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ABSTRACT

STUDIES ON APOPTOSIS REGULATION:
THE ROLE OF N-TERMINAL ACETYLATION AND THE N-DEGRON PATHWAYS

N-terminal (Nt)-acetylation has arisen as a highly multifunctional protein modification. The eight currently
known eukaryotic N-terminal acetyltransferases (NATs) mediate Nt-acetylation of a wide range of proteins,
resulting in the Nt-acetylome. NatB, composed of the catalytic subunit Naa20 and the auxiliary subunit
Naa2b, is after NatA the second major contributor to the Nt-acetylome. In spite of the well-known role of
NatB-mediated Nt-acetylation on biological processes, such as actin cytoskeleton and cell proliferation,
its impact on apoptosis is still poorly elucidated, in particular regarding its effect on protein stability and
degradation through the recognition of specific residues at the N-terminus. Herein, we sought to assess
the impact of NatB-mediated Nt-acetylation on apoptosis regulation. We show that inactivation of the NatB
catalytic subunit Naa20 in mouse embryonic fibroblasts (MEFs) reduces the Nt-acetylation of about one
third of the identified NatB substrates. As the inactivation of Naa20 is unable to eliminate Nt-acetylation
of NatB substrates, another enzyme or paralog likely fills its absence. Moreover, Naa20~~ MEFs exhibit a
significant reduction in protein levels of procaspase-8, -9, -3 and of Bid, associated with a decreased
susceptibility to etoposide and TNF-a plus SMAC/DIABLO mimetics that, in this later case, was partially
reverted by silencing the E3 ubiquitin protein ligase UBR4, a N-recognin of the Arg/N-degron pathway.
We also show through an /n silico systematic search that the main apoptotic components are NATs and
N-recognins substrates, suggesting a complex interplay between Nt-acetylation and degradation by N-
degron pathways with a relevant impact on apoptosis modulation. Additionally, a novel yeast-based
system to study Bax regulation under conditions mimicking its function in the cellular context, was
developed. Cell death in response to acetic acid was reverted by Bcl-xL, but not by its truncated form Bcl-
XLAC. Yet, in the absence of NatB-mediated Nt-acetylation, Bax was unstable, and though BclxL protects
Bax from degradation it does not protect cells from the loss of plasma membrane integrity. Altogether,
the work developed brought novel insights supporting the relevance of NatB-mediated Nt-acetylation for

cellular proteostasis and proper function of apoptosis.

Keywords: Apoptosis, NatB, N-degron pathways, N-terminal acetylation
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RESUMO

ESTUDOS SOBRE A REGULAGAO DA APOPTOSE:
O PAPEL DA ACETILACAO E DAS VIAS DE DEGRADAGAO N-TERMINAL

A acetilacdo N-terminal tem surgido como uma modificacao proteica altamente multifuncional. As oito
acetiltransferases (NATs) atualmente conhecidas em eucariotas medeiam a acetilacdo de uma vasta
gama de proteinas no seu N-terminal, resultando no acetiloma. A NatB, composta pela subunidade
catalitica Naa20 e pela subunidade auxiliar Naa25, é a seguir a NatA, a que mais contribui para o
acetiloma. Apesar do seu conhecido papel em varios processos celulares, como o citoesqueleto de actina
e proliferacao celular, o seu impacto na apoptose esta ainda pouco elucidado, em particular o seu efeito
na estabilidade e degradacao de proteinas através do reconhecimento de residuos especificos no seu N-
terminal. Nesta tese, procuramos avaliar o impacto da acetilacao N-terminal mediada pela NatB na
regulacdo da apoptose. Dado que a inativacdo da Naa20 em fibroblastos embrionarios de rato (MEFs)
reduziu apenas para cerca de um terco a acetilacdo do N-terminal dos substratos da NatB identificados,
outra enzima ou paralogo deve colmatar a sua auséncia. Além disso, Naa20~~ MEFs exibiram uma
reducdo significativa nos niveis de procaspase-8, -9 e -3 e de Bid, associada a uma diminuicdo da
suscetibilidade das células ao etoposideo e TNF-a suplementado com SMAC/DIABLO que, neste ultimo
caso, foi parcialmente revertida através do silenciamento da E3 ubiquitin ligase UBR4, uma N-recognina
da via de degradacao Arg. Através de uma pesquisa sistematica /7 silico, mostramos que 0s principais
componentes das vias apoptoticas sdo substratos das NATs e das N-recogninas, suportando uma relacao
complexa entre a acetilacdo N-terminal e a degradacao pelas vias N-degron com impacto na modulacéo
da apoptose. Foi ainda desenvolvido um sistema para estudar a regulacdo de Bax na levedura em
condicoes que mimetizam a sua funcao em contexto celular. A morte celular em resposta ao acido acético
foi revertida pela BclxL, mas nao pela Bcl-xLAC. Contudo, na auséncia de acetilacdo mediada pela NatB,
Bax mostrou-se instavel e, embora a Bcl-xL proteja Bax da degradacao, nao protege as células da perda
de integridade da membrana plasmatica. Resumindo, o trabalho trouxe novos conhecimentos que
suportam a importancia da acetilacao mediada pela NatB na proteostase celular e correto funcionamento

da apoptose.

Palavras-chave: Apoptose, NatB, Vias dos N-degrons, Acetilacao N-terminal
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CHAPTER 1

MOTIVATION, AIMS AND THESIS OUTLINE



1.1. Motivation

N-terminal (Nt)-acetylation has been established as a highly abundant and multifunctional protein
modification, acetylating a wide range of proteins. In fact, your favourite protein is most probably Nt-
acetylated in its N-terminus [1,2]. Actually, owing to several advances in the field, this protein modification
is no longer viewed as a negligible modification, but instead it has become of great interest, emerging as
a crucial component in many biological pathways. Apoptosis, a type of regulated cell death conserved
across eukaryotic organisms, is crucial to ensure the maintenance of normal physiology and tissue
function by elimination of damaged, dysfunctional or unnecessary cells [3,4]. However, despite its
beneficial biological role, unbalanced apoptosis has been implicated in a diversity of abnormal functions
and in the progression and development of diseases. For instance, Parkinson’s and Alzheimer’s diseases,
as well as the development of cancer result from an excessive or deficient apoptosis, respectively.
Therefore, to avoid the occurrence of these diseases and maintain cellular homeostasis, the proper
function and regulation of apoptosis is of paramount importance. Although in recent years Nt-acetylation
has been implicated in apoptosis, whether and how this protein modification can be exploited to regulate
this key cellular process is far from an answer.

Another emerging hot topic is the relation between Nt-acetylation and protein degradation by N-
degron pathways. It has always been widely known that Nt-acetylation is involved in the protein stability
and turnover [5-8]. The discovery that both unacetylated or acetylated destabilizing residues in the protein
N-terminus (N-degrons) and the creation of conditional N-degrons brought into debate how N-acetylation
and degradation via N-degron pathways warrant cellular proteostasis. Despite several studies showed that
Nt-acetylation or N-degron pathways can individually affect the apoptotic cell death, the impact of their
interplay on apoptosis regulation is far from being elucidated. Aiming to understand how these processes
can interact to regulate apoptosis, we thus sought to further exploit the interplay between Nt-acetylation
and N-degron pathway and predict its impact on apoptosis modulation.

As curiosity, this year will take place an EMBO workshop entitled “Protein termini: From
mechanisms to biological impact”, where topics like protein N-termini and its major roles in proteostasis
and as biological regulators will be discussed. This highlights how emerging and relevant these issues

are.

1.2. Aims

The increasing relevance of Nt-acetylation in several biological processes has rendered this

protein modification of great interest. Given the lack of extensive studies around the NatB-mediated Nt-
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acetylation and apoptosis, and taking into account that the link between Nt-acetylation and protein

degradation is an emerging hot topic, the main research aims of this thesis were:

1.3.

to cover the /7 vivo NatB N-terminome and proteome in Naa20~"~ Mouse Embryonic Fibroblasts
(MEFs) lacking the catalytic subunit NAA20 by performing a quantitative N-terminomic and
proteomic analysis;

to elucidate how Nt-acetylation impacts cellular proteostasis, and in particular apoptosis, by
studying its effect on the main apoptotic proteins and cell susceptibility to different apoptotic
stimuli, in Naa20~~ MEFs;

to predict the impact of the interplay between Nt-acetylation and N-degron pathways on apoptosis
modulation by performing an /n silico systematic analysis to assess the potential of the main
apoptotic proteins to be Nt-acetylated and degraded by N-degron pathways;

to further highlight the mechanisms underlying Bax regulation under conditions mimicking the
natural Bax function in the cellular context by addressing Bax activation and its interaction with
its regulators such as BclxL, Bcl-xLAC and Rim11p in yeast cells expressing human Bax;

to dissect the role of Bax Nt-acetylation on its stability, interaction with BclxL and on acetic acid-

induced death of yeast cells expressing human Bax.

Thesis Outline

The present thesis was structured in the following chapters (Figure 1.1):

Chapter 1: provides an overview of the motivation, aims and the outline of the thesis.

Chapter 2: presents a comprehensive overview on the different topics covered in the present
thesis. It starts with a brief explanation of the Nt-acetylation followed by a detailed description
regarding the N-terminal acetyltransferases (NATs), their biological significance, regulation, and
crosstalk with other protein modifications, as well as the relation between Nt-acetylation and
degradation by the N-degron pathways. Afterwards, the state of the art on apoptosis and on its
regulation is provided. Finally, the interplay between Nt-acetylation and apoptosis, and between

N-degron pathways and apoptosis is included.

Chapter 3: describes the study performed to assess the impact of NatB-mediated Nt-acetylation
on cellular proteostasis and proper function of apoptosis. MEFs depleted for the NatB catalytic

subunit NAA20 were generated for the first time, and used to perform a quantitative N-



terminomics and proteomic analysis. The effect of NAA20 inactivation on actin cytoskeleton, cell
proliferation, and more specifically on apoptosis is covered. The results described in this chapter
unveil new clues on the interplay between NatB-mediated Nt-acetylation and the Arg/N-degron
pathway on apoptosis modulation. These findings may pave the way towards novel therapeutic

strategies for diseases associated with apoptosis dysfunctions.

Chapter 4: presents an /n silico systematic search towards the main components of the
apoptotic machinery in order to assess the potential impact of Nt-acetylation and N-degron
pathways and of their interplay on apoptosis regulation. Full-length proteins as well as their
fragments generated by caspase- or calpain-mediated proteolytic cleavage are evaluated
regarding their potential to be targets of Nt-acetylation and of degradation via N-degron pathways.
Herein, novel insights on the high complexity of the interplay between the Nt-acetylation and

degradation by N-degron pathways, and of its impact on apoptosis modulation are discussed.

Chapter 5: includes de work performed to develop a yeast model to further understand the
regulation of Bax under conditions closely resembling the natural Bax function in the cellular
context. Heterologous expression of human wild type Bax in yeast Saccharomyces cerevisiae was
used to study the activation of Bax in response to an exogenous stimulus, and assess Bax
interaction with its regulators. A novel simple yeast-based system for ectopic Bax expression,
associated with the Bax-mediated cyt ¢ release in response to a sub-lethal dose of acetic acid,

was developed. This tool will allow to screen for novel Bax regulators.

Chapter 6: the role of Nt-acetylation of Bax mediated by Nat3p on the regulation of Bax function
is ascertained. S. cerevisiae lacking Nat3p is used as a model organism to study the stability of
Bax, of its interaction with BclxL as well as of the susceptibility of Bax expressing cells to a sub-
lethal concentration of acetic acid. The results obtained in this chapter contribute to decipher the
impact of Bax Nt-acetylation on Bax function and its regulation and highlight the importance of

the protein Nt-acetylation in cellular stress responses.

Chapter 7: summarizes the conclusions of the work developed throughout this thesis and

discusses future perspectives based on the open questions left by the present work.

Appendix: at the end of the thesis, an appendix containing supplementary information is

included.
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CHAPTER 2

GENERAL INTRODUCTION



This chapter comprises parts of the following publication:

Joana P. Guedes, Manuela Corte-Real (2022) Interplay between Nt-acetylation and N-degron

pathways in the modulation of apoptosis (7anuscript in preparation)



2.1. Protein N-terminal acetylation

Most eukaryotic proteins undergo co- and/or post-translational modifications (PTMs), important
events that regulate the function, interaction and localization of proteins, hence contributing to the
diversification of the proteome [1]. Some of the protein modifications more extensively studied in the last
years have been phosphorylation, glycosylation, ubiquitination, hydroxylation, methylation, SUMOylation
and acetylation. Acetylation is one of the most common /7 vivo protein modification resulting in multiple
effects at the protein level, tissue differentiation and organism development [2]. Protein acetylation may
occur through the covalent addition of an acetyl group from acetyl coenzyme A to the e-amino group of
lysine residues (N-e-acetylation), catalyzed by lysine acetyltransferases (KATs) [2,3] or to the a-amino
group of the N-terminus of proteins (N-terminal-a-acetylation), catalyzed by N-terminal acetyltransferases
(NATSs). In particular, N-terminal (Nt)-acetylation has arisen as a highly multifunctional co- and/or post-
translational protein modification. The eight currently known eukaryotic NATs mediate Nt-acetylation of a
wide range of proteins, resulting in the Nt-acetylome [4,5]. It is estimated that 80-90% of the human
proteome is Nt-acetylated (Nt-acetylome) while it only represents 50-70% of the yeast proteome [3,6,7].
In contrast to N-e-acetylation, N-terminal deacetylases (NDACs) have not been identified, so Nt-acetylation

can be considered an irreversible process [5,8].

2.1.1. N-terminal acetyltransferases and N-terminal acetylome

Nt-acetylation has been established as a highly abundant and regulated protein modification in
eukaryotic cells. In fact, a majority of the proteome is Nt-acetylated, including soluble cytosolic proteins
and transmembrane proteins [6,9]. The intracellular distribution of the eight known eukaryotic members
of the NAT family vary from cytosolic and ribosome associated (NatA, NatB, NatC, NatD and NatE) to
Golgi membrane (NatF), organelle lumen (NatG) and cytosolic but non-ribosomal (NatH) (Figure 2.1)
[3,5]. The first five ribosome-associated NATs (NatA to NatE) are highly conserved among eukaryotes
and, except for NatD and NatH, all of them are formed by a catalytic and a regulatory subunit, both
required for the optimal enzymatic activity of the NAT complex [5]. Each NAT acetylates the N-terminus
of a specific subset of proteins based on their N-terminal amino acid sequence, usually of the first two
amino acid residues (see Table Al, Appendix, to check the amino acid code). It has been possible to
identify several NAT substrates and their specificities through different approaches including N-terminal
combined fractional diagonal chromatograph (COFRADIC) [10,11], stable-isotope protein N-terminal
acetylation quantification (SILProNAQ) [12], mass spectrometry and /7 vifro NAT assay [8], among others.

In the case of NatA and NatD, whose substrate s second amino acid is relatively small, the initiator



methionine (iMet) is cleaved by methionine aminopeptidases (MetAPs) before acetylation [13]. On the
other hand, iMet-retaining N termini are modified by other NATs, which add an acetyl group to the iMet
[6,13-15]. Interestingly, owing to the NATs s substrate specificity, proteins can be fully or partially
acetylated, existing in both acetylated and unacetylated forms. Moreover, not all the predicted NAT
substrates are in fact acetylated /7 vivo. For instance, Helbig ef al. experimentally confirmed 59 new
substrates of the yeast NatB from a total of 756 N-terminal acetylated proteins, which are only 8% of the
16% theoretical NatB substrates [16]. The NATs so far identified, besides differing in their substrate
specificity may also differ in their subcellular localization and subunit composition. Nevertheless, some

NATSs exhibit overlapping substrate profiles thus showing a redundancy between them.

N-terminal
acetyltransferases

......................

actin (DDD..., EEE...)

NatH

[

Cytosolic NAT

~

Organelle-associated NATs

Figure 2.1: The eukaryotic N-terminal acetyltransferases. Schematic overview of the currently eight eukaryotic NATSs.
NatA-NatE are cytosolic and ribosome associated-NATs, NatF and NatG are organelle-associated NATs (Golgi membrane and
chloroplast lumenal, respectively) and NatH is a cytosolic but non-ribosomal or organelle NAT. All NATs are composed of a
catalytic subunit (darker color) and in case of NatA, NatB, NatC and NatE of a regulatory subunit (lighter color). Each NAT
acetylates specific protein N-terminal amino acid sequences; NatD and NatH are highly selective NATs due to its specificity for

histones H2A/H4 and actin isoforms, respectively. Created with BioRender.com.

The human NatA complex is composed of a catalytic subunit NAA1O and an auxiliary subunit

NAA15 (Figure 2.1) [14,17,18]. For an optimal enzymatic activity of the complex, NAA15 may act as a

10



ribosomal anchor by contacting with the ribosome and in the modulation of NAA1Q substrate specificity
[19,20]. Furthermore, the Huntingtin-interacting protein K (HYPK), a chaperone-like protein, seems to be
stably associated with NatA, being reported as an important component for proper NatA-mediated Nt-
acetylation of cellular proteins [21]. This complex co-translationally acetylates protein N-termini starting
with A-, S-, T-, V- and C-. Interestingly, Gly (G) and Pro (P) N-terminal proteins are rarely or almost never
acetylated, respectively [5,6]. Furthermore, NatA accounts for 46% of the human proteome, though only
38% corresponds to Nt-acetylated proteins and the remaining 8% to unacetylated proteins [3]. The NatB
complex is composed of the catalytic subunit NAA20 and the auxiliary/ribosomal subunit NAA25, whose
catalytic site of NAA20 is specialized to anchor the large cellular pool to Met-acidic/hydrophilic N-termini
(MD-, MN-, ME-, and MQ-) substrates [22,23]. Although NatB only covers nearly 21% of the human
proteome, NatB substrates are almost fully Nt-acetylated [23], in contrast to other NATs. The NatC
complex, the third of the major NATSs, acetylates proteins with Met-hydrophobic/amphipathic N-termini
(ML- MI-, MF-, MY-, MK-, MW-, MV-, MM- and MH-) to a different degree [24,25]. This complex comprises
three subunits: the catalytic subunit NAA30O, the ribosomal anchor NAA35 and the small auxiliary subunit
NAA3S8, identified in both Saccharomyces cerevisiae and human NatC with a potential role in RNA binding
[5,26]. NatD, the only human ribosomal NAT without a known ribosomal subunit, is solely composed of
the catalytic subunit NAA4O. Being a highly selective NAT, its catalytic site specifically accommodates
histones H2A and H4 (SG- starting) [27-29]. The NatE complex, formed by the catalytic subunit NAASO,
physically interacts with the NatA complex [30-32]. In this association, NAASQO is anchored to the
ribosome and might then act on the rare NatA-type N-termini for which the iMet has not been removed
by MetAPs. On the other hand, NAA5O may have independent functions from NatA, acting alone toward
Met-hydrophobic N-termini [30,32]. Though these five NATs are considered as parts of the co-translational
machinery common to all eukaryotes, recent studies have identified more specialized NATs with post-
translational activity and specific to some eukaryotic species. In fact, NatF and NatG comprise the first
organelle-associated NATs. NatF is an organellar NAT with the catalytic subunit NAA60 anchored to the
cytosolic side of the Golgi membrane through its C-terminal extension. There, it specifically acts on
transmembrane proteins acetylating ML-, MI-, MF-, MY- and MK- residues [33,34]. It is present in
multicellular eukaryotes like animals and plants but not in unicellular yeast. Curiously, NatC, NatE and
NatF together cover nearly 28% of the human proteome, in which 21% corresponds to Nt-acetylated
proteins and 7% to unacetylated proteins, meaning that these NATs are responsible for acetylating 21%
of the proteome [3]. NatG is a chloroplast lumenal-associated NAT composed only of a catalytic subunit

NAA70. NAA7Q is localized to the chloroplast stroma, and is responsible for Nt-acetylation of the portion
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of these chloroplast lumen proteins (M-, A-, S- and T-) [35]. Recently, the NATs family became more
complete with the discovery of NatH. NatH, composed only of a catalytic subunit NAA8O, acts post-
translationally in the cytosol, making it the unigue non-ribosome or organelle-associated NAT. Similarly to
NatD, NatH is a highly selective NAT, acetylating all six isoforms of actin, one of the most abundant
cytosolic proteins [36]. Interestingly, for the NAA8O-mediated actin Nt-acetylation, processing requires
two steps: (i) in a first phase, which is common to all eukaryotes, NatB carries out the co-translational Nt-
acetylation of the two cytoplasmic B- and y—actin isoforms (class I), while Nt-acetylation of the four muscle
actin isoforms (class Il) is achieved by NatA after iMet excision; (ii) afterwards, the Nt-acetylation post-
translational step is mediated by NatH (specific for animals) only after the removal of the Ac-Nt by an
unknown acetylmethionine aminopeptidase [36]. Interestingly, profilin 2 (PFN2), an actin binding protein
affecting cytoskeleton structure, has been associated with NAA8O to promote efficient acetylation of the
actin N-terminus [37].

Although NATs are conserved between species, the same is not true for all their substrates,
meaning that a NAT deletion phenotype observed in one organism may not apply to other organisms [16].
Currently, new approaches with increased quantitative coverage of /n vivo Nt-acetylation sites by taking
advantage of faster and more sensitive mass spectrometers will help to clarify these issues. Besides some
technical limitations that can still be overcome, the discrepancy between the predicted NATs substrates
and those experimentally confirmed may be explained, as discussed hereafter (section 2.2), by protein

destabilization created by Nt-acetylation which leads to their subsequent degradation.

2.1.2. Effects of protein N-terminal acetylation and its biological significance

Despite being a ubiquitous process, the biological significance of Nt-acetylation only recently has
begun to be understood. Considering the large number of proteins undergoing Nt-acetylation, it is not
surprising that this protein modification can have quite different effects on the function of proteins. In
fact, Nt-acetylation may affect the protein function at several levels, such as interfering with the interaction
with other proteins, complex formation, aggregation and correct folding, as well as in protein subcellular
localization, or through protein-protein interactions or direct protein-membrane interactions [3,5] (Figure
2.2). In general, Nt-acetylation has been ascribed as conferring protein stability, but less often, it has also
been reported to enhance protein turnover through proteasomal degradation pathway. Moreover, it has
an impact at the cell level such as in morphology and migration rates as well as actin polymerization,
among other cellular functions (reviewed by [5,38]). So, Nt-acetylation may impact the proteome

dynamics with implications in normal development processes. It could therefore been anticipated that
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misregulation of the Nt-acetylation machinery leads to severe diseases such as cancer [39,40],
neurodegenerative diseases and cardiovascular disorders (reviewed by [5,40].

Regarding protein-protein interactions, it was shown that NatB is involved in the interaction of
angiogenesis-related proteins. Indeed, the Nt-acetylation mediated by NatB of phosducin-like 3 (PDCL3),
an identified chaperone protein involved in the regulation of vascular endothelial growth factor receptor 2
(VEGFR-2), negatively affects the interaction with VEGFR-2, as the Nt-acetylation destabilizes PDCL3 [41].
Concerning protein targeting, Nt-acetylation has been proven to be crucial for proper localization of two
different Golgi-associated proteins, Arl3 [42,43] and Grhl [44]. In the absence of NatC-mediated Nt-
acetylation, these proteins lose their Golgi localization and accumulate in the cytoplasm. On the other
hand, Forte and colleagues discovered that protein Nt-acetylation inhibits ER translocation both /7 vivo
and /in vitro [45]. Another example is the finding that the Nt-acetylation of protein abrogates the import of
proteins into the ER through the SRP-independent pathway using the Sec62 translocation channel [3].
Recently, it was shown that the Nt-acetylation mediated by the NatB maintains Bax in an inactive
conformation in the cytosol of yeast and MEF cells [46]. The presence or absence of Nt-acetylation may
be a central factor in protein folding and aggregation. In fact, NatA-depleted yeast cells show an
accumulation of misfolded proteins and increased levels of chaperones [47]. Furthermore, Nt-acetylation
has a protective role against a-Synuclein oligomerization and aggregation in Parkinson’s disease, by
disrupting intermolecular hydrogen bonds important for a-Syn oligomerization [48,49]. Also, huntingtin
(Htt) protein seems to become prone to aggregation in the absence of Nt-acetylation. Importantly, HYPK,
the subunit that stably interacts with NatA, can also exhibit chaperone-like properties preventing
Huntingtin aggregation [21,50]. In fact, knockdown of HYPK or NAA1O resulted in increased aggregation
of Huntingtin protein, which is found in patients with Huntington's disease. Recently, this phenotype was

corroborated through the evidence of the /n vifro NatA-mediated Nt-acetylation of the Htt protein [50].
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Nt-acetylated actin

Figure 2.2: Nt-acetylation may affect the protein function at several levels. Summary of the effects of Nt-acetylation
on proteins. This protein modification may be involved in the protein-protein interactions or direct protein-membrane
interactions, in the complex formation, protein subcellular localization, aggregation and proper folding, as well as in the protein
turnover. At the cell level, NatH-mediated Nt-acetylation of actin may affect the cell morphology, the migration rates and actin

polymerization. Adapted from [3,5].

The effects on cell morphology and migration rates as well as actin polymerization have emerged
with the discovery of the recent actin-highly selective NatH. The lack of actin Nt-acetylation mediated by
NAASOQ increases filopodia and lamellipodia, promotes cell migration and decreases actin polymerization
rates [36,38]. Although Nt-acetylation affects all these biological processes, its involvement in the protein
stability and degradation has been questioned. As this topic is covered in this thesis, it will be discussed

in detail in the section 2.2.
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2.1.3.Regulation of N-terminal acetylation

Nt-acetylation was initially thought to be a constitutive and static modification. However, it was
later found that NATs can be regulated both at the protein synthesis and activity levels. Indeed, it was
shown that Nt-acetylation levels change in response to different conditions such as drought stress in
plants [51] and calorie restriction in yeasts [52] through downregulation of NatA and NatD, respectively.
As abovementioned, HYPK stably interacts with NatA for an optimal NatA enzymatic activity towards some
substrates such as protein PEST proteolytic signal-containing nuclear protein (PCNP), and exhibits
chaperone-like properties preventing Huntingtin aggregation. In contrast, a recent study showed that
HYPK associates with human NatA complex to negatively regulate its activity, but not the NatA activity of
Schizosaccharomyces pombe [53]. Furthermore, structural and biochemical evidence revealed that HYPK
can also form a stable complex with NatE to downregulate its activity. HYPK binding to NatA blocks the
targeting of NAA5O to NatA and reduces the binding affinity of HYPK and NAA5QO [54].

As aforementioned, NAA8O activity is regulated by the actin chaperone profilin [37,55]. In fact,
enzymatic assays revealed that PFN2 binds to NAA8O through a proline-rich loop increasing the intrinsic
catalytic activity of NAA8O and, consequently, promoting the binding between NAA8O and actin and
subsequently its acetylation.

Furthermore, acetyl coenzyme A (Ac-CoA) availability may also regulate Nt-acetylation [56]. In
cancer cells, Yi and colleagues proposed Ac-CoA as a signaling molecule that affects apoptotic sensitivity
by regulating Nt-acetylation. Indeed, overexpression of Bcl-xL, an anti-apoptotic protein of the Bcl-2 family,
causes a reduction of Ac-CoA levels and, consequently, of Nt-acetylated proteins. Nevertheless, increased
levels of Ac-CoA are able to restore Nt-acetylation sensitizing cells to apoptosis. Contrarily, in yeast cells,
fluctuations in Ac-CoA do not affect the Nt-acetylation state. In fact, despite a strong decrease in Ac-CoA

levels upon starvation, yeast cells maintain their global Nt-acetylation levels [57].

2.1.4. Crosstalk with other modifications

Even though the majority of eukaryotic proteome is Nt-acetylated, the N-termini can be modified
by other processing enzymes which opens a functional interplay between different modifications at the N-
terminus. Nt-methyl-, Nt-propionyl-, Nt-myristoyl-, Nt-palmitoyltransferases may covalently attach a methyl,
propionyl, myristoyl and palmitoyl group, respectively, to the a-amino group of the protein N-terminus.
Also, ubiquitin ligases are able to modify N-termini through ubiquitination [58]. As a result, in the last
years, the interaction between Nt-acetylation and the other protein Nt-modifications have been described.

For instance, a recent report provides insights into the interplay between Nt-acetylation and Nt
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myristoylation demonstrating that both Nt-modifications may compete for the same N-termini [59].
Importantly, this study showed that Gly-starting N-termini can in general only undergo Nt-myristoylation
instead of Nt-acetylation, but also that specific proteins can dually exist in either Nt-acetylated or Nt-
myristoylated states. The same happens with Ser-starting myosin regulatory light chain 9 (MYL9) that
exhibits /7 vivo both Nt-acetylation and Nt-methylation states. MYL9 was the first confirmed protein
showing that NATs and N-terminal methyltransferases can have overlapping substrates depending on its
origin tissue [60]. Curiously, these two states of MYL9 showed to be associated with different cellular
roles. In fact, Nt-acetylation of MYL9 promotes increased phosphorylation at serine 19 associated with
increased cytoplasmic activity of MYL9. In turn, exclusive MYL9 Nt-methylation not only enhances DNA
binding and stimulates its nuclear role as a transcription factor, but also negatively affects interactions
between the MYL9 N-terminus and cytoskeletal proteins [61]. NatD-mediated histone H4 Nt-acetylation
also interacts with methylation. Schiza and colleagues found that the H4 Nt-acetylation triggers the
blockade of histone H4 arginine 3 methylation by inhibiting Hmt1 methyltransferase activity /n vitro [62].
On the other hand, another group found a suppression of histone H4 serine 1 phosphorylation associated
with the Nt-acetylation of H4, repressing the expression of transcription factors [63]. Recently, a study
described a remarkable inverse correlation between Nt-acetylation and Nt-ubiquitination. Among the
proteins analyzed, Pro- and Val-starting N-termini proteins, whose N-termini are known to rarely be Nt-
acetylated, showed to undergo a preferred Nt-ubiquitination instead of Nt-acetylation [64]. In the following
section, the relation of these latter Nt-modifications will be discussed. In conclusion, the different Nt-
modifications and the crosstalk between them contribute to the complexity and functional diversity of the

proteome, with impact on protein regulation, cellular signaling and pathogenesis.

2.2. The mammalian N-degron pathways: the involvement of N-terminal

acetylation

For several decades it was thought that Nt-acetylation could contribute to protein stability /7 vivo
[65,66] and avoid protein degradation. In 2010, Hwang and colleagues discovered that Nt-acetylation
was also able to create N-degrons that are targeted for degradation through the N-end rule proteolytic
system [67]. The “N-end rule” concept arose 36 years ago with the discovery of some destabilizing
residues at the protein N-terminal, generating short-lived proteins [68,69]. Actually, advances in this field
have revealed that all 20 amino acids of the genetic code can act as N-degrons (Figure 2.3) [70]. Recently,
the earlier term “N-end rule” was replaced by N-degron, renaming thus the N-end rule pathways to N-

degron pathways [70].
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some destabilizing residues at the protein N-terminal

classical Arg/N-end rule pathway all 20 amino acids of the genetic code can act as N-degrons

Nt-acetylation as a protective modification against Nt-acetylation can act as a degradation signal
degradation i Ac/N-end rule pathway

: introduction of N-degron
conditional Ac/N-end rule pathway pathways term

Figure 2.3: Evolution of the “N-end rule” concept and the involvement of Nt-acetylation on protein
degradation. The “N-end rule” concept was introduced in 1986 by Bachmair and colleagues with the discovery of some
destabilizing unacetylated N-terminal residues called N-degrons. Until 2010, Nt-acetylation was considered to play a protective
role against protein degradation. However, this concept was changed by the discovery of a different branch of N-end rule
pathway, designated Ac/N-end rule pathway, by creating destabilizing Nt-acetylated residues, the Ac/N-degrons in contrast to
the Arg/N-degrons. In 2013, some features and processes involving Ac/N-degrons and conferring protection against protein
degradation raised the concept of conditional Ac/N-degrons. Actually, all 20 amino acids of the genetic code can act as N-

degrons and the N-end rule concept has been replaced by N-degron pathways.

In mammals, the proteolytic system targeting N-degrons englobes three different branches: the
classical Arg/N-degron pathway, Ac/N-degron pathway and Gly/N-degron pathway (Figure 2.4). All the
three pathways are implicated in fine-tuning diverse biological functions, including in the: elimination of
misfolded proteins; control of subunit s stoichiometry, repression of neurodegeneration, regulation of
apoptosis, autophagy, chromosome repair, cohesion/segregation, G proteins, cytoskeleton-involved

proteins and cell migration, among others [70,71].
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Figure 2.4: The three mammalian N-degron pathways. All 20 amino acids of the genetic code can act as N-degrons.
(A) The classical Arg/N-degron pathway targets unacetylated or destabilizing N-terminal tertiary, secondary and primary
residues. The tertiary Nt-N, -Q and -C residues undergo enzymatic Nt-deamination and oxidation by Ntanl, Ntagl and
NO/oxygen, respectively. The secondary Nt-D and Nt-E residues are exposed to the enzymatic arginylation catalyzed by Atel.
Primary residues are assembled into two groups: type-1 substrates recognized by the UBR box domain of UBR1, UBR2, UBR4
and UBR5 and type-2 recognized by the N-domain of UBR1, UBR2 and probably by UBR4 (unknown mechanism). M¢ -
methionine followed by a hydrophobic residue. (B) The Ac/N-degron pathway targets Nt-acetylated residues A-, S-, T-, V-, C-
and MX- (where X is any amino acid residue) to the degradation through Teb4/March6. Protection mediated by steric shielding
creates conditional Ac/N-degrons. (C) The Gly/N-degron pathway triggers the degradation of residues with glycine (G) at the
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N-terminal after MetAPs cleavage. Two related Cullin-E3 ligases, Cul22YG11B and Cul2ZER!, redundantly act to be the N-

recognins of this pathway. Adapted from [70,72].

The Arg/N-degron pathway directly targets unacetylated or destabilizing N-terminal primary
residues such as Nt-R, Nt-K, Nt-H (type-1 substrates) and Nt-L, Nt-F, Nt-Y, Nt-W, Nt-l, or Nt-M followed by
a bulk hydrophobic residue (type-2 substrates). The tertiary Nt-N and Nt-Q residues, and the secondary
Nt-D and Nt-E residues, are recognized by Arg/N-recognins after enzymatic Nt-deamination followed by
Nt-arginylation, and arginylation, respectively. In eukaryotes that produce nitric oxide (NO), the Nt-C
residue is also considered a tertiary destabilizing Nt-residue after NO-mediated oxidation followed by
arginylation [68,73-78]. In animals, plants and yeasts, Nt-deamination of Nt-N and Nt-Q is mediated by
Nt-N-specific NtN-amidase (Ntanl) and Nt-Q-specific NtQ-amidase (Ntagl), respectively [75,79]. Nt-
arginylation of Nt-E and Nt-D residues is mediated by mammalian and yeast ATE1 R-transferase, which
catalyzes the conjugation of the Arg to their a-amino group [75,80]. The E3 ubiquitin protein ligases
UBR1, UBR2, UBR4 and UBR5 have emerged as the main Arg/N-recognins. UBR1 and UBR2 have a
similar sequence and share only =80-residue UBR domains with UBR4 and UBR5 (reviewed by [81]).
Notably, while the N-degron of type-1 substrates is recognized by the UBR box domain of the UBRI,
UBR2, UBR4 and UBRD, type-2 substrates, containing large hydrophobic N-terminal residues, are
recognized by the N-domain of UBR1 and UBR2 E3 ubiquitin ligases [81-83]. Although no N-domain has
been identified for UBR4, studies has reported that it can also bind type-2 N-degrons [83,84]. Small
molecules, di-peptides, heterovalent ligands and bioactive compounds have been tested and used as
potential inhibitors of UBR E3 ligases. For instance, Di-peptides displaying an L-conformation [85] and
heterovalent ligands [86,87] have been developed to mimic N-degrons and compete for binding to UBR
E3 ligases N-recognins, therefore, avoiding binding to their substrates. While di-peptides are prone to be
unstable, likely due to cleavage by endopeptidases, and the effective inhibition can only be achieved at
high concentrations [85], the lipid based heterovalent inhibitor RFC11 seems to be protected from
proteolytic degradation [87]. In fact, RFC11 compound binds N-recognins sites and block type-1 and type-
2 N-degron activities [86]. Furthermore, a combined treatment of RFC11 with the natural naphthoquinone
compound shikonin, in a stable receptor-targeted liposomal formulation, showed to exhibit antitumor
effects by stabilizing and upregulating the short-lived apoptotic protein RIPK1 through the inhibition of
UBR1 E3 ligase [87].

The Ac/N-degron pathway, in contrast to the Arg/N-degron pathway, triggers the degradation of
the Nt-acetylated residues M-, A-, S-, T-, V- and C- through the Teb4/March6 E3 Ub ligases [67,78,88,89].
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However, most Nt-acetylated proteins remain stable and long-lived [88-90]. This contradiction may be
explained by a steric shielding of the targeted Nt-acetylated proteins. Remarkably, the interaction between
the target protein with its partner, or the assembly within a protein complex after rapid sequestration
results in a steric shielding of the Ac/N-degron, creating conditional Ac/N-degrons and, consequently,
providing an explanation for the stability and long-lived Nt-acetylated proteins. For instance, Nt-Ac-Cogl, -
Hcnl and -Rgs2, short-lived Ac/N-degron substrates, can be long-lived by co-overexpressing Cog?2/Cog3,
Cut9 or Gaq, respectively or when their Ac/N-degrons are sterically shielded by their partners [91,92].
Moreover, the Nt-acetyl group usually enhances the thermodynamic stability of the protein complex [93].
The binding to a molecular chaperone, particularly the Hsp90 system, also proved to be protective for
target proteins. In fact, a study revealed that weakening of the S. cerevisiae Hsp90 system makes long-
lived proteins to short-lived, because of their rapid degradation by the Arg/N-degron pathway [94]. In
addition, the degradation of Nt-acetylated proteins appears to be important in the protein quality control
and protein complexes stoichiometry. Interestingly, an elegant and comprehensive study using high-
throughput multiplexed stability profiling in yeast dissected the key factors modulating the N-terminal
dependent protein degradation [90]. Although this analysis confirms the specific involvement of the N-
degron pathways in protein turnover, it also suggests that, globally, Nt-acetylation is rarely recognized as
a degron. While substrates acetylated by NatA (C-, S-, V-, G-, A- and T-) and NatB (MN-, MD-, ME-, MQ-)
are mostly stable due to their basic, polar and uncharged residues, NatC substrates (MW, ML, MF, M)
are mostly unstable due to their hydrophobic residues. In fact, in the absence of the catalytic subunit of
NatC NAA30 or of Ac/N-degron E3 ligase DoalO the stability of NatC substrates was recovered. This
supported the interpretation that the overall hydrophobicity of the N-terminal amino acid residue is the
main factor of degron strength rather than the acetylation status [90]. In this line, Kim and colleagues
demonstrated a functional complementarity between Arg/N-degron and Ac/N-degron pathways by the
discovery of Nt-Met-hydrophobic residues as degrons for both pathways. While unacetylated Met is
recognized by UBR1 and degraded via the Arg/N-degron pathway, acetylated Met is targeted by
Doal0/Not4 for Ac/N-degron-mediated degradation [76]. Moreover, N-terminal acetylation was found to
directly prevent the protein degradation by UBR1, or prevent the removal of the iMet, and thus preclude
UBR1-mediated degradation [90]. Recent studies have corroborated the general protective role of Nt-
acetylation against protein degradation in HeLa human cells [95] and specifically against UBR4-mediated
degradation in D. melanogaster [96].

The Gly/N-degron pathway comprises the most recent branch of the N-degron pathway in which

two related Cullin-E3 ligases, Cul22YC11B and Cul2ER!, redundantly act to target N-termini starting with
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G- residue [97]. While Cul24YC11B recognizes just Nt-G and the following residue, Cul22ERL preferentially
recognize amino acids with bulky side chains after the Nt-G. The control of myristoylation and the
degradation of protein fragments generated by caspase cleavage during apoptosis are pointed as two

potential physiological roles for this pathway.

2.3. Apoptosis: a regulated type of cell death

Apoptosis, a type of regulated cell death conserved across eukaryotic organisms, has been the
subject of extensive studies for the past decades and, for most of this time, was considered the only type
of regulated of cell death. Apoptosis is crucial to ensure the maintenance of normal physiology and tissue
function by elimination of damaged, dysfunctional or unnecessary cells. However, despite its beneficial
biological role, unbalanced apoptosis has been implicated in a diversity of abnormal functions and in the
progression and development of diseases. While excessive levels of apoptosis have been associated with
neurodegenerative disorders such as Parkinson’s and Alzheimer's diseases, a deficit in apoptosis levels
have been related to the development of cancer and autoimmune diseases [98,99].

Cells committed into apoptotic cell death undergo several morphological and biochemical
alterations namely cytoplasmic shrinkage, nucleus and chromatin condensation (pyknosis), nuclear
fragmentation (karyorrhexis), chromatin dissolution (karyolysis) and plasma membrane blebbing, while
preserving plasma membrane integrity [100]. This process culminate with the formation of small vesicles,
the so-called apoptotic bodies, which are engulfed by immune neighboring cells through phagocytosis
and, then, degraded within lysosomes (reviewed by [99]). Other hallmarks of apoptosis include caspases
activation, loss of mitochondrial membrane potential, mitochondrial outer membrane permeabilization
(MOMP) followed by the release of cytochrome ¢ (cyt ¢ from mitochondria to the cytosol, exposure of
phosphatidylserine (PS) and reactive oxygen species (ROS) accumulation [98,99,101]. The apoptotic
cascade comprises two phases: initiation and execution. The term “execution” refers to the biochemical
processes that truly cause the cellular demise and the initiation phase corresponds to the signal

transducer events that trigger the execution mechanisms.

2.3.1. Extrinsic versus intrinsic apoptotic pathways

Cells commit into apoptosis through two major pathways referred to as the extrinsic and intrinsic
pathways (Figure 2.5). The extrinsic or death-receptor pathway is triggered in response to external stimuli

and involves the binding of a ligand to a transmembrane death receptor on the cell surface. FAS, TNFR
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and TRAILR are the best known and characterized death receptors with FASL, TNF-alpha (TNF-a) and
TRAIL as their respective ligands (reviewed by [98,99,102]). Upon activation by the ligands, the death
receptors oligomerized to allow the assembly and formation of signaling complexes, namely the
multiprotein death-inducing signaling complex (DISC), involving the cytosolic FAS-associated via death
domain (FADD) or the TNFRIl-associated death domain (TRADD) proteins and procaspase-8/-10
[103,104]. Procaspase-8/-10 maturation and activation involves a cascade of events, in which the first
step entails the binding to FADD/TRADD at the DISC, allowing its homodimerization and consequent
activation by autoproteolytic cleavage [105]. Importantly, the activation of procaspase-8/-10 can be
regulated by a caspase-like protein — c-FLIP, also present in the DISC [106]. The short variant c-FLIP (c-
FLIPs) and its long counterpart (c-FLIP.) inhibit and activate procaspase-8, respectively. After caspase-8/-
10 activation, the execution stage of the extrinsic pathway can follow two different ways: (1) direct
cleavage and activation of procaspase-3 and -7, which triggers apoptosis induction and (2) cleavage of
BID by caspase-8 generating t-BID. t-BID then translocates to mitochondria, where it functions as a BH3-
only activator to trigger BAX/BAK-mediated MOMP and the subsequent events underlying the intrinsic
pathway [107]. In this way, a crosstalk between the extrinsic and the intrinsic pathways is established.

The intrinsic or mitochondrial pathway is triggered by dysregulation/imbalance in the intracellular
homeostasis caused by environmental perturbations. This includes genotoxic damage (DNA damage and
irradiation), cellular organelles damage (Endoplasmic Reticulum (ER) stress and mitochondrial damage),
activated oncogenes, hypoxia, growth factor deprivation and excessive mitogenic stimulation [99,108].
Notably, although other forms of cell death are being discovered and described, the intrinsic apoptosis
pathway is physiologically dominant, promoting the demise of more than 60 billions of our cells per day
[109]. The critical step of this pathway is the release of cyt ¢ following MOMP, which is regulated by a
fine balance between the pro-apoptotic and the anti-apoptotic members of the B cell lymphoma 2 (BCL-
2) family. While the anti-apoptotic members harbor four BCL-2 homology domains (BH1 to BH4), the pro-
apoptotic proteins comprise two different sets of proteins: multidomain members, which encompass BH1,
BH2 and BH3 domains, and BH3-only members [110]. The BH1, BH2 and BH3 domains form a
hydrophobic groove where the BH3 domain of the same or of another family member can bind [111],
allowing in this way the formation of homodimers and heterodimers [112].

The anti-apoptotic members comprise the proteins BCL-2, BCL-XL, BCL-W, MCL-1 and BFL-1,
while BAX, BAK, BOK and the BH3-only proteins (BID, PUMA, BIM, NOXA, BAD, BMF1 and HRK)
constitute the pro-apoptotic proteins of the BCL-2 family [113]. Of these proteins, +-BID, PUMA and BIM
are referred to as potent “activators” of BAX and BAK, whereas NOXA, BAD, BMF1 and HRK are called
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“sensitizers” and are involved in the inhibition of anti-apoptotic proteins [114]. In healthy cells, BAX is
mainly located in the cytosol but it is also in equilibrium with the mitochondrial outer membrane (MOM)
where it is loosely bound [115]. However, in response to apoptotic stimuli, inactive BAX changes from a
cytosolic monomeric globular conformation to an extended mitochondrial membrane embedded
conformation after which it can become fully active. The structure of cytosolic BAX revealed by nuclear
magnetic resonance (NMR) showed a globular structure composed by nine « helices, with the
hydrophobic a-helix 5 at the protein core, forming a compacted structure that encloses the hydrophobic
C-terminal. In BAX native conformation, the a-helix 9 containing the C-terminal and a transmembrane
domain (TM) occupies the hydrophobic groove, masking the BH3 domain, located in a-helix 2, explaining
its mostly cytosolic localization. Under apoptotic stimuli, BAX C-terminal a-helix 9 is displaced and
inserted into OMM and, then, BH3 domain becomes exposed to facilitate hetero- and homo-
oligomerization [116,117]. Besides a-helix 9, other domains can also modulate Bax localization. In fact,
a specific sequence comprising the first 20 amino acids of BAX known as Apoptosis Regulating Targeting
(ART) identified at its N-terminal domain has been shown to maintain BAX in an inactive conformation.
Thus, its displacement increases BAX OMM insertion ability, demonstrating the importance of the N-
terminal sequence of BAX in determining its subcellular localization [116,118]. BH3-only proteins
transiently interact with inactive BAX, BAK and BOK, activating it, to promote a series of conformational
changes followed by protein dimerization and oligomerization. The oligomers form large ring-like
structures in the MOM, named pores, culminating in the MOMP (reviewed by [119]). Importantly, MOMP
is counteracted by anti-apoptotic proteins through the inhibition of BAX and BAK by the BCL-2 anti-
apoptotic members: either by preventing its oligomerization and pore formation or by sequestering BH3-
only “activators” or “sensitizers” [111,120,121]. As a consequence of MOMP, apoptogenic factors,
including cyt ¢ and second mitochondria-derived activator of caspase/direct inhibitor of apoptosis-binding
protein (SMAC/DIABLO), are released from the mitochondria intermembrane space to the cytosol [108].
When in the cytosol, cyt ¢ promotes the assembly of a supramolecular complex known as apoptosome,
composed of itself, oligomerized apoptotic protease-activating factor 1 (APAF1) and procaspase-9. This
complex is responsible for activating procaspase-9 [122]. Active caspase-9 cleaves and activates the
executioner procaspase-3 and -7, which in turn cleave other procaspases leading to the amplification of
the apoptotic cascade [108]. The execution stage culminates in diverse apoptosis-related events, among
them, DNA fragmentation [123], PS exposure [124,125] and apoptotic bodies formation [126]. Similar
to the anti-apoptotic BCL-2 proteins, members of the inhibitor of apoptosis (IAP) protein family, such as

XIAP and c-IAP1/2, antagonize the apoptotic cascade by blocking caspases activity [127,128].
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Nonetheless, the association of SMAC/DIABLO with these IAPs can prevent this blockade, promoting

caspases activation by the apoptosome [129,130].
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Figure 2.5: Extrinsic and intrinsic apoptotic pathways. The extrinsic pathway is initiated by the binding of a ligand
(FASL, TNF-a. and TRAIL) to their respective death receptor (FAS, TNFR, TRAILR), resulting in the activation of the initiator
caspase-8 through the cytosolic FAS-associated via death domain (FADD) or the TNFR1-associated death domain (TRADD),
that then activates the effector caspases triggering the apoptosis. In the intrinsic pathway, activated BH3-only proteins bind
and activate BAX, BAK and BOK by inhibiting anti-apoptotic BCL-2 proteins. Mitochondrial outer membrane permeabilization
(MOMP) is triggered and thus cytosolic apoptogenic factors such as cyt ¢ and SMAC/DIABLO, are released from the
mitochondria to the cytosol. In the cytosol, cyt ¢ together with Apafl and procaspase-9 forms the apoptosome complex, which
in turn activate procaspase-9 and, consequently, activates the effector caspases, leading to apoptosis. SMAC/DIABLO inhibits
the XIAP, c-IAP1 and -2. The crosstalk between extrinsic and intrinsic pathway occurs through t-Bid protein generated by the

cleavage of Bid mediated by caspase-8. Created with BioRender.com.

2.3.2. Regulation of apoptosis

In order to maintain cell homeostasis, the components of the apoptotic cell death are subjected
to a highly coordinated regulation, otherwise, several disorders can develop. BCL-2 family proteins have
been implicated as the central key regulators of intrinsic apoptosis. Balanced levels of pro- and anti-

apoptotic BCL-2 proteins and their binding affinities may largely determine cell fate decisions between
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death and life. This careful balance can be tightly modulated by protein interactions, posttranslational

modifications and proteolytic cleavage [112,131-133].

= Regulation by interaction between BCL-2 family members

As abovementioned, the anti-apoptotic proteins can block apoptosis by binding and sequestering
BAX and BAK or BH3-only activators/sensitizers [111,120,121]. This interaction depends on a
hydrophobic binding groove formed by BH1, BH2, and BH3 domains [131,134]. Initially, the original
rheostat model proposed that the ratio of pro-apoptotic to anti-apoptotic proteins determined the cell’s
fate [135]. Given the multiple and complex interactions between the expanded family of Bcl-2 proteins, it
is now believed that the fate of the cells is mostly determined by the interactions between all of them,
which in turn are determined by their relative abundance and affinities. Similarly to the rheostat model, if
the interactions result in MOMP, the cell is irreversibly committed to death [112].

Despite inhibiting BAX function, under physiological conditions, BCL-2 and BCL-XL can help BAX-
addressing toward mitochondria, “priming” BAX for further activation upon an apoptotic stimulus
[111,136]. Indeed, BH3-mimetic molecule ABT-737 was more efficient to induce apoptosis in BAX and
BCL-XL-co-expressing cells than in cells only expressing BAX [137,138]. Using Hela cells, it was
demonstrated that even under conditions in which BCL-XL inhibits Bax function, BCL-XL can promote BAX
translocation to mitochondria [139]. Additionally, it is known that overexpression of BCL-XL stimulates
not only BAX translocation to the mitochondria, but also its retrotranslocation to the cytosol, suggesting
that BCL-XL plays a fundamental role in BAX localization, and in the regulation of BAX mitochondrial
content [110,138,140]. However, since BAX activation blocks shuttling into the cytosol, active BAX is not
retrotranslocated [140]. Curiously, it has been further discovered that a mutant BCL-XL deleted of the C-
terminal a-helix (BCL-XLAC) was not able to retrotranslocate BAX from the mitochondria to the cytosol,
indicating an important role of the BCL-XL C-terminal during this process [138,141]. Importantly, the
inhibitory effect of BCL-2 and BCL-XL on BAX activation seems to be distinct, as they induce different
conformation changes on BAX: while BCL-2 leads to BAX oligomerization but inhibits its insertion into the
outer mitochondrial membrane and its permeabilization [121,141], BCL-XL favors the insertion but not
the oligomerization [110,138]. Another hypothesis of Bax regulation through anti-apoptotic BCL-2 proteins
is the competition between BCL-XL and BAX for binding to MOM and t-BID, in liposomes or in isolated
mitochondria [142]. Regarding BH3-only proteins, its binding to the anti-apoptotic proteins or the pro-
apoptotic BAX/BAK proteins is highly selective, exhibiting, therefore, different binding affinities for each
of them (reviewed in [99,112,143]). For instance, BID, BIM and PUMA strongly bind any anti-apoptotic
proteins; BAD preferentially interacts with BCL-2, BCL-XL and BCL-W; NOXA prefers MCL-1 and BFL-1;
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and HRK preferentially inhibits BCL-XL. Moreover, while BID preferentially activates BAK, BIM
preferentially activates BAX [144-146]. Some studies have suggested constitutively active forms of BAX
and BAK controlled by the anti-apoptotic machinery, with MOMP being triggered when activate Bax and
BAK are liberated from the anti-apoptotic proteins by BH3 “sensitizers” proteins. In this case, MOMP
occurs in the absence of a physical interaction namely between BH3 “sensitizers” and BAX/BAK
[147,148]. Interestingly, the activation of BAX and BAK has been observed even without BH3-only
activators. Indeed, although these proteins are required for direct activation of BAX and BAK, other direct

regulators and interactors may exist in their absence [149,150].

= Regulation by post-transiational modifications

The stability, localization and function of BCL-2 proteins can be directly regulated by PTMs
including phosphorylation/dephosphorylation, ubiquitination, myristoylation, deamination, acetylation
and proteolytic cleavage (reviewed by [133]). However, several reports studying PTMs have not been
independently confirmed or, in some cases, describe opposite effects. Examples of apoptotic proteins
which undergo different PTMs, the targeted residues as well as the outcome on the protein function are
illustrated in Table 2.1.

Regarding protein phosphorylation level, and in particular of the members of the BCL-2 family, it
must be taken into account that it results from the balance of kinases and phosphatases acting on serine,
threonine and tyrosine residues [133]. Some studies have demonstrated that the phosphorylation of BCL-
2 at S70 may be required to positively regulate its anti-apoptotic function by enhancing dimerization with
BAX and, consequently, suppress apoptosis [151,152]. More recently, it was found a conformation
change in the loop domain of BCL-2 associated with the phosphorylation at S70, which strongly increases
the affinity and binding of BCL-2 to BAK and BIM. As consequence, these pro-apoptotic proteins are
sequestered, enhancing the protection against apoptosis [153]. In contrast, the multisite phosphorylation
at T69, S70, and S87 has been proposed to inactivate BCL-2 during the G2/M phase of the cell cycle,
inducing apoptosis [154,155]. These contradictory effects have also been noticed for BCL-XL. In response
to microtubule inhibitors, BCL-XL maintains its anti-apoptotic function after phosphorylation at S63 but
the dephosphorylation may trigger apoptosis [156]. The phosphorylation of BCL-XL mediated by PINK1,
a mitochondrial protein kinase, significantly protects cells from apoptotic cell death by impairing its pro-
apoptotic N-terminal cleavage, upon mitochondrial depolarization [157]. Conversely, another study
suggested that this phosphorylation plays a pro-apoptotic role by restricting the ability of BCL-XL to bind
BAX [158].
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In the case of BAX, phosphorylation mainly occurs in residues of both its N- and C-termini
compromising its binding abilities and the induction of apoptosis [142]. Several studies have reported the
phosphorylation of BAX at S184 as one of the most prominent due to its localization in the C-terminal o-
helix 9, whose movement is crucial for BAX activation [159]. Indeed, the phosphorylation of this residue
mediated by the AKT (protein kinase B) or Protein Kinase C& (PKCE) is known to inhibit BAX through a
conformational change that prevents BAX translocation, in neutrophils [160,161] and in a mouse
embryonic fibroblasts (MEFs) cell line [162]. In support of these results, the AKT-activated BAX S184
phosphorylation was also observed in A549 human lung cancer cells, in the presence of nicotine. Nicotine
favours BAX phosphorylation, which abrogates the cisplatin-induced BAX translocation and MOM
insertion, increasing cell survival and chemoresistance [163]. Furthermore, Protein Phosphatase 2A-
mediated dephosphorylation of BAX at S184 increases its pro-apoptotic activity [164]. Later, these
findings were corroborated using mutants at S184 in MEF or lung cancer H157 cells. Non-phosphorylated
BAX mutant S184A allows the conformational change that exposes the 6A7 epitope in the N-terminal,
important for BAX activation, operating, therefore, as an active form of BAX. Inversely, a phosphomimetic
BAX mutant S184E is not able to insert into the MOM as consequence of a mobility-shift. This suggests
that the conformational change conferred by S184 site phosphorylation may directly inactivate the pro-
apoptotic function of BAX [165]. Unexpectedly, Simonyan ef 4/, found that the point mutation S184D
results in BAX activation in yeast cells heterologously co-expressing AKT and human BAX, indicating that
the regulation of BAX by AKT may not simply be a cytosolic sequestration of phosphorylated BAX.
Moreover, authors point a more tightly regulation of phosphorylated BAX by BCL-XL [166]. Glycogen
Synthase Kinase 3 (GSK3p), another kinase, regulates the activity of BAX through the /n vifro and in
vivo direct phosphorylation in another residue site - S163, localized in the loop between a-helices 8 and
9. This phosphorylation promotes the addressing of BAX to mitochondria in HEK293 cells, thereby
inducing apoptotic cell death [167]. In contrast with the aforementioned results with BAX-S184A and
S184E mutants, the non-phosphorylatable S163A and the phosphomimetic S163D does not significantly
alter the apoptotic activity of BAX and its localization in yeast cells [165]. These results suggest that the
phosphorylation at S184 displays a more prominent role than the S163 phosphorylation in the modulation
of pro-apoptotic function of BAX. Interestingly, the conjugation of the S163D mutant with a P168A/S60A
double mutant (inactive but susceptible to conformational changes), results in a strong stimulation of BAX
targeting and activation, when compared with S163D alone [111,168]. Nonetheless, GSK3[3 can be itself
phosphorylated and consequently inactivated by AKT. Hence, AKT may inhibit BAX through two different
ways: either directly via phosphorylation of S184 or indirectly by preventing the phosphorylation of S163
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as consequence of the inactivated GSK3p [111,168]. Another identified phosphorylation site is the
Threonine 167 (T167). In human hepatoma HepG2 cells, under stress conditions, c-Jun NH2-terminal
kinase or p38 kinase are able to promote the phosphorylation of BAX-T167. As consequence, BAX
undergoes a conformational change that exposes the N- and C-terminal domains, increasing its
translocation to MOM and activation and thus its killing activity [169].

Besides BCL-2 family proteins, caspases have also been reported as target of phosphorylation,
which typically causes inactivation. For instance, procaspase-9 can be phosphorylated at S196 by AKT or
RAS (rat sarcoma) [170], at T125 by extracellular signal-regulated kinase (ERK) or cyclin-dependent
kinase 1 (CDK1) [171] and at S144 by PKCE [172] preventing its activation by the impairment of
apoptosome formation and, then, restraining the intrinsic apoptotic pathway. Similarly, ERK was shown
to phosphorylate procaspase-8 at S387 resulting in the inhibition of its activity and apoptosis induced by
TRAIL [173]. Additionally, caspase-8 maturation is regulated via phosphorylation at Y380 [174].
Moreover, p38-MAPK phosphorylates and inhibits the active caspase-8 and caspase-3 at S364 and S150,
respectively [175]. Procaspase-7 can also undergo phosphorylation at S30, T173 and S239 by p21-
activated kinase 2 which inhibits its activity and decreases apoptosis [176]. Only a single phosphorylation
site has been reported for procaspase-6. ARK5S kinase phosphorylates procaspase-6 at S257 leading to
its inactivation and the suppression of AKT-dependent cell death mediated by death receptors [177].

Besides phosphorylation, Nt-acetylation has also been described to regulate BAX localization and
activity [46]. In previous studies, BAX was one of the Nt-acetylated protein identified in human proteomic
analysis [178,179]. As BAX (MDGSGE-) displays one of the amino acid sequence targeted by NatB at
the N-terminal (MD-), it was predicted to be NatB substrate. More recently, our group confirmed that BAX
is Nt-acetylated by yNaa20p and that its Nt-acetylation is critical to keep BAX in its cytosolic and inactive
conformation in yeast and MEF cells [46]. In addition, under basal conditions, the inactivation of Naa20
favors the targeting of BAX to mitochondria but it is not able to activate it and trigger cyt c release.
Accordingly, the same phenotype is observed with the knockout of the catalytic subunit NAA20 in MEF
cells (results described in detail in Chapter 3).

In addition to these PTMs, it was found that the E3 ubiquitin ligase SCFFBW7 governs cellular
apoptosis by ubiquitinating MCL-1 after GSK3B-mediated phosphorylation. In fact, MCL-1 undergoes in
vivo and /n vitro phosphorylation by GSK3p at multiple sites (S159, T163, S64 and S121) and the
inactivation of these phosphorylation sites impairs the targeting of MCL-1 for degradation by SCFFBW7 /n
vivo, suggesting that GSK3-dependent phosphorylation of MCL-1 is necessary for the interaction of MCL-
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1 with SCFFBW7 [180]. In the present thesis, we propose that procaspase-8 and procaspase-9 are also
prone to degradation by E3 ubiquitin ligases (results described in detail in Chapter 3).

Table 2.1: Regulation of apoptotic proteins by post-translational modifications (PTM). ... not identified

PROTEIN PTM RESIDUE OUTCOME REFERENCE
S70 inhibition of apoptosis
BCL-2 Phosphorylation [1561-155]
S70, T69, S87  induction of apoptosis
S63 inhibition of apoptosis [156]
Phosphorylation S63 inhibition of apoptosis [157]
BCL-XL
S63 induction of apoptosis [158]
Dephosphorylation S63 induction of apoptosis [156]
Phosphorylatlon S159 T163
MCL-1 ' ' inhibition of apoptosis [180]
Ubiquitination S64, 8121
Phosphorylation S184 inhibition of apoptosis [160-163]
Phosphorylation S163,T167 induction of apoptosis [167,169]
BAX Dephosphorylation S184 induction of apoptosis [164]
Ntacetvlati N-terminal prevention of 146]
-acetylation
y (MD-) mitochondrial targeting
_ S196, T125, o _
Phosphorylation inhibition of apoptosis [170-172]
PROCASPASE-9 S144
Ubiquitination n.i. inhibition of apoptosis in this study
Phosphorylation S387 inhibition of apoptosis [173]
turati f -
PROCASPASE-8  Phosphonylation Y380 matura '0”80 caspase [174]
Ubiquitination n.i. inhibition of apoptosis in this study
CASPASE-8 Phosphorylation S364 inhibition of caspase-8 [175]
CASPASE-3 Phosphorylation S150 inhibition of caspase-3 [175]
S30, T173, _
PROCASPASE-7 Phosphorylation $239 decrease of apoptosis [176]
PROCASPASE-6 Phosphorylation S257 inhibition of apoptosis [177]
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The proteolytic processing may regulate the cellular activity, localization and turnover of the
apoptotic proteins by selective cleavage mediated by caspases, calpains, cathepsins and granzymes
[132,181-184]. In contrast with other posttranslational modification, the proteolytic cleavage results, in
a large part, in protein fragments displaying pro-apoptotic functions, which allows a rapid and efficient
execution of apoptosis. Of note, while caspases display a specificity towards aspartate residues [132],
the preferred residues for calpains were initially identified as lysine, tyrosine and arginine after the
cleavage site (P1 position) [184] but recently several other calpain cleavage sites were identified [185].
Regarding the BCL-2 family proteins, in general, the cleavage of both anti- and pro-apoptotic proteins
converts them into fragments with pro-apoptotic functions. Specifically, in the case of pro-apoptotic
proteins, their functions are strongly increased, which results in the amplification of the apoptotic cascade.
For instance, the cleavage of the unstructured loop domain of BCL-2 at D34 by caspase-3 results in a
fragment without the N-terminal BH4 domain, critical for the anti-apoptotic role of BCL-2 [186]. Indeed,
this Nt-cleaved form, so-called AN34, was shown to induce apoptosis by stimulating cyt ¢ release.
Caspase-8 was found to cleave BCL-2 in an adjacent site (D31), also generating a truncated fragment
with pro-apoptotic activity [187]. BCL-XL is also cleaved by caspase-3 at D61 and D76, generating the
corresponding AN61 and AN76 truncated fragments, which were implicated in pore formation and
permeabilization of lipid vesicles, respectively [188,189]. Moreover, both fragments stimulate the release
of cyt ¢ when incubated with isolated rat mitochondria. Additionally, under hypoxia conditions, BCL-XL
can also be cleaved by calpains, at A60 residue, producing a potently proapoptotic C-terminal fragment
[190]. MCL-1 is another anti-apoptotic protein which undergoes proteolytic cleavage by caspase-3, at
D127 and D157. The fragments generated, AN127 and AN157, fail to exert anti-apoptotic activity and
are found to increase its binding to the pro-apoptotic BIM, as well as to promote the direct interaction
with +-BID, BAK and BAX [191-193]. Valero ef a/, noticed that BFL-1 is cleaved by a calpain between
BH4 and BH3 domain at F71 residue, promoting apoptosis through ob5/a9-mediated MOM
permeabilization [194,195]. Interestingly, the same calpain was found to cleave BAX at D33 generating
the p18 fragment with mitochondrial localization and pro-apoptotic function [196]. In contrast to full-
length BAX, the cleaved fragment is not able to bind BCL-2. However, BCL-2 overexpression can block
calpain activation to hinder BAX cleavage. Although p18 BAX accelerates stress-induced apoptosis, this
fragment may be rapidly degraded by a cathepsin-like protease [197]. Besides cleavage at D33, BAX
cleavage between Q28 and G29 by calpain results in the tBAX29 fragment, identified to enhance the pro-
apoptotic function of BAX [198]. Similarly, BAK is also cleaved by a calpain at two different recognition
sites R42 localized at the end of the BH4 domain and at R87 within the BH3 domain [139]. In response
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to different stimulus, caspase-3 was found to cleave BAD at D14 and D29 generating fragments more
potent to induce apoptosis than the full-length BAD [199,200]. BID is mainly cleaved by caspase-8 at
D59 generating the truncated t-BID fragment associated to the induction of mitochondrial dysfunction,
cyt ¢ release, cell shrinkage and nuclear condensation [201]. During UV radiation associated with a
cytotoxic drug, caspase-3 is also able to cleave BID at D59 [202]. In response to cisplatin, calpain cleaves
BID between G70 and R71 triggering the release of cyt ¢ from mitochondria [203]. The isoform Bimg. is
N-terminally cleaved by caspase-3 at D13 in the initiation phase of both intrinsic and extrinsic apoptotic
pathways. The cleaved fragment exhibits an increased affinity to BCL-2 and, consequently, an increased
apoptosis [204].

Interestingly, the majority of procaspases can undergo self-activation. Indeed, procaspase-9 can
also be cleaved by itself or by caspase-3 [205,206]; procaspase-3 is cleaved by itself and by caspase-8,
-9 and -10 [207]; procaspase-7 undergoes proteolytic cleavage via caspase-3, -8, -9 and -10 and calpains
[208-210]; procaspase-6 is cleaved by itself and by caspase-3 [211,212]; procaspase-10 is self-activated
[213,214]; and procaspase-8 is cleaved through auto-processing or by caspase-9 [215]. PARP was shown
to be cleaved at D214 by caspase-3 and caspase-7 resulting in a fragment with increased rate of cell
death [216]. Curiously, the cleavage of APAF1 at D271 by caspase-3 results in a p30 N-terminal fragment
with anti-apoptotic functions. In fact, APAF1 p30 fragment is not able to trigger the activation of effector
caspases due to the impairment of the apoptosome assemblage, as a result of unfolded or inappropriately

oligomerized APAF1 [217].

2.4. Apoptosis and Nt-acetylation

Nt-acetylation has been implicated in several cellular processes including apoptosis [2,3,40].
Despite there are few studies reporting the involvement of Nt-acetylation on the regulation of apoptosis,
it is known that the deregulation of NATs or their respective subunits may affect apoptotic cell death. So
far, NatA, NatB, NatC and NatD are the only NAT enzymes referred in the literature that were shown to
interfere with apoptosis through their role in Nt-acetylation [2,3,40]. Interestingly, these studies have

associated both anti- and pro-apoptotic roles to Nt-acetylation.

®  NatA and apoptosis

The most studied NAT, NatA, mainly exhibits an anti-apoptotic role. Indeed, knockdown of the
NatA subunits (NAA1O or NAA15) was shown to induce apoptosis in Hela cells and sensitize them to the

pro-apoptotic stimulus daunorubicin [218]. This effect seems to be dependent on a functional p53 since
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knockdown of NAA10 induces apoptosis in human colon carcinoma HCT116 p53®+/% cells but not in
HCT116 p53/) [219]. Another study reported that loss of NAA1O in HCT116 cells promotes formation
of double-strand DNA breaks, a type of DNA damage that activates the yH2A.X/Chk2 module that initiates
DNA damage signaling. The activation of yH2A.X/Chk2 is independent of p53 status but may lead to
activation of the pathway in cells with functional p53, through p53 phosphorylation at Ser15 [219].
Recently, Yang and colleagues showed that miRNAs targeting NAA1O mRNA for degradation promote
apoptosis in SW480 and SW620 colon cancer cells, preventing the tumorigenesis of colon cancer cells
in vitro and in vivo [220]. In addition, the miRNA miR-342 decreases the overexpression of NAA1Q
observed in acute myeloid leukaemia patients, both at gene and protein levels, repressing cell proliferation
and increasing cell apoptosis [221]. In another report, NAA1O was shown to modulate the MCL-1
expression, an anti-apoptotic protein and a member of the BCL-2 family of proteins, which are key
regulators of apoptosis. In that study, the authors found that NAA1O inhibits apoptosis through RelA/p65-
regulated MCL-1 expression, and NAA1O knockdown sensitized colon cancer cells to anticancer drug-
induced apoptosis [222]. Furthermore, in the human neuroblastoma cell line SH-SY5Y, Hsp70 NAA10-
mediated acetylation protected cells from doxorubicin-induced cell death by sequestering APAF1,
inhibiting caspase-3/PARP cleavage, thus preventing apoptosis [223]. Recently, the depletion of NatA by
RNAi in Hela cells was found to generate endogenous SMAC mimetics that cause inactivation and
downregulation of IAPs, ultimately triggering apoptosis [95]. Another study conducted in an oxygen-
glucose deprivation (OGD) /n vitro model and middle cerebral artery occlusion (MCAQ) /n vivo rat model,
showed that apoptosis is significantly increased after silencing of NAA1O (siNAA1Q) in response to
sevoflurane, an inhaled anesthetic reported to have a neuroprotective effect on cerebral
ischemia/reperfusion. In accordance, expression of cleaved caspase-3 in MCAO rats and OGD group was
also strongly increased in the same conditions, suggesting that NAA10 downregulation is able to attenuate
the neuroprotective effect of sevoflurane in the MCAO model [224]. Altogether, these findings emphasize
the involvement of NAA10O on apoptosis inhibition. However, some studies showed an opposite role for
NAA10 in apoptosis regulation. NatA was identified as an apoptotic regulator in a genome-wide RNA
interference (RNAI) screen in Drosophila melanogaster cells in response to DNA damage. This finding
prompted to posit that hNaalOp links cell metabolism to apoptosis induction in cancer cells. In fact,
hNaalOp depletion caused resistance to apoptosis by repressing caspase-2, -3 and -9 activities in cells
where DNA damage was induced. Thus, hNaalOp may be required for caspase activation during
apoptosis, promoting cell death and, therefore, holding a pro-apoptotic role [56,225]. More recently, a

study correlated NAA1O overexpression with a more prominent chemotherapeutic effect of cisplatin in
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oral squamous cell carcinoma. In fact, while high levels of NAA1O enhance cell sensitivity to cisplatin,
NAA10 knockdown decreases it. Accordingly, upregulation of NAA1O reduced the expression of the anti-

apoptotic BCL-2 protein. This effect was further confirmed /7 vivo in nude mouse xenograft model [226].

®»  NatB and apoptosis

Knockdown studies of the NatB enzymatic complex or its subunits have identified this complex
as an essential component for apoptosis regulation. Indeed, knockdown of NAA20 decreased the
proliferation of Hela cells through cell cycle arrest in G2/M and increased susceptibility to the pro-
apoptotic agent and proteasome inhibitor MG132 [227]. Depletion of NAA20 also promoted up-regulation
of the pro-apoptotic p53 and anti-proliferative p21, and phosphorylation of p53 at Ser15. In a similar
study, the same authors observed a clear induction of apoptosis in HepG2 and Hep3B cells expressing
hINVAAZ0 siRNA in response to the treatment with MG132. This effect was correlated with a reduction in
the protein levels of the anti-apoptotic protein BCL-2 [228]. Additionally, as referred in 2.3.2, it was found
that inactivation of the regulatory subunit NAA25 in MEFs leads to translocation of the pro-apoptotic
protein Bax from the cytosol to mitochondria and sensitized MEFs to MG132 [46]. However, as discussed
in chapter 3, inactivation of the catalytic subunit NAA20 in MEF cells affects differently their susceptibility

to apoptosis but in a stimulus-dependent way.

®  NatC and apoptosis

So far, knockdown studies of the NatC complex have suggested that this NAT only displays anti-
apoptotic functions. For instance, knockdown of NAA30 induced p53-dependent apoptosis in colon
carcinoma cells. In fact, NAA3O knockdown was found to increase the p53 levels and its phosphorylation
at Ser37, which, in turn, up-regulates downstream pro-apoptotic effectors such as Noxa, KILLER/DR5
and FAS. The same phenotype was observed for Hela cells [25]. Furthermore, knockdown of NatC
subunits led to reduced DNA synthesis, increased cells with sub-GO/G1 DNA content, double-stranded
DNA breaks, PARP cleavage promoting growth arrest and likely caspase-dependent cell death. In
agreement with this data, Varland and colleagues demonstrated, more recently, that overexpression of
NAA3Q is able to increase cell viability through apoptosis inhibition [229]. In fact, NAA3O overexpression
decreased PARP and a-Fodrin cleavage, two well-studied caspase targets and apoptotic markers. On the
other hand, in accordance with previous studies, these authors found increased levels not only of p53
but also of the p53 phosphorylated at Serl5. Decreased levels of cyclin D1, a key regulator of cell
proliferation, were also observed upon NAA3Q overexpression. In spite of these apparently opposing

effects, the authors point to a stronger anti-apoptotic than pro-apoptotic effect responsible for the

33



increased viability of NAA30-overexpressing cells. Altogether, these outcomes suggest that NatC-mediated

acetylation may affect the balance between cell survival and apoptosis.

®  NatD and apoptosis

Like some of the other NATs, NatD can exhibit either pro- or anti-apoptotic roles. Indeed, NatD
complex and the acetyltransferase NAA4Q have been identified as critical regulators of the expression of
specific genes controlling apoptosis and tumorigenesis. For instance, Liu ef a/ found that NAA40, named
as Pattl in this study, was strongly downregulated in hepatocellular carcinoma tissues conferring a
protection from apoptosis in Chang liver cells. Moreover, NAA4Q overexpression or upregulation sensitized
hepatoma cancer cells to apoptosis induction by chemotherapeutic drugs, therefore displaying a pro-
apoptotic effect on these cells, which was dependent on its acetyltransferase activity [230]. In contrast,
another study evidenced an anti-apoptotic role by a showing that NAA4O knockdown decreases cell
survival and increases apoptosis by either activating the mitochondrial caspase-9-mediated apoptotic

pathway, or through a p53-independent mechanism [231].

®»  NatH and apoptosis

As result the recent discovery of NatH, its biological function and mechanism of mediated actin
Nt-acetylation are poorly understood and, consequently, its role on apoptosis regulation is still unknown.
However, there is evidence of a close connection between apoptosis and the actin machinery although
this interaction is not well elucidated [232-234]. Besides actin, several actin-binding proteins were found
to play vital roles during the apoptotic process [234,235]. Interestingly, actin appears to be an essential
regulator or target in both intrinsic and extrinsic apoptotic pathways. For instance, actin was shown to be
required to stimulate death receptors like TNF-o. or CD44 to trigger the downstream apoptotic response
in Jurkat cells [235]. Another example is the association between F-actin and the pro-apoptotic factor
BCL-2 family protein BMF1. Upon a cellular stress, adhesion to the F-actin cytoskeleton is disrupted and
BMF1 is translocated to the mitochondria prompting the apoptotic cascade [236]. The involvement of
actin on apoptosis was, recently, reviewed by Ren and colleagues, where the important role of actin and
actin-binding proteins in apoptosis regulation was greatly highlighted [237]. Taking this evidence into
account, it is likely that NatH-mediated Nt-acetylation of actin affects apoptosis induction, and future

studies will certainly enlighten the role of this highly selective NAT in apoptosis.
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2.5. Apoptosis and N-degron pathways

As mentioned in the previous sections, apoptosis is one of the processes regulated by the N-
degron pathways. During the apoptotic process, ~1000 different proteins in a mammalian cell undergo
proteolytic cleavage mediated by active caspases and calpains to possibly generate pro-apoptotic
fragments that act as apoptosis enhancers. In some cases, these fragments bear destabilizing Nt-residues
[70,81]. For instance, a major anti-apoptotic function of the Arg/N-degron pathway through its ability to
selectively degrade these pro-apoptotic fragments has been suggested [238-241]. Accordingly, there are
studies demonstrating that the inhibition of N-degron pathways, or the knockdown of its components,
enhance the cell sensitivity to apoptosis [238]. Indeed, caspase-mediated cleavage of D. melanogaster
inhibitor of apoptosis 1 (DIAP1) converts the more stable Pro-DIAP1 into the highly unstable Asn-DIAP1,
a possible target of N-degron pathways. Loss of afel, the Arg-RNA protein transferase that catalyzes Nt-
arginylation required for subsequent ubiquitination, markedly increased the levels of DIAP1, which were
unexpectedly associated with apoptosis induction. This apparent contradiction (i.e. that the impairment
of DIAP1 degradation results in a failure of DIAP1 to inhibit apoptosis), was explained by its inability to
regulate caspases [238]. In another study, the pro-apoptotic fragments Cys-RIPK1, Cys-TRAF1, Asp-
BRCAI, Leu-LIMK1, Tyr-NEDD9, Arg-BID, Asp-BCL-XL, Arg-BIMe., Asp-EPHA4, and Tyr-MET, identified as
having destabilizing Nt-residues, were shown to be short-lived due to their degradation via Arg/N-degron
pathway, highlighting the anti-apoptotic role of this pathway [240]. Notably, metabolic stabilization of the
receptor-interacting serine/threonine protein kinase 1 (RIPK1), key regulator of TNF-mediated apoptosis
and necroptosis, through substitution of the Cys- residue by Val-, increased the levels of caspase-3
activation, and partial ablation of the Arg/N-degron pathway sensitized the cells to apoptosis. Altogether
these studies suggest that this specific N-degron pathway plays an active role in inhibiting cell death.

Conversely, additional studies showed that the N-degron machinery is able to induce cell death
[242] and degrade anti-apoptotic protein fragments [243]. For instance, Eldeeb and colleagues
demonstrated how the Arg/N-degron pathway can exhibit a pro-apoptotic function [243]. These authors
showed that the N-terminal truncated LynAN, generated by proteolytic caspase cleavage of the Lyn
tyrosine kinase, bear a Nt-Leu destabilizing residue targeted for degradation, making it a Arg-N-degron
substrate. Moreover, they found that inhibition of the proteasome by MG132 or the knockdown of UBR1
and UBR?2 ubiquitin E3 ligases result in the escape from degradation and, therefore, in the stabilization
of LynAN. As LynAN protein expression triggers imatinib resistance in chronic myelogenous leukemia
K562 cells, its degradation by N-degron pathway was shown to decrease cell viability and, consequently,

increase the susceptibility to imatinib. Later, Kumar and colleagues reinforced the specific pro-apoptotic
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role of Atelp and arginylation in response to a lethal stressor. In the presence of a stress, the cellular
levels of Atelp and arginylation activity increased, which directly promoted cell death. In fact, the lack of
ATEI gene in both S. cerevisiae and MEFs greatly attenuated cellular sensitivity to cell death-inducing
stress conditions [242], which contradicts the anti-apoptotic role for ATE1 and arginylation previously
proposed [238-240].

Different studies also addressed the role of degradation of non-proteolytic processed proteins
through the N-degron pathway on apoptosis regulation. Recently, a study showed an enhancement on
the effect of apoptosis-inducing drugs /n7 vitro and in vivo through the knockdown of the Arg/N-degron
components [244]. In both Hepa cells and spontaneous mouse model of hepatocellular carcinoma, a
combined treatment of staurosporine or doxorubicin with reduced doses of siRNA against UBR1, UBR2,
UBR4 and UBRD resulted in an increase in the percentage of apoptotic cells. However, this study did not
identify the possible apoptotic proteins affected by the N-degron pathway. In another study, the -amyloid
peptide (AB), inducer of neuronal cell death involved in the processes of neurodegeneration in Alzheimer’s
disease, was shown to exert its pro-apoptotic effect through the inhibition of the Arg/N-degron pathway.
AB peptides interact with ATE1 to decrease its enzymatic activity and, therefore, prevent ATE1-mediated
arginylation, triggering the apoptotic effects of A peptides [245]. This evidence points to a mutual
regulation of Arg/N-degron pathway and apoptosis. In fact, a mutual suppression between this pathway
and the apoptotic machinery was suggested, which is supported by the fact that active caspases can
downregulate the Arg/N-degron pathway. Effectively, ATE1 and UBR1 cleavage was shown to be mediated
by specific activated caspases, which, in turn, leads to the functional inactivation of Arg/N-degron pathway
[240]. Recently, a study of the RIPK1, showed that its ubiquitination on Lys376 is mainly mediated by
the E3 ubiquitin ligases clAP1/2. Mutation of RIPK1 (K376R) in primary MEFs remarkably inhibits
ubiquitination of RIPK1, and consequently promotes both apoptosis and necroptosis in response to TNF-
o. Indeed, cleaved caspase-3 and phosphorylated MLKL, a pseudokinase that plays a key role in TNF-
induced necroptosis, are clearly detected in RIPK1K376R/K376R cq||s [246]. Altogether, these examples
attribute an important role of the N-degron pathway in the critical balance between several pro- and anti-
apoptotic proteins.

While the Arg/N-degron pathway has been associated with apoptosis regulation, the same is not
applicable for the Ac/N-degron pathway. Indeed, its main functions include quality control and the
regulation of stoichiometry of protein complexes /7 vivo. Despite the controversy around Nt-acetylation
and degradation, Nt-acetylated residues are rarely recognized as Ac/N-degrons as they can be hidden by

proper protein folding, interaction with partners or by integration in a protein complex generating
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conditional Ac/N-degrons [89-92]. These different ways of protection can be compromised by delayed
or defective folding of a protein's N-terminal domain, or by a delay in the partner sequestration or
integration in the cognate protein complex that can be caused by different cellular stresses, increasing
the probability of protein degradation [247]. As apoptosis can be triggered in response to different
stresses, it is plausible that Ac/N-degron pathway has a role in apoptosis modulation. Interestingly, Gly/N-
degron pathway is associated with the degradation of the fragments resulting from caspase cleavage [97].
Indeed, approximately one third of the human caspase cleavage sites results in the exposure of a glycine
residue at the N-terminal. Therefore, the Gly/N-recognins ZYG11B and ZER1 were shown to target many
caspases cleaved fragments for degradation, pointing to an important role of the Gly/N-degron pathway

in the regulation of apoptosis.
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CHAPTER 3

NATB-MEDIATED NT-ACETYLATION WARRANTS CELLULAR
PROTEOSTASIS AND PROPER FUNCTION OF APOPTOSIS



This chapter is adapted from the following publication:

Joana P. Guedes*, Jean Baptiste Boyer*, Jasmin Elurbide*, Beatriz Carte, Virginie, Laila, Thierry Meinnel,

Carmela Giglione”, Manuela Corte-Real”, Rafael Aldabe” NatB-mediated Nt-acetylation warrants
cellular proteostasis and proper function of apoptosis. Manuscript in preparation
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3.1. Background

NatB is the second major contributor to the Nt-acetylome being responsible for the fully
acetylation of 21% of human and 15% of yeast proteome, unlike substrates of other NATs that are only
partially acetylated [1-3]. Inactivation or downregulation of any of the NatB subunits affects enzymatic
activity reducing the N-terminal modification on NatB substrates. In particular, inactivation of NatB in
yeast and Arabidopsis thaliana blocks Nt-acetylation of most of its substrates [2,3], whereas in
Caenorhabditis elegans the partial acetylation of NatB substrates is still observed in the null mutants
indicating that other NATs could modify these substrates [1]. The deregulation of NatB complex or its
subunits has been shown to affect several cellular processes namely actin cytoskeleton [3-7], cell
proliferation [4,8,9] and apoptosis [4,8,10]. However, contrarily to NatA, the impact of NatB-mediated Nt-
acetylation with respect to apoptosis regulation has been poorly exploited (see Chapter 2, section 2.4 for
detailed information).

Recently, our previous studies found that inactivation of Naa25 in MEFs increases the levels of
pro-apoptotic protein Bax in mitochondria and sensitized MEFs to the apoptotic inducer MG132.
Additionally, Bax was shown to be a NatB substrate [10]. Taking into account the nature of the second
amino acid, several apoptotic proteins can also be predicted as NatB substrates. Given these evidences,
in the present chapter we sought to further explore the impact of Nt-acetylation on the regulation of
apoptosis using immortalized MEFs with conditional inactivation of the NatB catalytic subunit Naa20. As
in MEFs the biological role of NatB has been assessed after total depletion of Naa25 [10], herein we
aimed to achieve a total depletion of Naa20. The proper and efficient inactivation was confirmed by
monitoring the cell proliferation and actin cytoskeleton, as performed in other organisms. Moreover, the
impact of the total depletion of Naa20 on the Nt-acetylome and proteome was also evaluated. The effect
of the absence of Naa20 on apoptosis regulation was assessed by monitoring the protein and gene level
expression of a set of apoptotic proteins that are predicted or confirmed as substrates of NatB, before
and after exposing MEF cells to different apoptotic stimuli. In line with the abovementioned roles of NatB,
it has also been demonstrated the dual effect of Nt-acetylation on protein stability and degradation (see
Chapter 2, section 2.2 for detailed information). So far, to our knowledge the interplay between Nit-
acetylation and N-degron pathways, and its impact on apoptosis regulation, has not been addressed. To
try fill this gap, we aimed to identify the N-recognins that target the apoptotic proteins for degradation and

determine the apoptotic final outcome when Naa20 is inactivated.
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3.2. Materials and Methods

3.2.1. Generation of Naa20 knockout mice

Knockout mice were generated using the clone created by The Knockout Mouse Project (KOMP)
targeting Naa20 (Naa20t™m1a(KOMP)Wisi) that was employed for blastocyst microinjection and generation
of chimeric mice. Chimeric mice were mated with C57BL6/J mice, and germ-line transmission of targeted
alleles was detected by Polymerase Chain Reaction (PCR). B6;129S-Naa2Qtm1a(KOMP)Wisi mice were
crossed with the strain B6;J-Tg(ACTFLPe)9205Dym/J to inactivate Naa20 mutation, as Naa20
inactivation is embryonic lethal in homozygosity, selecting animals without the Flpe transgene. These
animals were backcrossed more than 10 times into the C57BL6/J background. All experiments were
performed according to the protocols approved by the Institutional Animal Care and Use Committe (CEEA)

of University of Navarra.

3.2.2. Establishment of mouse embryonic fibroblast cell strains

MEFs were obtained from Naa20™m1aKOMP)Wisityansgenic mice where Naa20can be inactivated
if Cre recombinase is expressed. Embryos isolated from de uterus of the pregnant mice were transferred
to petri dishes with sterile Phosphate-Buffered Saline (PBS - 1.37 M NaCl, 2.7 mM KCI, 10 mM Na2HPOQa,
1.8 mM KH2PO4, pH 7.4). Head and internal organs were removed from the embryos. Each embryo was
transferred to a well of a 6-well plate with Trypsin/Ethylenediamine Tetraacetic Acid (EDTA), and plates
were incubated for 30 min at 37 °C. Then, embryos were pulled through an 18-gauge needle to
disaggregate them to obtain isolated fibroblast. Obtained cells were grown in a 100 mm-petri dish with
DMEM (Dulbecco’s Modified Eagle Medium) supplemented with 10% of fetal bovine serum (FBS) and 1%
of penicillin/streptomycin (P/S). When the cells were confluent, they were re-plated in 60 mm-petri dishes
and next day they were immortalized by retroviral infection with a recombinant virus expressing the large
T antigen of the SV40 virus and zeocin resistance gene. The infection process was repeated after 24 h to
increase the efficiency. When the plate was confluent, cells were harvested and plated in 100 mm-petri
dishes. 48 h later zeocin (200 pg/ml) was added to the plates for selection of T-antigen expressing cells.
Cells were incubated with the medium with the antibiotic replacing every two days the medium to remove
death cells and refresh antibiotic. When clear isolated cell clones were observed, they were harvested
with a micropipette and plated in 96 well plates to be grown separately. Each clone was amplified and

once they were established, they were used for experimental assays.
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3.2.3. Inactivation of Naa20 gene in MEFs

The inactivation of NMaaZ0 gene is achieved with a recombinant adenovirus expressing CRE
recombinase — Ad5CMVCre (Multiplicity of Infection 2000). As infection negative control an adenovirus
empty (AdEmpty, Multiplicity of Infection 2000) was used. Cells were plated in 6-well plates (6.25 x 10%
cells/ml). The day after, cells were inoculated with AdSCMVCre in DMEM supplemented with 2% FBS and
1% P/S, and 24 h later, regular DMEM was added to the cells. After 2 days of infection, cells were
tripsinized and re-plated in 6.25 x 10* cells/ml (AdEmpty) and 1.25 x 10° cells/ml (Ad5CMVCre). 5 days
post-infection, the same procedure was performed with the following cell concentrations - 1.75 x 10°
cells/ml (AdEmpty) and 2.5 x 10° cells/ml (Ad5CMVCre). The next day, cells were harvested for the

different experimental assays.

3.2.4. Real-Time PCR assay

Total RNAs were extracted with Maxwell® RSC simplyRNA Kit (Promega). Reverse transcription
was performed as previously reported [11]. Real-Time PCRs were performed with iQ SYBR Green supermix
(Bio-Rad) in a CFX96 Real-Time System (Bio-Rad), using specific primers for each gene: Naa20 WT F 5’
CCTTCACCTGCGACGACCTGTT, Naa20 WT R 5 GGAATTCAGGGGCGACAGAG; Histone F 5
AAAGCCGCTCGCAAGAGTGCG, Histone R 5 ACTTGCCTCCTGCAAAGCAC; Procaspase-3 F
5'TACATGGGAGCAAGTCAGTGG, Procaspase-3 R 5'CACATCCGTACCAGAGCGAG; Procaspase-8 F
5'TCAGAAGAAGTGAGCGAGTTGG, Procaspase-8 R 5’ATCCTCGATCTTCCCCAGCA; Procaspase-9 F
5'GGGAAGATCAGGGGACATGC,  Procaspase9 R  5'TCTTGGCAGTCAGGTCGTTC;  Apafl F
5'CTCCTTGGACGACAGCCATT, Apafl R 5’AAACACGCGTGGTAAACAGC; Bax F
5'ACCAAGAAGCTGAGCGAGTG, Bax R 5'ATGGTTCTGATCAGCTCGGG; Bid F 5
GGCGTCTGCGTGGTGATTC and Bid R 5" CCAGTAAGCTTGCACAGGCA. The amount of each transcript was
quantified by the formula: 2ct(B-Histone)—ct(gene), with ct being the point at which the fluorescence

rises substantially above the background fluorescence.

3.2.5. Cell proliferation assay
Cells were grown as previously described in 3.2.3 section. The counting of cell number was
performed 2, 3, 4, 5 and 6 days after post-infection and four wells per condition/per day were used. Cell

number detection was achieved using a TC20™ Automated Cell Counter (Bio-Rad).
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3.2.6. Immunofluorescence and confocal microscopy

For immunofluorescence experiments, cells were seeded in 6-well plates containing glass
coverslips. 6 days post-infection, cells were fixed with 4% paraformaldehyde (16% Formaldehyde Solution,
Thermo Scientific) for 15 min at room temperature (RT). After rinsing with 1x PBS, cells were
permeabilized with 0.1% Triton X-100 (Sigma) during 15 min at RT and then washed. Following this
process, cells were incubated with the anti-a-vinculin (V9131, SIGMA) and Alexa Fluor 488-Phalloidin
(Invitrogen) in 1x Tris-Buffered Saline with 0.1% Tween® 20 detergent (TBST) with 3% Bovine Serum
albumin (BSA) for 30 min, 37 °C. Subsequently, cells were washed and incubated with anti-mouse IgG
Cy3 conjugated developed in sheep (Sigma) or anti-rabbit 1gG Alexa488 conjugate developed in donkey
(Molecular Probes), during 30 min at 37 °C. After mounting the coverslip in Vectashield mounting medium
with DAPI (Vector Laboratories), samples were maintained at 4 °C until visualization. Images were

acquired with an Axiovert 200M confocal LSM 510 META Zeiss microscope using a 40x objective.

3.2.7. FITC Annexin V/7-AAD (AV/7-AAD) assay

Apoptosis was detected using FITC-Annexin V (BioLegend) and 7-Amino-Actinomycin D (7-AAD)
(BD Pharmingen™). 5 x 10° cells per condition were harvested, rinsed with 1x PBS and incubated with
FITC-Annexin V (1:20) in annexin binding buffer (10 mm HEPES pH 7.4, 150 mm NaCl, 2.5 mm CaCl2
in PBS pH 7.4), for 15 min in the dark, at RT. Cells were then centrifuged and resuspended with cold
FACS buffer containing 7-AAD (1:50). Acquisition was performed by flow cytometry.

3.2.8. Flow cytometry analysis

Flow cytometry analysis was performed with a six-color BD FACSCanto Il Flow Cytometer (BD)
equipped with a 488-nm blue and 633-nm red lasers. FITC-Annexin was detected by blue laser and 7-
AAD fluorescence (PerCP-Cy5-5-A) was detected in the far-red range of the spectrum (650 nm long-pass
filter). For each sample, 10 000 events were evaluated. Data are processed using FlowJo software

(version 7.6).

3.2.9. Apoptosis induction assays

Cells were seeded in 6-well plates, infected and six days post-infection treated with 50 pM
etoposide, 100 ng/ml TNF-a plus 500 nM SMAC, 5 uM of MG132 and 5 ng/ul of tunicamycin for O, 8,
12 and 24 h. At each time point, cells were harvested and collected for protein extraction for further

analysis by western blot.
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3.2.10. MEFs fractionation

Cells were grown as descried above and six days post-infection, cells were harvested (basal
conditions) or treated with 50 uM etoposide and 5 uM MG13 for 12 h and 8 h, respectively. After, 6.6 x
108 cells per condition were harvested and cell fractionation was performed using a Cell fractionation kit
(Abcam AB109719) following the manufacturers’ guidelines. 1 x 10° cells per condition was used for
total extracts. 4x Laemmli Sample Buffer (Bio-Rad) plus -mercaptoethanol with 2% Sodium Dodecyl
Sulfate (SDS) (Bio-Rad) supplemented with Tris-HCI 0.5 M pH 7.4 and protease inhibitors was used to
collect cellular fractions. GAPDH and COX IV were used as cytosolic and mitochondrial controls,

respectively. Protein bands were quantified Image Studio Lite Software System - LI-COR.

3.2.11. E3 ubiquitin ligases silencing by siRNAs

Cells were seeded in 6-wll plates and infected the day after. After 2 days, cells were tripsinized
and re-plated as described previously in 3.2.3 section. Cells were tripsinized and re-plated 4 days post-
infection in a final concentration of 1.5 x 10° cells/ml to transfect the siRNAs with cells in suspension.
Lipofectamine® RNAIMAX Transfection Reagent (Invitrogen, 13778) was used according to
manufacturer’s instructions to transfect the following siRNAs: siRNA Silencer™ Select Negative Control
No. 1 (Thermo Scientific, 4390843), Silencer® Select Ubr1 siRNA (Thermo Scientific, 4390771-s75706),
Silencer® Select Ubr2 siRNA (Thermo Scientific, 4390771-s104948), Silencer® Select Ubrd siRNA
(Thermo Scientific, 4390771-s87462), Silencer® Select Cnot4 siRNA (Thermo Scientific, 4390771-
s79257) and Silencer® Select March6 siRNA (Thermo Scientific, 4390771-s104524). Transfected cells
were collected 48 h post-transfection for western blot or treated with apoptotic inducers for further western

blot analysis.

3.2.12. Protein extraction

Cells were harvested and 2x Laemmli Sample Buffer (Bio-Rad) plus -mercaptoethanol with 2%
SDS (Bio-Rad) supplemented with TrissHCI 0.5 M pH 7.4 and protease inhibitors — 1 mM
phenylmethylsulfonyl fluoride (PMSF), 0.001 mg/ml Aprotinin, 1 mM Sodium Orthovanadate and 1 mM
Sodium Pyrophosphate (Roche) was used to collect cell lysates. The soluble protein concentration was
normalized using Revert staining with Revert 700 Total Protein Stain (LI-COR) through Image Studio Lite
Software — LI-COR.
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3.2.13. Western blot analysis

Protein samples were separated by SDS polyacrylamide gel electrophoresis and transferred onto
nitrocellulose membranes (Bio-Rad). Next, to avoid non-specific interactions, membranes were blocked
in 5% BSA or 5% non-fat milk in 1x TBST for 30 min at RT with agitation. Membranes were then incubated
1 h with agitation at RT with primary antibodies, namely mouse monoclonal anti-GAPDH (AbD serotec)
and rabbit polyclonal anti-Nat5 (Naa20, ProteinTech). Rabbit polyclonal anti-Caspase-3, anti-cleaved
Caspase-3, anti-cleaved Caspase-9, anti-cleaved Caspase-8, anti-Caspase-6, anti-Bax, rabbit monoclonal
anti-Caspase-8, anti-Cyt ¢, anti-Apafl, anti-COX IV, anti-cleaved PARP, anti-SMAC/DIABLO, mouse
polyclonal anti-Bid and mouse monoclonal anti-caspase-9 were all purchased from Cell Signaling.
Subsequently, membranes were incubated 1 h with agitation at RT with secondary antibodies anti-mouse
IgG or anti-rabbit IgG (Cell Signaling). Chemiluminescence detection was performed using the ECL Ultra

detection system (Lumigen) and an Odyssey® Fc Imaging System (LI-COR).

3.2.14. Proteomic approach

For proteomic analysis, protein was extracted from cell pellet with a total protein extraction buffer
with 50 mM HEPES/NaOH pH 7.2, 1.5 mM MgCl,, 1 mM Ethylene Glycol Tetraacetic Acid (EGTA), 10%
glycerol, 1% Triton and a protease inhibitor mix (1 mM PMSF, 1 ug/mL Aprotinin, 1 mM Orthovanadate
and 1 mM Sodium Pyrophosphate). The homogenates were incubated at 4 °C for 30 min with shaking.
The supernatants were separated from the insoluble fraction by centrifugation at 15000 xgat 4 °C for
30 min and used to determine protein concentration using the Bradford protocol [12]. After, 1 mg of
proteins was denaturated in 6 M Guanidine-HCI, 50 mM Tris-HCI (pH 8) and 4 mM Dithiothreitol (DTT),
reduced for 15 min at 95 °C and finally alkylated by the addition of 55 mM iodoacetamide for 1 h at RT
[13]. Proteins were precipitated by the addition of four times the sample volume of cold acetone followed
by 1 h centrifugation at —20 °C. The resulting pellet was resuspended in 50 mM phosphate buffer (pH
7.5) and was subjected to chemical acetylation of the free N-terminus amino groups with N-acetoxy-[?Hz]-
succinimide according to [14]. For detailed description of the sample preparation and N-terminus peptide

enrichment, LC-orbitrap MS/MS analysis and protein identification and quantification see [13].

3.2.15. Basic Statistical Analysis
Statistical analysis was performed using Prism 8 (GraphPad software). First, we assessed the
normality of groups with a Shapiro-Wilk test. If both groups presented a normal distribution, un unpaired

t-test for parametric data was used. In case of non-parametric distribution of the groups, the differences
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between both groups were determined conducting a Mann-Whitney test. For the statistical analysis of the

proliferation assay, a two-way ANOVA was performed.

3.3. Results

3.3.1. Total inactivation of Naa20 induces cytoskeleton abnormalities and decreased cell
proliferation in MEF cells

NatB has been shown to be a highly conserved enzyme among all multicellular organisms,
including plants [15]. In all other eukaryotes, with exception of yeast and C. elegans, the biological role
of NatB has been always assessed after partial depletion of one of the two subunits, associating the
resulting observed defects to a partial NatB-dependent Nt-acetylation reduction [1-7]. Although the NatB
biological relevance in MEFs has been assessed when the regulatory subunit Naa25 was totally depleted
[10], the role of the catalytic subunit Naa20 was not. Six days after infection with AdSCMVCre (Naa20~~
MEFs) or AdEmpty (wild type (WT) MEFs), we quantified a 99.6% reduction of NaaZOWT mRNA expression
in Naa20~'~ MEFs revealing a near complete inactivation of Naa20. We also analysed Naa20 expression
and found that this protein was undetectable in Naa20~~ MEFs (Figure 3.1A). Inactivation of Naa20 was
associated to a clear reduction of Naa20~~ MEFs cell proliferation already 4 days after infection (Figure
3.1B). Moreover, six days after AdCre infection, a disorganization of the actin fibers was also visualized
in Naa20~~ MEFs in comparison with AdEmpty infected MEFs (Figure 3.1C). As there is a close interaction
between actin stress fibers and cellular focal adhesions, we also assessed the integrity of focal adhesions
by visualizing vinculin, one of their main components, by immunofluorescence. We found that there was
a decrease in the number of focal adhesions in Naa20~~ MEFs, in accordance with actin fibers’
disorganization (Figure 3.1C). Taken together, these results confirm that NaaZ0is inactivated in the MEF

KO cells, leading to cytoskeleton abnormalities and decreased cell proliferation.
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Figure 3.1: In Naa20~~ MEFs cells, lacking the catalytic subunit of NatB, /23220 gene and protein are not
expressed, and the cell proliferation and the actin cytoskeleton are perturbed. (A) Confirmation of the Naa20
gene and protein expression in MEF cells 6 days after infection with AdEmpty (WT) and Ad5CMVCre (Naa20~") cells by RT-
PCR and western blot, respectively. GAPDH was used as a loading control. The values display the mean of three independent
experiments analysed by t-Student test, where ****p<0.0001. (B) Representative plot of the average number of Naa20
AdEmpty (WT) or Naa20 Ad5CMVCre (Naa20~-) infected MEF cells per well along post-infection days. The values display the
mean of three independent experiments analysed by two-way ANOVA, where **p<0.01 and ***p<0.001. (C) Representative
images of actin stained with Alexa Fluor 488-Phalloidin (green) and focal adhesions stained with a-vinculin (red) in MEF cells
6 days after infection with AdEmpty (WT) and Ad5CMVCre (Naa20~") cells using confocal microscopy. Nuclei are labelled with
DAPI (blue). Bar: 25 uM

3.3.2. Quantitative N-terminomics of Naa20~~ MEF cells reveals an unambiguous and
specific Nt-acetylation reduction of NatB substrates

To characterize the effects of the complete NatB depletion in MEF cells, we proceeded with an
N-terminomics analysis of WT and Naa20~~ MEFs by SILProNAQ [16]. Experimental data were then
processed with the EnCOUNTer tool to provide an accurate measurement of the Nt- acetylation pattern
and frequency in WT and NatB depleted cells. Analysis of these genotypes together identified 25048 N-

termini corresponding to 1988 non-redundant proteoforms (Table 3.1).
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Table 3.1: N-terminome analysis of WT and Naa20~~ MEFs. Detailed quantification of the number of N-termini
identified, non-redundant proteoforms and quantified NTA values for each condition. The number of N-termini with iMet or
without (+NME) the starting methionine and processed N-termini, as well as the acetylation status are also indicated for WT

and Naa20~~ MEFs. The values presented are the mean of 8 replicates.

WT Naa20~-
Identified N-termini 13149 11899
Non-redundant proteoforms 1844 1675
Quantified N-termini 1073 945
Full acetylation (NTA > 95%) 734 586
Partial acetylation 90 126
No acetylation (NTA < 5%) 249 233
iMet (pos. 1) 244 181
Full acetylation (NTA > 95%) 194 99
Partial acetylation 25 61
No acetylation (NTA < 5%) 25 21
+NME (pos. 2) 688 632
Full acetylation (NTA > 95%) 528 478
Partial acetylation 55 56
No acetylation (NTA < 5%) 105 98
Processed (pos. > 2) 141 132
Full acetylation (NTA > 95%) 12 9
Partial acetylation 10 9
No acetylation (NTA < 5%) 119 114

Among all these identified proteoforms, we were able to quantify 1191 unique N-termini (1073 in the WT
and 945 in the NatB mutant background) (Table 3.1, Figure 3.2A). Among the quantified N-termini for
WT, 688 underwent removal of iMet (Nt-methionine excision, NME) and 244 retained their iMet (Figure
3.2B and C). From the quantified N-termini retaining the iMet, 80% (194/244) were fully acetylated
(acetylation yield >95%), while 20% (50/244) were partially or not acetylated (Table 3.1) The fully
acetylated proteins are predominantly classical NatB-substrates (N-termini featuring iMet followed by
Glu>Asp>>Asn, (124/194). Only 8 NatB-type N-termini were found in the groups of partly or non-
acetylated proteins (8/50). The groups of weakly or non-acetylated proteins consisted mostly of NatC-
and NatE substrates (Table A2). In MEF cells, when NaaZ0 was inactivated, we observed an overall
reduction of NTA level in comparison with the WT background (Table 3.1 and 3.2A). This reduction
originated only from Met-starting substrates (Figure 3.2B), with a relative decrease in the number of fully
acetylated N-termini to only partially acetylated N-termini (Table 3.1, Table A2). In fact, among the
quantified N-termini for Naa20~"~ MEFs, 632 underwent removal of iMet (NME) and 181 retained the iMet
(Table 3.1, Figure 3.2B and C). In this last case, 55% (99/181) were fully acetylated while 34% (61/181)
and 12% (21/181) were partially or not acetylated, respectively (Table 3.1). Differently, when we compare
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WT and Naa20~'~ MEFs, the acetylation level of N-termini devoid of the iMet or N-termini processed
downstream were unaffected (Figure 3.2C and D). Remarkably, the majority of N-termini with strong
decreased acetylation in the Naa20~'~ MEF cells were NatB substrates (Figure 3.2E). Indeed, as shown
in the Table 3.2, which comprises a N-terminome analysis containing only the N-termini with an NTA level
decrease of at least 20% in the Naa20~~ MEFs, 27 proteins displayed the acidic amino acids Asp and
Glu and to a minor extent Gln and Asn at position two (Table 3.2, Figure 3.2E). Moreover, we identified
26 proteins that were acetylated in the WT but displayed significantly less NTA in Naa20~~ MEF cells
(Table 3.2). Among them, the 8 most statistically relevant affected proteins are highlighted in green and
numbered in the Volcano plot of Figure 3.2F and their characterization reported in Table 3.2, shown in
bold. Nonetheless, many NatB substrates were unaffected, which suggests that other unknown NATs can

take in charge these NatB substrates.
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Figure 3.2: N-terminome and proteome analysis of WT and Naa20~~ MEFs show an overall reduction of Nt-
acetylation and a deregulation of the expression of a subset of proteins in Naa20~~ MEFs. Distribution plots of
the quantified N-termini in relation to the acetylation yield of the (A) total identified N-termini, (B) N-termini with iMet, (C) N-
termini undergoing NME and (D) processed N-termini. (E) IcelLogo representation of the N-termini sequences with a 20%
minimum decrease of NTA yield to those with less than a 5% variation, when comparing the Naa20~'~ MEFs to the WT MEFs.

(F) Volcano plot of the NTA ratio between Naa20~~and WT MEFs. The dashed horizontal line shows the p-values cutoff and
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the eight points highlighted in green indicate the affected proteins with the highest statistical significance. (G) Volcano plot of
the LFQ ratio between Naa20~~ and WT MEFs. The dashed horizontal line shows the p-values cutoff and the points highlighted
in green and red represent the downregulated and upregulated proteins, respectively. All graphics containing only the N-termini
that have been quantified at least once in each condition (WT or Naa20~-). All plots contain only the N-termini that have been

quantified at least once in each condition (WT or Naa20~"~). FDR - false discovery rate; N — number of samples.
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Table 3.2: Most affected Nt-acetylated proteins resulting from NMa2a20 inactivation in MEFs. Only the N-termini with an NTA level decrease of at least 20% in the Naa20~'~ MEFs

were analysed and then correlated with the protein expression level when LFQ was possible in both WT and Naa20~~ MEFs. The values in bold represent the eight most statistically relevant

affected proteins. Proteins with a significant decrease in NTA according to a FDR< 5%. n./: protein not identified in the experiment. The table contains only the N-termini that have been quantified

at least once in each condition (WT or Naa207").

%NTA LFQ Protein
Uniprt.)t Entry Name Protein Description 17 : N-terminal %NTA %NTA_ . Differelltie NTA IS:itio Ratio_ '
Accession Position Residue  Sequence (WT) (Naa207-) (Naa20’ - (Naa20”-/WT) (Naa20~//
WT) WT)
P62849 RS24_MOUSE 40S ribosomal protein S24 MNDTVTIRTR 99.4+0.6 339+34 -65.5 0.341 0.693
P61166  TM258_MOUSE Transmembrane protein 258 MELEAMSRYT 93.3+4.2 13.4+2.1 -79.9 0.144
Q8BIW1  PRUN1_MOUSE Exopolyphosphatase PRUNEL MEDYLQDCRA 99.8+0.3 449+ 1.1 -54.9 0.450 2.075
Q9EPLS8 IPO7_MOUSE  Importin-7 MDPNTIIEAL  99.5+ 0.8 44.3+35 -55.1 0.446 0.516
QICQW9  IFM3_MousE ereroninduced transmembrane protein MNHTSQAFIT 97.9+06 328+18  -65.2 0.335
Q972X8  KEAP1_MOUSE Kelch-like ECH-associated protein 1 MQPEPKLSGA 99.1 +0.7 415+1.4 -57.6 0.419
Q9R0Q7 TEBP_MOUSE Prostaglandin E synthase 3 MQPASAKWYD 86.2 +7.3 40.7 +0.3 -45.5 0.472 0.624
P58742 AAAS_MOUSE  Aladin CSLGLFPPPP 999+ 0.0 59x55 -94.1 0.059
Q7TPDO INT3_MOUSE Integrator complex subunit 3 MELQKGKGTV 98.6 + 0.9 26.1 -72.5 0.265
Q9Z0H1  WDR46_MOUSE WD repeat-containing protein 46 METAPKPGRG ~ 100.0 50.3+0.7 -49.7 0.503
Q8R5J9 PRAF3_MOUSE PRAL1 family protein 3 MDVNLAPLRA 99.7 + 0.3 52.8 + 3.8 -46.9 0.529
Q8K3WO  BABA2_MOUSE BRISC and BRCA1-A complex member 2 MSPEIALNRI  99.2+0.2  57.8 -41.4 0.583
Q9CQ71 RFA3_MOUSE Replication protein A 14 kDa subunit MEDIMQLPKA 99.6 +0.4 58.5+ 3.1 41.1 0.588
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Table 3.3: Most affected Nt-acetylated proteins resulting from Naa20 inactivation in MEFs (cont).

%NTA LFQ Protein
Uniprot Entry Name Protein Description NTA N-1 N-terminal %NTA %NTA Difference NTA Ratio Ratio
Accession i P Position Residue = Sequence (WT) (Naa207-) (Naa20”-- (Naa20”’/WT) (Naa20~-/
WT) WT)
055222 ILK_MOUSE Integrin-linked protein kinase 1 MDDIFTQCRE 999 +0.1 63.4+0.9 -36.5 0.635
P17809  GTRI_MOUSE “ote carier family 2, facilitated glucose MDPSSKKVTG 99.3+0.7 63.3 2.3 36.0 0.638 0.623
transporter member 1
Q2TBE6  P4K2A_MOUSE Phosphatidylinositol 4-kinase type 2-alpha 1 MDETSPLVSP  99.0 + 0.8 66.7 -32.3 0.674
Q78IJES FBX22_MOUSE F-box only protein 22 1 MEPAGGGGGY 999 +0.0 67.9+29 -32.0 0.680
Q3UDE2  TTL12_MOUSE Tubulin-tyrosine ligase-like protein 12 1 MEIQSGPQPG 99.9 £ 0.1 70.7 -29.2 0.708 0.748
Q8K274 KT3K_MOUSE Ketosamine-3-kinase 1 METLLKRELG 99.9+0.0 709 +0.1 -29.1 0.709
Q3UFB2 BCD1_MOUSE Box C/D snoRNA protein 1 1 MESAAEKEGT 99.5+05 71.9+1.8 -27.5 0.723
Q7TMF3  NDUAC_MOUSE \DH dehydrogenase [ubiquinone] 1 1 MELVEVLKRG 99.9 + 0.0 73.3 + 2.0 26.7 0.733
alpha subcomplex subunit 12
F8VPU2  FARP1_MOUSE ' M- ARHGEF and pleckstrin domain- 2 M GEIEQKPTPA 96.9+2.7 70.4+ 2.6 26.6 0.726 0.936
containing protein 1
P11983 TCPA_MOUSE T-complex protein 1 subunit alpha 1 MEGPLSVFGD 99.6 + 0.5 74.0+4.3 -25.5 0.743 0.944
Acidic leucine-rich nuclear phosphoprotein
P97822 AN32E_MOUSE ) 1 MEMKKKINME 99.9 +0.0 758+ 2.6 -24.2 0.758 0.990
32 family member E
Q8CAY6 THIC_MOUSE  Acetyl-CoA acetyltransferase 1 MNAGSDPWI 99.6 +0.3 76.9+4.4 -22.8 0.772 0.921
Q9D0I9 SYRC_MOUSE  Arginine-tRNA ligase 1 MDGLVAQCSA 99.5+0.5 79.5+4.7 -20.0 0.799 1.009
P70677 CASP3_MOUSE Caspase-3 n.i. n.i. MENNKTSVDS n.i. n.i n.i. n.i. 0.649
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Table 3.4: Most affected Nt-acetylated proteins resulting from Naa20inactivation in MEFs (cont).

089110  CASP8_MOUSE Caspase-8 n.i. n.i. MDFQSCLYAI n.i. n.i. ni ni n.i
Q8C3Q9  CASP9_MOUSE Caspase-9 n.i. n.i. MDEADRQLLR n.i. n.i. ni ni n.i
Q6ZQ89  MARH6_MOUSE E3 ubiquitin-protein ligase MARCHF6 1 - MDTAEEDICR NTA NTA - - n.f.
A2ANO8 UBR4_MOUSE  E3 ubiquitin-protein ligase UBR4 n.i. n.i. MATSGGEEAA n.i. n.i. n.i. n.i. 0.699
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Regarding label free quantification information (LFQ Protein Ratio), Table 3.3 shows a proteome
analysis containing only the proteins with an LFQ ratio either < 0.5 or > 2.0 in the Naa20~~ MEFs. Herein,
we found that 36 proteins were deregulated in the Naa20~~ MEF cells, 21 of them being downregulated
(LFQ ratio < 0.5) and 15 upregulated (LFQ ratio > 2.0) (Table 3.3 and Figure 3.2G). Interestingly, taking
in account the nature of the second amino acid, no NatB substrate was found among the upregulated
proteins, while 9 out the 21 downregulated proteins are all most likely NatB substrates, indicated in bold
in the Table 3.3. Notably, half of the NTA downregulated proteins are directly associated with apoptosis,
and in particular with caspases, such as protein SET [17], protein quaking [18], transgelin [19], general
vesicular transport factor pllb [20], spermidine synthase [21], acidic leucine-rich nuclear
phosphoprotein 32 family member B [22], cell growth-regulating nucleolar protein [23], lysyl oxidase
homolog 1 [24,25], phosphoserine aminotransferase Psatl [26]. For instance, the acidic leucine-rich
nuclear phosphoprotein 32 family member B protein (AN32B - Q9EST5), a multifunction protein is directly
cleaved by caspase-3 and a negative regulator of caspase-3-dependent apoptosis (Table 3.3) [22].
Although NTA of procaspase-3, -8 and -9 could not be quantified in the N-terminomics analysis, caspase-
3 protein levels were found notably reduced (0.649) in the Naa20~~ MEF cells (Table 3.2). Indeed,
searching in the set of the 36 deregulated proteins in which both protein levels and NTA could be
quantified we noticed that only 12 respond to this query (Table 3.3). Among them, caveolea associated
protein 1 (054724) is the only protein with a parallel reduction in protein level and significant reduction
in the NTA (%). Overall, our results suggest a possible influence of NatB-dependent NTA of specific proteins

on their protein half-life and in particular on those involved in apoptosis, including caspases.
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Table 3.3: Proteomic analysis of WT and Naa20~~ MEFs reveals differentially expressed proteins when Naa20 is inactivated in MEFs. Analysis of the proteins with an LFQ

ratio either < 0.5 or > 2.0 correspondent to downregulated or upregulated proteins, respectively (separated by the dashed line). The proteins indicated in bold represents the NatB substrates.

The NTA difference (%) between the Naa20~~ and WT is presented when applicable. The table contain only the proteins that have been quantified at least in two biological replicates of each

condition (WT or Naa20™").

Uniprot . . LFQ Protein Ratio % NTA Difference
Accession Entry Name Protein Description Naa20— /_/ WT (Naa20~ /- wT)

P37804 TAGL_MOUSE Transgelin 0.331 -1.3 (Ala2)
Q99K85 SERC_MOUSE Phosphoserine aminotransferase Psatl 0.492 -0.4 (iMet)

P28301 LYOX_MOUSE Protein-lysine 6-oxidase 0.228 -
Q9z1z0 USO1_MOUSE General vesicular transport factor p115 0.367 -
Q64674 SPEE_MOUSE Spermidine synthase 0.444 -3.3 (iMet)
Q9EST5 AN32B_MOUSE Acidic leucine-rich nuclear phosphoprotein 32 family member B 0.404 -
Q9EQUS SET_MOUSE Protein SET 0.314 -
054724 CAVN1_MOUSE Caveolae-associated protein 1 0.425 -15.9 (iMet)

0922J9 FACR1_MOUSE Fatty acyl-CoA reductase 1 0.474 -

QOOPI9 HNRL2_MOUSE Heterogeneous nuclear ribonucleoprotein U-like protein 2 0.282 -

P97873 LOXL1_MOUSE Lysyl oxidase homolog 1 0.423 -
Q99P72 RTN4_MOUSE  Reticulon-4 0.462 -4.0 (iMet)
P35293 RAB18_MOUSE Ras-related protein Rab-18 0.468 -

P62862 RS30_MOUSE 40S ribosomal protein S30 0.372 0.0 (Lys1)
035345 IMA7_MOUSE Importin subunit alpha-7 0.416 -0.4 (iMet)
070251 EF1B_MOUSE Elongation factor 1-beta 0.405 -
Q9D883 U2AF1_MOUSE Splicing factor U2AF 35 kDa subunit 0.450 -

P47955 RLA1_MOUSE 60S acidic ribosomal protein P1 0.406 -0.1 (Ala2)
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Table 3.3: Proteomic analysis of WT and Naa20~~ MEFs reveals differentially expressed proteins when Naa20is inactivated in MEFs (cont).

Uniprot . L. LFQ Protein Ratio % NTA Difference
Accession Entry Name Protein Description Naazo_/_/ WT (NaaZO_/_- wT)

Q91YT7 YTHD2_MOUSE YTH domain-containing family protein 2 0.438 -0.2 (Ser2)
Q90QYs9 QKI_MOUSE Protein quaking 0.460 -
Q08288 LYAR_MOUSE Cell growth-regulating nucleolar protein 0.466 -
Q6WVG3 KCD12_MOUSE BTB/POZ domain-containing protein KCTD12 5.143 -

P12265 BGLR_MOUSE Beta-glucuronidase 2.274 -
Qowvs4 ASAH1_MOUSE Acid ceramidase 2.084 -
Q61391 NEP_MOUSE Neprilysin 3.020 -
Q9D379 HYEP_MOUSE Epoxide hydrolase 1 3.681 -
P17710 HXK1_MOUSE Hexokinase-1 3.404 -
Q9DOK2 SCOT1_MOUSE Succinyl-CoA:3-ketoacid coenzyme A transferase 1. mitochondrial 2.209 -
089023 TPP1_MOUSE Tripeptidyl-peptidase 1 2.099 -
QOGNC1 INF2_MOUSE Inverted formin-2 2.108 -0.2 (Ser2)
088543 CSN3_MOUSE COP9 signalosome complex subunit 3 2.273 0.0 (Ala2)
P61620 S61A1_MOUSE Protein transport protein Sec61 subunit alpha isoform 1 2.887 -0.3 (Ala2)
P84228 H32_MOUSE Histone H3.2 3.601 -
062095 DDX3Y_MOUSE ATP-dependent RNA helicase DDX3Y 2.001 -
P20060 HEXB_MOUSE Beta-hexosaminidase subunit beta 2.052 -
Q91v12 BACH_MOUSE Cytosolic acyl coenzyme A thioester hydrolase 2.098 -
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3.3.3. Naa20 inactivation reduces the expression of several apoptosis pathway
components

As a significant number of apoptotic proteins are NatB substrates, we performed a kinetics assay
after NaaZ0inactivation to analyse the expression of intrinsic and extrinsic apoptosis components, paying
special attention to proteins that are NatB substrates. Naa20~"~ MEFs 5 and 6 days post-infection showed
a significant decrease in the protein level of procaspases-8, -9 and -3, and Bid, without no effects on
procaspase-6 and SMAC/DIABLO expression levels, proteins predicted to be Nt-acetylated by NatA based
on their second amino acid nature (Figure 3.3A). On the other hand, at 6 days post-infection, no
differences were observed in procaspase-8, procaspase-3 and Bid mRNA levels, except on procaspase-9
which showed a decrease not comparable to the strong downregulation of the corresponding protein
(Figure 3.3B). In contrast, gene expression of both Bax and Apafl, also NatB substrates, was markedly
upregulated in the absence of the Naa20 subunit, suggesting an increase in their transcriptional activity
which was not reflected in protein accumulation (Figure 3.3B). These findings clearly show a strong

negative effect of Naa20 knockout in procaspase-3, -8 and -9 protein expression levels as well as in Bid.
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Figure 3.3: Inactivation of Naa20 subunit induces a significant decrease in protein expression level of
procaspase-3, -9 and -8 and Bid, which is not associated with changes in mRNA expression in the case of

Procaspase-3, Procaspase-8 and Bid. (A) Representative western blot images of the NatB substrates expression
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procaspase-3, -9 and -8, and of Bax, Bid, Apafl, as well as of the non NatB substrates procaspase-6, SMAC/DIABLO and
cleaved PARP. MEF cells were harvested 4, 5 and 6 days after infection with AdEmpty (WT) or Ad5CMVCre (Naa20~-).
Procaspase-6 and SMAC/DIABLO were used as controls. GAPDH was used as a loading control. (B) Representative plots of
mRNA expression of the same NatB substrates as in A, 6 days post-infection. The values display the mean of three independent
experiments analysed by t-Student test, where *p<0.05, **p<0.01 and ***p<0.001. (C) Average values of early and late
apoptotic cells and necrotic cells of MEFs cells 6 days after infection with AdEmpty (WT) or Ad5CMVCre (Naa20~-), assessed

by FITC-AV/7-AAD staining with flow cytometry. Values represent the mean values of two independent experiments.

Additionally, the increase of PARP cleavage suggests a slight induction of apoptosis in Naa20~~ MEFs
(Figure 3.3A). To further support this interpretation, we assessed the exposure of PS to the outer leaflet
of the plasma membrane, and the integrity of the plasma membrane, using the FITC-AV/7-AAD staining
assay. Accordingly, Naa20~~ MEFs showed an increase in the percentage of early apoptotic cells in
comparison with the WT MEFs, indicating a small subpopulation of apoptotic cells in Naa20~~ MEF cells

under basal conditions (Figure 3.3C).

3.3.4. Naa20 /- MEF cells display decreased susceptibility to the apoptotic inducers TNF-
alpha plus SMAC mimetic and to etoposide

The observed increment on PARP cleavage in Naa20~~ MEF cells associated with the strong
reduction in procaspases protein levels prompted us to assess the susceptibility of Naa20~~ MEFs to
different apoptosis inducers like etoposide and to TNF-a plus SMAC mimetic. For both apoptotic stimuli,
we found that protein levels of procaspase-8, -9 and -3 decreased in WT cells along the experiment as a
result of their proteolytic processing. However, the levels of all these procaspases and of Bid in Naa20~~
MEFs, besides being lower than in the WT MEFs at time 0, were maintained constant until the end of the
experiment. Consequently, this decrease was associated with significant lower levels of the cleaved
caspases (Figure 3.4). In agreement with these results, we also observed a decrease in PARP cleavage
in Naa20~"~ MEFs exposed to TNF-a plus SMAC mimetic as well as to etoposide.

Then, we questioned whether the observed blockade of apoptosis induction when NaaZ0 is
inactivated could be extended to other apoptosis inducers. To this end, we assessed the susceptibility of
Naa207'~ MEFs to the ER stress inducer tunicamycin or to the proteasome inhibitor MG132, which induce
apoptosis by activating caspase-9 and caspase-8, respectively [27]. Though Naa20~~ MEFs showed initial
lower proteins levels of procaspases-8, - 9 and -3 and of their cleaved forms for both treatments in

comparison with WT cells, these differences were attenuated at the end of the experiment (Figure Al,
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Appendix). Moreover, we found that there was no evident decrease in PARP cleavage in Naa20~~ MEFs

for both stimuli, in contrast with TNF-at plus SMAC mimetic and etoposide treatment.
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Figure 3.4: Inactivation of Naa20 causes a decreased susceptibility of MEF cells to the apoptotic inducers
TNF-a plus SMAC mimetic and to etoposide. Representative western blot images of procaspases-3, -9 and -8 and of the

respective cleaved caspases as well as of Bid and cleaved PARP in MEF cells, 6 days after infection with AdEmpty (WT) or
Ad5CMVCre (Naa20~) and 0, 8, 12 and 24 h after treatment with 100 ng/mL TNF-a plus 500 nM SMAC mimetic or 50 pM

etoposide.

3.3.5. Blockage of apoptosis in Naa207~ MEFs occurs downstream of cytochrome ¢
release

As NaaZ0 inactivation decreased the susceptibility of Naa20~~ MEFs to intrinsic apoptosis
induction by etoposide, we addressed whether blockage of apoptosis could be due to an effect on Bax
subcellular localization and/or on Bax activation. A slight increase of mitochondrial Bax was observed in
Naa20~~ MEFs under basal conditions comparing with WT MEFs. However, this Bax translocation was
not enough to activate Bax and promote a detectable release of cyt ¢ and SMAC/DIABLO (Figure 3.5A).
Curiously, Naa20~~and WT MEFs, 12 h after etoposide treatment, showed similar Bax translocation from
the cytosol to mitochondria associated with similar release of cyt ¢ to the cytosol. Interestingly, we found

an evident increase of SMAC/DIABLO in the mitochondria of Naa20~"~ MEFs, suggesting a defect in its
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release after etoposide addition (Figure 3.5B). The subcellular localization Bax, cyt ¢ and SMAC/DIABLO
was also assessed when MEFs were treated with MG132 for 8 h. Results showed a similar Bax
mitochondrial targeting and cyt ¢ and SMAC release from the mitochondria to the cytosol, in both WT and
Naa20~~ MEFs (Figure 3.5C). Accordingly, a similar procaspase-9 activation was observed in both WT
and Naa20~'~ MEF cells, 8h after treatment with MG132 (Figure A1, Appendix).
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Figure 3. 5: Inactivation of Naa20 does not impact release of cytochrome c in response to etoposide and
MG132 but increases the mitochondrial SMAC/DIABLO content in response to etoposide treatment.
Representative western blot image of Bax, cyt ¢, Bid and SMAC/DIABLO in total extracts, cytosolic fraction and mitochondrial
fraction of MEF cells 6 days after infection with AdEmpty (WT) or Ad5CMVCre (Naa20~"), before (basal conditions) (A), 12 h
after 50 UM etoposide treatment (B) and 8 h after 5 pM MG132 treatment (C). WT and Naa20~~ MEF cells were fractionated

6 days after virus inoculation. Cytosolic GAPDH and mitochondrial COX IV were used as loading controls of cytosolic and

mitochondrial fractions, respectively.

3.3.6. Arg/N-degron pathway is involved in the decrease of procaspase-9 and -8 protein
levels in Naa20~~MEFs and in defects of procaspases activation

As the expression levels of Bid, procaspase-3, -9 and -8 were decreased in the absence of Naa20
(Figure 3.3A), we assessed if the lack of the N-terminal acetyl group in NatB substrates is sensed as an
N-degron by the Arg/- or Ac/N-degron pathways, and consequently targeted for degradation. To this end,
we used siRNAs to silence the E3 Arg/N-recognins Ubrl, Ubr2 and Ubr4, and the Ac/N-recognins Cnot4
and March6 in both Naa20~~and WT MEFs, and evaluated the procaspases and Bid protein expression
level (Figure 3.6A). While procaspase-3 levels were not affected by silencing any of the ubiquitin ligases
tested, silencing of Ubr4 and Ubrl increased the procaspase-8 and -9 levels in Naa20~~ MEFs,
respectively (see orange squares in Figure 3.6A). On the other hand, silencing of Ubr4 or Ubri also

increased Bid protein levels. Interestingly, downregulation of Ubr2 negatively affects procaspase-8 and
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procaspase-3 expression in WT MEFs, presenting similar levels to those observed in Naa20~~ MEFs (see

red squares in Figure 3.6A).
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Figure 3.6: Silencing the ubiquitin ligases Ubr4 and Ubrl in Naa20”~ MEFs rescues the decrease in
procaspase-8 and -9 protein expression levels, respectively, as well of Bid and promotes the activation of
caspase-8 in response to TNF-a plus SMAC mimetic. (A) Representative western blot images of the procaspases-3, -9
and -8 and Bid protein levels after silencing March6, Ubr4, Cnot4, Ubri and Ubr2 ubiquitin ligases in MEF cells 6 days after
infection with AdEmpty (WT) or AdSCMVCre (Naa20~~). A specific siRNA (siControl) was used as a control. Orange squares
indicate the recovery of procaspase-8 and -9 and Bid protein levels in Naa20~~ MEFs; red squares indicate the downregulation
of procaspase-3 and -8 proteins levels in WT cells after Ubr2 silencing. (B) Representative western blot image of the
procaspases and cleaved caspases-3, -9 and -8 and Bid protein levels after silencing the Ubr4 ubiquitin ligase in MEF cells 6
days after infection with AdEmpty (WT) or AdSCMVCre (Naa20~"), 12 hours after treatment with 100 ng/mL TNF-a plus 500
nM SMAC mimetic. PBS plus DMSO was used as a negative control of TNF-a plus SMAC mimetic treatment. A specific siRNA

(siControl) was used for control.

3.3.7. Ubr4 silencing partially reverts the Naa20-mediated decrease of procaspase and
caspase-8 expression levels in response to TNF-a plus SMAC mimetic

Once we have found that the N-terminal of procaspase-8, -9 and Bid may be recognized as
degradation signals when NaaZ0 is inactivated, we addressed whether the observed increase after
silencing would be able to rescue procaspases activation in Naa20~~MEFs in response to TNF-a. plus
SMAC mimetic and to etoposide. Besides restoring procaspase-8 protein levels in Naa20~~ MEFs,

silencing of Ubr4 lead to activation of caspases-8 12h after TNF-a plus SMAC treatment, with recovered
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caspase-8 p43 polypeptide expression and increased caspase-8 pl8 polypeptide expression (Figure
3.6B). Ubr4 downregulation also promotes a slight caspase-3 and -9 activation in Naa20~~ MEFs.
Nonetheless, the activation of caspase-3 and -9 is less pronounced when compared with the activation of
caspase-8. Contrarily, although Ubrl! silencing caused a restoration of procaspase-9 protein levels in
Naa20~~MEFs (Figure 3.6A), it had no effect on caspase-9 activation after etoposide treatment (Figure
A2, Appendix). The same phenotype was observed when silencing Ubr4in response to etoposide (Figure
A2, Appendix). These data indicate that apoptosis blockade in response to TNF-a and SMAC mimetic
caused by NaaZ0inactivation can be partially reverted by silencing the UBR4 E3 ubiquitin-protein ligase.

3.4. Discussion

In the last years, owing to the relevance of Nt-acetylation in several biological processes, there
has been a growing interest in this protein modification. NatB is the second major contributor to the Nt-
acetylome with an important role in different cellular processes [28,29]. Therefore, several studies have
been addressing the effect of NatB inactivation in different cell and organism models. When NatB is
inactivated in yeast, there is a complete abrogation of initial methionine acetylation when the second
residue is a -Glu, -Asp, -Gln or -Asn [3]. Similarly, downregulation of NatB subunits expression in A. thaliana
to 30% of the WT NatB levels reduces the Nt-acetylation resulting in 63% of NatB substrates being
unacetylated or very low Nt-acetylated in the initial methionine, 20% partially acetylated and 17% fully
acetylated [2]. On the other hand, inactivation of NatB in C. efegans does not lead to a decrease in a high
proportion of Nt-acetylation of NatB substrates with a -Glu as second residue [1]. Herein, we extend the
study of the effect of NatB inactivation to the MEFs model. We found that though inactivation of NatB
catalytic subunit in MEFs reduces the Nt-acetylation of many NatB substrates, this effect is not complete.
Indeed, while close to two thirds of NatB identified substrates are not affected by NatB inactivation, the
other one third presents a reduction of at least 20% of their Nt-acetylation degree, but none of them being
completely unacetylated. A similar behaviour is observed in A. thaliana when NatA is inactivated reducing
the fully acetylated NatA substrates from 78% in WT cells to 30-34% [30], but just less than 2% of proteins
show a significant reduction in their Nt-acetylation degree when NatA is inactivated in MEFs [31] or
mutated in human fibroblasts [32]. Interestingly, it was discovered a NaalO paralog, Naal2, which
substitutes NaalO activity when this subunit is inactivated in MEFs reducing the number of NatA
substrates affected [31]. As the inactivation of NatB catalytic subunit is unable to eliminate Nt-acetylation
of NatB substrates, it is conceivable that another enzyme or paralog fills the absence of Naa20.

Interestingly, it has been recently discovered a new NAT, NatH, which N-terminally acetylates actin, a
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protein with an acidic Nt-end. Moreover, NAABO, the catalytic subunit of NatH, can modify /n7 vitro initial
methionine in peptides that present an aspartic acid as second residue [33] being therefore a candidate
to modify NatB substrates when this enzyme is not present. The effect of NatB inactivation in MEFs and
C. elegans has a lower impact on Nt-acetylation than in yeast and A. thaliana while Naa80 is present in
mammals and C. elegans and absent in yeast and A. thaliana [33]. Naa80 is therefore a good candidate
to reduce the impact of NatB inactivation on Nt acetylome in mammals and C. efegans. Altogether, these
evidence support the interpretation that the co-translational and irreversible protein modification mediated
by NatB is more complex in mammals than in yeast presenting a higher number of NAT complexes
[28,29] with complementary enzymatic activities that warrant optimum maintenance of protein Nt-
acetylation.

Nt-acetylation has been shown to impact proteome dynamics modulating the cellular responses
to internal and external stimuli with implications in cancer pathogenesis, neurodegenerative diseases and
cardiovascular disorders [29,32,34]. Particularly, NatB inactivation or downregulation may affect several
cellular processes such as actin cytoskeleton function [3,5-7], stress responses [2,35,36], cell
proliferation [4,8,9] and apoptosis [8,10]. Indeed, it was reported that inactivation of both NatB subunits
in yeast [6,7] and of Naa25 in D. melanogaster [5,9], as well as the silencing of NatB in both Hela [3,8]
and HCC cells [4] perturb cytoskeleton organization and cell proliferation. These effects are explained by
the absence of NatB-mediated Nt-acetylation of tropomyosin isoforms and proliferation-related proteins
[3,4,7,8]. Accordingly, we found that in the generated Naa20~'~ MEFs, Naa20 inactivation leads to a
decreased cell proliferation and perturbations on actin cytoskeleton and focal adhesions.

Apoptosis is a key player in the maintenance of cellular homeostasis whose deregulation is
associated with many pathologic processes. Besides affecting cell proliferation and cytoskeleton
organization, it has been demonstrated that NatB can regulate apoptosis in MEFs [10] and tumour cells
[4]. Indeed, some of the main components of apoptosis have been found Nt-acetylated in human
proteomic studies [37,38] being predicted as NatB substrates based on their second amino acid identity
[3]. Thus, to further unveil the modulation of apoptosis by NatB-mediated Nt-acetylation, we first explored
the effect of Maa20 inactivation on protein and gene expression levels of several components of the
intrinsic and extrinsic apoptotic pathways. We observe a strong and selective decrease in the protein level
of the putative NatB substrates, procaspase-3, -9 and -8 and Bid, in contrast with procaspase-6 and
SMAC/DIABLO, predicted as NatA substrates. Yet, when Naa20 is inactivated, Bax and Apafl mRNAs
are upregulated whereas procaspase-3, -9, -8 and Bid gene expression are not affected. Also, in D.

melanogaster, NaaZ0 knockdown was shown to decrease the protein levels of the NatB substrate Drk,
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while the mRNA levels were unaffected [39]. Although apoptotic stimuli lead to proteolytic procaspases
activation reducing procaspases presence [40], cleaved caspases-3, -9 and -8 were not detectable in
Naa20~'~MEFs, despite presenting an increase of PARP cleavage associated with PS exposure in a small
percentage of cells. This suggests that there is an induction of apoptosis in a small cell sub-population,
however this effect cannot account for the observed procaspases reduction. All in all, the decrease of
procaspase-3, -9 and -8 and Bid proteins in Naa20~~MEFs is not caused by transcriptional repression of
the corresponding genes or by destabilizing the mRNAs, suggesting a selective translational repression
or an instability of these proteins.

There is a growing evidence that protein Nt-acetylation plays a role on protein stability acting in
some instances as an N-degron [41-43] and in others as a protein stabilizer hiding N-degrons [32,44-
46]. Inactivation of NaaZ0 affects MEFs proteome showing upregulated and downregulated proteins.
Interestingly, a high proportion of downregulated proteins are NatB substrates (43%), similar to the
observed in A. thaliana when NatA is downregulated where 83% of downregulated proteins are canonical
NatA substrates [46]. These data indicate that Nt-acetylation is preventing recognition of N-degrons and
plays a role in the maintenance of part of the proteome stability in plants and mammals. On the other
hand, among the upregulated proteins in Naa20~~ MEFs, none was found to be NatB substrate indicating
that they are not degraded via Ac/N-degron pathway. Several studies assessing the role of Nt-acetylation
on specific proteins stability [39,44,46] in addition to a systematic analysis of yeast protein N-terminal
sequences effect on proteome stability [45] indicate that Nt-acetylation operates more frequently as
protein stabilizer, preventing degradation, than as a N-degron.

Taking this into account, we next addressed whether the reduction in the levels of pro-apoptotic
proteins studied could affect the susceptibility of Naa20~'~ MEFs to different apoptotic stimuli. Our results
point to a partial inhibition of etoposide- and TNF-a plus SMAC mimetic-induced apoptosis in Naa20~~
MEFs in comparison with WT cells. It is well established that the loss of apical initiator caspase-8 and -9
blocks extrinsic or intrinsic apoptosis, respectively [47,48]. This reflects a negative impact of Naa20
inactivation on both apoptotic pathways. To understand whether this apoptosis blockade could be related
to impaired Bax activation, we addressed its subcellular localization and the release of cyt ¢ and
SMAC/DIABLO. For Naa20~~ MEFs under basal conditions, we found a slight accumulation of
mitochondrial Bax which is not associated with an increase of cyt cor SMAC/DIABLO release. Though in
our previous studies with Naa25~~ MEFs we found a more prominent increase in mitochondrial Bax
targeting [10] than in Naa20~~ MEFs, we did also not observe cyt c release, as in Naa25~~ MEFs. On

the other hand, 12h after etoposide treatment, procaspase-9 protein expression levels as well as Bax
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mitochondrial translocation and cyt ¢ release were similar in Naa20~~ and WT MEFs. Therefore, the
absence of Naa20 causes an apoptotic blockade downstream of cyt crelease ultimately determining the
lower susceptibility of Naa20~~ MEFs to etoposide. Furthermore, as Apafl is a putative NatB substrate,
the absence of its Nt-acetylation may compromise the apoptosome formation, and also explain the limited
procaspase-9 activation. In contrast, apoptosis was not impaired in Naa20~'~ MEFs after treatment with
other apoptotic inducers, namely with the proteasome inhibitor MG132 and with the ER-stress inducer
tunicamycin. One of the first studies investigating the biological function of the hNaa20 showed an
increase of Hela cells sensitivity to MG132 after Naa20 knockdown [8]. In accordance with this result,
our previous study with Naa25~~ MEFs revealed an increased susceptibility to MG132 [10]. Also, another
study performed in caspase-9~'~ MEFs revealed an efficient apoptosis induction by MG132, in contrast
with a weak induction of apoptosis by etoposide, which could be restored by synergizing with active
cytosolic SMAC/DIABLO [49]. Interestingly, the reduction in procaspases and cleaved caspases protein
levels in Naa20~~ MEFs compared with WT cells does not promote a different susceptibility to MG132
neither affect Bax activation nor cyt ¢ and SMAC/DIABLO release. Thus, the release of cyt ¢ probably
allows the apoptosome formation and activation of caspase-9/-3, while the release of SMAC/DIABLO
inhibits IAPs activity, ultimately triggering the apoptotic cascade. Similarly, Naa20 inactivation does not
alter susceptibility to tunicamycin. As etoposide is a typical caspase-9 dependent drug [49,50], the
reduction of procaspase-9 and of its cleaved form, mediated by NMaaZ0 inactivation, as well as the
reduction of SMAC/DIABLO release, likely affect this drug effectiveness in eliciting apoptosis. On the other
hand, TNF-a, a pleiotropic ligand of tumor necrosis factor receptor 1 and 2, is recognized to promote
either cell survival by activating NF-kB, or cell death by activating procaspase-8 [51]. The observed defects
in the levels of procaspase-8 in the absence of NatB-mediated Nt-acetylation hamper the apoptotic
cascade and, consequently, favour TNF-a-induced cell survival. Additionally, as the amount of
procaspases determine directly their proteolytic cleavage, and consequent its activation [52], the reduced
activation of caspases we observe can be explained by the reduced protein levels of their respective
procaspases. Altogether, these data indicate that the effect of NaaZ0inactivation on apoptosis induction,
likely due to the reduction in the protein levels of procaspase-3, -9 and -8, and Bid is stimulus-dependent.

As abovementioned, Nt-acetylation is preventing protein degradation and plays a role in the
maintenance of part of the proteome stability in MEFs, we sought to identify the N-recognins involved in
the degradation of Bid, procaspase-3, -9 and -8 when Naa20 is inactivated. Downregulation of Ubri and
Ubr4 confirmed that the N-terminal of Bid, procaspase-8 and procaspase-9 may be sensed as N-degrons

and targeted to degradation. On the other hand, downregulation of Ubr2 reduces procaspase-8 and
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procaspase-3 expression in WT MEFs. This is in accordance with a recent study where it was observed
that the Arg/N-degron pathway can also modulate translation of specific mMRNAs reducing their expression
when UBR2 is not present [53]. Interestingly, Ubr4 silencing in Naa20~~ MEFs was able to restore
procaspase-8 protein levels, and even promoted its activation after TNF-a plus SMAC mimetic treatment.
In response to these stimuli, caspase-3 and -9 activation was less pronounced in Naa20~~ MEFs than in
WT MEFs when Ubr4 N-recognin is downregulated, reflecting that the cleavage of Bid by caspase-8 was
not enough to activate the intrinsic pathway. Similarly, we show that UBR1 recognizes procaspase-9 as a
N-degron as its decreased protein levels in Naa20~~ MEFs were also partially restored after Ubrl
silencing. However, Ubrl downregulation in Naa20~~ MEFs did not promote procaspase-9 activation
suggesting that it was not strong enough to restore the activation of the intrinsic pathway in response to
etoposide. Given these evidences, the observed defects on cell proliferation in Naa20~~ MEFs may also
be associated with low levels of the involved NatB substrates caused by their instability and degradation

via Arg/N-degron pathway. However, further studies will be needed to test this possibility.

3.5. Conclusion

Though the relation between apoptosis and Arg/N-degron pathway as well as between apoptosis
and Nt-acetylation has been explored, to our knowledge the interplay between Nt-acetylation and N-degron
pathways, and its impact on apoptosis regulation, has not been addressed. Our study provides new clues
supporting the relevance of protein Nt-acetylation for cellular proteostasis and proper function of relevant
biological pathways like apoptosis. Altogether, our findings suggest that UBR1- and UBR4-mediated
degradation of procaspases and Bid may determine in a stimulus-dependent way a limited activation of
the extrinsic and intrinsic apoptotic pathways when NatB is inhibited, highlighting the impact of NatB and

N-degron pathways interdependence on apoptosis modulation.
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CHAPTER 4

INTERPLAY BETWEEN NT-ACETYLATION AND N-DEGRON
PATHWAYS IN THE MODULATION OF APOPTOSIS



This chapter is adapted from the following publication:

Joana P. Guedes, Manuela Corte-Real Interplay between Nt-acetylation and N-degron pathways

in the modulation of apoptosis. Vanuscript in preparation
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4.1. Background

In spite of the studies mentioned above (see Chapter 2, section 2.4 and 2.5) showing that protein
Nt-acetylation or N-degron pathways can individually affect the apoptotic cell death, the impact of their
interaction on apoptosis regulation is far from elucidated. Hence, to fill the gap around these issues, we
sought to carry out an /n silico systematic search for the main components of the apoptotic machinery as
potential targets of Nt-acetylation and of degradation by N-degron pathways. This purpose was further
supported by the results presented in the previous chapter, which brought new insights on the relevance
of NatB-mediated Nt-acetylation and N-degron pathways, namely of the Arg/N-degron pathway, on

apoptosis modulation.

4.2. Materials and Methods

The strategy and methodology used throughout this study is depicted in Figure 4.1. Firstly, we
selected key components of the apoptotic machinery, in a total of 33 pro-apoptotic proteins and 9 anti-
apoptotic proteins. Then, we looked for the N-terminal sequence of each fullHlength protein using the
UNIPROT database. In parallel, taking account the caspase or calpain-mediated proteolytic cleavage of a
wide range of apoptotic proteins, a search on the literature for the potential cleavage sites of each full-
length protein was carried to access the N-terminal sequence of the generated fragment. Afterwards, we
evaluated the potential for each full-length protein (Table 4.1), as well as for the protein fragments (Table
4.2) to be Nt-acetylated, based on NATs s substrate specificity (see Figure 2.1), or to be degraded by the
N-degron pathways, based on the presence of destabilizing Nt-residues (see Figure 2.3). Thus, we
assessed if each full-length protein or generated fragment was Nt-acetylated or not, and identified the
NAT responsible for this modification. In case the protein was Nt-acetylated, the presence of destabilizing
Ac/N-degrons was checked. On the other hand, looking for the N-terminal sequence, the presence of
destabilizing residues capable to be degraded via Arg or Gly/N-degron pathway, was also monitored.
Since it was recently demonstrated that NME can occur in proteins bearing MN-, MQ- and MD- at their N-
terminal creating destabilizing Nt-residues, which are targeted for degradation via Arg/N-degron pathway
[1,2], we also evaluated if this could happen with the apoptotic proteins under study. Additionally, Nguyen
and colleagues raised the hypothesis that proteins bearing ME- at the N-terminal may also undergo NME.
Although this hypothesis has not yet experimentally verified, we also consider it in our analysis (indicated
in Table 4.1 with the interrogation point, ?). Importantly, our analysis was performed regarding the
information reported in the review by Varshavsky et a/,, 2019 [3], which considers that although almost

all NAT substrates exhibit conditional degrons, they may become prone to degradation by the Ac/N-
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degron pathway, as well as reported in Hwang team’ papers [1,2] which describe the creation of
destabilizing Nt-residues targeted for degradation via the Arg/N-degron pathway after NME. Finally, the
outcome of the downregulation of Nt-acetylation or of N-degron pathways on the protein apoptotic function

was predicted.

[ in silico SYSTEMATIC SEARCH ]

33 pro-apoptotic proteins

[main components of the apoptotic machinery] 9 anti-apoptotic proteins

. proteolytic .
full-length proteins LITERATURE: access the cleavage sites
cleavage?
] . fragments generated by caspase- or
UNIPROT: accession number calpain-mediated proteolytic cleavage
protein N-terminal sequence protein N-terminal sequence

Can this protein/fragment be , e
acetylated? NAT’s substrate specificity

Can this protein/fragment be

degraded? presence of destabilizing Nt-residues

Can this protein/fragment be presence of target sequence of MetAPs
degraded after iMet cleavage? presence of destabilizing Nt-residues

predict the outcome of the downregulation of Nt-acetylation or N-degron pathways

Figure 4.1: Flowchart of the strategy used in the in silico search of apoptotic components as NATs and N-

recognin substrates.
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4.3. Results and Discussion

The analysis covered a total of 42 fulllength apoptotic proteins (Table 4.1 and Figure 4.2).
Regarding the 33 pro-apoptotic proteins, they are mainly substrates of NatB and NatE with a small
percentage of proteins being substrates of NatE, NatC and NatF, and a small percentage of proteins that
are not NAT substrates (Figure 4.2). On the other hand, the anti-apoptotic proteins are mainly acetylated
by NatE, one acetylated by NatE, NatC and NatF (MCL-1), one acetylated by NatB (c-IAP2), and another
not acetylated (c-IAP1) (Figure 4.2). These data indicate a high impact of Nt-acetylation on the function
of both pro- and anti-apoptotic proteins. Moreover, besides the known role of NatB [4-6] and NatC [7,8]
in apoptosis regulation, our analysis suggests that NatE and NatF may also have a role in apoptosis.

As aforementioned, half-life of pro-apoptotic proteins is also determined by the presence of
destabilizing residues at their N-terminus. In particular, it was suggested that degradation of pro-apoptotic
N-terminal fragments through the Arg/N-degron pathway restrains the surpassing of the point of no return
in response to a weak apoptotic stimulus [3]. Among the 33 pro-apoptotic proteins, we identified 2 (HRK1
and OPA1) exhibiting a N-degron that may be exclusively degraded via the Arg/N-degron pathway (6%)
but also 5 proteins (OMA1, PROCASPASE-6 and -10, TNF-a. and c¢-FLIP.) capable of being exclusively
degraded via the Ac/N-degron pathway (15%) (Figure 4.2, Table 4.1). If we consider the cleavage of iMet,
23 out of 33 (70%) proteins can be degraded by both pathways. Moreover, CYCS and TNFR1 can be
degraded via Gly/N-degron pathway as they bear Gly/N-degrons after cleavage of methionine. NOXA is

the only stable protein as it does not exhibit destabilizing Nt-residues.
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APOPTOTIC PROTEINS

NT-ACETYLATION OF PRO-APOPTOTIC
PROTEINS

mNatB mNatE mNatE/NatC/NatF mUnacetylated

= Pro-apoptotic  ® Anti-apoptotic

mAc/N-degron
= Gly/N-degron

DEGRADATION OF PRO-APOPTOTIC
PROTEINS

mArg/N-degron

m Ac/and Arg/N-degron

mnon N-degron

NT-ACETYLATION OF ANTI-APOPTOTIC
PROTEINS

11% 11%
11%

mNatB mNatE mNatE/NatC/NatF mUnacetylated

APOPTOTIC PROTEINS

DEGRADATION OF ANTI-APOPTOTIC
PROTEINS

mAc/N-degron

m Ac/and Arg/N-degron

mnon N-degron

B Pro-apoptotic B Anti-apoptotic

degradation are identified.

Figure 4.2: The main apoptotic proteins are mostly substrates of the NatB or NatE and of Ac/ or Arg/N-degron
pathways. Pie charts exhibiting the percentages of apoptotic proteins undergoing Nt-acetylation and degradation mediated

by N-degron pathways. The NATs responsible for the Nt-acetylation as well as the N-degron pathways responsible for the

Regarding the 9 anti-apoptotic proteins, 4 (BCL-XL, BFL-1, XIAP and c-FLIPs) can be exclusively degraded
through Ac/N-degron pathway, 4 (BCL-2, BCL-W, MCL-1 and c-IAP2) display destabilizing Nt-residues
capable of being degraded by both Arg/ and Ac/N-degron pathways, and c-IAP1 is the only stable protein.
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In sum, 30 of the 33 (*91%) pro-apoptotic proteins and 8 of the 9 (=89%) anti-apoptotic proteins display
N-degrons and may be mainly degraded via Ac/ and Arg/N-degron pathways (Table 4.1). Taking this into
account and given that the degradation of pro- or anti-apoptotic has opposite effects on apoptosis
outcome, it appears unrealistic to target N-recognins towards apoptosis modulation. However, as
aforementioned, combined treatment of the E3 ubiquitin ligase inhibitor RFC11 with shikonin exhibit
antitumor effects by increasing the half-life of RIPK1 and enhancing necroptosis and apoptosis [9]. This
study was the first /n vivo evidence that the inhibition of N-degron pathways may be explored to increase
efficiency of chemotherapeutic drugs. Regarding downregulation of NatB, it seems to perturb the
proteostasis of 12 pro-apoptotic proteins and of 1 anti-apoptotic protein leading to their degradation and
likely to an apoptosis inhibition net outcome, but only when the iMet is removed through the action of
MetAPs. Curiously, we have found that inactivation of MA20in MEF cells is associated with a decrease
in the levels procaspase-8, -9 and -3 as well as of Bid and to a blockage of apoptosis or not affecting it,
depending on the stimulus (Chapter 2). Indeed, Naa20~~ MEFs exhibited decreased susceptibility to TNF-
a plus SMAC mimetics as well as to etoposide, while apoptosis triggered by MG132 or by tunicamycin is
not affected. It would be interesting to assess whether the stimulus dependent response is related with
MetAPs activity. In contrast, downregulation of NatE apparently perturbs the proteostasis of 11
proapoptotic proteins and of 3 anti-apoptotic protein leading to their degradation and likely to apoptosis
inhibition net outcome, but only when the iMet is not removed through the action of MetAPs. Whether,
like for NatB inactivation, inactivation of NatE perturbs proteostasis of apoptotic proteins and affects the
apoptosis outcome in a stimulus-dependent way related with MetAPs activity requires experimental
confirmation. In sum, this analysis suggest that apoptosis dysfunction may underlie the pathogenesis of

human diseases associated with deregulation of NatB and NatE.
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Table 4.1: Nt-acetylation and N-degron pathway impacts the proteostasis of main apoptotic components of the intrinsic and extrinsic pathways. The analysis covers 33 pro-
apoptotic proteins and 9 anti-apoptotic proteins regarding their potential to be Nt-acetylated or degraded via N-degron pathways. The N-terminal sequence, the NAT involved in Nt-acetylation and
the N-degron pathways responsible for the protein degradation, in the case of non-removal or removal of iMet by methionine aminopeptidases (MetAPs) are identified, as well as the effect the

downregulation of the Nt-acetylation or of the N-degron pathways. As the iMet cleavage of proteins bearing ME- at the N-terminal has not yet been experimentally verified, the analysis of these

proteins appears with the interrogation point (?). 72.c., N-terminal non cleaved by MetAPs, other than MA-, MS-, MT-, MV-, MC-, MD-, MN-, MQ- and ME-.

Q07812 Bcl-2-associated X BAX apoptotic activator MD- NatB yes no/yes no effect / decrease increase
Qle6ll Bcl-2 homologous killer BAK MOMP MA- NatE yes yes/no decrease / no effect increase
Q9UMX3 Bcl-2-related ovarian killer protein BOK MOMP; regulatlo.n of ME- NatB yes no/yes? no effect / decrease? increase
ER homeostasis
binding anti-apoptotic
Q9BXH1 p3 upregulatgd modulator of proteins; activation of MA- NatE yes yes/no decrease / no effect increase
apoptosis PUMA
o Bax and Bak
S
= 5t ) )
043521 § Bel-2-interacting r;:as;ator of cel death apoptotic activator MA- NatE yes yes/no decrease / no effect increase
1)
s
mitochondrial
membrane changes;
phorbol-12-myristate-13-acetate- efflux of apoptogenic
13794 MP- - - - - -
Q induced protein 1 NOXA proteins from the
mitochondria;
degradation of MCL-1
) ) ) ) counter the protective
P55957 BH3 interacting domain death agonist effect of BCL2; MD- NatB yes no/yes no effect / decrease increase

caspase activation
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Table 4.1: Nt-acetylation and N-degron pathway impacts the proteostasis of main apoptotic components of the intrinsic and extrinsic pathways (cont).

092934

Q96LCI

000198

P99999

Q9NR28

060313

Q96E52

000429

014727

P55211

pro-apoptotic

Bcl2-associated agonist of cell death
BAD

Bcl-2-modifying factor BMF1

Activator of apoptosis harakiri HRK

cytochrome ¢ somatic CYCS

Second mitochondria-derived activator
of caspase/Direct IAP-binding protein
SMAC/DIABLO

Mitochondrial dynamin-like 120 kDa
protein OPA1

Mitochondrial metalloendopeptidase
OMA1l1

Dynamin-1-like protein DRP1

Apoptotic protease-activating factor 1
APAF1

PROCASPASE-9

binding anti-apoptotic
proteins; promote
MOMP

promote MOMP

promote MOMP

apoptosome formation
and activation of
procaspase-9

IAPs inhibition

release of cyt ¢ and
SMAC/DIABLO

release of cyt ¢ and
SMAC/DIABLO

release of cyt ¢ and
SMAC/DIABLO

apoptosome formation
and activation of
procaspase-9

apoptosome formation

MF-

MC-

MG-

MA-

MW-

MS-

ME-

MD-

MD-

NatC,
NatE,
NatF

NatB

NatE

NatE

NatB

NatB

NatB
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yes

yes

yes

yes

yes

yes

yes

yes/n.c.

no/yes?

no/yes

yes/no

yes/n.c.

no/no

no/yes?

no/yes

no/yes

decrease / no effect

no effect / decrease?

no effect / decrease

decrease via Gly/N-
degron pathway after
iMet cleavage

decrease / no effect

decrease / no effect

no effect / no effect

no effect / decrease?

no effect / decrease

no effect / decrease

increase

increase

increase

increase

increase

increase

increase

increase

increase

increase



Table 4.1: Nt-acetylation and N-degron pathway impacts the proteostasis of main apoptotic components of the intrinsic and extrinsic pathways (cont).

P42574

P09874

P55210

P55212

092851

Q14790

P25445

P48023

P19438

P01375

pro-apoptotic

PROCASPASE-3

Poly [ADP-ribose] polymerase 1
PARP1

PROCASPASE-7

PROCASPASE-6

PROCASPASE-10

PROCASPASE-8

Tumor necrosis factor receptor
superfamily member 6 FAS

Tumor necrosis factor ligand
superfamily member 6 FASL

Tumor necrosis factor receptor
superfamily member 1A TNFR1

Tumor necrosis factor ligand
superfamily member 2 TNF-a

executor caspase

apoptosis induction

executor caspase

executor caspase

cleavage and
activation of effector
caspases

cleavage and
activation of effector
caspases

receptor for FASL

cytokine that binds to
FAS receptor

receptor for TNF-alpha

cytokine that binds to
TNFR1

ME-

MA-

MS-

MK-

ML-

MQ-

MG-

MS-

NatB

NatE

NatE

NatE

NatC,
NatE,
NatF

NatB

NatC,
NatE,
NatF

NatB

NatE
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yes

yes

yes

yes

yes

yes

yes

yes

yes

no/yes?

yes/no

yes/no

no/no

no/n.c.

no/yes

yes/n.c.

no/yes

no/no

no effect / decrease?

decrease / no effect

decrease / no effect

no effect / no effect

no effect / no effect

no effect / decrease

decrease / no effect

no effect / decrease

decrease via Gly/N-
degron pathway after
iMet cleavage

no effect / no effect

increase

increase

increase

increase

increase

increase

increase

increase

increase

increase



Table 4.1: Nt-acetylation and N-degron pathway impacts the proteostasis of main apoptotic components of the intrinsic and extrinsic pathways (cont).

Tumor necrosis factor ligand cytokine that binds to

- d ffect i
P50591 superfamily member 10 TRAIL TRAIL receptors MA NatE yes yes/no ecrease / no effe increase
Tumor necrosis factor receptor receptor for the i
- d ffect
000220 superfamily member 10A TRAILR1 cytotoxic ligand TRAIL WA NatE v yes/no ecrease / no effe fnerease
£ Tumor necrosis factor receptor receptor for the 2 5 .
014763 % superfamily member 108 TRAILR2 eytotoxic ligand TRAIL ME- NatB yes no/yes? no effect / decrease? increase
o
Q.
g Tumor necrosis factor receptor type 1- TNFRI1-FADD
Q15628 o associated death domain protein ) ) MA- NatE yes yes/no decrease / no effect increase
interaction
TRADD
) . ) death-inducing
Q13158 s e ol CREH D CRIRLD Reieh signaling complex MD- NatB yes no/yes no effect / decrease increase
FADD
(DISC) assembly
Cellular FLICE-like inhibitory protein e-  activation of caspase- i
- - ffect ffect
015519-1 FLIPL T ———-— MS NatE yes no/no no effect / no effec increase
MOMP control;
P10415 B-Cell Lymphoma 2 BCL-2 caspase activity MA- NatE yes yes/no decrease / no effect increase
inhibitor
Q
g binding pro-apoptotic
Q07817 § B-cell lymphoma-extra-large BCL-XL ri:m beFr)s P MS- NatE yes no/no no effect / no effect increase
©
(S binding pro-apoptotic
Q92843 Bcl-2 like protein 2 BCL-W members; inhibition of MA- NatE yes yes/no decrease / no effect increase
Bax
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Table 4.1: Nt-acetylation and N-degron pathway impacts the proteostasis of main apoptotic components of the intrinsic and extrinsic pathways (cont).

016548 Bcl-2 related protein A1 BFL-1 blndlnri:;ot-;[:;)ptotlc MT- NatE yes no/no no effect / no effect increase
L . NatC,
Q07820 Bcl-2 like protein 3 MCL-1 binding pro-apoptotic MF- NatE, yes yes/n.c. decrease / no effect increase
members
NatF
P98170 Xinked inhibitor of apoptosis XIAP dlrﬁﬁ;?;:grase MT- NatE yes no/no no effect / no effect increase
L
IS
§ Cellular inhibitor of apoptosis 1 c- caspase inacfivation;
013490  § e SMAC degradation at ~ MH- - . . . :
§ mitochondria
R ) caspase inactivation;
Q13489 Cellular |nh|b|tc|)‘r\;f2apopt05|s 2 ¢ SMAC degradation at MN- NatB yes no/yes no effect / decrease increase
mitochondria
R . inhibition of caspase-8
015519-2 Cellular FLICE-I|I;eL|InPr:b|tory protein c- activation by death MS- NatE yes no/no no effect / no effect increase
receptors
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Depending on the number of protein cleavages sites, one or more fragments exhibiting Ac/ or
Arg/N-degrons can be generated from each apoptotic protein by caspase- or calpain-mediated proteolytic

cleavage (Table 4.2, Figure 4.3 and 4.4).

PRO-APOPTOTIC PROTEINS PROTEOLYTIC
APOPTOTIC PROTEINS PROCESSED

mPro-apoptotic M Anti-apoptotic m Non-cleaved mCleaved

NT-ACETYLATION DEGRADATION

mNatA = Unacetylated mAc/N-degron m Arg/N-degron mAc/ Gly/ Arg/N-degron = Gly/N-degron

Figure 4.3: NatA acetylates most of the fragments generated by caspase- or calpain-mediated proteolytic
cleavage of pro-apoptotic proteins and all N-degron pathways are involved in their degradation. Pie charts
exhibiting the percentages of the pro-apoptotic proteins undergoing proteolytic cleavage as well as the percentage of those
undergoing Nt-acetylation and degradation mediated by the N-degron pathways. The NATs responsible for the Nt-acetylation

as well as the N-degron pathways responsible for the degradation are identified.

Regarding the 33 pro-apoptotic proteins (Figure 4.3, Table 4.2), only 14 may be proteolytic
processed generating 31 fragments. We noticed that 12/14 (86%) pro-apoptotic proteins generated
fragments that may undergo Nt-acetylation mediated by NatA, while 2 (14%) create fragments that are
not substrates of NATs (BAK and BIM). Nonetheless, only 4/12 (AFAF1, PROCASPASE-9, -3 and -10)
generate fragments bearing destabilizing Nt-residues capable to be specifically degraded via the Ac/N-
degron pathway. 2 out of 14 (BAK and BIM) generate fragments that can be Arg/N-degron exclusive
substrates. The cleavage of PARP1 and c-FLIP, proteins generate fragments exclusively bearing Gly/N-
degrons. Regarding the six remaining proteins (BAX, BID, BAD, procaspase-/, procaspase-6 and
procaspase-8), they were analyzed separately as they generate fragments bearing Ac/ Arg/ or Gly/N-
degrons (43%). The cleavage of BAX or BID results in one fragment bearing a Arg/N-degron and another
with a Gly/N-degron. On the other hand, BAD cleavage generates one Ac/N-degron and one Gly/N-
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degron. The cleavage of procaspase-/ creates 4 fragments exhibiting Ac/N-degrons and 2 fragments
bearing Arg/N-degrons; the cleavage of procaspase-6 creates 2 Ac/N-degron substrates and 1 fragment
exhibiting Arg/N-degron; and the cleavage of procaspase-8 generates 2 fragments bearing Ac/N-degrons
and 1 Arg/N-degron substrate. Importantly, all protein fragments generated by cleavage of pro-apoptotic
proteins retain their pro-apoptotic function, except for APAF1, whose fragment resulting from caspase
cleavage exhibits an anti-apoptotic function.

Regarding the anti-apoptotic proteins (Figure 4.4, Table 4.2), 6/9 generate 10 fragments
resulting from caspase- or calpain-mediated proteolytic cleavage. Although, we noticed that 4/6 (BCL-2,
BCL-XL, MCL-1 and XIAP) generate fragments that undergo Nt-acetylation mediated by NatA, only 2 (BCL-
2 and XIAP) generate fragments that can be exclusively degraded via Ac/N-degron pathway. 1 (BFL-1)
out of 6 generates a fragment exclusively degraded by Arg/N-degron pathway, and another one (MCL-1)
generates two fragments exclusively bearing Gly/N-degrons. The fragment resulting from cleavage of c-
IAP1 does not bear destabilizing Nt-residues. Similar to procaspase-7, procaspase-6 and procaspase-8,
2 fragments generated by BCL-XL cleavage display destabilizing Nt-residues capable of being degraded
via the Ac/N-degron pathway, and 1 is targeted for degradation via Arg/N-degron pathway. In contrast to
the fragments generated from proteolytic cleavage of pro-apoptotic proteins, those generated from
proteolytic cleavage of anti-apoptotic proteins lose the function of the original protein, with exception of
XIAP.

ANTI-APOPTOTIC PROTEINS PROTEOLYTIC
PROCESSED APOPTOTIC PROTEINS

NT-ACETYLATION DEGRADATION

® Ac/N-degron = Arg/N-degron ® Ac/ Gly/ Arg/N-degron

mNatA  mUnacetylated

mnon N-degron

Figure 4.4: NatA acetylates most of the fragments generated by caspase- or calpain-mediated proteolytic
cleavage of anti-apoptotic proteins and all N-degron pathways are involved in their degradation. Pie charts

exhibiting the percentages of the anti-apoptotic proteins undergoing proteolytic cleavage as well as the percentages of those
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undergoing Nt-acetylation and degradation mediated by the N-degron pathways. The NATs responsible for the Nt-acetylation

as well as the N-degron pathways responsible for the degradation are identified.

In sum, the cleavage of 20 proteins out of 42 apoptotic proteins, may generate mostly pro-
apoptotic fragments (18/20), regardless of the role of the originating protein (Table 4.2). This is consistent
with the notion that apoptosis is amplified following caspases and calpain activation. But intriguingly, in
contrast to the full-length proteins, 17 out of 18 generate pro-apoptotic fragments bearing destabilizing
Nt-residues are recognized by only one of the three N-degron pathways, and can thus be degraded,
compromising its pro-apoptotic role. In particular, the pro-apoptotic protein fragments of BID, BIM and
BCL-XL were already experimentally confirmed as N-degron substrates [10]. Thus, it can be predicted
that reduction of the N-recognins activity will impact not only the level of pro-apoptotic/anti-apoptotic
proteins, thus perturbing the apoptosis execution phase (Table 4.1 and 4.2), through changes in the
degradation of the pro- and anti-apoptotic fragments generated by caspase and calpain-mediated cleavage
of the full-length proteins.

Interestingly, when we compare Table 4.1 and 4.2, we conclude that the cleavage of the apoptotic
proteins mediated by caspases or calpains originates a slightly higher percentage of less stable proteins
than the original ones. In fact, while around 90% (38/42) full-length apoptotic proteins bear N-degrons
(Table 4.1), about 95% (19/20) proteins originate fragments exhibiting destabilizing Nt-residues (Table
4.2). This suggests that the activity of N-recognins must be reduced at some point during the apoptotic
process, in order to diminish the degradation of the full-length proteins and fragments (generated by

caspase and calpain cleavage) to allow the execution phases of apoptosis.
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Table 4.2: The proteolytic cleavage of apoptotic proteins generates fragments prone to Nt-acetylation by NatA and degradation by only one of the three N-degron

pathways. The table contains the analysis of the protein fragments generated by caspase- or calpain-mediated cleavage regarding its potential to be Nt-acetylated or degraded by Ac/ or Arg/ or

Gly/N-degron pathways. The cleavage site, the NAT involved in Nt-acetylation and the N-degron pathways responsible for the fragment degradation, are identified, as well as the effect on protein

level caused by Nt-acetylation and N-degron pathways downregulation. * G residues are considered stable according to the information reported in Fig. 1F from [3].

Effect on Effect on protein
. Apoptotic . protein level level caused by
Ap:‘:)tt;:c fragment CIe: =g A::tl:‘t,?;c Function CIesai::ge NAT dAec/ rI:; ::girn :ely{‘ I:n caused by N-degron Ref
P generated y g g g Nt-acetylation pathways
downregulation  downregulation
) pro- accelerates the 33
D*°R s -
L eallpay apoptotic apoptotic process yes no [11,12]
BAX accelerates the
o apoptotic process;
tBaxze calpain — resistant to BelxL- Q%G NatA no* no yes no effect [13]
apoptotic
mediated
protection
BH4 Cl calpain a gr(t)(;tic ensure robust pore R*?H - yes no -
@ BAK B l:r)o formation and cell [14]
'S BH3 Cl calpain pre- death R&7R . yes no -
‘5 apoptotic
s BOK . . . . . . .
o
B PUMA - - - - - - -
=3 . active pro- more efficient 13
°© BIM tB D*°R - -
% Mew caspase-3 apoptotic binding to Bcl-2 yes no [
g NOXA - - - - - - -
active o mitochondrial
caspase-3/- ach))ptotic damage, cyt ¢ DG NatA no* no yes no effect
BID tBid 8 release, cell (16-18]
o shrinkage and
calpain _— nuclear G'°R s yes no -
apoptotic .
condensation
t-Badis caascg\;ZS a snt)c;tic enhancement of DA NatA yes no no
BAD astive B Fr)o- the pro-apoptotic [19,20]
t-Badae caspase-3 apsptotic activity D?°G NatA no* no yes no effect
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Table 4.2: The proteolytic cleavage of apoptotic proteins generates fragments prone to Nt-acetylation by NatA and degradation by only one of the three N-degron
pathways (cont).

Effect on Effect on protein
. Apoptotic . protein level level caused by
Ap:‘:)tt:it':c fragment Cle: ved A::t?‘t,?tt;c Function CIe:;::ge NAT dAeC/r':n :;g{-rn :ely{' I:n caused by N-degron Ref
P generated y g g g Nt-acetylation pathways
downregulation  downregulation
BMF1 - - - - - - - - - - - -
HRK - - - - - - - - - - - -
CYCS - - - - - - - - - - - -
SMAC/DIABLO - - - - - - - - - - - -
OPAl - - - - - - - - - - - -
OMA1l - - - - - - - - - - - -
DRP1 - - - - - - - - - - - -
2 APAF1 030 Apaf-1 active anti _ inability to activate D271g NatA s o o [21]
] caspase-3 apoptotic effector caspases
© ) -
5 procaspase pro _ act|vates_protease F306g NatA s o o
5 9 apoptotic activity
2
..g_ pj:; \E)eldz procaspase pro- activates protease D315 NatA es o o
© PROCASPASE-9 9 apoptotic activity 4 [22]
% caspase-9
) p37/p10 . )
caspase-9 P pop
procaspase pro- activates protease 9
DS
-3 apoptotic activity et yes no no
procaspase pro- activates protease 28
D=°S
PROCASPASE-3 17 ang 3 apoptotic activity Nath — yes no no [23-26]
p12. active ro- activates protease
subunits caspase- a g totic acti\?ity D758 NatA yes no no
8/9/10 pop
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Table 4.2: The proteolytic cleavage of apoptotic proteins generates fragments prone to Nt-acetylation by NatA and degradation by only one of the three N-degron
pathways (cont).

p20/pl2 active .
cleaved caspase-3/- pro- EBIICIES [FOCEED D23A NatA yes no no
caspase-7 9 apoptotic activity
P increase
plc?e;i\i:dl ’ calpain pro- BEMEIES PIEEEEe F363 NatA es no no
a— P apoptotic activity ¥
pl7/pl2 .
) pro- activates protease 45 -
M45R - _ - increase 27-
PROCASPASE-7 C;'Sepa;’:g7 calpain 4 poptotic activity yes o [29]
(/)
-E oLz . pro- activates protease 47
F-] cleaved calpain ) - S - - yes no -
° — apoptotic activity
o
Q active .
L= AN S pro- activates protease D198g NatA - o o
' caspase-7/ 3/8/9/10 apoptotic activity
2 _ Increase
g NC active pro- activates protease 206
s caspase-7/ 3335/[);/5% apoptotic activity DA NEE yes no no
rocaspase D'7°N - s es no -
Pro/p20 + p—6' ac?ive pro- Y
PO SBs ca’s ase-3 apoptotic activates protease
PROCASPASE-6 P acti\?ity D1%3A NatA yes no no increase [30,31]
Pro + procaspase o increase
p20/p10 -6; active pro- DZ3A NatA yes no no
subunits caspase-3 apoptotic
active ro- induction of
PARP1 s caspase- apcI))ptotic apoptosis D2G NatA no* no yes no effect increase [32]
3/7
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Table 4.2: The proteolytic cleavage of apoptotic proteins generates fragments prone to Nt-acetylation by NatA and degradation by only one of the three N-degron
pathways (cont).

Effect on Effect on protein
Apoptotic ‘f‘:’g::‘::t: Cleaved Apoptotic Function Cleavage NAT Ac/N- Arg/N-  Gly/N- p:‘;?;:(:i’;' e Ref
protein T by activity site degron degron degron Nt-acetylation
downregulation  downregulation
pl7/pl2 )
PROCI]\.(S)PASE cleaved proc_zisbpase . grc:oﬁc actlva;isti\glai[;tease D4158 NatA e o o [33,34]
caspase-10 pop
PRyl I r tivates prot
p12 procaspase pro- activates protease D374g NatA . o o
subunits -8 apoptotic activity
PROCASPASE-8 516 [35]
Pro + procaspase ) DS NatA yes no no
. pro- activates protease
Py I B apoptotic activity D384
- subunits caspase-9 pop ) yes no )
ic FAS - - - - - -
]
° FASL - - - - - -
-3
o TNFR1 - - - - - -
el
..g_ TNF-a - s . . - B
2 TRAIL ; ; ; ; - ;
©
e TRAILR1 - - - - - -
s
TRAILR2 - - - - - -
TRADD - - - - - -
FADD - S 5 - - B
active pro- enhance caspase- 376
- ! D37°G N
c-FLIP, p43c-FLIP caspase-8 apoptotic 8 activity NatA no no yes no effect [36]
o i .
Bo AN32 et cazgg\;z S pro D= 371
a.E BCL-2 i i | fcyt c
gL ¢ AN31 BCL- active apoptotic release of cyt o NatA yes no no
g®° D3!A [38]
£ 8 2 caspase-8
s BCL-W - - ; ; ; . ]
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Table 4.2: The proteolytic cleavage of apoptotic proteins generates fragments prone to Nt-acetylation by NatA and degradation by only one of the three N-degron
pathways (cont).

Effect on Effect on protein
. Apoptotic . protein level level caused by
Ap:‘:)tt;:c fragment Cle: ved A::t?‘t,?tt;c Function CIe::::ge NAT dAeC/r':n :;g{'rn :ely{' I:n caused by N-degron Ref
P generated y g g g Nt-acetylation pathways
downregulation  downregulation
AN61 BCL- active pro-
XL caspase-3  apoptotic . IO;S OL o b ALl o no no
AN76 BCL- active pro- mitochondria 76
BCL-XL XL caspase.3 apoptotic membrane DA NatA yes no no [39-41]
e R R F: potential; cyt ¢
XL calpain apopp(t)(;tic release AS0D - yes no -
BFL-1 tBfl-1 calpain pro- BRI @ F/IN = yes no - [42,43]
@ apoptotic release
‘g Mcl-1-C1 caz(;tai]\;zs apc?[;(tJ(_)tic increased binding Di27g
by MCL-1 f0 Bim; physical NatA  no* o yes no effect [44-46]
= e pro- interaction with t- 157
© -1- i DG
B e caspase-3 apoptotic Bid, Bak and Bax
)
o active
b BIR1- anti- inhibition of
= XIAP - D?*2A
E 2:BIR3-Ring ca;p;e;se apoptotic caspase-3/7/9 b0 yes no no 7
limited inhibition of
active o active caspases;
c-IAP1 caspase3 . 2 e suppression of D372p - no no - - [48]
P pop anti-apoptotic
- activity
c-IAP2 - - - - - - -
c-FLIP, - - - - - -

106



4.4, Conclusion

With this systematic search, we identified that many apoptotic proteins may bear conditional
Ac/N-degrons. As aforementioned, if their protection warranted by proper folding/partner s interaction
is compromised or defective, they can be targeted for degradation via the Ac/N-degron pathway. This
evidence supports the idea that, similarly to the Arg/ and Gly/N-degron pathways, the Ac/N-degron
pathway may also play a role on apoptosis modulation. Importantly, it must be stressed that our analysis
was based on Varshavsky ef al, [3], which considers that though almost all NAT substrates exhibit
conditional degrons, they may become prone to degradation by the Ac/N-degron pathway, as well as on
Nguyen and co-authors’ paper [2] where the creation of destabilizing N-degrons of Arg/N-degron pathway
after the NME of proteins is described. However, if we consider that NatA and NatB substrates are stable
for degradation through the Ac/N-degron pathway, as reported by Kats and co-authors [49], different
results would have been obtained.

Taking all this into account, the /n silico systematic search performed herein offers novel insights
into the high complexity of the interplay between the Nt-acetylation and degradation by N-degron
pathways, and its impact on the modulation of apoptosis. How cells coordinate these two processes to
restrain apoptosis to the levels required for cell homeostasis, and how these two are interconnected when
a cell commits into apoptosis or resists to it, is still far from being understood. Experimental validation of
our predictions may allow to understand how deregulation of Nt-acetylation and degradation by N-degron

pathways may contribute to disease through their impact on apoptosis regulation.
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CHAPTER S

ACETIC ACID TRIGGERS CYTOCHROME C RELEASE IN
YEAST HETEROLOGOUSLY EXPRESSING HUMAN BAX



This chapter is adapted from the following publication:

Joana P. Guedes*, Vitoria Baptista*, Catia Santos-Pereira, Maria Jodo Sousa, Stéphen Manon, Susana R.

Chaves, Manuela Corte-Real (2022) Acetic acid triggers cytochrome c release in yeast

heterologously expressing human Bax. Apopfosis. doi: 10.1007/s10495-022-01717-0

*Both authors contributed equally
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5.1. Background

Proteins of the Bcl-2 protein family, including pro-apoptotic Bax and anti-apoptotic Bcl-xL, are
critical for the regulation of mitochondrial-mediated apoptosis [1,2]. Due to their biological relevance and
potential as therapeutic targets, these proteins have thus been studied extensively. Briefly, Bax is a critical
player in apoptosis progression, since it is involved in the formation of mitochondrial pores, causing
MOMP [3-5]. However, when in its inactive form, Bax is largely cytosolic or weakly bound to mitochondria.
As Bax plays a key role in the decision of cell fate, its regulation must be a well-coordinated process.
Indeed, it is known that Bax can be regulated by interactions with other proteins, namely by Bcl-2 family
members or by post-translational modifications (see Chapter 2, section 2.3 for detailed information).

Since yeasts lacks obvious orthologs of Bcl-2 family members [6-10], their heterologous
expression in S. cerevisiae has been providing new insights into their structure, function, regulation and
interactions, without interference from the remaining apoptotic network. In particular, yeast has already
contributed to the elucidation of several aspects concerning Bax regulation and mechanism of action, and
to the identification of key residues for its function [11]. However, many questions remain to be answered,
and thus further understanding of Bax regulation is vital towards its exploitation as a therapeutic target.
So far, studies taking advantage of heterologous expression of human Bax in yeast to unveil regulation of
Bax activation have relied on the use of artificial mutated or mitochondrial tagged Bax for its activation,
rather than the WT Bax (Bax o, which is naturally inactive). Thus, in the present study, we aimed to exploit
yeast heterologously expressing human Bax a to further study its regulation under conditions closely
resembling the natural Bax function in the cellular context. Previous studies from our lab have determined
16 h after addition of galactose 1% as the optimal conditions for the expression of Bax a in yeast. Under
these conditions, human Bax a decreases the specific growth rate of yeast cells, but neither affected cell
viability nor metabolic activity, assessed by colony forming units (CFUs) counts and by staining with FUN-

1 (Figure 5.1).
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Figure 5.1: Expression of human Bax « in yeast decreases cell growth rate without compromising cell
viability. (A) Growth curves of WT control cells (empty vector - EV) and WT Bax a. (B) Specific growth rate (h-1) of both
strains calculated using the formula u = In Xt-In Xt0 / t-t0 and using OD640 values corresponding to exponential phase.
Values represent the mean + SEM of three independent experiments and significant differences were analysed by an unpaired
Student's t-test, where **p<0.01. (C) Percentage of cell viability evaluated by CFUs normalized to 0D640. Cell viability of Bax
a-expressing cells is normalized to time zero of expression induction (TO) and to EV. Values represent the mean + SEM of
three independent experiments. ns - non-significant. (D) Immunodetection of Bax in control (WT EV) and Bax o-expressing

cells (WT Bax a) along 24 h of expression. Pgklp was used as the loading control. (E) Quantification of the levels of Bax
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expression in control cells (WT EV) and Bax a-expressing cells (WT Bax a) in relation to Pgklp. (F) Fluorescence microscopy
images of cells 16 h after Bax or EV expression and stained with 4 uM FUN-1 for 30 min at 30 °C, in the dark. The

photomicrographs shown are representative of several microscope fields. Bar, 5 um [12,13].

As Bax o did not induced cell death of S. cerevisiae expressing this pro-apoptotic protein, it
recapitulated what happens in mammalian cells under non-apoptotic inducing conditions. Nonetheless,
as in mammalian cells, we found that Bax a induces loss of yeast cell survival in response to an exogenous
trigger [12-14]. Indeed, sub-lethal concentrations of acetic acid triggered loss of viability of yeast cells

expressing human Bax o without compromising plasma membrane integrity (Figure 5.2).
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Figure 5.2: Sub-lethal concentrations of acetic acid trigger loss of viability of yeast cells expressing human
Bax o without compromising plasma membrane integrity. The percentage of cell survival of yeast cells expressing
human Bax a was analysed along 180 min of treatment with (A) 80 mM, (B) 100 mM or (C) 120 mM of acetic acid (AA), at
pH 3.0. For each concentration, non-treated control cells (WT EV) were also subjected to the same growth conditions. Cell
survival of Bax o-expressing cells was normalized to TO and the values are the mean of three independent experiments
analysed by two-way ANOVA, where *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (D) Representative monoparametric
histograms of the red fluorescence of Pl-stained cells 60 min after treatment with acetic acid. Full line histograms correspond
to non-treated cells (0 mM AA) and punctuate line histograms correspond to cells treated with 80 mM acetic acid. (E)
Percentage of cells exhibiting loss of plasma membrane integrity determined by Pl staining of the indicated yeast strains
treated or not with 80 mM acetic acid, pH 3.0, for 60 min. The values display the mean of three independent experiments

analysed by one-way ANOVA, where *p<0.05 [12,13].
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In the present study, we then sought to search whether cell death induced by exposing Bax a-
expressing cells to sub-lethal concentrations of acetic acid was associated with altered Bax localization
and cyt ¢ release. Additionally, in order to validate this experimental setup as tool to screen for Bax
regulators yet unidentified, we assessed whether co-expression of Bcl-2 family members, namely of Bcl-
XL or of its truncated form Bcl-xLAC, could revert the acetic acid-induced death of cells expressing human
Bax o In this line, the dependence of acetic acid-induced cell death of yeast cells expressing Bax a on

Rim11p, the yeast ortholog of the human GSK3[3 and a well-established Bax regulator, was also assessed.

5.2. Materials and Methods

5.2.1. Yeast strains and plasmids

All S. cerevisiae strains used in this study are listed in Table 5.1. The yeast S. cerevisiae haploid
strain W303-1A (mat a, adeZ-1; his3-11,15, leu2-3 112 trpl-I, ura3-1), provided by Stéphen Manon
[15] was used throughout this study as the WT strain. The W303-1A rim1 1A (W303-1A rim1IA::KanMX4)
strain was constructed by homologous recombination of the WT strain with a disruption cassette amplified
by PCR from genomic DNA of the respective Euroscarf mutant strain. Correct integration was confirmed
by colony PCR. All strains were transformed with pYES3/CT Empty Vector (EV) (Invitrogen) and pYES3/CT
plasmid expressing human WT Bax «, under the control of a GAL1/10 promoter [16]. For some
experiments, these strains were also transformed with pYES2/CT EV (Invitrogen), pYES2/CT plasmid
expressing human BclxL and pYES2/CT plasmid expressing human BclxLAC, under the control of a
GAL1/10 promoter [17]. All transformations were performed by the lithium acetate method [18] and the

resulting transformants were grown in selective media lacking the appropriate amino acids.
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Table 5.1: List of S. cerevisiae strains used in this study.

Strain Genotype
W303-1A (WT) mat a ade2-1. his3-11,15 leu2-3,112 trpl-I; ura3-1
WT EV W303-1A harbouring pYES3 EV
WT Bax a W303-1A harbouring pYES3 Bax o
WTEV + EV W303-1A harbouring pYES3 EV and pYES2 EV
WT EV + BelxL W303-1A harbouring pYES3 EV and pYES2 Bcl-xL
WT EV + BclxLAC W303-1A harbouring pYES3 EV and pYES2 BclxLAC
WT Bax o + EV W303-1A harbouring pYES3 Bax o and pYES2 EV
WT Bax o + BelxL W303-1A harbouring pYES3 Bax o and pYES2 Bcl-xL
WT Bax a + BclxLAC W303-1A harbouring pYES3 Bax o and pYES2 Bcl-xLAC
nmlIA W303-1A rim11A::KanMX4
rimlIA EV W303-1A rim1 1A harbouring pYES3 EV
riml1A Bax o W303-1A nat3A harbouring pYES3 Bax o

5.2.2. Growth conditions and acetic acid treatment

Cells were grown overnight aerobically in synthetic complete medium [SC; 0.175% (w/v) Yeast
nitrogen base without amino acids and ammonium sulphate, 0.5% ammonium sulphate, 0.1% potassium
phosphate, 0.2% (w/v) Drop-out mixture, and 0.01% auxotrophic requirements; pH 5.5] supplemented
with 2% (w/v) glucose starting at an OD640 = 0.05. Cells were then diluted in SC medium lacking the
appropriate amino acids and supplemented with 2% lactate (v/v) as a carbon source at pH 5.5, to provide
a full differentiation of mitochondria, at an OD640 = 0.2. After approximately 24 h, the cultures were
diluted to OD640 = 0.5 in fresh SC lactate medium. Afterwards, 1% galactose (w/v) was added to trigger
the expression of Bax, and the cultures were grown for 16 h. Regarding acetic acid treatment, upon 16 h
of Bax expression, cells were harvested to an 0D640 = 0.5 in SC medium supplemented with 2% lactate
(v/v) and 1% galactose (w/v) at pH 3.0. Cells were then treated with 50, 80, 100 or 120 mM of acetic
acid, followed by 180 min of incubation. Cells without acetic acid treatment were used as a negative
control. All incubations were performed at 30 °C in an orbital shaker at 200 rpm, with a ratio of flask

volume/medium of 5:1.

5.2.3. Viability assays
Cells were grown in SC medium as described above and samples were taken at the indicated

times. Yeast cell viability was then evaluated by CFUs counts of five drops of 40 pL of the 10~ dilution
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plated on YPD (1% of yeast extract, 2% of peptone and 2% of glucose) after 2-3 days incubation at 30 °C.
The number of colonies counted was corrected for changes in 0D640, and viability was calculated as the
percentage of colonies at the indicated times normalized to time O (TO), and in some assays normalized

to the control cells.

5.2.4. Yeast cell fractionation

Yeast cells were grown and treated under the conditions described above. Cells were harvested,
washed twice with dH,0 and resuspended in suspension buffer (1.2 M Sorbitol, 60 mM Sodium
Phosphate and 1 mM EDTA). Cells were then digested with zymolyase 20 T (ImmunQ, MP Biomedicals)
and B-mercaptoethanol for 1 h at 32 °C. Afterwards, spheroplasts were washed twice with ice-cold 1.2
M Sorbitol and re-suspended in lysis buffer (0.5 M sorbitol, 20 mM Tris pH 7.5, 1 mM EDTA). The
suspension was then transferred to an ice-cold hand-potter and carefully homogenized. Cell debris along
with whole cells were pelleted by centrifuging two times at 1110 xgand one time at 2770 xg, for 10 min.
Finally, the supernatant was recovered and centrifuged at 16602 xg for 15 min in order to separate
fractions. The resulting pellet corresponded to mitochondria and the supernatant held the cytosol.
Subsequently, mitochondrial fractions were washed to be contaminant-free by multiple 15 min 16602 xg

centrifugations and, at the end, resuspended in lysis buffer and stored at -80 °C.

5.2.5. Co-immunoprecipitation assay

Yeast cell cultures were washed and then resuspended in resuspension buffer containing 10 mM
Tris/Maleate pH 6.8, 0.2 M Mannitol, 0.1 M NaCl and 2 mM EGTA supplemented with antiproteases
(Complete™, Roche). After, cells were broken mechanically by shaking with glass beads for 4 min at 25
Hz in a Mixer Mill (Retsch MM400). A 10 min 900 xgcentrifugation eliminated unbroken cells and nuclei.
Supernatants were added with 1/9 volume of 10 x IP buffer (Sigma) supplemented with 0.1 M NaCl, and
gently shaken at 4 °C during 30 min. After incubation with IP buffer, 2 ug of mouse monoclonal anti-Bax
antibodies (2D2 or 6A7, Santa Cruz) were added and incubated overnight at 4 °C. Then, 50 pL Protein
G-agarose beads (Sigma or GE Healthcare) were added for 4 h. Washing on IP column (Sigma) was
performed with 4 x 500 pL of IP buffer 1 x and twice with 500 uL of IP buffer 0.1 x. Agarose beads were
added with 25 pL of Laemmli buffer (without 2-mercaptoethanol) and heated at 65 °C for 30 min. After

centrifugation, samples were loaded on SDS-PAGE.
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5.2.6. Preparation of total extracts, protein determination and western blot analysis
Preparation of total cell extracts was performed as previously described [19]. Briefly, 1 ml of
exponentially growing cells at 0D640=1 was harvested by centrifugation at 5000 xgfor 3 min and washed
once with dH,0. Cells were then resuspended in 500 ul water containing 50 pl lysis buffer 3.5% (v/v) 3-
mercaptoethanol in 2 M NaOH, and incubated for 15 min on ice. Next, 50 pl of 3 M trichloroacetic acid
were added and incubated for 30 min to precipitate the proteins. The extracts were centrifuged at 12000
xg 10 min 4 °C, washed with 100 pl acetone and centrifuged again at 12000 xg'5 min, 4 °C. Finally,
protein extracts were resuspended in 12.5 ul Laemmli buffer (2% (v/v) B-mercaptoethanol, 0.1 M Tris
pH 8.8, 20% (v/v) glycerol, 0.02% (v/v) bromophenol blue) and 37.5 pl 1 M NaOH with 2% SDS). Samples
were heated at 70 °C for 15 min and stored at =20 °C, or 15 ul were used immediately for Western blot.
The protein concentration of the mitochondrial fraction was determined by the Lowry method [20], using
a calibration curve obtained with increasing concentrations of BSA - 5 to 100 pg/uL. Depending on the
experiments, the volume corresponding to 400 pg of protein was completed with dH-0 to a final volume
of 100 ul. Protein precipitation and sample processing was carried out as for the total extracts. In the
final step, mitochondrial protein extracts were resuspended in 3.75 pl of Laemmli buffer and 11.25 pl 1
M NaOH with 2% SDS. Samples were heated at 70 °C for 15 min and loaded in the gel. Samples were
then separated electrophoretically on a 12.5% sodium dodecyl sulphate-polyacrylamide gel and
transferred to Polyvinylidene Difluoride (PVDF, GE Healthcare) membranes at 60 mA per membrane for
1 h and 30 min. The membranes were blocked PBS with 0.1% Tween® 20 detergent (PBST) 0.1%
containing 5% (w/v) non-fat milk. Then, membranes were incubated with primary antibodies mouse
monoclonal anti-yeast phosphoglycerate kinase (Pgkl) antibody (1:5000, Molecular Probes), mouse
monoclonal anti-yeast porin (Porl) antibody (1:10000, Invitrogen), rabbit cyt ¢ antibody (1:2500,
DavidsBio), mouse monoclonal anti-human Bax antibody (1:2500, Santa Cruz Biotechnology), and rabbit
polyclonal anti-human Bcl-xL antibody (1:1000, Cell Signaling), followed by incubation with secondary
antibodies against mouse and rabbit igG peroxidase (1:5000, Sigma-Aldrich). Immunodetection of bands
was revealed by chemiluminescence using the ECL detection system (Millipore-Merck) in a ChemiDoc

XRS image system with the Quantity One software (BioRad) or with X-ray films.
5.2.7. Statistical analysis

GraphPad Prism 6.0 (Graph-Pad Software, Inc., La Jolla, CA, USA) was used to perform statistical

analysis. The analyses were made between groups and the corresponding used test is referred in figure
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legends. The results are exhibited in form of mean + S.E.M of at least three independent experiments,

and significance was recognized for P<0.05.

5.3. Results

5.3.1. Sub-lethal concentrations of acetic acid induce human Bax o mitochondrial
translocation and cytochrome crelease in yeast cells

In mammalian cells, in response to an apoptotic stimulus, Bax o changes from a globular
cytosolic conformation to an extended membrane-embedded protein and then may oligomerize forming
pores that lead to MOMP and, consequently, to cyt ¢ release [17,21-23]. As we previously found that
yeast cells expressing Bax a displayed increased sensitivity to acetic acid [14], we aimed to assess if this
acid could affect Bax o cellular distribution and trigger cyt c release. For that purpose, mitochondrial
fractions from control (WT EV) and Bax a-expressing untreated or acetic acid-treated cells were isolated,
and the localization of Bax and cyt ¢ was assessed. No differences in mitochondrial cyt ¢ levels were
observed for control cells, whether treated with acetic acid or not (Figure A3, Appendix). However, a
pronounced decrease of cyt ¢ in the mitochondrial fraction of acetic acid-treated cells expressing Bax o
was found, indicating that it is released to the cytosol. This phenotype was associated with Bax
translocation to the mitochondria (Figure 5.3A). However, Bax translocation and cyt ¢ release were not
associated with the standard Bax active conformation. Indeed, the average amount of Bax
immunoprecipitated from control and acetic acid-treated Bax a-expressing cells with the anti-Bax antibody
6A7, which detects active Bax, was not significantly different and, in some experiments, was lower than
that immunoprecipitated from untreated cells (Figure 5.3B, C). Taken together, these results suggest that
the higher sensitivity of Bax a-expressing cells to acetic acid is a reflection of increased ability to release

cyt ¢, resulting in cell death through the yeast endogenous mitochondrial pathway of apoptosis.
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Figure 5.3: A sub-lethal concentration of acetic acid promotes human Bax mitochondrial translocation and
cytochrome c release but not 6A7 active Bax detection in yeast cells expressing Bax a. (A) Representative
immunodetection of Bax and cyt cin total extracts of yeast cells expressing Bax a 0 and 16 h after expression, and 0 and 60
min after incubation without (-) or with (+) acetic acid; and in mitochondrial fractions 60 min after incubation without (-) and
with (+) 80 mM acetic acid, pH 3.0. Pgklp and Porlp were used as loading controls for cytosol and mitochondrial fractions,
respectively. (B) Bax was immunoprecipitated from cell extracts with 2D2 or 6A7 monoclonal antibodies in both untreated
and acetic-treated cells expressing Bax a. Western blots were revealed with the monoclonal anti-Bax N20. (C) Bax activation
status assessed by anti-Bax antibody 6A7 in untreated and acetic acid-treated cells expressing Bax a. Representative graphic
of the ratio of the 6A7-immunoprecipitate signal over the one of 2D2-immunoprecipitate, in yeast cells expressing Bax o 16 h
after expression and 60 min treatment without (-) and with (+) 80 mM acetic acid, pH 3.0. Quantification of band intensities
was performed with Image J. For each sample, the ratio of the signal of 6A7-immunoprecipitate over the one of 2D2-

immunoprecipitate was calculated. AA - acetic acid.

5.3.2. Bcl-xL rescues yeast cells expressing human Bax a from acetic acid-induced cell
death

We next aimed to find if, in our experimental setup, well-known Bax partners from the Bcl-2 family
could revert acetic acid-induced cell death of yeast cells expressing Bax a. It has been demonstrated that
Bax interacts with BclxL in both mammalian and yeast cells [17]. Bcl-xL counteracts Bax activation by
forming inhibitory complexes in mitochondria, but the interaction with BclxL also appears to regulate
Bax localization, as co-expression with Bax favours Bax translocation to mitochondria as well as its

retrotranslocation to the cytosol [17,24]. Preliminary results from our lab [12,13] have shown that acetic
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acid-induced cell death of Bax a-expressing cells was abrogated by the co-expression of BelxL but not by
BclxLAC, under the control of a GAL1/10 promoter. Bcl-xLAC does not contain the C-terminal
transmembrane domain and is unable to promote Bax retrotranslocation [17]. As at that time we could
not confirm the expression levels of Bax and of both forms of BclxL, we prepared new transformants and
confirmed by western blot that the expression levels of Bax and Bcl-xL were similar among the different
strains (Figure 5.4A). Since cells were grown in lactate medium, glucose was not present to repress the
protein expression, and thus, a basal expression of Bcl-xL was observed at O h of expression, though
lower than at 16 h of expression as expected. After 16 h of Bax expression, no significant differences in
cell viability were found (Figure 5.4B). On the other hand, after exposure to acetic acid, cell viability
decreased in cells expressing Bax a alone (Figure 5.4C). However, co-expression of Bax a with full-length
BclxL significantly increased cell survival in comparison with the strain expressing Bax a alone,
suggesting that Bcl-xL protects Bax expressing cells from cell death induced by acetic acid. In contrast,
death of cells co-expressing Bcl-xLAC and Bax a was not significantly different from that of the strain

expressing only Bax a.
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Figure 5.4: Expression of Bcl-xL, but not of its truncated form Bcl-xLAC, protects human Bax a-expressing
cells from acetic acid-induced death. (A) Representative western blot image of Bax and Bcl-xL protein expression in yeast
cells not expressing (WT EV) and expressing Bax o (WT Bax a) at 0 h and 16 h. Pgklp was used as loading control. (B) Cell
viability assessed by CFU counting of yeast cells co-expressing Bax a and Bcl-xL or Bcl-xLAC, 16 h after induction of expression.

The values displayed are normalized to TO of expression induction and to control cells (transformed with both EVs). (C) Cell
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viability of yeast cells co-expressing Bax o and BclxL or BclxLAC 16 h after Bax expression, and 60 min after incubation
without (-) and with (+) 80 mM acetic acid, pH 3.0. Data are normalized to TO of acetic acid treatment and are the mean of
three independent experiments analysed by one-way ANOVA, where ***p<0.001, **** p<0.0001 and ns - non-significant. AA

- acetic acid.

5.3.3. The yeast orthologue of GSK3} is required for acetic acid-induced cell death in yeast
cells expressing human Bax a

Linseman and co-authors found that Bax phosphorylation at residue S163 by GSK33 is required
for apoptosis induction [25]. In fact, inhibition of GSK3[3 in mammalian cells suppresses Bax activity and
its associated translocation to the mitochondria. We have also previously found [12,13] that the absence
of Rim11p, the yeast orthologue of GSK3[3, does not affect Bax a viability in yeast cells (Figure 5.5A).
Herein, after confirming that Bax expression levels were similar in 7im11A and WT strains (Figure 5.5B)
we next assessed whether Rim11p, the yeast orthologue of the human GSK33, could also regulate acetic
acid-induced cell death of yeast cells expressing Bax a. Although deletion of A/M11 did not affect the
viability of Bax a-expressing cells (Figure 5.5B), it reverted the loss of cell viability of acetic acid-treated
Bax a-expressing cells (Figure 5.5C). These results raise the hypothesis that Rim11p is also required for

acetic acid-induced cell death in yeast cells expressing Bax a.
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Figure 5.5: Absence of the yeast ortholog of GSK3f3 rescues human Bax a-expressing yeast cells from acetic
acid-induced cell death. (A) Assessment of cell survival by CFUs counting of #im1IA cells after 16h Bax a expression and
respective control cells (transformed with the EV), (results obtained by [12,13]). Cell survival of Bax a-expressing cells is
normalized to TO and to control cells and values are the mean of three independent experiments analysed by one-way ANOVA.
(B) Representative western blot image of Bax expression levels after 16 h expression in both WT and #im11A strains. Pgklp
was used as loading control. (C) Cell viability of yeast cells expressing EV and Bax «, 16 h after Bax expression, and 60 min
after incubation without (-) and with (+) 80 mM acetic acid, pH 3.0. Data are normalized to TO of acetic acid treatment and

are the mean of three independent experiments analysed by one-way ANOVA, where *p<0.05 and **p<0.01. AA - acetic acid.

5.4. Discussion

Given the important role of the pro-apoptotic protein Bax in cell death, its potential as a
therapeutic target in diseases associated with misregulated cell death arose quickly. In fact, its mode of
action and regulation have been extensively studied, but multiple aspects remain elusive, as the model

systems used are complex. Here, we took advantage of the genetically tractable yeast S. cerevisiae, whose
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genome lacks genes coding obvious homologues of the human Bcl-2 family, to study Bax independently
of the intricate mammalian apoptotic network. In particular, this yeast has been used to unveil human
Bax activation through the expression of artificial mutated or tagged active forms, as Bax « is inactive
under the expression conditions usually employed [17,26,27]. We previously found that sub-lethal
concentrations of acetic acid triggered loss of viability of yeast cells expressing human Bax o [14] without
compromising plasma membrane integrity [12,13]. Taking this into account, herein, we sought to further
characterize the response of Bax a-expressing cells to acetic acid treatment by addressing whether a sub-
lethal concentration of acetic acid was associated with altered Bax localization and cyt ¢ release. To
achieve this goal, we heterologously expressed human native Bax a in S. cerevisiae under the control of
a GAL1/10 promoter, an already well-characterized system [17,26,27]. As the highest Bax o expression
level was achieved 16 h after induction with 1% galactose, these conditions were used in all assays. We
observed that acetic acid reduces the levels of cyt ¢ in mitochondria of Bax-expressing cells treated with
acetic acid, in accordance with the significantly decrease in the viability of cells expressing Bax in response
to acetic acid. However, unexpectedly, we found that acetic acid does not increase the amount of Bax in
its standard active conformation, detected by anti-Bax 6A7. One hypothesis is that Bax shifts to an “active”
conformation that is not detected by this antibody. A second explanation is that the increased cyt crelease
observed is not due to increased levels of active Bax but a result of increased levels of Bax at mitochondria.
This increased accumulation of Bax, either inactive or in a not already characterized active conformation,
leads to mitochondrial membrane permeabilization and subsequent cyt crelease. A similar scenario has
been described for the S184V and S184A mutations on the C-terminal domain of Bax; these mutations
lead to an increased Bax mitochondrial localization and cyt ¢ release, but not associated with increased
Bax activation detected with anti-Bax 6A7 [27]. It is known that at a pH below its pKa (pKa=4.76), acetic
acid is mainly present in its undissociated form (CH3COOH), so it can enter the cell, where it dissociates
into protons (H*) and acetate (CHsCOO) and, depending on the pH gradient across the plasma
membrane, it can lead to intracellular acidification and acetate accumulation, affecting metabolic
activity [28,29]. Moreover, in previous works, short-chain fatty acids (SCFA), including acetic acid and
propionic acid, have been explored in the therapy and prevention against some diseases, and have been
shown to induce differentiation, growth arrest and apoptotic cell death in colorectal cancer cells [30-32].
Considering these previous works and our study, we can predict that formic and propionic acids could
render the same Bax phenotype, but this remains to be tested further.

We further sought to explore if known inhibitors of Bax function revert death of yeast cells

expressing Bax o induced by acetic acid. We first analyzed Bcl-xL, an anti-apoptotic protein known as one
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of the main partners of Bax, playing a protective role in cell survival [24,33]. In the presence of lethal
doses of acetic acid, expression of Bcl-xL in yeast cells increases cell survival, according to its pro-survival
role [34]. In this work, we used sub-lethal concentrations, thus acetic acid does not lead to any detrimental
effect in cell survival of control cells, contrary to what was detected for Bax a -expressing or co-expressing
strains. Acetic acid-induced cell death of Bax o expressing cells was partly reverted by co-expressing Bcl-
xL, but not Bcl-xLAC. While full-length Bcl-xL was shown to modulate Bax translocation to mitochondria
and its retrotranslocation to the cytosol [15,24,35], Bcl-xLAC is able to modulate Bax localization, but
owing to its inability to promote Bax retrotranslocation, it induces Bax mitochondrial localization to a
higher extent than the unmodified protein. As a result, this truncated protein is therefore not able to impair
the Bax cytotoxic effect like BclxL does [17,36], which we also observed here.

Another mechanism described to suppress Bax activation and translocation to mitochondria in
mammalian cells undergoing apoptosis is inhibition of GSK3[ [25,37]. Indeed, this kinase targets Bax
residue S163 and is needed for induction of apoptosis [25]. Thus, we sought to determine if the
abrogation of Rim11p, the yeast orthologue of GSK3[3, would impair acetic acid-induced cell death of Bax
o-expressing cells. In fact, under conditions of Bax a translocation through the use of sub-lethal doses of
acetic acid, the knockout of Rim11p expressing Bax o was able to restore cell viability, in agreement with
Bax a inactivation. The absence of Bax a-dependent acetic acid cytotoxicity in such conditions is in
agreement with the suppression of Bax activation and translocation to mitochondria by inhibition of

GSK3[ in mammalian cells undergoing apoptosis [25,37].

5.5. Conclusion

In this study, we developed a novel simple and time- and cost-effective tool to increase Bax-
mediated cyt crelease that relies on the use of sub-lethal doses of acetic acid. This was accompanied by
Bax-mediated cell death, which was reverted by co-expression with BelxL, but not with its truncated form,
as well as by deletion of Rim11p. Therefore, we recapitulated in yeast the partial activation of Bax a by
an exogenous stimulus and the interaction with its regulators, mimicking what occurs in apoptotic
mammalian cells. The use of this model is an excellent alternative to the non-natural phosphomimetics
or non-phosphorylatable mutants or of mitochondrial tagged versions of Bax. We believe this yeast-based
tool will be valuable to screen for novel Bax regulators, to provide new clues about its function and to

develop novel therapeutic strategies targeting Bax.
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CHAPTER 6

ROLE OF NATB-MEDIATED BAX NT-ACETYLATION ON ITS
INTERACTION WITH BCL-XL AND IN ACETIC ACID-INDUCED
CELL DEATH



6.1. Background

The yeast model has been successfully used to study Nt-acetylation, namely in the identification
of new Nt-acetylated proteins, by comparing the level of Nt-acetylation of a putative NAT substrate between
a normal control strain and a yeast NAT (yNAT)-deleted mutant using proteomics methods, as already
shown in Chapter 2 and by Alves and colleagues [1]. Besides the identification of new NAT substrates
and the degree of Nt-acetylation, yeast NAT-deleted mutants have been a powerful tool for characterizing
NAT phenotypes. Examples of this are the well-studied ardZ(hNAA10)- and nat3(hNAA20)-deleted
mutants. For a long time, several studies have shown that yeast nat3A cells display the most prominent
phenotypes, including temperature sensitivity, increased sensitivity to osmotic agents and DNA damaging
chemicals, defects on mating, cell polarity, morphology and cytoskeleton function, as well as in
mitochondrial and vacuolar inheritance [2-6]. Some of the Nt-acetylated substrates that contribute to
these phenotypic alterations have been identified. For instance, the incapacity of nat3A cells to form
stable actin cables is due to the loss of Nt-acetylation of actin and tropomyosin. Indeed, Mdm?20p, the
regulatory subunit of yNatB and ortholog of hNAA25, was initially identified as an essential protein for
tropomyosin-F-actin interaction and therefore stabilization of actin cables [3]. After, Mdm20p was
associated with Nat3p for the proper acetylation of Tom1p [4,6]. Later, it was unveiled that restoration of
the actin filaments is not enough to rescue the nat3A phenotype, suggesting that additional Nat3
substrates are required for proper actin assembly [2-4,6]. The loss of actin Nt-acetylation in nat3A cells
is also the reason for the abnormal budding and the decreased growth rate. Caeser and colleagues
showed that although nat3A and mamZ0A cells share some features, the proteins may have individual
functions since depletion of Mdm20p does not have the same impact on cell growth and morphology as
deletion of NA73. Notably, mdmZ0A cells do not exhibit defects on cell growth and also differ from nat3A
cells in stress tolerance [2]. Moreover, the increased temperature sensitivity of 7az3A cells may be related
to the heat shock protein Hsp104p, a NatB target associated with thermo tolerance and stress response
[7,8], while the defects in mitochondrial inheritance could be due to loss of Ugo1p Nt-acetylation, a protein
required for mitochondrial fusion [9,10]. A recent study by Friedrich and colleagues revealed that the lack
of NatB activity causes a stronger impact on protein homeostasis than the lack of NatA activity, resulting
in misfolding and aggregation of several proteins, and affecting expression of genes involved in stress
responses, amino acid biosynthesis, and translation [11]. The authors further showed that the loss of
NatB-mediated Nt-acetylation compromises the structural integrity of NatB substrates, resulting in
increased protein aggregation. Besides these cellular processes, yeast cells have also been used to study

the involvement of Nt-acetylation on cell cycle progression [9], protein sorting [12], protein stability and
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degradation [13-18], and in apoptosis [1]. Indeed, as referred in previous chapters, our group recently
identified the pro-apoptotic Bax protein as a new NatB substrate, taking advantage of the yeast cell model.
For this purpose, the In-gel Stable-Isotope Labelling approach, that allows quantifying the degree of protein
acetylation, was used to compare the Nt-acetylation levels of human Bax a in WT yeast cells and in a
mutant strain lacking the NatB catalytic subunit hNAA20 (nat3A) cells. Bax was found to be fully Nt-
acetylated in WT W303 but not in W303 nat3A cells, which indicates that ectopically expressed human
Bax is Nt-acetylated by yeast Naa20p. This is in accordance with the Met-Asp amino-acid sequence at the
Bax N-terminus. In addition, our group demonstrated that the Nt-acetylation of Bax is essential to maintain
Bax in an inactive conformation in the cytosol of both yeast (nat3A) and Naa25~~ MEF cells. Since Bax
is a therapeutic target in diseases with apoptotic dysfunctions, the use of the yeast as cellular model
demonstrated for the first time that the Nt-acetylation of Bax by NatB is involved in Bax mitochondrial
targeting, suggesting that by manipulating the Nt-acetylation of Bax it is possible to regulate its cellular
localization, which may be an attractive therapeutic target.

In short, these and other studies using yeast as a cell model highlight how yeast cell-based
systems have fostered advances in the identification of Nat substrates, as well as some of their roles in
the regulation of key cellular processes, while unveiling the functional complexity and diversity of NATSs,
which has only begun to be discerned. As yeast and human NatB enzymatic activity is partially redundant
[19], and taking into account the yeast genetic tractability and simple cultivation to perform different
assays, in this chapter, we took advantage of the yeast cell model to further unravel the molecular
mechanisms underlying the regulation of Bax by Nt-acetylation. Specifically, we aimed to determine the
consequences of Nt-acetylation on the interaction of Bax with other members of the Bcl-2 family, as well

as on the acetic acid-induced cell death of yeast cells heterologously expressing human Bax.

6.2. Material and methods
6.2.1. Yeast strains and plasmids

All S. cerevisiae strains used in this study are listed in Table 6.1. The yeast S. cerevisiae haploid
strain W303-1B (mat a, ade’Z, his3, leu2, trpl, ural), provided by Stéphen Manon, was used throughout
this study as the WT strain. The W303 nat3A strain was generated in our previous study [1]. The W303
mdmZ0A strain was generated by transformation of parental strain W303-1B with a disruption cassette
amplified by PCR from genomic DNA of the BY4741 mdmZ20A strain (Euroscarf). Correct integration of
the cassette was confirmed by PCR. All strains were transformed with pYES3/CT E) (Invitrogen) and
PYES3/CT plasmid expressing human WT Bax «, under the control of a GAL1/10 promoter [20]. For
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some experiments, the strains were also transformed with pYES2/CT EV (Invitrogen) and pYES2/CT
plasmid expressing human BclxL, under the control of a GAL1/10 promoter [21]. All transformations
were performed by the lithium acetate method [22] and the resulting transformants were grown in

selective media lacking the appropriate amino acids.

Table 6.1: List of S. cerevisiae strains used in this study.

Strain
W303-1B (WT)
WT EV
WT Bax au
WTEV + EV
WT EV + BelxL
WT Bax o + EV
WT Bax o + Bel-xL
nat3A
nat3A EV
nat3A Bax o
nat3A EV + EV
nat3A EV + BelxL
nat3A Bax o + EV

Genotype
mat a, adeZ, his3, leuZ, trol, ura3
W303-1B harbouring pYES3 EV
W303-1B harbouring pYES3 Bax a.
W303-1B harbouring pYES3 EV and pYES2 EV
W303-1B harbouring pYES3 EV and pYES2 Bcl-xL
W303-1B harbouring pYES3 Bax o and pYES2 EV
W303-1B harbouring pYES3 Bax a and pYES2 BclxL
W303-1B nat3A::KanMX4
W303-1B nat3A harbouring pYES3 EV
W303-1B nat3A harbouring pYES3 Bax o
W303-1B nat3A harbouring pYES3 EV + pYES2 EV
W303-1B nat3A harbouring pYES3 EV + pYES2 BclxL
W303-1B nat3A harbouring pYES3 Bax o, + pYES2 EV

nat3A Bax au + BelxL W303-1B nat3A harbouring pYES3 Bax a. + pYES2 Bel-xL

madmZ20A W303-1B mamZ0A::KanMX4
mdmZ0A EV W303-1B mdmZ20A harbouring pYES3 EV
mdmZ0A Bax o W303-1B mamZ0A harbouring pYES3 Bax o

6.2.2. Growth conditions

S. cerevisiae strains were grown overnight aerobically in synthetic complete (SC) glucose medium
[SC; 0.175% (w/v) Yeast nitrogen base without amino acids and ammonium sulphate, 0.5% ammonium
sulphate, 0.2% (w/v) Drop-out mixture and 0.01% auxotrophic requirements] supplemented with 2% (w/v)
glucose. The cultures were transferred to the SC medium lacking the appropriate amino acids and
supplemented with 0.5% (w/v) of the non-fermentable carbon source lactate/ethanol instead of glucose,
to an 0D640=0.05 for WT cells and an OD640=0.1 for mutant cells. After approximately 26 h, the WT
cells were diluted to an OD640=0.25 and mutant cells to an 0D640=0.45 in fresh SC lactate/ethanol
medium. 5 h later, cultures reached the 0D640=0.5 and 2% of galactose (w/v) was added to trigger the
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expression of Bax and, in some cases, of BclxL, and the cultures were grown for 14 h. All culture
incubations were performed at 30 °C in an orbital shaker at 200 rpm, with a ratio of flask

volume/medium of 5:1.

6.2.3. Stability assay

Yeast cells were grown as described in previous section. After 14 h of Bax expression, cells were
washed with dH,0 and resuspended in SC Glucose medium to repress the galactose promoter and then
repress Bax expression. Cells were grown during 0, 4, 6, 8 and 24 h. At each time point, samples were

collected to prepare 1 mL of cell suspensions at 0D640=1 for protein extracts.

6.2.4. Acetic acid treatment

For acetic treatment, cells were grown as described in 6.2.2. After 14 h of induction of Bax
expression, cells were harvested to an OD640= 0.5 in SC lactate/ethanol medium and supplemented
with 2% galactose (w/v) at pH 3.0, so that added acetic acid (160 mM ) could enter the cells in its
undissociated form (CH,COOH), by simple diffusion [23]. Samples were then harvested after 90 and 180
min of incubation. Cells without acetic acid treatment were used as a negative control. All incubations

were performed at 30 °C in an orbital shaker at 200 rpm, with a ratio of flask volume/medium of 5:1.

6.2.5. Protein extraction and western blot analysis

To prepare protein extracts, 1 mL of exponentially growing cells at OD640=1 was collected by
centrifugation at 5000 xg for 3 min and washed once with dH20. Cells were then resuspended in 500 pl
water and 50 pl lysis buffer [3.5% (v/v) B-mercaptoethanol in 2 M NaOH], and incubated for 15 min on
ice. Next, 50 ul of 3 M trichloroacetic acid were added and incubated for 30 min on ice to precipitate the
proteins. The extracts were centrifuged at 12000 xg 10 min 4 °C, washed with 100 pl acetone and
centrifuged again at 12000 xg 5 min, 4 °C. Finally, protein extracts were resuspended in 12.5 pl Laemmli
buffer (2% (v/v) B-mercaptoethanol, 0.1 M Tris pH 8.8, 20% (v/v) glycerol, 0.02% (v/v) bromophenol
blue) and 37.5 pl 0.1 M NaOH with 2% SDS. Samples were heated at 70 °C for 15 min and stored at -
20 °C, or 15 pl were used immediately for Western blot. Protein extracts were then separated
electrophoretically on a 12.5% sodium dodecyl sulphate-polyacrylamide gel (SDS-PAGE) at 20 mA per gel,
and transferred to PVDF (GE Healthcare) membranes at 60 mA per membrane for 1 h and 30 min. To
prevent non-specific binding, the membranes were blocked in 5% (w/v) non-fat milk containing 0.1%

PBST, for 1 h at RT with agitation. Afterwards, membranes were incubated overnight with agitation at 4
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°C with primary antibodies listed in Table 6.2. After washing with 1x PBST during 15 min, membranes
were incubated with the corresponding secondary antibodies (Table 6.2) for 1 h at RT with agitation.
Finally, membranes were washed with 1x PBST during 15 min. Immunodetection of bands was revealed
by chemiluminescence using the ECL detection system (Millipore-Merck) in a ChemiDoc XRS image

system with the Quantity One software (BioRad) or with X-ray films.

Table 6.2: List of primary and secondary antibodies used in this study.

Size Temperature  Incubation
Antibod Dilution Manufacturer
U (kDa) (°C) time
Monoclonal anti-yeast
phosphoglycerate kinase 42 1:5000 4°C Overnight Molecular Probes
(Pgkl) (mouse)
Monoclonal anti-human Ba Santa C
i X 21 11000  4°C Overnight >ama Lz
(mouse) Biotechnology
Polyclonal anti-human Bel-xL
y , X 30 1:1000 4°C Overnight Cell Signalling
(rabbit)
) Jackson
Secondary anti-mouse (Goat) - 1:5000 RT 1h
ImmunoResearch
Jack
Secondary anti-rabbit (Goat) - 1:5000 RT 1h actson
ImmunoResearch

6.2.6. Assessment of plasma membrane integrity by Pl staining

Propidium lodide (Pl) was used to assess plasma membrane integrity. This fluorescent nucleic
acid intercalating agent is not able to enter the cell unless its plasma membrane is compromised. WT
and nat3A cells expressing Bax a and, in some cases, co-expressing BclxL were grown and treated as
described above. Depending on the analysis, by flow cytometry or fluorescence microscopy, Pl staining

was performed differently, as described below.

6.2.7. Flow cytometry analysis

Cells were harvested (1 mL at DO640=0.1) and resuspended in 500 pL of PBS 1x with 2 pL of
PI (stock solution of 1 mg/mL, Sigma-Aldrich) and incubated for 10 min at RT in the dark. As nat3A cells
form aggregates, after Pl staining, cells were washed twice with 1x PBS, resuspended in 500 pL of 1x
PBS and then sonicated for 1 min. After confirming the absence of aggregates, the samples were then
analysed by flow cytometry. The detection of the fluorescence was achieved by collecting red fluorescence
through a band-pass filter corresponding to the ECD channel. For each sample, about 10 000 events

were collected and analysed using CytExpert program.
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6.2.8. Fluorescence microscopy

Cells were harvested (1 mL at DO640=0.1) and resuspended in 500 pL of 1x PBS with 2 pL of
Pl (stock solution of 1 mg/mL, Sigma-Aldrich) and incubated for 10 min at RT in the dark. The
fluorescence was detected by a Leica Microsystems DM-5000B epifluorescence microscope using the
100x oil-immersion objective with the appropriate filter settings for differential phase contrast (DIC) and

red fluorescence (N21).

6.3. Results and discussion
6.3.1. Does Nt-acetylation affect the stability of the pro-apoptotic Bax protein in yeast S.
cerevisiae cells?

In the previous chapters, we showed that Nt-acetylation displays an important role on the stability
of apoptotic proteins. Some studies claim a protective role against protein degradation [3,18,24-26],
while others point Nt-acetylated protein residues as degradation signals [13-15]. Herein, we aimed to
evaluate the stability of the NatB substrate Bax in W303 nat3A and W303 mdmZ20A yeast cells expressing
human Bax under the control of a GAL1/10 promoter [20]. To achieve this goal, we performed a stability
assay in which Bax o expression was first induced by the addition of 2% galactose for 14 h, and then
repressed by transfer to a medium with glucose up to 24 h. We found a decrease in Bax protein levels
after 6h of galactose deprivation in the three strains, though more pronounced in nat3A and mdmZ20A
cells (Figure 6.1A). Moreover, at 24 h, while Bax protein was observed in WT cells, no expression of Bax
was observed in nat3A and mamZ20A cells. These results suggest that the absence of Nat3p or Mdm20p
in yeast cells affects the stability of Bax, supporting a role of Nt-acetylation in conferring stability to this
protein. Accordingly, even under normal growth conditions (after 14 h of induction of Bax expression with
galactose), the expression of Bax in nat3A cells was significantly lower when compared with WT cells

(Figure 6.1B).
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Figure 6.1: Absence of Nat3p and Mdm20p in yeast cells compromises the stability of Bax, which is partially
recovered by Bcl-xL. Immunodetection of Bax (A) in WT, nat3A and mdmZ0A yeast cells expressing Bax o 14 h after
expression, and 0, 2, 4, 6, 8 and 24 h after repression of Bax expression with glucose; (B) in WT and nat3A yeast cells
expressing Bax a 0 and 14 h after induction of Bax expression with galactose; (C) in WT and nat3A yeast cells expressing Bax
o and co-expressing Bel-xL 14 h after induction of Bax expression with galactose. 1 and 2 represents the different transformants
resulting from co-expression of Bax and BclxL or the respective empty vector (EV); (D) in WT and nat3A yeast cells expressing
Bax a and Bcl-xL or the respective EV (selected from C, red dashed squares) and expressing both EVs 14 h after induction of

Bax expression with galactose. Pgklp was used as loading control.

Interestingly, when we heterologously co-expressed Bax o and BclxL in nat3A cells, also under
the control of the GAL1/10 promoter [21], the expression levels of Bax increased in comparison with the
mutant cells expressing Bax alone, approaching the WT protein levels. This suggests that Bcl-xL confers
stability to Bax in the absence of Nat3p (Figure 6.1C and D). Curiously, Bcl-xL was found stable in the
mutant cells (Figure 6.1C and D), probably due to the fact that it is not a NatB substrate as it does not
display any of NatB’s Nt-target sequence. Of note, although the results must be reproduced, the
independent experiments follow the same pattern and, therefore, Bax is most likely unstable in the
absence of NatB-mediated Nt-acetylation. Although Bax in Naa20~~ MEFs seems to be stable when
NaaZ0 is inactivated, we noticed that other NatB substrates such as procaspase-8, -9, -3 and Bid are
unstable (Chapter 3). As S. cerevisiae lacks obvious orthologs of Bcl-2 family members, the expression
of human proteins like Bax in the absence of the interaction with BclxL or with other Bcl-2 family
members, likely facilitated the detection of decreased Bax protein levels. Therefore, the observed protein

degradation caused by the absence of Nt-acetylation pointed as the consequence of instability of the
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procaspases in Naa20~~MEFs, can also be pointed to explain the instability of Bax in nat3A cells
expressing human Bax. In fact, considering the idea that Nt-acetylation hides the N-degrons of proteins
[18,24-26], the absence of this Nt-modification can expose the N-terminal of Bax and trigger its
degradation. Indeed, as human Bax displays the N-terminal Met-Asp (MD-) amino-acid sequence [1] and
Nt-acetylation hampers the cleavage of iMet [27,28], it is likely that the absence of Nt-acetylation can
promote NME and, then, create a secondary destabilizing residue of the Arg/N-degron pathway [28,29].
Thus, we can hypothesize that, after cleavage of the iMet, non-acetylated human Bax (DGSGE-) can be
targeted for degradation in two steps: first, the N-terminal undergoes arginylation mediated by the R-
transferase A7E 1, followed by degradation carried out by the S. cerevisiae RING-type Ubrl and HECT-
type Ufd4 E3 ubiquitin ligases [30]. A set of different yeast mutants namely a double mutant lacking
Nat3p or MdmZ20p and Atelp, as well as a double mutant lacking Nat3p or Mdm20p and Ubr1p, could
be constructed and tested to validate this hypothesis. As the Arg/N-degron pathway is widely studied in
S. cerevisiae, focusing on studies in this pathway will be a step forward to understand the effect of Nt-

acetylation on Bax stability.

6.3.2. Deletion of NAT3 increases the susceptibility of yeast cells expressing human
Bax a to acetic acid

We sought to evaluate whether Nt-acetylation affects the sensitivity of yeast cells expressing
human Bax o to an apoptotic stimulus, as observed in MEFs. Acetic acid was used as an exogenous
trigger to activate Bax o, as described in Chapter 5 in both WT and naf3A cells expressing human Bax
o.. As nat3A cells cannot be used for standard CFU assays due to aggregation [2,4], we monitored loss
of plasma membrane integrity of the WT and nat3A cells expressing Bax o by Pl staining, upon treatment
with 160 mM acetic acid for 90 and 180 min. Samples were sonicated before flow cytometer acquisition
to avoid clogging caused by the presence of cell aggregates. Flow cytometry analysis showed that, 14 h
after induction of Bax expression with galactose but before acetic acid treatment, there was a residual
percentage of WT and nat3A cells transformed with the EV or with the Bax expressing-plasmid Pl-positive
stained, indicative of a negligible sub-population of dead cells (Figure 6.2A-C and Figure A4, Appendix).
After 90 min of exposure to 160 mM acetic acid, both WT and na£3A cells expressing Bax o displayed
an increase in the percentage of Pl-positive cells (6% and 35 %, respectively) when compared with non-
treated cells, which was statistically significant in the case of nat3A cells. These percentages slightly
increased to 8% and 49%, respectively, after 180 min of acetic acid treatment. When we directly compared

WT and nat3A cells expressing human Bax, it was clear that the mutant cells exhibit a much higher
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susceptibility to acetic acid. Importantly, no toxicity was observed for either WT or nat3A cells transformed
with the EV untreated or treated with acetic acid. These results were confirmed by fluorescence
microscopy (Figure 6.2D). In fact, although PI staining (red fluorescence) was mainly observed in the
strains expressing Bax o after acetic acid exposure, nat3A cells revealed a much higher number of cells
stained with PI than WT cells. AlImost no red fluorescent cells were visualized for WT and nat3A EV cells
in the presence of acetic acid, which was indicative of no toxicity in the absence of Bax a.. Altogether, flow
cytometry and fluorescence microscopy analysis showed that the absence of Nat3 mediated Nt-
acetylation renders cells more sensitive to acetic acid as assessed by the loss of plasma membrane
integrity. These results are in agreement with a study in Hela cells showing that inhibition of Naa20
sensitizes cells to apoptosis induced by the proteasome inhibitor MG132 [31]. Also, our previous study
showed that Naa25~~ MEFs are more sensitive to MG132 [1]. Accordingly, a recent study found that
NatB plays an important role in stress prevention [11]. Interestingly, when we exposed Naa20~~ MEFs

to different apoptotic stimuli, we found a stimulus-dependent effect of Naa20 inactivation (Chapter 3).
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Figure 6.2: Acetic acid induces loss of plasma membrane integrity in 7at3A yeast cells expressing human Bax
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the percentage of Pl-positive cells (A) 14 h after Bax expression without treatment, (B) 90 min and (C) 180 min after treatment
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without (-) or with (+) 160 mM acetic acid, pH 3.0. The percentage of Pl positive cells were adjusted to autofluorescence. The
values display the mean of three independent experiments analysed by one-way ANOVA, where ****p<0.0001. (D)
Fluorescence microscopy images of the indicated yeast strains treated (+) or not (-) with 160 mM acetic acid, pH 3.0, for O,
90 and 180 min and stained with 4 mg/mL of Pl for 10 min at RT in the dark. The images shown are representative of several

microscope fields. Bar: 5 um. AA - acetic acid.

6.3.3. Bcl-xL does not rescue nat3A yeast cells expressing human Bax o from acetic acid-
induced cell death
As BclxL rescued WT yeast cells expressing Bax o from acetic acid-induced cell death in
(Chapter 5), we sought to address whether Bcl-xL was also able to revert the susceptibility of nat3A cells
to acetic acid in the absence of NatB-mediated Bax Nt-acetylation. To this end, plasma membrane integrity
of nat3A cells heterologously co-expressing Bax o, and Bcl-xL or the respective EV was monitored 90 and
180 min after exposure to 160 mM of acetic acid. Flow cytometry analysis revealed a residual percentage
of Pl-positive cells 14 h after Bax o and Bel-xL expression (Figure 6.3A and Figure Ab, Appendix). Although
the percentage of Pl-positive cells was slightly lower in nat3A cells co-expressing Bax oo and BclxL than
in nat3A expressing Bax o and the EV 90 min (25% and 28%, respectively) and 180 min (37% and 46%,
respectively) after acetic acid treatment, it was still much higher than in non-treated cells, and statistically
significant after 180 min (Figure 6.3B, C). Fluorescence microscopy confirmed that naf3A cells co-
expressing Bax o and EV, and co-expressing Bax o, and Bcl-xL exhibit higher but similar percentages of
Pl-positive stained cells after acetic acid treatment (Figure 6.3D) in comparison with non-treated cells.
Altogether, flow cytometry and fluorescence microscopy analysis showed that, contrarily to what was
observed with WT cells expressing Bax o (Chapter 5), BclxL does not seem to exhibit a protective role in
nat3A cells. This suggests that the absence of Nt-acetylation not only reduces the levels of pro-apoptotic
Bax but may also interfere with in the interaction between Bax and BclxL, compromising the anti-apoptotic

role of BclxL.
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Figure 6.3: Absence of Nat3p abrogates Bcl-xL protection of human Bax a-expressing yeast cells from acetic
acid-induced loss of plasma membrane integrity. Plasma membrane integrity was assessed by Pl staining of nat3A
yeast cells co-expressing human Bax a and BclxL or the respective empty vector (EV). Representative plots of Pl-positive
stained cells (A) 14 h after Bax and Bcl-xL expression without treatment, (B) 90 min and (C) 180 min after treatment without
() or with (+) 160 mM acetic acid, pH 3.0. The percentage of Pl-positive positive cells were adjusted to autofluorescence. The
values display the mean of three independent experiments analysed by one-way ANOVA, where *p<0.05, **p<0.01 and
***p<0.001. (D) Fluorescence microscopy images of the indicated yeast strains treated (+) or not (-) with 160 mM acetic acid,

pH 3.0, for 0, 90 and 180 min and stained with 4 mg/mL Pl for 10 min at RT in the dark. The images shown are representative

of several microscope fields. Bar: 5 um. AA — acetic acid.
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6.4. Conclusion

The results gathered in this study demonstrated that Nt-acetylation may have a crucial role in Bax

regulation namely on its stability and interaction with the anti-apoptotic protein Bcl-xL, and consequently

on death of yeast cells heterologously expressing Bax and co-expressing Bax and Bcl-xL in response to

acetic acid. Indeed, the absence of Nat3-mediated Bax Nt-acetylation decreases the stability of Bax,

suggesting that Nt-acetylation confers protection from degradation to the pro-apoptotic protein Bax.

Interestingly, reduction of Bax expression levels in nat3A cells was rescued by Bcl-xL co-expression but

the susceptibility to acetic acid was not, suggesting that Nt-acetylation also impacts the anti-apoptotic role

of BelxL in Bax expressing cells committed to cell death in response to acetic acid.
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CHAPTER 7

CONCLUDING REMARKS AND FUTURE PERSPECTIVES



7.1. Conclusions and final remarks

Taking into account that in our previous work we identified a link between Nt-acetylation and
apoptosis through the pro-apoptotic Bax protein [1], and the fact that the main apoptotic proteins are
putative NatB substrates, the main goal of this thesis was to further understand the role of Nt-acetylation
on apoptosis regulation. Additionally, given the emerging studies on Ntacetylation and protein
degradation via N-degron pathways [2-8], we also focused our work on predicting how the interplay
between these two processes may modulate apoptosis. Taking advantage of the conservation of many
cellular processes between yeast and mammals, both MEFs and yeast cells were used as complementary
models to achieve our goals. Our results are presented in four different chapters: Chapter 3 and 4
dedicated to explore the relation between Nt-acetylation and protein degradation via N-degron pathways
on apoptosis regulation, with Chapter 3 focused specifically on the experimental results obtained with
MEF cells. Chapter 5 develops a yeast model system to screen for new Bax regulators, and chapter 6
includes the studies to assess the role of Nat3-mediated Nt-acetylation on Bax stability, on its interaction
with BclxL as well as on the susceptibility of Bax expressing cells to a sub-lethal concentration of acetic
acid.

Regarding the effect of Nt-acetylation on apoptosis regulation, we have previously found that the
NatB regulatory subunit Naa25 is involved in mitochondrial targeting of the pro-apoptotic Bax protein and
affects the sensitivity of MEF cells to an apoptotic stimulus [1]. Interestingly, this previous study is the
only achieving a total depletion of Naa25 in the MEF model. Indeed, all studies have assessed the
biological significance of NatB through partial depletion of one of the two NatB subunits in eukaryotes
other than MEF cells [9-15]. Taking this into account, we decided to study the impact of Nt-acetylation
on apoptosis regulation in MEFs where the catalytic subunit Naa20 was completely inactivated. Before
proceeding with other experiments, we confirmed and validated the efficiency of Naa20 inactivation by
western blot and Real-Time PCR. Our results confirm not only that Naa20is totally inactivated in the MEF
KO cells, but also that this inactivation leads to cytoskeleton abnormalities and decreased cell
proliferation. After that, to better characterize the effects of complete NatB depletion in MEF cells, we
performed a N-terminomics analysis of WT and Naa20~~ MEFs. We mainly found an overall reduction of
Nt-acetylation levels in Naa20~~ MEFs in comparison with WT MEFs, with a relative decrease in the
number of fully acetylated N-termini to only partially acetylated N-termini. Notably, the majority of N-
termini with strong decreased acetylation in the Naa20~~ MEF cells are NatB substrates. Interestingly,
we also found that half of the NTA downregulated proteins are directly associated with apoptosis, and in

particular with caspases, which suggests a possible influence of NatB-dependent NTA of specific proteins
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on their protein half-life and in particular of those involved in apoptosis. Indeed, we confirmed by western
blot that Naa20~~ MEFs exhibit a significant reduction in protein levels of procaspase-3, -9, -8 and Bid,
associated with a decreased susceptibility to etoposide and TNF-a plus SMAC/DIABLO mimetic. This
reduced expression levels were restored by silencing Arg/N-recognins E3 ubiquitin protein ligases Ubr4
and Ubrl. Moreover, we discovered that Ubr4 silencing partially reverts the decreased susceptibility to
TNF-a plus SMAC/DIABLO mimetic. Altogether, our findings highlight the impact of NatB-mediated Nt-
acetylation and Arg/N-degron pathway on apoptosis regulation. Following these findings, we sought to
perform an Jn silico systematic search to identify among the major components of the apoptotic
machinery, and of the respective fragments generated by caspase- and calpain-mediated proteolytic
cleavage, those which are substrates of Nt-acetylation, as well as those which are substrates of N-
recognins. Based on this search, we found that the majority of the full-length apoptotic proteins analysed
are mostly putative substrates of NATs. In addition, we found that the majority of apoptotic proteins
analysed are most likely substrates of the N-degron pathways. Altogether these findings suggest a high
impact of Nt-acetylation and N-degron pathways on the proteostasis, and in some cases on the function,
of both pro- and anti-apoptotic proteins. Of note, NatB, NatE, and to a lesser extend NatC and NatF, are
the most prominent NATs acetylating these apoptotic proteins. Regarding the protein fragments, our
analysis showed that NatA may acetylate the majority and, in contrast to the full-length proteins, they can
be recognized by only one of the three N-degron pathways. Curiously, we found that cleavage of the
apoptotic proteins may generate mostly pro-apoptotic fragments, regardless the original function of the
protein. Moreover, we noticed that the proteolytic cleavage originates a slightly higher percentage of less
stable proteins than the original ones, which may indicate that N-recognins activity must be reduced at
some point during the apoptotic process, thereby favoring the execution phases of apoptosis. In general,
we conclude that, besides the NatA, NatB and NatC well-known roles in apoptosis, NatE and NatF may
also have a role in apoptosis. Likewise, the Ac/N-degron pathway may also be crucial during the apoptotic
process, similarly to the Arg/ and Gly/N-degron pathways, as many apoptotic proteins bear conditional
Ac/N-degrons leading to its degradation by Ac/N-degron pathway, when they are not under protection by
proper folding/partner s interaction, as a consequence of cell s commitment to apoptosis.

Among the main apoptotic proteins, Bax is a key player in the apoptotic-cell death process,
governing the cell fate decision [16]. Although several reports address the mechanisms of human Bax
activation, how this protein remains inactive and becomes activated is still unclear. Therefore, to shed
light on how Bax function can be regulated, we used WT human Bax a heterologously expressed in S.

cerevisiae. As our previous results showed that sub-lethal concentrations of acetic acid induced loss of
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viability of Bax a-expressing yeast cells without compromising plasma membrane integrity [17,18], we
sought to investigate if this could be associated with an altered Bax localization and cyt c release. We
found a significant decrease in mitochondrial cyt ¢ together with Bax translocation to the mitochondria,
even though it is not related with the standard Bax active conformation. In fact, no differences were
detected for active Bax between non-treated and treated cells. Furthermore, using yeast cells co-
expressing Bax a with Bel-xL and Bcl-xLAC, we showed that Bel-xL, but not Bel-xLAC, protects yeast cells
from cell death induced by acetic acid. Since the inhibition of GSK3[3 in mammalian cells abrogates Bax
activation [19,20], using a yeast strain deleted for its yeast orthologue Rim11p, we found that the absence
of this protein reverted the loss of cell viability of Bax a-expressing cells after acetic acid exposure. Taken
together, our findings point to acetic acid as an exogenous trigger of Bax a-mediated cell death, which
triggers Bax mitochondrial translocation and cyt crelease, closely resembling the natural Bax function in
the cellular context. Importantly, this regulated cell death process was reverted by the co-expression with
BclxL, but not with Bcl-xLAC, as well as in the absence of Rim11p. This novel system mimics human Bax
a regulation by BclxL and GSK3[, and can therefore be used as a platform to uncover novel Bax
regulators and explore its therapeutic modulation.

Given the known role of Nt-acetylation of Bax previously established in Naa25~"~ MEFs [1] together
with the previous evidences showing that yeast cells expressing Bax a are susceptible to acetic acid-
induced cell death, which in turn, is recovered by the interaction with Bcl-xL, we decided to use the yeast
model to dissect the role of Bax Nt-acetylation mediated by the yeast NatB catalytic subunit Nat3p on Bax
regulation. Although our results must be reproduced, we found a reduction in Bax expression levels in the
absence of Nat3-mediated Nt-acetylation, which is rescued in the presence of BclxL. Moreover, our flow
cytometry and fluorescence microscopy analysis showed that the absence of Nat3p greatly increases the
sensitivity of yeast cells expressing Bax a to acetic acid treatment. Most likely due to the absence of Bax
Nt-acetylation, we noticed that BclxL, in spite of protecting Bax from degradation, loses its anti-apoptotic
role, as the absence of Nat3p abrogates its protection of human Bax a-expressing yeast cells from acetic
acid-induced loss of plasma membrane integrity. It is known that BclxL can counteract Bax activation
either by forming inhibitory complexes in the mitochondria or by promoting the retrotranslocation of Bax
to the cytosol. The absence of Bax Nt-acetylation may compromise one or both of these Bel-xL protective
functions. Indeed, unacetylated Bax may inhibit the formation of inhibitory complexes or may inhibit Bax
retrotranslocation leading to its mitochondrial accumulation, explaining the higher sensitivity of nat3A

cells to acetic acid than WT cells. Altogether, our results highlight the importance of Nt-acetylation in
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conferring stability to proteins, in this case to Bax, and likely in warranting protection by Bcl-xL from loss
of plasma membrane integrity of Bax-expressing cells induced by acetic acid.

Our findings also offer novel insights on the high complexity of the interplay between the Nt-
acetylation and degradation by N-degron pathways, and its impact on the modulation of apoptosis. Indeed,
our data from MEFs and yeast cells suggest that the absence of NatB-mediated Nt-acetylation significantly
impacts the stability of key apoptotic proteins, as they are mainly NatB substrates. As a consequence, in
the absence of NatB, the unacetylated proteins became prone to degradation through the Arg/N-degron
pathway. Indeed, an anti-apoptotic role has been pointed for this N-degron pathway [21-23]. Interestingly,
our study raises the idea that apoptosis can also be regulated by the Ac/N-degron pathway, if the
acetylated proteins are not quickly protected by proper folding or by their interacting partners just after
synthesis. Additionally, our study stresses the importance of using two different complementary cell
models. In fact, yeast showed to be a powerful model system to tackle the processes occurring in MEFs.
Since the genome of the yeast S. cerevisiae is devoid of genes encoding orthologues of the human Bcl-2
family, it was possible to unravel the effect of Nt-acetylation on the members of the Bcl-2 family, namely
Bax and BclxL, without interference of the mammalian apoptotic network. For instance, while in
Naa20~'~ MEFs Bax was found stable likely due to the presence of BclxL, in yeast cells expressing human
Bax alone, this protein was seemingly less stable in the absence of Nt-acetylation. Bax expression levels
were recovered by co-expression of BclxL, which likely displays a protective role against Arg/N-degron-
mediated Bax degradation when Bax is unacetylated, though it is unable to protect nat3A cells expressing
Bax from loss of plasma membrane integrity in response to acetic acid. Therefore, taking into account
the short generation time, easy handling and tractability and easy genetic manipulation of yeast cells,
together with the high level of conservation of cellular processes, they emerge as a versatile and robust
model system to further understand the role of Nt-acetylation on cellular proteostasis and apoptosis

regulation.

7.2. Future perspectives
Although this study answered to several biological questions, it also raises many others. Below,
we suggest several experimental approaches that can be performed in the future in order to deepen our
knowledge about the regulation of apoptosis mediated by Nt-acetylation and N-degron pathways.
Regarding the cell response of MEF and yeast cells to the induction of apoptosis in the absence
of Nt-acetylation, our results showed a stimulus-dependent effect for Naa20~~MEFs and a higher

sensitivity to acetic acid for yeast cells expressing human Bax. To directly compare the effect of Naa20
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inactivation on apoptosis induction in MEFs and yeast cells, a further treatment with acetate could be
performed with the MEF cells model. In turn, it would be interesting to assess the sensitivity of yeast
nat3A cells to etoposide. As etoposide is unable to induce apoptosis in yeast cells carrying WT
topoisomerase Il [24,25], mutant strains with the etoposide hypersensitive 10p25/740W allele instead of
the WT allele, or strains overexpressing topoisomerase Il should be used, in order to increase cell
sensitivity to etoposide. Moreover, since nat3A cells exhibit growth defects, clonogenic assays to evaluate
the cell survival of the strains were not performed and are in practice difficult to implement due to the
presence of cell aggregates. Although sonication after labelling with fluorescent probes allows monitoring
different cellular parameters, this sample processing cannot be applied to CFUs assays, as it is not
possible to discard whether sonication before plating can affect the cell viability. To further characterise
cell death of nat3A cells in response to acetic acid, other apoptotic (e.g. exposure of PS, endonucleosomal
DNA degradation, ROS accumulation and mitochondrial membrane potential) or non-apoptotic markers
(e.g. early loss of plasma membrane integrity and nuclear-cytosolic translocation of the yeast ortholog of
the mammalian high-mobility group box 1 protein (HMGB1) Nhp6Ap) should be monitored. Additionally,
we noticed that the absence of Nt-acetylation, besides reducing the level of pro-apoptotic Bax levels, also
interferes with the anti-apoptotic role of BclxL when co-expressed with Bax. Importantly, in WT cells, the
effect of BclxL on acetic acid-induced death of cells expressing Bax o was assessed by monitoring cell
viability by CFU assay, while in the experiments with nat3A cells, death was monitored by Pl staining. As
loss of plasma membrane integrity may reflect a secondary necrosis following apoptosis, or a non-
apoptotic regulated or non-regulated cell death, other cell death markers, should be assessed to better
understand the impact of Nat3-mediated Nt-acetylation in the death of yeasts co-expressing Bax and Bcl-
xL in response to acetic acid. It was reported that, in yeast cells, the expression of c-myctagged Bax, an
active form of Bax, induces loss of plating efficiency, which is not associated with the loss of plasma
membrane integrity or with typical apoptotic markers but instead displayed autophagic features [26].
However, inhibition of autophagy did not prevent Bax-induced loss of plating efficiency and, curiously,
accelerated it. In order to understand whether the high susceptibility of acetic acid observed in nat3A
cells expressing Bax ot is due to inhibition of autophagy, expression of the autophagy-related Atg8p protein
could be assessed by western blot in n7at3A cells expressing Bax after treatment with acetic acid.
Furthermore, we could also assess Bax a localization and cyt ¢ release by immunodetection in
mitochondrial and cytosolic fractions of WT and nat3A cells co-expressing Bax and Bcl«L in response to

acetic acid. This experiment will allow comparing the mitochondrial levels of Bax between both strains
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and thus understand if BclxL has lost its anti-apoptotic role due to its inability to retrotranslocate Bax to
the cytosol or to form inhibitory complexes with unacetylated Bax.

Regarding the role of Nt-acetylation and N-degron pathways in regulating apoptosis, the main
open questions are how these two processes are interconnected to maintain cellular homeostasis and to
induce/inhibit apoptosis in response to a stimulus. Although the apoptotic proteins identified as putative
target substrates of Nt-acetylation and of proteolytic pathways must be experimentally validated, our study
only starts to lift the veil on cell fate regulation by these processes, and may help to understand how the
Nt-acetylation and N-degron pathways can be modulated to fight diseases in which apoptosis is
deregulated. Exploring whether E3 ubiquitin ligases of the Ac/ and Arg/N-degron pathways display distinct
affinity/ specificity to pro- and antiapoptotic proteins could allow their selective inhibition as a strategy to
enhance or inhibit apoptosis, respectively. Although this kind of strategies may impact on several other
cellular processes, it was recently shown for the first time that the /7 vivo inhibition of N-degron pathways
can be explored to increase efficiency of chemotherapeutic drugs [27]. Therefore, even seemingly non
druggable targets, studies on apoptosis in cell models with deregulation of NATs and E3 ubiquitin ligases
will help to further understand whether apoptosis is involved in pathogenesis and if its modulation may
be used as a therapeutic strategy.

Another remaining issue of this study regards the stability of Bax in the absence of Nt-acetylation.
Although our results appear to indicate that Nt-acetylation may have a protective role against Bax
degradation in yeast cells and likely in MEFs, by conferring stability to this protein, the experiments
performed in yeast should be reproduced. Furthermore, as the Arg/N-degron pathway is widely studied
in S. cerevisiae, focusing on studies on this pathway might thus be a good step to better understand the
effect of Nt-acetylation on the stability of Bax. Indeed, as performed in MEFs, a set of different yeast
mutant constructions can help further elucidate the possible involvement of the Arg/N-degron pathway
on Bax degradation. In particular, it would be interesting to assess the expression levels of Bax in a double
mutant deleted for Nat3p or Mdm?20p and Ubrlp, as well as in a mutant deleted for Nat3p or Mdm20p
and Atelp. It is expected that the loss of Atelp or Ubrlp will rescue the protein levels of Bax through
inhibition of its degradation. Another complementary approach could be monitoring the interaction
between Bax and Bcl-xL by immunoprecipitation to confirm whether these proteins still interact even in
the absence of Bax Nt-acetylation, and whether this interaction may protect unacetylated Bax from
degradation. Additionally, it would be interesting to assess Bax stability in Naa20~'~ MEFs silenced for Bcl-

XL, although the presence of other Bax interactors can take over the role of Bcl-xL in its absence.
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Furthermore, when attempting to understand the outcome of silencing the Arg/ and Ac N-
recognins in Naa20~~ MEFs after an apoptotic stimulus, we found that the decreased susceptibility to
TNF-a plus SMAC mimetic was partially reverted by Ubr4 silencing. However, as caspase-3 and caspase-
9 activation was still limited, Bax, cyt ¢ and SMAC/DIABLO localization can be assessed to ascertain if
this stimulus also mediates the intrinsic apoptotic pathway.

Another interesting feature regards the changes at the protein level observed in the apoptotic
proteins in Naa20~~ MEFs that were not reflected in the proteomic study. Indeed, while caspase-3, -8
and -9 as well as Bid levels were decreased, as detected by western blot, caspase-3 was the only protein
downregulated that was identified in the proteomic analysis of Naa20~~ MEFs. Moreover, the Nt
acetylation degree was not determined for any of the four referred proteins. These can be explained by
technical limitations of the proteomic and N-terminomics approach. However, the instability of the
proteins caused by the absence of Nt-acetylation, or less often by its presence, may target them for
degradation through the Arg/ and Ac/N-degron pathway, respectively, and explain their non-detection in
the proteomic studies [28]. Also, though some natural Ac/N-degrons are generally mainly conditional,
they can become prone to degradation if the protection conferred by proper protein folding, interaction
with partners or by integration in a protein complex is compromised, which most often occur under stress
conditions associated with apoptosis induction [29]. Therefore, proteomic studies performed with cells
inactivated for MaaZ0 after exposure to apoptotic stimuli as well as with silencing of N-recognins, enzymes
involved in Nt-deamidation, arginylation, or even in NME, may thus provide a clearer picture of the impact
of Nt-acetylation and degradation via the N-degrons pathways on apoptosis regulation. In another
approach, the /n silico systematic search carried out can drive the experimental validation of the apoptotic
components identified as putative substrates of NATs and N-recognins, and bring new clues to the
understanding of apoptosis modulation by Nt-acetylation and through degradation via the N-degrons

pathways.
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Appendix Figures
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Figure Al: Inactivation of Naa20 causes a reduction in the expression levels of procaspases and cleaved
caspases-8, -9 and -3 but does not alter the susceptibility to the apoptotic inducers MG132 and tunicamycin.
Representative western blot images of procaspases -3, -9 and -8 and of respective cleaved caspases as well as cleaved PARP
in MEF cells, 6 days after infection with AdEmpty (WT) or AdSCMVCre (Naa20~") and 0, 8, 12 and 24 h after treatment with
5 uM of MG132 and 5 ng/pl of tunicamycin.
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Figure A2: Silencing of Ubr1 and Ubr4is unable to restore the procaspase-9 expression levels in response to
etoposide in Naa20~~MEF cells. Representative western blot images of the procaspases and cleaved caspases-3, -9 and
-8 protein levels after silencing the Ubrl (A) and Ubr4 (B) ubiquitin ligase in MEF cells 6 days after infection with AdEmpty
(WT) or Ad5CMVCre (Naa20~-), 12 h after 50 uM etoposide treatment. Vehicle (DMSO) was used as a negative control of

etoposide treatment. A specific siRNA (siControl) was used for control.
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Figure A3: Sub-lethal concentrations of acetic acid do not affect cytochrome ¢ mitochondrial content in yeast
cells expressing the empty vector. Representative immunodetection of Bax and cyt cin total extracts of control (EV) yeast
cells 0 and 16 after galactose induction, and 0 and 60 min after incubation with acetic acid (+) and after 60 min without acetic
acid (); and in mitochondrial fractions 60 min after incubation without (-) and with (+) 80 mM acetic acid, pH 3.0. Pgklp and

Porlp were used as loading controls for cytosol and mitochondrial fractions, respectively.
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Figure A4: nat3A yeast cells expressing human Bax a exhibit enhanced loss of plasma membrane integrity in
response to acetic acid. Representative monoparametric histograms of the red fluorescence of Pl-stained WT and nat3A
yeast cells expressing EV or human Bax o. Cells were treated (+) or not (-) with 160 mM of acetic acid, pH 3.0 for 0, 90 and

180 min and stained with 4 mg/mL of Pl for 10 min at RT, in the dark. Cursors were positioned to the right side of
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autofluorescence and the values presented in the right side of the histogram were considered Pl positive. The histograms

shown are representative of three independent experiments.
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Figure A5: Absence of Nat3p abrogates Bcl-xL protection of human Bax a-expressing yeast cells from acetic
acid-induced loss of plasma membrane integrity. Representative monoparametric histograms of the red fluorescence
of Pl-stained nat3A yeast cells co-expressing human Bax a and BclxL or the respective empty vector (EV). Cells were treated
(+) or not (-) with 160 mM of acetic acid, pH 3.0 for 0, 90 and 180 min and stained with 4 mg/mL PI for 10 min at RT, in the
dark. Cursors were positioned to the right side of autofluorescence and the values presented in the right side of the histogram

are considered Pl positive. The histograms shown are representative of three independent experiments.
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Appendix Tables

Table Al: Amino acid single and three letter codes.

Amino acid

ALANINE
ARGININE
ASPARAGINE
ASPARTIC ACID
CYSTEINE
GLUTAMIC ACID
GLUTAMINE
GLYCINE
HISTIDINE
ISOLEUCINE
LEUCINE
LYSINE
METHIONINE
PHENYLALANINE
PROLINE
SERINE
THREONINE
TRYPTOPHAN
TYROSINE
VALINE

Three letter symbol

Ala
Arg
Asn
Asp
Cys
Glu
Gln
Gly
His
lle
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val
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Table A2: N-terminome analysis of WT and Naa20~"~ MEF cells. Analysis of the N-termini quantified at least once condition for which it has been possible to calculate a p-value (2 sided
distributions, for 2 samples with equal variance). The theoretical and observed N-termini sequences are presented. The NAT type is predicted for the observed N-termini sequences. NTA percentage

of WT and Naa20~~ MEFs as well as NTA difference (%) and ratio between the Naa20~~ and WT are also presented.

P62849  RS24_MOUSE 408 ribosomal protein S24 MNDTVTIRTR ~ MNDTVTIRTR B 99.4+06 339:3.4 65.5 0.341
P17809  GTRI_MOUSE Solute carrier family 2 MDPSSKKVTG ~ MDPSSKKVTG B 99.3:07 633:23 -36.0 0.638
Q8R5J)9  PRAF3_MOUSE PRA1 family protein 3 MDVNLAPLRA  MDVNLAPLRA B 99.7:03 52.8+38 46.9 0.529
Q8K274  KT3K_MOUSE Ketosamine-3-kinase METLLKRELG ~ METLLKRELG B 100:0  70.9£0.1 29.1 0.709
P61166  TM258_MOUSE Transmembrane protein 258 MELEAMSRYT ~ MELEAMSRYT B 933:42 134:21 79.9 0.144
Q78JE5  FBX22_MOUSE F-box only protein 22 MEPAGGGGGY  MEPAGGGGGV B 100:0  68+29 -32.0 0.680
Q8BW1  PRUN1_MOUSE Exopolyphosphatase PRUNE1 MEDYLQDCRA  MEDYLQDCRA B 99.8+03 449:11 54.9 0.450
Q9CQ71 RFA3_MOUSE Replication protein A 14 kDa subunit MEDIMQLPKA MEDIMQLPKA B 99.6+04 58.5+3.1 41.1 0.588
Q3UFB2  BCD1_MOUSE Box C/D snoRNA protein 1 MESAAEKEGT ~ MESAAEKEGT B 995+05 72+18 275 0.723
P11983 TCPA_MOUSE T-complex protein 1 subunit alpha MEGPLSVFGD MEGPLSVFGD B 99.6 + 0.5 74 £43 -25.5 0.743
QOEPLS IPO7_MOUSE Importin-7 MDPNTIEAL  MDPNTIIEAL B 99.5+08 443+35 55.1 0.446
QICQW9  IFM3_MOUSE '”te’fe“’”'i"d:;izi:znsmembra”e MNHTSQAFIT ~ MNHTSQAFIT B 98406 328:18 652 0.335
Q7TMF3  NDUAC_MOUSE NAZTpﬁzhgjg‘cfmZi g‘:jtgg::tni’ge] ! MELVEVLKRG ~ MELVEVLKRG B 1000  733x2 26.7 0.733
Q8CAY6  THIC_MOUSE Acety-CoA acetyltransferase MNAGSDPWI ~ MNAGSDPWI B 99.6+0.3 769+4.4 22.8 0.772
P63101  1433Z_MOUSE 14-3-3 protein zeta/delta MDKNELVQKA ~ MDKNELVQKA B 99.9+0.1 853:11 14.6 0.854
Q9Z2X8  KEAP1_MOUSE  Kelchike ECH-associated protein 1~ MQPEPKLSGA  MQPEPKLSGA B 99.1:07 415+14 57.6 0.419
FS8VPU2  FARP1_MOUSE ngméiﬁiﬁftifn?:;ppr':t‘;'?strli” MGEIEQKPTP  GEIEQKPTPA A 97+27  704+26 26.6 0.726
P68254  1433T_MOUSE 14-3-3 protein theta MEKTELIQKA  MEKTELIQKA 99.8+0.1 80711 -19.0 0.809
Q9D0I9 SYRC_MOUSE Arginine—tRNA ligase MDGLVAQCSA  MDGLVAQCSA B 995405 795+47 20.0 0.799
055222 ILK_MOUSE Integrin-inked protein kinase MDDIFTQCRE  MDDIFTQCRE B 99.9:0.1 634:09 36,5 0.635
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Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q8C854

P97822

Q92208

Q9CQuU3
Q9ES00
054724
P10922
P40142
Q9CQV8
Q9R0Q7
D3Z5L6
Q9D554
QOWTV7

Q9CQC6
Q90773
P97311

Q05CL8
P26041
Q9JLRI

Q99K48
Q9CYR6

MYEF2_MOUSE

AN32E_MOUSE

LRC59_MOUSE

RER1_MOUSE
UBE4B_MOUSE
CAVN1_MOUSE

H10_MOUSE

TKT_MOUSE
1433B_MOUSE

TEBP_MOUSE
S18B1_MOUSE
SF3A3_MOUSE
RNF12_MOUSE

BZW1_MOUSE
DCNL1_MOUSE
MCM6_MOUSE

LARP7_MOUSE
MOES_MOUSE
HIG1A_MOUSE

NONO_MOUSE

AGM1_MOUSE

Myelin expression factor 2

Acidic leucine-rich nuclear
phosphoprotein 32 family member E
Leucine-rich repeat-containing
protein 59

Protein RER1
Ubiquitin conjugation factor E4 B
Caveolae-associated protein 1
Histone H1.0
Transketolase
14-3-3 protein beta/alpha
Prostaglandin E synthase 3
MFS-type transporter SLC18B1
Splicing factor 3A subunit 3

E3 ubiquitin-protein ligase RLIM

Basic leucine zipper and W2 domain-
containing protein 1

DCN1-like protein 1

DNA replication licensing factor
MCM6

La-related protein 7
Moesin
HIG1 domain family member 1A

Non-POU domain-containing
octamer-binding protein

Phosphoacetylglucosamine mutase

MADADKSEAA

MEMKKKINME

MTKAGSKGGN

MSEGDSVGDS
MEELSADEIR
MEDVTLHIVE
MTENSTSAPA
MEGYHKPDQQ
MTMDKSELVQ
MQPASAKWYD
MDEAGSPAPA
METILEQQRR
MENSDSNDKG

MNNQKQQKPT
MNKLKSSQKD
MDLAAAAEPG

METENQKTME
MPKTISVRVT
MSTNTDLSLS

MQSNKAFNLE
MDLEAVCKRS

ADADKSEAAA

MEMKKKINME

TKAGSKGGNL

SEGDSVGDSV
MEELSADEIR
MEDVTLHIVE
TENSTSAPAA
MEGYHKPDQQ
MTMDKSELVQ
MQPASAKWYD
MDEAGSPAPA
METILEQQRR
MENSDSNDKG

MNNQKQQKPT
MNKLKSSQKD
MDLAAAAEPG

METENQKTME
PKTISVRVTT
STNTDLSLSS

MQSNKAFNLE
MDLEAVCKRS
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99.7£0.2

100+ 0

50.6+0.5

73.1+0.8
99.6+0.5
99.4+0.8
441+09
98.9+0.6
99.1+0.4
86.2+7.3
100+ 0.1
99.6+0.5
99.7+0.2

99.3+0.7
100+ 0
99.1+0.7

99.9+0.1
1.2+04
99+0.2

98.7+1

99.4+0.2

479+0.8

66.7 + 0.8
84.7+3.1
835+1.3
416+ 0.6
93.3+21
89.5+0.1
40.7 +0.3
90.2+29
93.5+34
88.6 +1.1

86.7 6.7
96.8 + 0.4
942+23

976+14
0.5+£0.2
99.7 £ 0.1

948+ 0.6

85.8+5.4

-15.0

-15.9
2.6
5.6
9.6

-45.5

-13.7

0.943

0.758

0.947

0.913
0.850
0.840
0.941
0.944
0.903
0.472
0.902
0.939
0.889

0.873
0.968
0.950

0.977
0.416
1.007

0.960

0.863



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

P58742

P60060
Q9DBR7
Q9DC50

P16858

Q99P72
Q9z0P4

P62137
Q9CQV8
Q9Wv03
Q9D3B1
P61327

Q9D2M8

P62717
P97429
Q9JIW9

088569

P24288

AAAS_MOUSE

SC61G_MOUSE
MYPT1_MOUSE
OCTC_MOUSE

G3P_MOUSE

RTN4_MOUSE
PALM_MOUSE

PP1A_MOUSE

1433B_MOUSE
FA50A_MOUSE

HACD2_MOUSE
MGN_MOUSE
UB2vV2_MOUSE

RL18A_MOUSE
ANXA4_MOUSE
RALB_MOUSE

ROA2_MOUSE

BCAT1_MOUSE

Aladin

Protein transport protein Sec61
subunit gamma

Protein phosphatase 1 regulatory

subunit 12A
Peroxisomal carnitine O-
octanoyltransferase
Glyceraldehyde-3-phosphate

dehydrogenase

Reticulon-4

Paralemmin-1

Serine/threonine-protein
phosphatase PP1-alpha catalytic
subunit

14-3-3 protein beta/alpha
Protein FAM50A
Very-long-chain (3R)-3-hydroxyacyl-
CoA dehydratase 2
Protein mago nashi homolog
Ubiquitin-conjugating enzyme E2
variant 2
60S ribosomal protein L18a
Annexin A4

Ras-related protein Ral-B

Heterogeneous nuclear
ribonucleoproteins A2/B1
Branched-chain-amino-acid

aminotransferase

MCSLGLFPPP

MDQVMQFVEP
MKMADAKQKR
MENQLTKSVE

MVKVGVNGFG

MEDIDQSSLV
MEVLATDTAS

MSDSEKLNLD

MTMDKSELVQ
MAQYKGAASE

MAAAAATAAT
MESDFYLRYY
MAVSTGVKVP

MKASGTLREY
MEAKGGTVKA
MAANKGKSQG

MEKTLETVPL

MKDCSNGCSA

CSLGLFPPPP

MDQVMQFVEP
MKMADAKQKR
MENQLTKSVE

MVKVGVNGFG

MEDIDQSSLV
MEVLATDTAS

SDSEKLNLDS
TMDKSELVQK
AQYKGAASEA
AAAAATAATK
MESDFYLRYY
AVSTGVKVPR

MKASGTLREY
MEAKGGTVKA
AANKGKSQGS

MEKTLETVPL

MKDCSNGCSA
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100+ 0

99.5+0.5

10.3+0.4

99.6 + 0.5

643+26

99 +£0.5
99.4+0.4

99.1+0.3

99.3+0.2
97.9+0.7

54.1+18
99.2+1.2
99.8+0.2

26+0.7
99.3+0.2
95.6 + 0.6

99.3+0.7

40.2+0.8

59+55

89.7+6.1

22+23

97 £1.2

727 +1.4

95.1+1.1
90.8 +5.4

99.7 £ 0.2

97 +0.8
99.4+0.1

572+21
96.8 +1.4
99.2+0.4

1.5+0.7
974 +1
100+ 0

939+5.1

449 + 2.8

-4.0
-8.6

0.6

2.3
1.5

3.1
2.4
0.6

-1.1
-1.9
4.4

5.4

4.7

0.059

0.902

0.215

0.974

1.131

0.960
0.914

1.006

0.977
1.015

1.057
0.976
0.994

0.583
0.981
1.046

0.946

1.116



Table A2: N-terminome analysis of WT and Naa2~~ MEF cells (cont).

Q971Q2
Q3UPLO
Q9EQ61
P63038
Q8c4J7
Q03265
Q8QZY9
P56480
Q64674
P62754
P26040
P62843

P14685

Q80UU9

ESPVAS
B7ZMP1

009110

P63087

QOESZ8
062084

ABHGA_MOUSE
SC31A_MOUSE
PESC_MOUSE
CH60_MOUSE
TBL3_MOUSE
ATPA_MOUSE
SF3B4_MOUSE
ATPB_MOUSE
SPEE_MOUSE
RS6_MOUSE
EZRI_MOUSE
RS15_MOUSE

PSMD3_MOUSE

PGRC2_MOUSE

GCN1_MOUSE
XPP3_MOUSE

MP2K3_MOUSE

PP1G_MOUSE

GTF2I_MOUSE

PP14B_MOUSE

Phosphatidylserine lipase ABHD16A
Protein transport protein Sec31A
Pescadillo homolog
60 kDa heat shock protein
Transducin beta-like protein 3
ATP synthase subunit alpha
Splicing factor 3B subunit 4
ATP synthase subunit beta
Spermidine synthase
408S ribosomal protein S6
Ezrin

40S ribosomal protein S15

26S proteasome non-ATPase
regulatory subunit 3
Membrane-associated progesterone
receptor component 2

elF-2-alpha kinase activator GCN1

Xaa-Pro aminopeptidase 3
Dual specificity mitogen-activated
protein kinase kinase 3
Serine/threonine-protein
phosphatase PP1-gamma catalytic
subunit
General transcription factor II-I

Protein phosphatase 1 regulatory
subunit 14B

MAKLLSCVLG
MKLKEIDRTA
MGGLEKKKYE
MLRLPTVLRQ
MAETAAGLCR
MLSVRVAAAV
MAAGPISERN
MLSLVGRVAS
MEPGPDGPAA
MKLNISFPAT
MPKPINVRVT
MAEVEQKKKR

MKQEGSARRR

MAAGDGDVKL

MAADTQVSET
MPSLLSTPKL

MESPAASPPA

MADIDKLNID

MAQVVMSALP

MADSGPAGGA

AKLLSCVLGP
MKLKEIDRTA
GGLEKKKYER
AKDVKFGADA
AETAAGLCRF
QKTGTAEMSS
AAGPISERNQ
QASAAPKAGT
MEPGPDGPAA
MKLNISFPAT
PKPINVRVTT
AEVEQKKKRT

MKQEGSARRR

AAGDGDVKLS

AADTQVSETL
SLQPAPVKKI

MESPAASPPA

ADIDKLNIDS

AQVVMSALPA

ADSGPAGGAA
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96.3+2.1
122 +£3.5
15+04
0.7+0.2
98.1+05
27+12
98.8+0.8
02+0
99.5+05
12+0.4
12+0.2
99.3+0.6

23.8+0.38

97.4+0.6

76.3+3.1
0.3+0.2

99 +0.4

99.9+0.1

99.2+0.6

99.2+0.6

933+1.1
8+19
03+02
0.4+02
99.6 +0
1.1+£0.9
100+ 0
01+0
96.3+35
2.2+05
06+02
96.9 +2.7

26.4+09

95.8+0.8

72.3+3.2
09+0.1

99.8+0.2

99.5+0.3

99.8+0.1

100+ 0

3.0
4.1
-1.2
0.4
1.5
-1.6
1.1
0.1
-3.3
1.0
0.7
2.4

2.6

-4.0
0.6

0.7

0.969
0.660
0.205
0.481
1.015
0.411
1.011
0.581
0.967
1.877
0.463
0.976

1.108

0.983

0.948
3.262

1.007

0.996

1.006

1.008



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

P63325
P80314

P17095

P27773
Q97266
Q9D6N5

Q9Cz69

P07607
035887
P52482
Q3TSG4
Q9DBJ1

Q9JKV1

Q9JJX7
Q60973
Q8BP71
064152
Q99KK7
P49817

Q61576

RS10_MOUSE
TCPB_MOUSE

HMGA1_MOUSE

PDIA3_MOUSE
SNAPN_MOUSE
NC2A_MOUSE

CKLF6_MOUSE

TYSY_MOUSE
CALU_MOUSE
UB2E1_MOUSE
ALKB5_MOUSE
PGAM1_MOUSE

ADRM1_MOUSE

TYDP2_MOUSE
RBBP7_MOUSE
RFOX2_MOUSE
BTF3_MOUSE
DPP3_MOUSE
CAV1_MOUSE

FKB10_MOUSE

408 ribosomal protein S10

T-complex protein 1 subunit beta
High mobility group protein HMG-
I/HMG-Y
Protein disulfide-isomerase A3
SNARE-associated protein Snapin

Drl-associated corepressor

CKLF-like MARVEL transmembrane
domain-containing protein 6

Thymidylate synthase
Calumenin
Ubiquitin-conjugating enzyme E2 E1
RNA demethylase ALKBH5

Phosphoglycerate mutase 1

Proteasomal ubiquitin receptor
ADRM1

Tyrosyl-DNA phosphodiesterase 2
Histone-binding protein RBBP7
RNA binding protein fox-1 homolog 2
Transcription factor BTF3
Dipeptidyl peptidase 3
Caveolin-1

Peptidyl-prolyl cis-trans isomerase
FKBP10

MLMPKKNRIA
MASLSLAPYN

MSESGSKSSQ

MRFSCLALLP
MAAAGSAAVS
MPSKKKKYNA

MENGAVYSPT

MLVVGSELQS
MDLRQFLMCL
MSDDDSRAST
MAAASGYTDL
MAAYKLVLIR

MTTSGALFPS

MASGSSSDAA
MASKEMFEDT
MAEGGQAQQQ
MRRTGAPTQA
MADTQYILPN
MSGGKYVDSE

MFLVGSSSHT

MLMPKKNRIA
ASLSLAPVNI

SESGSKSSQP

SDVLELTDEN
AAAGSAAVSG
PSKKKKYNAR

MENGAVYSPT

MLWGSELQS
KPTEKKDRVH
SKNSKLLSTS
AAASGYTDLR
AAYKLVLIRH

TTSGALFPSL

ASGSSSDAAE
ASKEMFEDTV
AEGGQAQQQP
MKETIMNQEK
ADTQYILPND
SGGKYVDSEG

SPAGAPLEDV
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2+04
99.5 + 0.4

98.8+0.9

0.6+0.3
98.8+0.5
0.6+0.2

98.8+0.7

628+ 19
14+02
99.1+0.1
99.7+0.2
99.7+0.3

99.2+0.6

99.7 + 0.4
99.3+0.6
99.9+0.2
6.2+0.2
98.7+0.3
98.2+15

0.6+0.3

1.4+0.2
99.9 +0.1

99.6+0.3

03+0.2
99.8+0.3
0.3+0.2

99.8+0.2

702 +2.4
09+0
99.7 + 0.4
100+ 0
100+ 0

99.8+0.3

99.9+0.1
99.8+0.3
99.6 +0.2
6.9+04
99.2+0.4
99.9+0.1

0.3+0.2

0.5
0.4

0.7

0.3
1.0
0.3

1.0

7.4
0.5
0.7
0.3
0.2

0.6

0.3
0.6
0.2
0.8
0.5
1.7

0.721
1.004

1.007

0.471
1.010
0.478

1.010

1.118
0.672
1.007
1.003
1.002

1.006

1.003
1.006
0.998
1.129
1.005
1.017

0.539



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q9D8U8
P62270
Q8CDN6

Q99JX4

Q8BUY5
Q8BHL3
P57776

P25206

Q3THK3
035143

P50516
Q7TSG2

Q8CIN4
P37804
Q8C878

P46471
P97351

P61979

Q9DBH5

SNX5_MOUSE
RS18_MOUSE
TXNL1_MOUSE

EIF3M_MOUSE

TIDC1_MOUSE
TB10B_MOUSE
EF1D_MOUSE

MCM3_MOUSE

T2FA_MOUSE
ATIF1_MOUSE

VATA_MOUSE
CTDP1_MOUSE

PAK2_MOUSE
TAGL_MOUSE
UBA3_MOUSE

PRS7_MOUSE
RS3A_MOUSE

HNRPK_MOUSE

LMAN2_MOUSE

Sorting nexin-5
40S ribosomal protein S18

Thioredoxin-like protein 1
Eukaryotic translation initiation factor
3 subunit M

Complex | assembly factor TIMMDC1
TBC1 domain family member 10B

Elongation factor 1-delta
DNA replication licensing factor
MCM3
General transcription factor IIF
subunit 1
ATPase inhibitor
V-type proton ATPase catalytic
subunit A
RNA polymerase Il subunit A C-
terminal domain phosphatase
Serine/threonine-protein kinase PAK
2
Transgelin

NEDD8-activating enzyme E1
catalytic subunit

26S proteasome regulatory subunit 7

40S ribosomal protein S3a
Heterogeneous nuclear
ribonucleoprotein K

Vesicular integral-membrane protein
VIP36

MAAVPELLEQ
MSLVIPEKFQ
MVGVKPVGSD

MSVPAFIDIS

MGAPPPAPRS
METGPAPLVA
MATNFLAHEK

MAGTWLDDV

MAALGSSSQON
MAGSALAVRA

MDFSKLPKIR
MEAPPAAGVP

MSDNGELEDK
MANKGPSYGM
MADGEEPEKK

MPDYLGADQR
MAVGKNKRLT

METEQPEETF

MAAEAWLWRW

AAVPELLEQQ
SLVIPEKFQH
MVGVKPVGSD

SVPAFIDISE

AVAADSPGFV
METGPAPLVA
ATNFLAHEKI

AGTVVLDDVE

AALGSSSQNV
SDSSDSMDTG

MDFSKLPKIR
MEAPPAAGVP

SDNGELEDKP
ANKGPSYGMS
ADGEEPEKKR

PDYLGADQRK
AVGKNKRLTK

METEQPEETF

DITDGNSEHL
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99.7+0.3
99.5+0.4
40.5+0.8

99.6 + 0.4

0.7+0.3
100+ 0
99.7+0.3

99.4+0.6

98.7+15
25+ 375

99.7+0.3

99.3+0.2

99.4+0.6
98.6+0.8

98.6+0.6

97.9 £ 0.6

42+2

99+ 0.6
100+ 0
45+23

99.1+£0.3

0.1+0.1
98.4+1.2
100+ 0

99.9+0.3

99.7+0.1

99.8+0.2
97.3+09

99.8+0.2

99.1+£0.2

24+16

0.7
0.4
4.5

0.6
-1.6
0.3

0.5

1.2
24.3

-1.2

0.5

0.5
-1.3
1.1

0.2
0.0

1.2

-1.8

0.993
1.004
1.111

0.995

0.122
0.984
1.003

1.005

1.012
0.029

0.988

1.005

1.005

0.987

1.012

0.244
0.879

1.013

0.578



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q99MN1

Q02053

Q3V3R1

P31786
061249
Q7TND5

Q9DBE9

Q9D1G2
Q9z0Y1
Q9ERE7

Q99M08

Q99KJ8
Q8CB77
035887

Q9CVB6

Q8VBW6
P35279
Q3uvL4

Q01730

SYK_MOUSE

UBA1_MOUSE

C1TM_MOUSE

ACBP_MOUSE
IGBP1_MOUSE
RPF1_MOUSE

SPB1_MOUSE

PMVK_MOUSE
DCTN3_MOUSE
MESD_MOUSE

CDO03_MOUSE

DCTN2_MOUSE
ELOA1_MOUSE
CALU_MOUSE

ARPC2_MOUSE

ULA1_MOUSE
RAB6A_MOUSE
VPS51_MOUSE

RSU1_MOUSE

Lysine-tRNA ligase
Ubiquitin-like modifier-activating
enzyme 1
Monofunctional C1-tetrahydrofolate
synthase

Acyl-CoA-binding protein
Immunoglobulin-binding protein 1

Ribosome production factor 1

pre-rfRNA 2'-O-ribose RNA
methyltransferase FTSJ3

Phosphomevalonate kinase
Dynactin subunit 3

LRP chaperone MESD

Uncharacterized protein C4orf3
homolog

Dynactin subunit 2
Elongin-A
Calumenin

Actin-related protein 2/3 complex
subunit 2
NEDD8-activating enzyme E1
regulatory subunit
Ras-related protein Rab-6A
Vacuolar protein sorting-associated
protein 51 homolog

Ras suppressor protein 1

MATLQESEVK

MSSSPLSKKR

MSVRLPLLLR

MSQAEFDKAA
MAASEDELLL
MAKAGEKSVG

MGKKGKVGKS

MAPLGASPRL
MAALTDVQRL
MAASRWLRAV

MEVSQAASGT

MADPKYADLP
MAAESALQW
MDLRQFLMCL

MILLEVNNRI

MAQPGKILKE
MSAGGDFGNP
MAAAAAVGPG

MSKSLKKLVE

ATLQESEVKV

AKNGSEADID

SSSGGGDPEG

SQAEFDKAAE
AASEDELLLP
AKAGEKSVGG

GKKGKVGKSR

APLGASPRLV
AALTDVQRLQ
ADTPGEATPP

MEVSQAASGT

ADPKYADLPG
AAESALQVVE
LSKPTEKKDR

MILLEVNNRI

AQPGKILKEQ
SAGGDFGNPL
AAAAAVGPGL

SKSLKKLVEE
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(@]
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99.3+£0.2

99.3+0.7

14+0.7

99.8+0.1
99.3+0.3
284+13

12+0.7

0.4+03
99.9+0
1.1+0.8

99.1+0.6

100+ 0
9% + 1.4
09+0.1

0.3+0.2

99.6+04
99.2 +0.7
87+11.8

98.9 + 0.6

99.7£0.2

99.8+0.4

28+15

99.6+0.3
99.7 + 0.4
25.7+3.1

05+03

0+0
100+ 0
03+0.3

97.7+23

99.8 +0.1
923+3
05+03

0.6+05

100+ 0
97.9+15
98.8+0.6

99.7+0.3

0.4

14

0.2
0.5
2.7

0.3
0.1
0.7

-1.5

0.2
3.7
0.4

0.3

0.3
-1.3
11.8
0.8

1.004

1.005

2.021

0.998
1.005
0.904

0.436

0.107
1.001
0.313

0.985

0.998
0.961
0.555

2.042

1.003
0.987
1.136

1.008



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q9CPT5
P13020

P63037

Q6PB66
089050
P97825
Q90QzD9

Q5XJY5
P10922
P10107
064310

P22935

QocQwo

P19157

Q03265

Q9JK23

035215

NOP16_MOUSE
GELS_MOUSE

DNJA1_MOUSE

LPPRC_MOUSE
MKLN1_MOUSE

JUPI1_MOUSE

EIF3I_MOUSE

COPD_MOUSE
H10_MOUSE
ANXA1_MOUSE
SURF4_MOUSE

RABP2_MOUSE

EMC6_MOUSE

GSTP1_MOUSE

ATPA_MOUSE

PSMG1_MOUSE

DOPD_MOUSE

Nucleolar protein 16

Gelsolin

DnaJ homolog subfamily A member
1
Leucine-rich PPR motif-containing
protein

Muskelin

Jupiter microtubule associated
homolog 1
Eukaryotic translation initiation factor
3 subunit |

Coatomer subunit delta
Histone H1.0
Annexin Al

Surfeit locus protein 4

Cellular retinoic acid-binding protein
2

ER membrane protein complex
subunit 6
Glutathione S-transferase P 1

ATP synthase subunit alpha.
mitochondrial

Proteasome assembly chaperone 1

D-dopachrome decarboxylase

MPKAKGKTRR
MAPYRSSLLC

MVKETTYYDV

MAALLRPARW
MAAGGAVAVA

MT FKGV

MKPILLQGHE

MVLLAAAVCT

MTENSTSAPA
MAMVSEFLKQ
MGQNDLMGTA

MPNFSGNWKI

MAAVVAKREG

MPPYTIVYFP

MLSVRVAAAV

MAATFFGEVV

MPFVELETNL

PKAKGKTRRQ
VVEHPEFLKA

VKETTYYDVL

AIVAEKRDLQ
AAGGAVAVAP

FKGVD

MKPILLQGHE

VLLAAAVCTK

MTENSTSAPA
AMVSEFLKQA
GQNDLMGTAE

PNFSGNWKII

AAVVAKREGP

PPYTIVYFPV

KTGTAEMSSI

AATFFGEVVK

PFVELETNLP
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0.3+0.3
98.2+1.7

99.4+0.2

3427

0.5+0.2
98.1+22
99.6 + 0.4
3.2+09

0.8+05

100+ 0

0.6+05

0.1+0.1

99.7 +0.4

56+48

0.1+0.1
99.3+0.6

99.8+0.3

12+04

16+0.9
99.4+0.6
99.8+0.3

24+0.1

1.5+0.9

99.9+0.1

1.1+£0.7

05+04

100 £ 0

108 +2.6

1.1
13
0.3
0.8

0.7

0.6

0.4

0.3

53

1.085
0.300

0.355

0.408
1.012

1.004

0.350

3.376
1.014
1.003
0.746

1.852

0.999

2.034

5.668

1.003

1.946



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q91VJ5
E9Q5G3

P16546

Q61206

Q9CPT4

Q9DBC7

Q9CQS8

Q6PD26
P48678
Q8VEKO
P60710
P16045
P07356
062203

Q6P8I4
Q9D753
Q60876

Q8BMA6

PQBP1_MOUSE
KIF23_MOUSE

SPTN1_MOUSE

PA1B2_MOUSE

MYDGF_MOUSE

KAPO_MOUSE

SC61B_MOUSE

PIGS_MOUSE

LMNA_MOUSE
CC50A_MOUSE
ACTB_MOUSE

LEG1_MOUSE
ANXA2_MOUSE
SF3A2_MOUSE

PCNP_MOUSE
EXOS8_MOUSE
4EBP1_MOUSE

SRP68_MOUSE

Polyglutamine-binding protein 1

Kinesin-like protein KIF23

Spectrin alpha chain. non-
erythrocytic 1

Platelet-activating factor
acetylhydrolase IB subunit alpha2

Myeloid-derived growth factor

cAMP-dependent protein kinase type
l-alpha regulatory subunit
Protein transport protein Sec61
subunit beta

GPI transamidase component PIG-S
Prelamin-A/C
Cell cycle control protein 50A
Actin. cytoplasmic 1
Galectin-1
Annexin A2

Splicing factor 3A subunit 2

PEST proteolytic signal-containing
nuclear protein
Exosome complex component
RRP43
Eukaryotic translation initiation factor
4E-binding protein 1

Signal recognition particle subunit

SRP68

MPLPVALQTR
MKSAKAKTVR

MDPSGVKVLE

MSQGDSNPAA

MAAPSGGFWT

MASGSMATSE

MPGPTPSGTN

MAAAGAAATD
METPSQRRAT
MAMNYSAKDE
MDDDIAALW
MACGLVASNL
MSTVHEILCK
MDFQHRPGGK

MADGKAGEEK
MAAGFKTVEP
MSAGSSCSQT

MAAEKQIPGG

PLPVALQTRL
MKSAKAKTVR

MDPSGVKVLE

SQGDSNPAAI

VSEPTTVPFD

ASGSMATSEE

PGPTPSGTNV

AAAGAAATDL
METPSQRRAT
AMNYSAKDEV
DDDIAALVVD
ACGLVASNLN
STVHEILCKL
MDFQHRPGGK

ADGKAGEEKP
AAGFKTVEPL
SAGSSCSQTP

AAEKQIPGGG
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0.4+03
96.4+2.6

98.9+0.8

09+0.3

196+1.9
99.8+0.2
98.7+0.3
99.6+0.5
99.6 + 0.4
98.2+0.6
99.1+0.6

96.4 + 2.5

98.3+0.9

100 £ 0

542+ 14

0.3+02
989+1.6

99.6 + 0.4

99.4+0.6

0+0

99.9+0.1

0.7+03

11+11
99.1+0.9
97.9+0.7
99.8+0.2
99.9+0.2
99.5+0.4
97.1+28

94.7 £0.2

95.2+4.7

100 £ 0

51.6+0.6

0.2
24

0.7

0.7

0.0

0.4

-8.6
0.7
0.8
0.2
0.3
1.3
2.0

-1.8

0.572
1.025

1.007

1.007

0.469

1.004

0.774

0.562
0.993
0.992
1.002
1.003
1.013
0.980

0.982

0.968

1.000

0.952



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q4VAA2

P49586
Q9CZuU6
P97379

060972
Q6DVAO
Q6ZWU9

Q9CQA5
POCOS6

P61620

Q3UHJO

P31230

P17426
P63154
Q9DCM4
Q9wuD1
Qo0X47

Q9D824

CDV3_MOUSE
PCY1A_MOUSE
CISY_MOUSE
G3BP2_MOUSE

RBBP4_MOUSE
LEMD2_MOUSE
RS27_MOUSE

MED4_MOUSE

H2AZ_MOUSE

S61A1_MOUSE

AAK1_MOUSE

AIMP1_MOUSE

AP2A1_MOUSE

CRNL1_MOUSE

DNAL4_MOUSE
CHIP_MOUSE
SON_MOUSE

FIP1_MOUSE

Protein CDV3

Choline-phosphate
cytidylyltransferase A

Citrate synthase. mitochondrial

Ras GTPase-activating protein-
binding protein 2

Histone-binding protein RBBP4
LEM domain-containing protein 2
40S ribosomal protein S27

Mediator of RNA polymerase Il
transcription subunit 4

Histone H2A.Z

Protein transport protein Sec61
subunit alpha isoform 1

AP2-associated protein kinase 1

Aminoacyl tRNA synthase complex-
interacting multifunctional protein 1

AP-2 complex subunit alpha-1
Crooked neck-like protein 1
Dynein axonemal light chain 4
E3 ubiquitin-protein ligase CHIP

Protein SON

Pre-mRNA 3'-end-processing factor
FIP1

MAETEERSLD
MDAQSSAKVN
MALLTAATRL
MVMEKPSPLL

MADKEAAFDD
MAGLSDLELR
MPLAKDLLHP

MAASSSGEKE

MAGGKAGKDS

MAIKFLEVIK

MKKFFDSRRE

MATNDAVLKR

MPAVSKGDGM
MAASTAAGKQ
MGETEGKKEE
MKGKEEKEGG
MAADIEQVFR

MSAGEVERLV

AASGAGGSSA
MDAQSSAKVN
ASASSTNLKD
VMEKPSPLLV

ADKEAAFDDA
AGLSDLELRR
PLAKDLLHPS

AASSSGEKEK

AGGKAGKDSG

AIKFLEVIKP

MKKFFDSRRE

ATNDAVLKRL

PAVSKGDGMR
AASTAAGKQR
GETEGKKEEA
MKGKEEKEGG
AADIEQVFRS

SAGEVERLVE
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A?

0.1+0.1
99.9+0.3
0.7+0.2
28+14

99.2+0.7
99.3+0.8
09+0.2

99.4+0.8

35 1.3

27 +0.1

99.1+0.8

79.5
35.7

0.6+0.3
100+ 0
989+1.1
16.7 + 8.4
99.2+0.9

100+ 0

0.4+03
100+0

04+0.1

19+09

99.6 + 0.5
100+ 0
1.1+0.3

99.8+0.3

43+05

24+0.2

100+ 0

99 + 0.6

04+02
99.7+0.2
97.6+0.5
219+2

99.8 +0.2

99.6 + 0.4

0.9

19.5

0.2
0.3
-1.3
5.2
0.6

0.4

7.061
1.001
0.636
0.687

1.004
1.007
1.190

1.004

1.226

0.879

1.009

1.245

0.698
0.997
0.987
1.313
1.006

0.996



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

P62077

P62196
Q9CWJ9

Q8CIV8
Q9WVL3
P56480

Q9ROP6

070493
Q9DBS1
Q91YE3

Q9D2U5

Q80YR4
Q8BKC5

Q9QYJo

Q9CSN1
P61759

Q91X20

P17742
P19253

TIM8B_MOUSE

PRS8_MOUSE
PUR9_MOUSE

TBCE_MOUSE
S12A7_MOUSE
ATPB_MOUSE

SC11A_MOUSE

SNX12_MOUSE
TMM43_MOUSE
EGLN1_MOUSE

LSMD1_MOUSE

ZN598_MOUSE
IPO5_MOUSE

DNJA2_MOUSE

SNW1_MOUSE
PFD3_MOUSE

ASH2L_MOUSE

PPIA_MOUSE

RL13A_MOUSE

Mitochondrial import inner
membrane translocase subunit Tim8
B

268S proteasome regulatory subunit 8

Bifunctional purine biosynthesis
protein ATIC

Tubulin-specific chaperone E
Solute carrier family 12 member 7
ATP synthase subunit beta

Signal peptidase complex catalytic
subunit SEC11A

Sorting nexin-12
Transmembrane protein 43
Egl nine homolog 1

N-alpha-acetyltransferase 38. NatC
auxiliary subunit

E3 ubiquitin-protein ligase ZNF598
Importin-5

DnaJ homolog subfamily A member
2

SNW domain-containing protein 1

Prefoldin subunit 3

Setl/Ash?2 histone methyltransferase
complex subunit ASH2

Peptidyl-prolyl cis-trans isomerase A

60S ribosomal protein L13a

MAELGEADEA

MALDGPEQME
MAPSQLALFS

MSDILPLDVI
MPTNFTVVPV
MLSLVGRVAS

MLSLDFLDDV

MSDTAVADTR
MAANYSSTSS
MASDSGGPGV

MAGAGPTMLL

MAAAAGAEGR
MAAAAAEQQQ

MANVADTKLY

MALTSFLPAP
MAAAKDGCGL

MAAAGAGPGP

MVNPTVFFDI

MAEGQVLVLD

AELGEADEAE

ALDGPEQMEL
APSQLALFSV

SDILPLDVIG
PTNFTVVPVE
AAQASAAPKA

MLSLDFLDDV

SDTAVADTRR
AANYSSTSSR
ASDSGGPGVL

AGAGPTMLLR

AAAAGAEGRR
AAAAAEQQQF

ANVADTKLYD

ALTSFLPAPT
AAAKDGCGLE

AAAGAGPGPG

VNPTVFFDIT
AEGQVLVLDG
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98.7+1.2

99.2+0.9
12+0.4

100+0

0.1+0.1

0.4+0.2
26+26
99.9+0
99.6 + 0.3
99.9 + 0.1

100+0

99.8 +0.1
99.6 +0.1

98.8+0.6
98.5+0.6
98.1+0.3

98.7 +0.7

372+
15.9

776 +3

99.7£0.4

99.8+0.2
0.8+0.3

97.8+14
02+0.1
0.5+0.2

6.5+04

99.3+13
97.6+2.4
100+ 0

100+ 0

100+ 0
99.8+0.2

99.6 +0.1

99.1+0.3
97.5+0.7

99.1+£0.6

48.2 +2.7

754 +43

1.0

0.5

2.2
0.1
0.1

3.9

0.7
-1.9
0.1

0.0

0.2
0.2

0.8

0.6
0.6

0.4

1.010

1.006
0.626

0.978
2.147
1.358

2.516

0.993
0.980
1.001

1.000

1.002
1.002

1.009

1.006
0.994

1.004

1.298

0.971



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q99JY0

P19783
Q6ZWM4

Q9JLI8

Q9DCMO
Q923D2
Q8CIE6

Q9D823
P10605
Q01405
P70295

Q92208

008547
Q99K85
070435
054774
Q7TSV4
Q91WQ3
P54818

Q9DAS9

ECHB_MOUSE

COX41_MOUSE
LSM8_MOUSE

SART3_MOUSE

ETHE1_MOUSE
BLVRB_MOUSE
COPA_MOUSE

RL37_MOUSE

CATB_MOUSE
SC23A_MOUSE

AUP1_MOUSE

LRC59_MOUSE

SC22B_MOUSE
SERC_MOUSE
PSA3_MOUSE

AP3D1_MOUSE
PGM2_MOUSE
SYYC_MOUSE
GALC_MOUSE

GBG12_MOUSE

Trifunctional enzyme subunit beta

Cytochrome c oxidase subunit 4
isoform 1

U6 snRNA-associated Sm-like protein

LSm8
Squamous cell carcinoma antigen
recognized by T-cells 3

Persulfide dioxygenase ETHE1
Flavin reductase

Coatomer subunit alpha
60S ribosomal protein L37

Cathepsin B

Protein transport protein Sec23A
Lipid droplet-regulating VLDL
assembly factor AUP1
Leucine-rich repeat-containing
protein 59

Vesicle-trafficking protein SEC22b
Phosphoserine aminotransferase
Proteasome subunit alpha type-3
AP-3 complex subunit delta-1
Phosphoglucomutase-2
Tyrosine-tRNA ligase

Galactocerebrosidase

Guanine nucleotide-binding protein
G(l)/G(S)/G(O) subunit gamma-12

MTTILTSTFR

MLASRALSLI
MTSALENYIN

MATTAASSAS

MASAVVRVAG
MTVKKIAIFG
MLTKFETKSA

MTKGTSSFGK
MWWSLILLSC
MTTYLEFIQQ
MEPPPAPGPE

MTKAGSKGGN

MVLLTMIARV

MEATKQVVNF
MSSIGTGYDL

MALKMVKGSI

MAAATPTETP
MGDAPSPEEK
MANSQPKASQ

MSSKTASTNS

SAPAVQTKSK

AHGSVVKSED
TSALENYINR

ATTAASSASE

SQQSASGAPV
TVKKIAIFGA
MLTKFETKSA

TKGTSSFGKR

IDLPETFDAR
TTYLEFIQON

MEPPPAPGPE

MTKAGSKGGN

VLLTMIARVA
MEATKQVVNF
SSIGTGYDLS
ALKMVKGSID
AAATPTETPA
GDAPSPEEKL
YVLDDSDGLG

SSKTASTNSI
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23+03

1.1+£0.6

979+17

98.6 + 0.4

32+27
0.3+0.1

69+1.1

14.7 +
34.8

0.6+04
924 +8

99.8 +0.1

98.2+19

0.6+0.3
99.7+0.3
99.2+05
99.6 + 0.4
99.7 £ 0.6
93.1+0.7
0.2+0.2

97.8+1.7

1.8+0.4

145+ 13.7

989+ 1.4

99.3+0.1

0+0
14+1.1
57+23

0.3+0.1

04+03
98 + 0.6

99.6 +0.1

99.8+0.3

09+05
99.3+0.6
99.5+0.3
99.9+0.3
100+ 0
92.2+0.8
0.1+0.1

99 +1

13.4

1.1

0.7

3.2
1.1
-1.2

-14.5

0.2
5.6

1.6

0.3
0.4
0.3
0.3
0.3
0.9
0.1

1.3

0.770

12.697

1.011

1.007

0.012
5.022
0.829

0.019

0.659
1.060

0.998

1.016

1.502
0.996
1.003
1.003
1.003
0.990
0.387

1.013



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

P61087
Q9D8S3

070439
P51655
P39749
061508

P39098
P67778

P27048

P62311

Q8C4B4
P61358

Q8CIG8

Q9DOR2
P30681
Q9EPV8
Q8VEJ4

P63242

062432
P10605

UBE2K_MOUSE
ARFG3_MOUSE

STX7_MOUSE
GPC4_MOUSE
FEN1_MOUSE
ECM1_MOUSE

MA1A2_MOUSE
PHB_MOUSE

RSMB_MOUSE

LSM3_MOUSE

U119B_MOUSE
RL27_MOUSE

ANM5_MOUSE

SYTC_MOUSE
HMGB2_MOUSE
UBL5_MOUSE
NLE1_MOUSE

IF5A1_MOUSE

SMAD2_MOUSE

CATB_MOUSE

Ubiquitin-conjugating enzyme E2 K
ADP-ribosylation factor GTPase-
activating protein 3

Syntaxin-7
Glypican-4
Flap endonuclease 1

Extracellular matrix protein 1

Mannosyl-oligosaccharide 1,2-alpha-
mannosidase 1B

Prohibitin
Small nuclear ribonucleoprotein-
associated protein B

U6 snRNA-associated Sm-like protein
LSm3

Protein unc-119 homolog B
60S ribosomal protein L27

Protein arginine N-methyltransferase
5

Threonine-tRNA ligase 1
High mobility group protein B2
Ubiquitin-like protein 5
Notchless protein homolog 1

Eukaryotic translation initiation factor
5A-1
Mothers against decapentaplegic
homolog 2

Cathepsin B

MANIAVQRIK

MGDPSKQDIL

MSYTPGIGGD
MARLGLLALL
MGIHGLAKLI
MGTVSRAALI

MTTPALLPLS
MAAKVFESIG

MTVGKSSKML

MADDVDQQQT

MSGSNPKAAT
MGKFMKPGKV

MAAMAVGGAG

MSQEKASSPS

MGKGDPNKPR
MIEVVCNDRL

MAAAVVEEAA

MADDLDFETG

MSSILPFTPP

MWWSLILLSC

ANIAVQRIKR
GDPSKQDILA

SYTPGIGGDS
AELKSKSCSE
GIHGLAKLIA
ASEGAFKASD

TTPALLPLSG
AAKVFESIGK

TVGKSSKMLQ

ADDVDQQQTT

SGSNPKAATA
GKFMKPGKWV

AAMAVGGAGG

SQEKASSPSG
GKGDPNKPRG
MIEVVCNDRL
AAAVVEEAAA

ADDLDFETGD

SSILPFTPPV

LPETFDAREQ
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649+12
100+ 0

45+23

99.2+1.4

96.7+1.8
59+0.2

97.2+33

99.5+0.5
0.8+0.3
0+0
98.7+0.8

99.7 +0.1

99.8 +0.1

0+0

999+0
99.6+0.3

989+1.2
0.2+0.1
03+02
02+0.2

64 +0.4
99.7+0.3

224 +347

98.1+0.6

99.2+0.7
56+05

98.8+1.6

99.8+0.1

13.2+32.8
02+02
98 +1.2

99.5+0.2

99.4+0.3

01+0

-1.1

2.5
0.3

1.6

0.3
125
0.2
0.7

0.4
0.1

1.002
0.998

0.995
0.546
0.617
0.162

0.986
0.997
4.920

0.989

1.025
0.948

1.016

1.003
17.475
9.050
0.993

0.998

0.996
3.076



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q9D0GO

Q91YQ5
Q90XX4

P17225

Q8BGQ7
P58771

056976
Q90708

Q9ESX5

Q925J9
Q9R045

QOWVG6

Q972X1

Q01279
P05064
Q6VN19
Q6P7W2

Q9WV32

RT30_MOUSE
RPN1_MOUSE
CMC2_MOUSE

PTBP1_MOUSE

SYAC_MOUSE
TPM1_MOUSE

TR150_MOUSE
NAGK_MOUSE

DKC1_MOUSE

MED1_MOUSE
ANGL2_MOUSE

CARM1_MOUSE

HNRPF_MOUSE

EGFR_MOUSE
ALDOA_MOUSE
RBP10_MOUSE
SHKB1_MOUSE

ARC1B_MOUSE

28S ribosomal protein S30

Dolichyl-diphosphooligosaccharide-
protein glycosyltransferase subunit 1
Calcium-binding mitochondrial
carrier protein Aralar2

Polypyrimidine tract-binding protein 1

Alanine-tRNA ligase

Tropomyosin alpha-1 chain

Thyroid hormone receptor-associated
protein 3

N-acetyl-D-glucosamine kinase

H/ACA ribonucleoprotein complex
subunit DKC1
Mediator of RNA polymerase II
transcription subunit 1

Angiopoietin-related protein 2

Histone-arginine methyltransferase
CARM1
Heterogeneous nuclear
ribonucleoprotein F

Epidermal growth factor receptor
Fructose-bisphosphate aldolase A
Ran-binding protein 10

SH3KBP1-binding protein 1

Actin-related protein 2/3 complex
subunit 1B

MAAARYWKLV
MESPVALLLL
MAAAKVALTK

MDGIVPDIAV

MDATLTAREI
MDAIKKKMQM

MSKTNKSKSG
MAALYGGVEG

MADAEVITFP

MKAQGETEDS
MRPLCMTYWW

MAAAAATAVG

MMLGPEGGEG

MRPSGTARTT
MPHPYPALTP
MAAATADPGA
MAVATTAVEG

MAYHSFLVEP

LSQNAAAKAS
SSEAPPLVNE
AAAKVALTKR

GNDSKKFKGD

MDATLTAREI
MDAIKKKMQM

SKTNKSKSGS
AALYGGVEGG

ADAEVITFPK

MKAQGETEDS
ATGPEADVEG

AAAAATAVGP

MLGPEGGEGY

GALEEKKVCQ
PHPYPALTPE
AAATADPGAG
AVATTAVEGV

AYHSFLVEPI
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0.6+0.1

1.1+£0.5

99.8+0.2

114+
11.8

99.4+05
100+ 0

96 +0.8

99.2+0.1

99.4+0.4

449+13

0.2+0.1

99.4+0.2

99.7+ 0.4

99.4+£0.1
99.5+0.8

99.6 + 0.4

99.9+0.2

0.4+02

99.7+0.5
100+ 0

97.1+18

99.4+0.3

99.7+0.3

43.7+138

14+19

99.2+0.1

99.9+0.2

0.2+0.1
32+15

98.7+0.8
100+ 0

999+0

0.1

-11.0

0.3
0.0

1.2

0.2
0.3

-1.2

1.2

0.2

0.1
0.8
0.7
0.5

0.762

0.763

1.001

0.035

1.003
1.000

1.012

1.002

1.003

0.974

6.507

0.998

1.002

0.705
0.796
0.993
1.005

1.003



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q6P5D8

Q9CZB3
Q08943
Q9D1H7

008586

Q80U93

Q91VC3
035387
055091
QIWTP6
Q61937
QIDAW9
QIWTMS5
Q6A0A2
P35700

Q9D1M7
P62878

P70296

SMHD1_MOUSE

THUM2_MOUSE
SSRP1_MOUSE
GET4_MOUSE

PTEN_MOUSE

NU214_MOUSE

IFAA3_MOUSE
HAX1_MOUSE
IMPCT_MOUSE
KAD2_MOUSE
NPM_MOUSE
CNN3_MOUSE
RUVB2_MOUSE
LAR4B_MOUSE
PRDX1_MOUSE

FKB11_MOUSE
RBX1_MOUSE

PEBP1_MOUSE

Structural maintenance of
chromosomes flexible hinge domain-
containing protein 1

THUMP domain-containing protein 2
FACT complex subunit SSRP1

Golgi to ER traffic protein 4 homolog

Phosphatidylinositol 3.4.5-
trisphosphate 3-phosphatase and
dual-specificity protein phosphatase
PTEN
Nuclear pore complex protein
Nup214

Eukaryotic initiation factor 4A-ll
HCLS1-associated protein X-1
Protein IMPACT
Adenylate kinase 2. mitochondrial
Nucleophosmin
Calponin-3
RuvB-like 2
La-related protein 4B

Peroxiredoxin-1

Peptidyl-prolyl cis-trans isomerase
FKBP11

E3 ubiquitin-protein ligase RBX1

Phosphatidylethanolamine-binding
protein 1

MAAEGASDPA

MAVAQADPGS
MAETLEFNDI
MAAAAAMAEQ

MTAIIKEIVS

MGDEMDAMIP

MAANATMATS
MSVFDLFRGF
MAEEEVGNSQ
MAPNVLASEP
MEDSMDMDMS
MTHFNKGPSY
MATVAATTKV
MTSDQDAKWV
MSSGNAKIGY

MTLSPLLLPL
MAAAMDVDTP

MAADISQWAG

AAEGASDPAG

AVAQADPGSD
AETLEFNDIF
AAAAAMAEQE

TAIIKEIVSR

GDEMDAMIPE

AANATMATSG
SVFDLFRGFF
AEEEVGNSQR
APNVLASEPE
MEDSMDMDMS
THFNKGPSYG
ATVAATTKVP
MTSDQDAKWV
SSGNAKIGYP

EAGPETESPV
AAAMDVDTPS

AADISQWAGP
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99.6+0.5

99.1+0.4
99.5+0.2
99.3+0.7

99.5+1.1

99.4+1.2

99.7+0.3
99.8+0.3
98.1+1.3
0.4+0.3
99.7+0.5
93.2+8.1
99.5+0.4
99.6 + 0.6
99.9+0.1

0.1+0.1
99.3+0.7

99.3+0.4

99.8+0.2

99.5+0.4
84.1+21.7
99.6 + 0.4

99.9+0.2

99.9+0.3

99.8+0.3
100+ 0
98.9+0.6
06+0
999+0
98.4+0.5
99.7+ 0.4
99.9+0.1
100+ 0.1

0.2

0.4
-15.4
0.3

0.4

0.5

0.1
0.2
0.8
0.2
0.3
5.2
0.2
0.3
0.1

1.002

1.004
0.845
1.003

1.004

1.005

1.001
1.002
1.008
1.524
1.003
1.056
1.002
1.003
1.001

0.491
1.003

0.993



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q8K310
P08207
Q91XI1
035309
035345

Q7TQK5

Q9D1J3
Q9DCD5
Q9R059

064213
P52293

P34022

P68040
Q9DBG5
BOEJ86
Q8CDN6
Q8VC31

Q99N96
Q9CR16

MATR3_MOUSE

S10AA_MOUSE

DUS3L_MOUSE
NMI_MOUSE
IMA7_MOUSE

CCD93_MOUSE

SARNP_MOUSE
TJAP1_MOUSE
FHL3_MOUSE

SFO1_MOUSE
IMA1_MOUSE

RANG_MOUSE

RACK1_MOUSE
PLIN3_MOUSE
OSBL8_MOUSE
TXNL1_MOUSE

CCDC9_MOUSE

RMO1_MOUSE

PPID_MOUSE

Matrin-3
Protein S100-A10
tRNA-dihydrouridine(47) synthase
N-myc-interactor

Importin subunit alpha-7

Coiled-coil domain-containing protein
93
SAP domain-containing
ribonucleoprotein

Tight junction-associated protein 1

Four and a half LIM domains protein
3

Splicing factor 1

Importin subunit alpha-1

Ran-specific GTPase-activating
protein
Receptor of activated protein C
kinase 1
Perilipin-3
Oxysterol-binding protein-related
protein 8
Thioredoxin-like protein 1
Coiled-coil domain-containing protein
9
39S ribosomal protein L1.
mitochondrial

Peptidyl-prolyl cis-trans isomerase D

MSKSFQQSSL
MPSQMEHAME
MAETAAESGG
MDADKDNIKQ
METMASPGKD

MGLPKGPEGQ

MAAETVELHK
MSSAAPAKKP
MSEAFDCAKC

MATGANATPL
MSTNENANLP

MAAAKDSHED

MTEQMTLRGT
MSSNGTDAPA
MEAALADGEP
MVGVKPVGSD

MATTLDLKSK

MAAAVRCLRR

MSHASPAAKP

SKSFQQSSLG
PSQMEHAMET
AETAAESGGG
MDADKDNIKQ
METMASPGKD

GLPKGPEGQG

AAETVELHKL
SSAAPAKKPY
SEAFDCAKCN

ATGANATPLD
STNENANLPA

AAAKDSHEDH

TEQMTLRGTL
SSNGTDAPAE
MEAALADGEP
VGVKPVGSDP

ATTLDLKSKE

AAAAAAATKP

SHASPAAKPS
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98.7+0.1
0.4+0.2
99.3+0.6
99.3+0.7
99.6 + 0.4

127 +1.1

99.9+0.1
97.1+2.7
99.7+0.5

99.2+0.8
98.3+2.1

98.7+0.3

98.4+3

99.2+0.6
100+ 0

0.7+0.7

99.8+0.2

0.3+0.2

989+1.1

99 +0.4

06+04
99.6 £ 0.5
99.9+0.1
99.2+0

112+1

99.9+0.1
99.5+0.4
100+ 0

99.6+0.5
96.9+2.7

98.2+0.3

99.9+0.1
98.6+1

99.9+0.1
1.1+0.4

989+1.1

02+02

99.3+05

0.2
0.2
0.3
0.6
0.4

-1.5

0.1

1.002
1.372
1.003
1.006
0.996

0.880

1.001
1.025
1.002

1.004
0.986

0.995

1.015
0.994
0.999
1.629

0.991

0.708

1.004



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q08093

Q9JMA2

P83882

P97496

P19536
Q5U3K5
P56959

P21981
Q8BVF2
008539

P63328

Q9D710

Q99MR3
064525
061191
Q9CQR6

P54822
P51881

CNN2_MOUSE
TGT_MOUSE

RL36A_MOUSE

SMRC1_MOUSE

COX5B_MOUSE
RABL6_MOUSE
FUS_MOUSE

TGM2_MOUSE
PDCL3_MOUSE

BIN1I_MOUSE

PP2BA_MOUSE

TMX2_MOUSE

S12A9_MOUSE
H2B2B_MOUSE
HCFC1_MOUSE

PPP6_MOUSE

PUR8_MOUSE
ADT2_MOUSE

Calponin-2

Queuine tRNA-ribosyltransferase
catalytic subunit 1

60S ribosomal protein L36a

SWI/SNF complex subunit SMARCC1

Cytochrome ¢ oxidase subunit 5B
Rab-like protein 6

RNA-binding protein FUS

Protein-glutamine gamma-
glutamyltransferase 2

Phosducin-like protein 3

Myc box-dependent-interacting
protein 1
Serine/threonine-protein
phosphatase 2B catalytic subunit
alpha isoform
Thioredoxin-related transmembrane
protein 2

Solute carrier family 12 member 9
Histone H2B type 2-B

Host cell factor 1

Serine/threonine-protein
phosphatase 6 catalytic subunit

Adenylosuccinate lyase
ADP/ATP translocase 2

MSSTQFNKGP
MAAVGSPGSL

MVNVPKTRRT

MAATAGGGPG

MASRLLRGVG
MFSALKKLVG
MASNDYTQQA

MAEELLLERC
MQDPNADTEW
MAEMGSKGVT

MSEPKAIDPK

MAVLAPLIAL

MASESSPLLA
MPDPAKSAPA
MASAVSPANL

MAPLDLDKYV

MAASGDPGSA
MTDAAVSFAK

SSTQFNKGPS
AAVGSPGSLE

VNVPKTRRTF

AATAGGGPGA

ASGGGVPTDE
MFSALKKLVG
ASNDYTQQAT

AEELLLERCD
MQDPNADTEW
AEMGSKGVTA

SEPKAIDPKL

AVLAPLIALY

ASESSPLLAY
KVQKKDGKKR
ASAVSPANLP

APLDLDKYVE

AASGDPGSAE
TDAAVSFAKD
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99.3+£0.7
98.8+0.9

0.1+0.1

91.3+
16.3

21+28
100+ 0
99.6+0.5

100+ 0
99.9+0.1

99.6+0.3

99 +0.8

28+038

100+ 0
3.8+19
99.5+0.3

98.4+23
99.3+0.3

02+0.2

98.1+1

12+13
99.4+0.7
99.9+0.1

98.7+1.3
100+ 0

99.8+0

99.6 + 0.4

2+0.1

99.8+0.2
49+14
99.7+0.4

0.6+0.1

0.6
0.1

6.8

-1.0
0.5
0.3

-1.3
0.1

0.2

0.6

0.1
1.1
0.2

0.4

0.3
1.8

0.991
1.006

1.712

1.075

0.538
0.995
1.003

0.987
1.001

1.002

1.007

0.704

0.999
1.277
1.002

0.603

1.003
1.018



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

P11087
Q99KUO
Q9Z0R9

Q9DBS9
Q9CQ18
Q9Z0N1

Q8VDD5
P51125

P49718

Q8BHS3
061183
064525
P43883
Q68FD5
Q9EQQ9
P62737
QOGNC1
Q8BGCO
P63260

Q8BLR9

P52432

CO1A1_MOUSE
VMP1_MOUSE
FADS2_MOUSE

OSBL3_MOUSE
RNH2C_MOUSE
IF2G_MOUSE

MYHS_MOUSE
ICAL_MOUSE

MCM5_MOUSE

RBM22_MOUSE
PAPOA_MOUSE
H2B2B_MOUSE
PLIN2_MOUSE
CLH1_MOUSE
OGA_MOUSE
ACTA_MOUSE
INF2_MOUSE
HTSF1_MOUSE
ACTG_MOUSE

HIFIN_MOUSE

RPAC1_MOUSE

Collagen alpha-1(l) chain
Vacuole membrane protein 1

Acyl-CoA 6-desaturase

Oxysterol-binding protein-related
protein 3

Ribonuclease H2 subunit C

Eukaryotic translation initiation factor

2 subunit 3. X-linked
Myosin-9
Calpastatin

DNA replication licensing factor
MCM5

Pre-mRNA-splicing factor RBM22
Poly(A) polymerase alpha
Histone H2B type 2-B
Perilipin-2
Clathrin heavy chain 1
Protein O-GIcNAcase
Actin. aortic smooth muscle
Inverted formin-2
HIV Tat-specific factor 1 homolog

Actin. cytoplasmic 2

Hypoxia-inducible factor 1-alpha
inhibitor

DNA-directed RNA polymerases | and

Il subunit RPAC1

MFSFVDLRLL
MAENGKNCDQ
MGKGGNQGEG

MSDEKNLGVS
MKNPEEAADG
MAGGEGGVTL

MAQQAADKYL
MSQPGPKPAA

MSGFDDPGIF

MATSLGSNTY
MPFPVTTQGS
MPDPAKSAPA
MAAAVVDPQQ
MAQILPIRFQ
MVQKESQAAL
MCEEEDSTAL
MSVKEGAQRK
MSGNNLSGND
MEEEIAALVI

MAATAAEVAA

MAAAQAVEEM

QEDIPEVSCI
AENGKNCDQR
GKGGNQGEGS

SDEKNLGVSQ
MKNPEEAADG
AGGEGGVTLG

AQQAADKYLY
SQPGPKPAAS

SGFDDPGIFY

ATSLGSNTYN
PFPVTTQGSQ
AVTKVQKKDG
AAAWDPQQS
AQILPIRFQE
VQKESQAALE
CEEEDSTALY
SVKEGAQRKW
SGNNLSGNDE
MEEEIAALVI

AATAAEVAAS

AAAQAVEEMR
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48+21
100+ 0.1
19+0.6

985+ 1.6
93.3+42
79+2.1

99.6+0.5
99.4+0.4

99.1+0.6

97.9+0.3
15+£22
4+3
99.4+0.7
99.9+0.3
12+1
96.1+2.3
100+ 0
99.3+0.6
98.4+0.4

99.6+0.3

96.9+6.1

6.6 +£3.8
100+ 0
1.3 405

99.6+0.3
95.3+2.7
77.3+4.1

99.9+0.1
99.7+0.3

99.4+0.1

98.1+0.2
02+0.1
53+21
99.6+ 0.5
100+ 0
09+08
943+0.5
99.8+0.3
99.1+0.3
98.9+0.6

99.8+0.3

100 £ 0

1.9
0.0
0.6

1.1
2.0
-1.7

0.3
0.3

0.3

0.2
-1.4
1.3
0.3
0.1
0.4
-1.7
0.2
0.2
0.5

0.2

3.1

1.393
1.000
0.684

1.011
1.022
0.979

1.003
1.003

1.003

1.002
0.098
1.336
1.003
1.001
0.693
0.982
0.998
0.998
1.005

1.002

1.032



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q9ER73
P02468

Q92119

Q3uovl

Q6P5F9
Q80Q7T1
Q9CQR2
Q8BKG3

Q8CGY8

P40124
Q3V1vV3
Q6P1B1

P47754
Q8BFQ4

P47962
P53811

Q99J14

Q99N92
Q9ESW4

ELP4_MOUSE
LAMC1_MOUSE

EXOS4_MOUSE

FUBP2_MOUSE

XPO1_MOUSE
THIL_MOUSE
RS21_MOUSE
PTK7_MOUSE

OGT1_MOUSE

CAP1_MOUSE
ESF1_MOUSE
XPP1_MOUSE

CAZA2_MOUSE
WDR82_MOUSE

RL5_MOUSE
PIPNB_MOUSE

PSMD6_MOUSE

RM27_MOUSE
AGK_MOUSE

Elongator complex protein 4

Laminin subunit gamma-1

Exosome complex component
RRP41
Far upstream element-binding
protein 2

Exportin-1
Acetyl-CoA acetyltransferase
40S ribosomal protein S21

Inactive tyrosine-protein kinase 7

UDP-N-acetylglucosamine-peptide N-
acetylglucosaminyltransferase 110
kDa subunit

Adenylyl cyclase-associated protein 1
ESF1 homolog

Xaa-Pro aminopeptidase 1
F-actin-capping protein subunit
alpha-2
WD repeat-containing protein 82

60S ribosomal protein L5

Phosphatidylinositol transfer protein
beta isoform
26S proteasome non-ATPase
regulatory subunit 6

39S ribosomal protein L27

Acylglycerol kinase

MAAADTCGAG ~ AAADTCGAGT
MTGGGRAALA  AMDECADEGG
MAGLELLSDQ  AGLELLSDQG
MSDYNTGGPP  SDYNTGGPPP
MPAIMTMLAD ~ PAIMTMLADH
MAALVALHGY ~ ASKPTLNEWV
MQNDAGEFVD ~ MQNDAGEFVD
MGARPLTLLR  AIVFIKEPSS
MASSVGNVAD ~ ASSVGNVADS
MADMQNLVER ~ ADMQNLVERL
MSSKQEIMDD ~ SSKQEIMDDQ
MAPKVTSELL ~ APKVTSELLR
MADLEEQLSD  ADLEEQLSDE
MKLTDSVLRS ~ MKLTDSVLRS
MGFVKWKNK ~ GFVKVVKNKA
MVLIKEFRW ~ VLIKEFRWL
MPLENLEEEG ~ PLENLEEEGL
MAAAALTLRT  ASKKTGGSSK
MTAFFKTLRN ~ TAFFKTLRNH
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99.4+0.4
1+0.8

99.3+0.3

99 £ 0.6

0.3+0.2

0.7+0.3
98.8+1.2

11+£12

99.4+05

99.7+0.3
99.8+0.2
09+05

99.1+09

88+25

14.7 +
34.5

02+0.1
16+1.1

09+13
99.9+0.1

99.7+0.3
0.3+0.1

99.5+0.3

98.7 + 0.4

0.7+08

0.5+0.1
99.3+0.6

06+04

99.1+0.7

99.5+0.5
100+ 0
0.7+0.7

99.5+0.6
6.6+34

1.1+£0.1

0.3
0.7

0.2

0.3

0.3
0.2
0.4
0.5

0.1
0.1
0.3

0.4

-13.6

0.1

0.6

0.1

1.003
0.276

1.002

0.997

1.985
0.762
1.004
0.568

0.997

0.999
1.001
0.720

1.004
0.742

0.077

1.523

1.366

0.286
1.001



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

061733

Q99KN2

Q9D0B6
Q91VY9
Q9CPW7
P56480

Q8K124

P62281
P24527
P42932

Q9QWFO
Q9ROP5
Q8R3E3

Q9JJ28
P26638

Q6PDI5
009167
P60670

Q31227

RT31_MOUSE
CIAO1_MOUSE

PBDC1_MOUSE
ZN622_MOUSE

ZMAT2_MOUSE
ATPB_MOUSE

PKHO2_MOUSE

RS11_MOUSE
LKHA4_MOUSE
TCPQ_MOUSE

CAF1A_MOUSE
DEST_MOUSE
WIPI1_MOUSE

FLI_MOUSE
SYSC_MOUSE

ECM29_MOUSE
RL21_MOUSE
NPL4_MOUSE

ESYT2_MOUSE

28S ribosomal protein S31

Probable cytosolic iron-sulfur protein
assembly protein CIAO1

Protein PBDC1
Zinc finger protein 622
Zinc finger matrin-type protein 2

ATP synthase subunit beta

Pleckstrin homology domain-
containing family O member 2

40S ribosomal protein S11
Leukotriene A-4 hydrolase

T-complex protein 1 subunit theta

Chromatin assembly factor 1 subunit
A

Destrin

WD repeat domain phosphoinositide-
interacting protein 1

Protein flightless-1 homolog

Serine—tRNA ligase

Proteasome adapter and scaffold
protein ECM29

60S ribosomal protein L21

Nuclear protein localization protein 4
homolog

Extended synaptotagmin-2

MLHRIPAFLR
MKDSLVLQSR

MDAAGESEEP
MAALTCITCR
MASGSGTKNL
MLSLVGRVAS

MEEESIKEGS

MADIQTERAY
MPEVADTCSL
MALHVPKAPG

MLEEPEAATR
MASGVQVADE
MEAEAADAPP

MEATGVLPFV
MVLDLDLFRV

METGSDSDQL
MTNTKGKRRG
MAESIIRVQ
MSSAGGEGPE

SKKVDQSVPA
MKDSLVLQSR

MDAAGESEEP
AALTCITCRV
ASGSGTKNLD
ASAAPKAGTA

MEEESIKEGS

ADIQTERAYQ
PEVADTCSLA
ALHVPKAPGF

MLEEPEAATR
ASGVQVADEV
MEAEAADAPP

MEATGVLPFV
VLDLDLFRVD

METGSDSDQL
MTNTKGKRRG
AESIIIRVQS
SSAGGEGPEA
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>

> = O

99.9+0.1

97.4+0.1

95.5+5.7
0.2+0.1

99.6 + 0.6

99.6 + 0.7
13+1.4
98.3+1.7

97.6+2.2
99.4+0.7
100+ 0

98.4+38
0.1+0.1

98.6+2.6
33+17
99.9+0.2

99+04

1.4+05
0.7+0.9

99.8+0.3

98.1+1.7
98 +2

0.2+0.1

99.8 +0.4

99.9+0.1
2+23
99.1+05

98.8+0.9
99.6+0.6
100+ 0

100+ 0
0.2+0.1

99.3+0.6
29+05
100+ 0

99.3+0.8

0.3
0.7
0.8

1.2
0.2
0.0

1.6
0.1

0.7

0.1
0.2

0.758
0.657

0.999
1.007
1.026
1.222

1.002

1.003
1.584
1.008

1.012
1.002
1.000

1.017
1.430

1.007
0.860
1.001

1.003



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q9D8X2

P54227
Q9DOF3

P12382
Q6NV83
061166

Q8BMJ3

Q9CZX8
P19324
061768

064311

Q9CY16
Q9ER72
Q9DBGY
Q922D8
P62996

Q8BWY3

Q922H9
Q920B9

CC124_MOUSE

STMN1_MOUSE
LMAN1_MOUSE

PFKAL_MOUSE
SR140_MOUSE
MARE1_MOUSE

IFIAX_MOUSE

RS19_MOUSE
SERPH_MOUSE
KINH_MOUSE

NTAN1_MOUSE

RT28_MOUSE
SYCC_MOUSE
TX1B3_MOUSE
C1TC_MOUSE
TRA2B_MOUSE

ERF1_MOUSE

ZN330_MOUSE

Coiled-coil domain-containing protein
124

Stathmin

Protein ERGIC-53

ATP-dependent 6-
phosphofructokinase
U2 snRNP-associated SURP motif-
containing protein
Microtubule-associated protein
RP/EB family member 1
Eukaryotic translation initiation factor
1A. X-chromosomal

40S ribosomal protein S19
Serpin H1
Kinesin-1 heavy chain

Protein N-terminal asparagine
amidohydrolase

28S ribosomal protein S28
Cysteine-tRNA ligase. cytoplasmic
Tax1-binding protein 3
C-1-tetrahydrofolate synthase

Transformer-2 protein homolog beta

Eukaryotic peptide chain release
factor subunit 1

Zinc finger protein 330
SP16H_MOUSE

MPKKFQGENS

MASSDIQVKE
MAVSRRRVPQ

MATVDLEKLR
MADKTPGGSQ
MAVNVYSTSV

MPKNKGKGGK

MPGVTVKDVN
MRSLLLGTLC
MADPAECNIK

MPLLVDGQRV

MAALCRSHAG
MAGSSAEQAA
MSYTPGQPVT
MAPAGILNGK
MSDSGEQNYG

MADDPSAADR

MPKKKTGARK
MAVTLDKDAY

PKKFQGENSK

ASSDIQVKEL
TGGDAAAPGA

ATVDLEKLRM
ADKTPGGSQK
AVNVYSTSVT

PKNKGKGGKN

PGVTVKDVNQ
LSSKATTLAE
ADPAECNIKV

PLLVDGQRVR

ASTESGSESA
AGSSAEQAAD
SYTPGQPVTA
APAGILNGKL
SDSGEQNYGE

ADDPSAADRN

PKKKTGARKK
AVTLDKDAYY

183

05+0.2

99+0.9
22+09

99.4+0.6

99.5+05

98.3+1.6

1+0.3

0.2+0.2
0.2+0.1
99.3+0.7

0.5+0.8

0.7+0.4
98.2+25
99.2+0.6
0.2+0.2
98.8 £ 0.6

100+ 0

04+0
99.6 + 0.6

06+03

99.4+0.8
1.8+0.9

99.6+0.5

99.7+0.3

989+1

09+0.1

0.3+0.2
0.1+0.1
99.5+0.6

0.1+0

05+04
99.4+04
99.4+0.6
03+02
99.3+0.5

100+ 0.1

0.3+0.1
99.8+0.3

0.2

0.3
0.3

0.2

0.1

0.6

0.1
0.1
0.2

0.2
1.2
0.2
0.1
0.5

0.0

0.2

1.330

1.003
0.844

1.002

1.001

1.006

0.933

1.313
0.531
1.002

0.103

0.682
1.012
1.002
1.272
1.005

1.000

0.839
1.002



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q9CR62
088796

061205

B2RQC6

Q9WTNO
Q9DBG6

Q4VBD2

P14131
P16675

060930

P63260
Q71FD7
Q9DOF9

Q9D8T7

035639
P62889

Q8R2T8

P14824
Q2NL51

M20M_MOUSE
RPP30_MOUSE

PA1B3_MOUSE

PYR1_MOUSE

GGPPS_MOUSE
RPN2_MOUSE

TAPT1_MOUSE

RS16_MOUSE
PPGB_MOUSE

VDAC2_MOUSE

ACTG_MOUSE
FBLI1_MOUSE
PGM1_MOUSE

SLIRP_MOUSE

ANXA3_MOUSE
RL30_MOUSE

TF3C5_MOUSE

ANXA6_MOUSE
GSK3A_MOUSE

Mitochondrial 2-oxoglutarate/malate
carrier protein

Ribonuclease P protein subunit p30
Platelet-activating factor
acetylhydrolase IB subunit alphal
CAD protein [Includes: Glutamine-
dependent carbamoyl-phosphate
synthase
Geranylgeranyl pyrophosphate
synthase
Dolichyl-diphosphooligosaccharide-
protein glycosyltransferase subunit 2
Transmembrane anterior posterior
transformation protein 1

40S ribosomal protein S16

Lysosomal protective protein

Voltage-dependent anion-selective
channel protein 2

Actin. cytoplasmic 2
Filamin-binding LIM protein 1
Phosphoglucomutase-1

SRA stem-loop-interacting RNA-
binding protein

Annexin A3

60S ribosomal protein L30

General transcription factor 3C
polypeptide 5
Annexin A6

Glycogen synthase kinase-3 alpha

MAATASPGAG
MAAFADLDLR

MSGEGENPAS

MAALVLEDGS

MEKTKEKAER
MAPPGSSAVF

MAGVCDAAAP

MPSKGPLQSV
MPGTALSPLL

MAECCVPVCP

MEEEIAALVI
MASKPEKRVA
MVKIVTVKTQ

MAASAIKGLS

MASIWVGPRG
MVAAKKTKKS

MAAAEPDADP

MAKIAQGAMY
MSGGGPSGGG

AATASPGAGR
AAFADLDLRA

SGEGENPASK

AALVLEDGSV

MEKTKEKAER
LTPTHYLTKQ

AGVCDAAAPG

PSKGPLQSVQ
APDQDEIDCL

AECCVPVCPR

EEEIAALVID
ASKPEKRVAS
VKIVTVKTQA

AASAIKGLSA

ASIWVGPRGT
VAAKKTKKSL

AAAEPDADPK

AKIAQGAMYR
SGGGPSGGGP
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95+ 3.4

99.9+0.2

99.2+0.6

99.3+05

99.9+0.1

21+23

97.5+1.1

0.3+0.2
09+0.3

99.6+0.5

99.7+0.3
99.8+0.2
0.7+0.2

98.4+19

99.6+0.3
12+04

98.4+0.8

99.6 + 0.4
99.7+0.3

96.7 +2.1

99.8+0.2

99.4+0.4

99.5+0.3

99.7+0.3

99.8+0.1
99.5+0.7
09+04

99+1.3

99.5+0.3
1.1+0.1

99.1+0.9

99.7+0.3
99.5+0.3

0.1
0.2

0.1

0.1
0.3
0.2

0.6

0.1
0.1

0.7

0.1
0.2

1.018

0.999

1.002

1.002

0.999

0.697

0.995

1.202
1.176

1.001

1.001
0.997
1.255

1.006

0.999
0.914

1.007

1.001
0.998



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q9DAR7
QICPPO
Q9D662
P26369
Q6P9P6

Q8BG32

P10605
P63017
Q9DIMO
P80316
Q9101

P70441
Q8CCS6
Q9DBD5

Q9DCF9
Q9D6Y9
Q3UJB9

Q8ROH9
P63024

Q8BJY1

DCPS_MOUSE
NPM3_MOUSE
SC23B_MOUSE
U2AF2_MOUSE
KIF11_MOUSE

PSD11_MOUSE

CATB_MOUSE
HSP7C_MOUSE
SEC13_MOUSE

TCPE_MOUSE
MBOA5_MOUSE

NHRF1_MOUSE
PABP2_MOUSE

PELP1_MOUSE

SSRG_MOUSE
GLGB_MOUSE

EDC4_MOUSE
GGA1_MOUSE
VAMP3_MOUSE

PSMD5_MOUSE

m7GpppX diphosphatase
Nucleoplasmin-3
Protein transport protein Sec23B
Splicing factor U2AF 65 kDa subunit

Kinesin-like protein KIF11

26S proteasome non-ATPase
regulatory subunit 11

Cathepsin B
Heat shock cognate 71 kDa protein
Protein SEC13 homolog
T-complex protein 1 subunit epsilon

Lysophospholipid acyltransferase 5

Na(+)/H(+) exchange regulatory
cofactor NHE-RF1

Polyadenylate-binding protein 2

Proline-. glutamic acid- and leucine-
rich protein 1
Translocon-associated protein
subunit gamma
1.4-alpha-glucan-branching enzyme
Enhancer of mRNA-decapping
protein 4
ADP-ribosylation factor-binding
protein GGAL
Vesicle-associated membrane protein
3
26S proteasome non-ATPase
regulatory subunit 5

MADTAPQLKR
MAAGAAAALA
MATYLEFIQQ
MSDFDEFERQ
MASQPSSLKK

MAAAAVWVEFQ

MWWSLILLSC
MSKGPAVGID
MVSVMNTVDT
MASVGTLAFD
MASTADGDMG

MSADAAAGEP
MAAAAAAAAA

MAAAVLSGAS

MAPKGGSKQQ
MAAPAAPAAG
MASCASIDIE

MEPAMEPETL
MSTGVPSGSS

MAAQAVSLLR

ADTAPQLKRK
AAGAAAALAF
ATYLEFIQQN
SDFDEFERQL
ASQPSSLKKK

AAAAVVEFQR

DIDLPETFDA

SKGPAVGIDL

VSVMNTVDTS
ASVGTLAFDE
ASTADGDMGE

SADAAAGEPL
AAAAAAAAAA

AAAVLSGASA

APKGGSKQQS
AAPAAPAAGE
ASCASIDIED

MEPAMEPETL
STGVPSGSSA

AAQAVSLLRE
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99.4+0.8
99.6 + 0.4
99.7+0.4
99.9+0.1
99.8+0.2

98.4+22

0.3+0.4
99.7 £ 0.2
99.5+0.7
99+15
99.6 + 0.4

99.6 + 0.5
9 +04

99.4+05

1.5+£05
99.7 + 0.3

989+ 0.4

99.6+0.3

99.6 + 0.4

99.8+£0.3

99.6 + 0.4
99.8+0.1
99.8+0.2
99.8+0.1
99.7+0.2

99+15

02+02
99.6+0.5
99.8+0.1
99.5+0.4
99.7+0.4

99.5+0.3
99.1+0.1

99.3+0.4

2+14
99.6 + 0.4

98.8+0.3

9 +1

99.5+0.3

99.7 +0.4

1.002
1.001
1.001
0.999
0.999

1.005

0.693
0.999
1.003
1.005
1.001

0.998
1.001

0.998

1.340
0.999

0.998

0.994

0.999

0.999



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q7TQI3

Q80WB5

Q9CW46
Q99NB9

Q97204

Q8BML9
Q9CQOX2
035874

Q9CZBO

Q9C713
Q6IRU2
P62627

Q912X7

Q9CXK9
Q8VCB1
Q9ES97

Q99L04
Q9CZE3

A2AJQ3

P20152

OTUB1_MOUSE
NTAQ1_MOUSE

RAVR1_MOUSE
SF3B1_MOUSE

HNRPC_MOUSE

SYQ_MOUSE
CYB5B_MOUSE
SATT_MOUSE

C560_MOUSE

QCR1_MOUSE
TPM4_MOUSE
DLRB1_MOUSE

LRP1_MOUSE

RBM33_MOUSE
NDC1_MOUSE
RTN3_MOUSE

DHRS1_MOUSE
RAB32_MOUSE

D19L4_MOUSE

VIME_MOUSE

Ubiquitin thioesterase OTUB1

Protein N-terminal glutamine
amidohydrolase

Ribonucleoprotein PTB-binding 1

Splicing factor 3B subunit 1

Heterogeneous nuclear
ribonucleoproteins C1/C2

Glutamine-tRNA ligase
Cytochrome b5 type B

Neutral amino acid transporter A

Succinate dehydrogenase
cytochrome b560 subunit

Cytochrome b-c1 complex subunit 1
Tropomyosin alpha-4 chain
Dynein light chain roadblock-type 1

Prolow-density lipoprotein receptor-
related protein 1

RNA-binding protein 33
Nucleoporin NDC1

Reticulon-3
Dehydrogenase/reductase SDR
family member 1

Ras-related protein Rab-32

Probable C-mannosyltransferase
DPY19L4

Vimentin

MAAEEPQQQK
MEGDGPAATA

MAADVSVTHR
MAKIAKTHED

MASNVTNKTD

MATPDSLALF
MATPEASGSG
MEKSGETNGY

MAAFLLRHVS

MAASAVCRAA
MAGLNSLEAV
MAEVEETLKR

MLTPPLLLLL

MAAALGAGGG
MATAASGPCA
MAESSAATQS

MVAPMKGQVC
MAGEGLGQQG

MAKEEGTSVE
MSTRSVSSSS

AAEEPQQQKQ
MEGDGPAATA

AADVSVTHRP
AKIAKTHEDI

ASNVTNKTDP

ATPDSLALFT
ATPEASGSGE
MEKSGETNGY

LGTTAKEEME

TATFAQALQS
AGLNSLEAVK
AEVEETLKRL

ATMDAPKTCS

AAALGAGGGA
ATAASGPCAG
AESSAATQSP

VAPMKGQVCV
AGEGLGQQGA

AKEEGTSVEP
SLYSSSPGGA
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98.5+0.1

90.7 +
12,5

98.2+15
96.3+1.8

96.2+2.2
99.4+0.3
99.1+1.2
99.7+0.3
25+138
1.1+0.4
99.5+05
99.6 + 0.4
15+0.8
99.2+0.4
389+3
98.7 +0.8
26+12

35.7 £
35.3

95.5+25

12+1.8

98.2+0.8
819+17.5

97.3+1.2
95.7+0.6

95.4+39

99.3+0.3
98.8+0.6
99.5+0.8

09+03
99.4+0.6
99.7 + 0.4

1.9+0.6

988 +1
40.3+28
99.1+0.8

29+06

48.1+34

96.2+1.4

21+2

-8.8

0.8
0.6

0.2
0.3
0.2

0.4

0.1
0.1
0.1

0.4

0.4
1.4
0.4

0.3

12.4

0.7
0.9

0.997
0.903

0.992
0.994

0.992

0.998
0.997
0.998

0.848

0.864
0.999
1.001

1.248

0.996
1.036
1.004

1.134

1.348

1.008

1.717



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q62422
P80315
Q8BVG4
P34884

035143
P43274
Q9ERR7
Q64012
Q8CH25

Q9D8Y0

P80318
Q922R8
P56480
P47955
P60122

Q9CPW4

Q9CT10
Q8BIJ6
Q8Jzm7
Q9EP71
P10605
Q9CQJ6

OSTF1_MOUSE

TCPD_MOUSE
DPP9_MOUSE
MIF_MOUSE

ATIF1_MOUSE
H14_MOUSE
SEP15_MOUSE
RALY_MOUSE
SLTM_MOUSE

EFHD2_MOUSE

TCPG_MOUSE
PDIA6_MOUSE
ATPB_MOUSE
RLA1_MOUSE
RUVB1_MOUSE

ARPC5_MOUSE

RANB3_MOUSE
SYIM_MOUSE
CDC73_MOUSE
RAI14_MOUSE
CATB_MOUSE
DENR_MOUSE

Osteoclast-stimulating factor 1
T-complex protein 1 subunit delta

Dipeptidyl peptidase 9

Macrophage migration inhibitory
factor

ATPase inhibitor
Histone H1.4
Selenoprotein F
RNA-binding protein Raly

SAFB-like transcription modulator

EF-hand domain-containing protein
D2

T-complex protein 1 subunit gamma
Protein disulfide-isomerase A6
ATP synthase subunit beta
60S acidic ribosomal protein P1

RuvB-like 1

Actin-related protein 2/3 complex
subunit 5

Ran-binding protein 3
Isoleucine-tRNA ligase
Parafibromin
Ankycorbin
Cathepsin B

Density-regulated protein

MSKPPPKPVK
MPENVASRSG
MCSGVSPVEQ
MPMFIVNTNV

MAGSALAVRA
MSETAPAAPA
MAAGQGGWLR
MSLKIQTSNV
MAAAAGAWA

MATDELASKL

MMGHRPVLVL
MARLVLGLVS
MLSLVGRVAS
MASVSELACI
MKIEEVKSTT

MSKNTVSSAR

MADLANEEKP
MHWGLCPRGP
MADVLSVLRQ
MKSLKAKFRK
MWWSLILLSC
MATDISESSG

SKPPPKPVKP
PENVASRSGA
CSGVSPVEQV
PMFIVNTNVP

SSDSMDTGAG
SETAPAAPAA
AEFASEACRE
SLKIQTSNVT
AAAAGAVVAS

ATDELASKLS

MMGHRPVLVL
LYSSSDDVIE
AQASAAPKAG
ASVSELACIY
MKIEEVKSTT

SKNTVSSARF

ADLANEEKPA
VAGADSPQSS
ADVLSVLRQY
MKSLKAKFRK
EDIDLPETFD
ATDISESSGA
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98.9+0.7

40.3 +
48.8

99.9+0.1

1.1+£0.8

0.2+0.1
96.7 + 0.4
0.3+0.1
99.1+0.9
99.1+0.4

99.8+0.3

99.5+05
6.2+0.9
04+02

99.9+0.1
21+12

98.6+0.8

99+0.3
02+0.1
99.5+0.6
100+ 0
0.3+0.2
99+0.2

99.2+0.3

252 +43.2

100+ 0

09+06

0.2+0.1
97 £0.7
0.2+0.1
99.4+0.6
98.8+0.9

99.7 + 0.4

99.3+0.7
56+1.8
04+03

99.8+0.3
19+0.8

98.9+0.1

98.8+0.3
02+02
99.3+14
100+ 0
0.3+0.1
98.8+0.6

0.3
-15.1
0.0

0.0
0.3
0.0
0.2
0.3

0.1

0.2
0.7
0.0
0.1
0.2

0.3

0.2
0.0
0.2
0.0
0.0
0.2

1.003
0.626
1.000
0.798

1.318
1.003
0.850
1.002
0.997

0.999

0.998
0.893
1.136
0.999
0.892

1.003

0.998
0.805
0.998
1.000
1.148
0.998



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

08JZQ9
QoCxw4
P53810

P70349
Q8BK64
Q8BJW6

Q8CFE6

Q8C1B7
Q90XS1
P58069
P60867

Q97160
P61255
Q8BGAS
D3YXK2
E9Q1P8

Q6PDM2
P20444

EIF3B_MOUSE
RL11_MOUSE

PIPNA_MOUSE
HINT1_MOUSE
AHSA1_MOUSE
EIF2A_MOUSE

S38A2_MOUSE

SEP11_MOUSE
PLEC_MOUSE
RASA2_MOUSE
RS20_MOUSE

COG1_MOUSE
RL26_MOUSE
KRR1_MOUSE
SAFB1_MOUSE
12BP2_MOUSE

SRSF1_MOUSE
KPCA_MOUSE

Eukaryotic translation initiation factor
3 subunit B

60S ribosomal protein L11

Phosphatidylinositol transfer protein
alpha isoform
Histidine triad nucleotide-binding
protein 1
Activator of 90 kDa heat shock
protein ATPase homolog 1
Eukaryotic translation initiation factor
2A
Sodium-coupled neutral amino acid
transporter 2
Septin-11
Plectin
Ras GTPase-activating protein 2

40S ribosomal protein S20

Conserved oligomeric Golgi complex
subunit 1

60S ribosomal protein L26

KRR1 small subunit processome
component homolog

Scaffold attachment factor B1

Interferon regulatory factor 2-binding
protein 2

Serine/arginine-rich splicing factor 1

Protein kinase C alpha type

MQDAENVAVP
MAQDQGEKEN
MVLLKEYRVI

MADEIAKAQV
MAKWGEGDPR
MAPSTPLLTV

MKKTEMGRFN

MAVAVGRPSN
MVAGMLMPLD
MAAAAPAAAA
MAFKDTGKTP

MAAATASSAL
MKFNPFVTSD
MATSAEAPAK
MAETLSGLGD
MAAAVAVAAA

MSGGGVIRGP
MADVYPANDS

MQDAENVAVP
AQDQGEKENP
VLLKEYRVIL

ADEIAKAQVA
AKWGEGDPRW
APSTPLLTVR

MKKTEMGRFN

AVAVGRPSNE
VAGMLMPLDR
AAAAPAAAAS
AFKDTGKTPV

AAATASSALK
MKFNPFVTSD
ATSAEAPAKE
AETLSGLGDA
AAAVAVAAAS

SGGGVIRGPA
ADVYPANDST
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985+15
99.4+0.6

06+0.2

99.6 + 0.3

99.8+0.2

0.2+0.2

99.3+13

98.7+1

0.7+0.4
99.4+0.8
98.4+1.2

99.5+0.5
04+05

98.4+0.7
9+13
99.9+0

100+ 0
99.2+0.6

98.2+2.1
99.3+0.7

0.7+0.5

99.6 +0.1

99.6+0.5

0.3+0.2

99.6+0.6

984 +1

0.6+02
99.6+0.3
98.6+0.9

99.7+0.5
05+04
98.6+0.5
99.3+0.3
99.9+0.1

100+ 0
99.3+0.6

0.0

0.3

0.3
0.1
0.2
0.2

0.1
0.1
0.2
0.3
0.0

0.0
0.1

0.996
0.999

1.121

0.999

0.998

1.210

1.003

0.997
0.824
1.002
1.002

1.001
1.201
1.002
1.003
1.000

1.000
1.001



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

P52480  KPYM_MOUSE Pyruvate kinase PKM) MPKPHSEAGT ~ PKPHSEAGTA ? 131 15408 0.1 1.112
062189  SNRPA_MOUSE U1 small nuclear ribonucleoprotein A MATIATMPVP  ATIATMPVPE A 99.4+06 99308 0.1 0.999
P56391 CX6B1_MOUSE Cytochrome ¢ oxidase subunit 6B1 MAEDIKTKIK AEDIKTKIKN A 99 +0.9 98.6 + 0.6 0.4 0.996
Q8RSHI  UBP15_MOUSE  LPiaditin Carb"xy'l't;'mi”a' hydrolase  \1AEGGAADLD ~ AEGGAADLDT A 99.7:05 99.6+0.3 0.1 0.999
091wM3  uapz_mouse U3 smal ”“C['J‘:gzirnRgA'i”teraCﬁ”g MSTAVATRKR ~ STAVATRKRA A 99:49  119:34 2.0 1.207
Q8R3F9  STPAP_MOUSE  SPeche ?;S‘:;‘;dpzltnfglageg“'ated MAAVDSDWS ~ AAVDSDWSL A 98907 99.2+0.8 0.2 1.002
Q78PY7  SNDI1_MOUSE Staphy'c‘:frﬁgf;'ng“;'zfesiﬁ ‘ioma"" MASSAQSSGS ~ ASSAQSSGSS A 99.5+04 99.4+06 0.1 0.999
8BJF9  CHM2B_MousE  Craveed m”'ti"eszif)”'ar body protein  yias FKKKTV ~ ASLFKKKTVD A 99.3:05  99:12 03 0.997
008529  CAN2_MOUSE Calpain-2 catalytic subunit MAGIAIKLAK ~ AGIAIKLAKD A 99+1.1  993:13 0.2 1.002
Q8BGB5  LIMD2_MOUSE  LIM domaincontaining protein 2~ MFQAAGAAQA  MFQAAGAAQA c 98.3+0.2 982+0.4 0.1 0.999
Q8CEC6  PPWD1_MOUSE Pe‘wgyr'gg't':;’g:;z sfgt::‘ M9 MATESGSDSQ  ATESGSDSQL A 99.2+1  993+06 0.2 1.002
Q91V6l  SFXN3_MOUSE Sideroflexin-3 MGDLPLNINI  GDLPLNINIQ A 99.6+0.5 99.7+0.2 0.1 1.001
008738  CASP6_MOUSE Caspase-6 MTETDGFYKS ~ TETDGFYKSR A 984+02  98:16 03 0.997
P50580  PA2G4_MOUSE Proliferation-associated protein 2G4 ~ MSGEDEQQEQ  SGEDEQQEQT A 99.1+0.1 9881 03 0.997
008550  KMT2B_MOUSE  stonedysine Né”éethy fransferase  \1AAAAGGGSC  AAMAGGGSCP A 98.3+0.3 985+09 0.2 1.002
P58252 EF2_MOUSE Elongation factor 2 MVNFTVDQR ~ VNFTVDQIRA A 03+02 0302 0.0 0.913
P97314 CSRP2_MOUSE Cysteine and glycine-rich protein 2 MPVWGGGNKC ~ PVWGGGNKCG ? 111591J_r 17.1£16.2 5.2 1.439
P62874  GBBI_MOUSE G”é?I')’}Z?S‘;;'g‘(’;')d:uzﬂg:{‘ﬁe‘g"ie'” MSELDQLRQE ~ SELDQLRQEA A 98.6:22 9917 0.4 1.004
Q9IYT7  YTHD2_MOUSE ' domain-containing famiy protein — yicpoq) | FoR  SASSLLEQRP A 97.5:03 97.4+09 0.2 0.998
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Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q99J36
Q6ZWY9

P26883

Q8CHW4

Q972R6
P70122
Q05816
Q3U7R1
Q99N96

Q91YTO

P60229

Q8BR90
Q3UFK8

062448

Q9WUK2

P35282
Q9wWuUL7
Q8CI194
Q9CQI6

THUM1_MOUSE
H2B1C_MOUSE

FKB1A_MOUSE

EI2BE_MOUSE

U119A_MOUSE
SBDS_MOUSE
FABP5_MOUSE
ESYT1_MOUSE
RMO1_MOUSE

NDUV1_MOUSE

EIF3E_MOUSE

CE051_MOUSE
FRMD8_MOUSE

IFAG2_MOUSE

IFAH_MOUSE

RAB21_MOUSE
ARL3_MOUSE

PYGB_MOUSE

COTL1_MOUSE

THUMP domain-containing protein 1

Histone H2B type 1-C/E/G

Peptidyl-prolyl cis-trans isomerase
FKBP1A
Translation initiation factor elF-2B
subunit epsilon

Protein unc-119 homolog A
Ribosome maturation protein SBDS
Fatty acid-binding protein 5
Extended synaptotagmin-1

39S ribosomal protein L1

NADH dehydrogenase [ubiquinone]
flavoprotein 1. mitochondrial
Eukaryotic translation initiation factor
3 subunit E

UPF0600 protein C5orf51 homolog

FERM domain-containing protein 8

Eukaryotic translation initiation factor
4 gamma 2
Eukaryotic translation initiation factor
4H

Ras-related protein Rab-21
ADP-ribosylation factor-like protein 3
Glycogen phosphorylase. brain form

Coactosin-like protein

MATTAQQSPQ
MPEPAKSAPA

MGVQVETISP

MAATAAVPGA

MKVKKGGGGT
MSIFTPTNQI
MASLKDLEGK
MEHSPEEGAS
MAAAVRCLRR

MLAARHFLGG

MAEYDLTTRI

MAAAVSGWR
MEGAEGNAGQ

MESAIAEGGA

MADFDTYDDR

MAAAGGGAAA
MGLLSILRKL
MAKPLTDSER
MATKIDKEAC

ATTAQQSPQP
AVTKAQKKDG

GVQVETISPG

AATAAVPGAA

MKVKKGGGGT
SIFTPTNQIR
ASLKDLEGKW
MEHSPEEGAS
AAAAAATKPA

SSGTTAPKKT

AEYDLTTRIA

AAAVSGVVRR
MEGAEGNAGQ

MESAIAEGGA

ADFDTYDDRA

AAAGGGAAAA
GLLSILRKLK
AKPLTDSERQ
ATKIDKEACR
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A?

W > > O X

A?

> = = >

99.2+0.9
2.3+09

09+0.3

99.3+1.1

34+2
95.3+2.7
99+0.8
985+ 1.4
0.8+0.8

1.3+0.6

99.5+0.8

98.3+0.6
99.4+1

99.8+0.3

99.7 + 0.4

99.3+05
03+05
97.5+2

99.6 + 0.4

99.1+£0.8
2.1+08

08+04

99.4+0.3

38+0.9
947 +3
99.2+0.8
98.2+1.4
1+1

15+1.1

99.6 + 0.7

97.9+21
99.3+0.4

99.7+ 0.4

99.7+0.3

99.4+05
0.4+05

97.9+22

99.5+0.5

0.1

0.0

0.1

0.5
0.5
0.1
0.2
0.1

0.2

0.1

0.4
0.1

0.0

0.0

0.1
0.1
0.4

0.999
0.943

0.944

1.001

1.143
0.994
1.001
0.997
1.173

1.161

1.001

0.996
0.999

1.000

1.000

1.001
1.306
1.004
0.999



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

P46978

Q9JLJ2

P17225
P63158
P21550

Q9WV95

P16858

Q7TPV4
Q9JJwe
Q9CZD3
P80317
P22907
P61965

Q3Uz39
P63094

Q3URQ7
P17742
P53996
P62900
P26350

STT3A_MOUSE

ALSA1_MOUSE

PTBP1_MOUSE
HMGB1_MOUSE
ENOB_MOUSE

PHLA3_MOUSE

G3P_MOUSE

MBB1A_MOUSE
ALRF2_MOUSE
GARS_MOUSE
TCPZ_MOUSE
HEM3_MOUSE
WDR5_MOUSE

LRRF1_MOUSE
GNAS2_MOUSE

MTHSD_MOUSE

PPIA_MOUSE
CNBP_MOUSE
RL31_MOUSE
PTMA_MOUSE

Dolichyl-diphosphooligosaccharide-
protein glycosyltransferase subunit
STT3A
4-trimethylaminobutyraldehyde
dehydrogenase

Polypyrimidine tract-binding protein 1
High mobility group protein B1

Beta-enolase

Pleckstrin homology-like domain
family A member 3
Glyceraldehyde-3-phosphate
dehydrogenase

Myb-binding protein 1A
Aly/REF export factor 2
Glycine-tRNA ligase
T-complex protein 1 subunit zeta
Porphobilinogen deaminase
WD repeat-containing protein 5

Leucine-rich repeat flightless-
interacting protein 1
Guanine nucleotide-binding protein
G(s) subunit alpha isoforms short
Methenyltetrahydrofolate synthase
domain-containing protein

Peptidyl-prolyl cis-trans isomerase A
Cellular nucleic acid-binding protein
60S ribosomal protein L31

Prothymosin alpha

MTKLGFLRLS

MSTGTFWSQ

MDGIVPDIAV
MGKGDPKKPR
MAMQKIFARE

MTAAATVLKE

MVKVGVNGFG

MAEMKSPTKA
MADKMDMSLD
MPCLLPSLLR
MAAVKTLNPK
MSGNGGAATT
MATEEKKPET

MTSPEGAQNK
MGCLGNSKTE

METQEGVSKQ

MVNPTVFFDI
MSSNECFKCG
MAPAKKGGEK
MSDAAVDTSS

MTKLGFLRLS

STGTFVVSQP

MDGIVPDIAV
GKGDPKKPRG
AMQKIFAREI

TAAATVLKEG

VKVGVNGFGR

AEMKSPTKAE
ADKMDMSLDD
MDSAEELLAP
AAVKTLNPKA
SGNGGAATTA
ATEEKKPETE

TSPEGAQNKE
GCLGNSKTED

METQEGVSKQ

MVNPTVFFDI
SSNECFKCGR
APAKKGGEKK
SDAAVDTSSE
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s R v B

> = > >
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55+ 1.7

9% + 1.6

99.6+0.5
16+0.4
98.6+19

99.5+0.3

12+0.6

99.8+0.2
99.8+0.2
99.9+0.2
99.5+05
99.1+1.1
99.2+1.1

99.1+0.7

5.7+4.6

99.8+0.1

99.5+0.2

99.5+0.5
1.1+£03

96.9+1.2

59+ 1.7

95.7+2.6

99.6+0.5
1.5+05
98.2+138

99.5+0.4

1.1+05

99.8+0.2
99.8+0.2
99.8+0.2
99.5+05
99.3+0.7
99.4+1.2

99+1.2

5+6.5

99.8+£0.3

99.5+0.2
99.5+0.5
1.1+0.2
96.6 + 2.4

0.0

0.0
0.0
0.0

1.069

0.997

1.001
0.970
0.995

0.999

0.955

1.000
1.000
1.000
1.000
1.001
1.001

0.999

0.871

1.000

1.000
1.000
0.978
0.997



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

Q9DCT2
P51410

P62317
Q8BTM8
P97470
P47757

P97310

Q8K2C9

Q99J77
Q9WV80
035129
P14733

Q00612

P61804

Q8K3I19
P19324

P49312

088485
035343

NDUS3_MOUSE
RL9_MOUSE

SMD2_MOUSE
FLNA_MOUSE
PP4C_MOUSE
CAPZB_MOUSE
MCM2_MOUSE

HACD3_MOUSE

SIAS_MOUSE

SNX1_MOUSE

PHB2_MOUSE
LMNB1_MOUSE

G6PD1_MOUSE

DAD1_MOUSE

GLCI1_MOUSE
SERPH_MOUSE

ROA1_MOUSE

DC1I1_MOUSE

IMA3_MOUSE

NADH dehydrogenase

60S ribosomal protein L9

Small nuclear ribonucleoprotein Sm
D2
Filamin-A
Serine/threonine-protein
phosphatase 4 catalytic subunit
F-actin-capping protein subunit beta
DNA replication licensing factor
MCM2
Very-long-chain (3R)-3-hydroxyacyl-
CoA dehydratase 3
Sialic acid synthase
Sorting nexin-1
Prohibitin-2
Lamin-B1
Glucose-6-phosphate 1-
dehydrogenase X
Dolichyl-diphosphooligosaccharide—
protein glycosyltransferase subunit
DAD1
Glucocorticoid-induced transcript 1
protein
Serpin H1
Heterogeneous nuclear
ribonucleoprotein Al
Cytoplasmic dynein 1 intermediate
chain 1

Importin subunit alpha-3

MAAAAARVWC — ESAAADKRPT
MKTILSNQTV  MKTILSNQTV
MSLLNKPKSE ~ SLLNKPKSEM
MSSSHSRCGQ ~ PATEKDLAED
MAEISDLDRQ ~ AEISDLDRQI
MSDQQLDCAL  SDQQLDCALD
MAESSESLSA  AESSESLSAS
METQVLTPHV ~ METQVLTPHV
MPLELELCPG ~ PLELELCPGR
MASGGGGCSA  ASGGGGCSAS
MAQNLKDLAG ~ AQNLKDLAGR
MATATPVQQQ  ATATPVQQQR
MAEQVALSRT ~ AEQVALSRTQ
MSASWSVIS SASWSVISR
MSTASSSSSQ  STASSSSSQT
MRSLLLGTLC ~ AEVKKPLEAA
MSKSESPKEP ~ SKSESPKEPE
MSDKSDLKAE ~ SDKSDLKAEL
MADNEKLDNQ ~ ADNEKLDNQR
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99.4+0.7
19+0.1

99.9+0.1

99.5+0.5

98.9+0.9

99.9+0.1

0.4+03
100+ 0

99.4+0.4

99.4+0.7

99.7+ 0.4

91.8+33

99.7 +0.1
1.1+0.1

99.2+0.4

99.5+0.5

99.6 + 0.4

99.4+05
1.8+0.5

99.8+0.3

99.6+0.5

98.8+0.8

99.9+0.1

04+02
100+ 0

99.5+05

99.3+0.8

99.7+0.2

9231

99.7+0.3
1.1+£0.3

99.2+0.6

99.5+0.6

99.6 + 0.4

0.0
0.0

0.0

0.0
0.0
0.0
0.1

0.0

0.2

0.0
0.0
0.0

0.0
0.0

1.074
0.960

1.001
0.958
1.000
1.000

0.999

1.000

1.055
1.000
1.000
0.999

1.000

1.002

1.000
0.977

1.000

1.000

1.000



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

P63085
Q3UDR8
P08030
Q8CBY8
Q9CX34

Q92379

Q9JKP8

P17932
Qo1VvI7

P46978

Q6PGH2

P09411
P17225

088543

Q97175
Q971Q9
035143
Q8CF66
Q9CzY3

Q9D8NO

MKO1_MOUSE
YIPF3_MOUSE
APT_MOUSE
DCTN4_MOUSE
SGT1_MOUSE

KCC2G_MOUSE

CHRC1_MOUSE

RL32P_MOUSE
RINI_MOUSE

STT3A_MOUSE

JUPI2_MOUSE

PGK1_MOUSE
PTBP1_MOUSE

CSN3_MOUSE

LOXL3_MOUSE
SYVC_MOUSE
ATIF1_MOUSE
LTOR4_MOUSE

UB2V1_MOUSE

EF1G_MOUSE

Mitogen-activated protein kinase 1
Protein YIPF3
Adenine phosphoribosyltransferase
Dynactin subunit 4

Protein SGT1 homolog

Calcium/calmodulin-dependent
protein kinase type Il subunit gamma
Chromatin accessibility complex
protein 1

Putative 60S ribosomal protein L32'
Ribonuclease inhibitor

Dolichyl-diphosphooligosaccharide-
protein glycosyltransferase subunit
STT3A
Jupiter microtubule associated
homolog 2

Phosphoglycerate kinase 1

Polypyrimidine tract-binding protein 1

COP9 signalosome complex subunit
3

Lysyl oxidase homolog 3
Valine-tRNA ligase
ATPase inhibitor

Ragulator complex protein LAMTOR4

Ubiquitin-conjugating enzyme E2
variant 1

Elongation factor 1-gamma

MAAAAAAGPE
MATPAAPASG
MSEPELKLVA
MASLLQSERV
MAAAAAGPAS

MATTATCTRF

MADAAVGKEK

MAALRPLVKP
MSLDIQCEQL

MTKLGFLRLS

MFQGADSQAG

MSLSNKLTLD
MDGIVPDIAV

MASALEQFVN

MRAVSVWYCC
MSILYVSPHP
MAGSALAVRA
MTSALTQGLE

MAATTGSGVK

MAAGTLYTYP

AAAAAAGPEM
ATPAAPASGV
SEPELKLVAR
ASLLQSERVL
AAAAAGPASS

ATTATCTRFT

ADAAVGKEKC

AALRPLVKPK
SLDIQCEQLS

TKLGFLRLSY

MFQGADSQAG

SLSNKLTLDK
SSSASAANGN

ASALEQFVNS

SPSPSISPEK
SILYVSPHPD
DSSDSMDTGA
TSALTQGLER

AATTGSGVKV

AAGTLYTYPE
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99.4+0.8
969+138
99.5+0.6
99.4+0.7
99.5+0.4

100+ 0

99.3+0.5

22+0.6
99.4+ 0.6

12+09

99.5+0.5

99.8+0.3
989+1.2

99.6+0.5

1.1+£0.2
99.4+0.2

02+0.1
99.3+0.3

99.4+0.8

99.2+0.4

99.4+£0.7
97 £ 0.6

99.4+0.8
99.5+05
99.5+0.4

100+ 0

99.4+0.6

23+0.6
99.5+0.5

12+0.8

99.6 +0.8

99.8 +0.1
989+1

99.6+0.5

1+08
99.4+0.1
0.2+0.1
99.3+0.4

99.4+0.6

99.2+05

0.0
0.1
0.0
0.1
0.0

0.0

0.0

0.0
0.0

0.0

0.0
0.0

0.0

0.1
0.0
0.0
0.0
0.0

0.0

1.000
1.001
1.000
1.001
1.000

1.000

1.000

1.017
1.000

0.953

1.000

1.000
1.000

1.000

0.951
1.000
0.985
1.000

1.000

1.000



Table A2: N-terminome analysis of WT and Naa20~~ MEF cells (cont).

P18760
Q91Wvo
P08113
P62908
Q9ROP3
P29758
Q3THW5

Q9EP72
Q9CQ49

Q9D8B3

035143
Q6ZPY7

COF1_MOUSE
NC2B_MOUSE
ENPL_MOUSE
RS3_MOUSE
ESTD_MOUSE
OAT_MOUSE
H2AV_MOUSE

EMC7_MOUSE
NCBP2_MOUSE

CHM4B_MOUSE

ATIF1_MOUSE
KDM3B_MOUSE

Cofilin-1
Protein Drl
Endoplasmin
40S ribosomal protein S3
S-formylglutathione hydrolase
Ornithine aminotransferase

Histone H2A.V

ER membrane protein complex
subunit 7
Nuclear cap-binding protein subunit
2
Charged multivesicular body protein
4b

ATPase inhibitor

Lysine-specific demethylase 3B

MASGVAVSDG
MASSSGNDDD
MRVLWVLGLC
MAVQISKKRK
MALKQISSNR
MLSKLASLQT
MAGGKAGKDS

MAGALWGFFS
MSGGLLKALR

MSVFGKLFGA

MAGSALAVRA
MADAAASPVG

ASGVAVSDGV
ASSSGNDDDL
DDEVDVDGTV
AVQISKKRKF
ALKQISSNRC
TSVATKKTEQ
AGGKAGKDSG

SEVPGAAAEG
SGGLLKALRS

SVFGKLFGAG

VSDSSDSMDT
ADAAASPVGK
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A?

A?

A?

99.8+0.2
99.3+0.6
0.4+0.2
99.3+0.7
99.2 +0.7
0.7+0.6
33+16

0.3+0.2

99.6 + 0.3

99+0.9

0.2+0.1
100+ 0

99.8+0.1
99.2+0.3
04+0.2
99.3+0.7
99.2+0.9
07+03
3216

03+02

99.6 + 0.4

99+0.8

0.2+0.2
100+ 0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0

0.0

0.0

0.0
0.0

1.000
1.000
1.010
1.000
1.000
0.992
0.993

0.993

1.000

1.000

1.003
1.000



