate. The most 
critical residues for citrate export were R192 and Q196, considering 
that their substitution for alanine altered the ability to produce citric 
acid in bioreactor fermentations. Ultimately, we disclosed key amino 
acid residues involved in citrate binding and translocation in CexA. 
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