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ABSTRACT

N-terminal acetyltransferase B (NatB) is a major contributor to the N-terminal acetylome
and is implicated in several key cellular processes including apoptosis and proteostasis.
However, the molecular mechanisms linking NatB-mediated N-terminal acetylation to
apoptosis and its relationship with protein homeostasis remain elusive. In this study, we
generated mouse embryonic fibroblasts (MEFs) with an inactivated catalytic subunit of NatB
(Naa20") to investigate the impact of NatB deficiency on apoptosis regulation. Through
qguantitative N-terminomics, label-free quantification, and targeted proteomics, we
demonstrated that NatB does not influence the proteostasis of all its substrates. Instead, our
focus on putative NatB-dependent apoptotic factors revealed that NatB-mediated acetylation
serves as a protective shield against UBR4 and UBR1 Arg/N-recognin-mediated degradation.
Notably, Naa20”- MEFs exhibited reduced responsiveness to extrinsic pro-apoptotic stimuli, a
phenotype that was partially reversible upon UBR4 Arg/N-recognin silencing and consequent
inhibition of procaspase-8 degradation. Collectively, our results shed light on how the interplay
between NatB-mediated acetylation and the Arg/N-degron pathway impacts apoptosis

regulation, providing new perspectives in the field including in therapeutic interventions.

Keywords: N-terminal acetylation, proteostasis, NatB, N-acetyltransferases, N-terminomics

E3 ubiquitin ligases, N-degrons, N-recognins, apoptosis, caspases
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INTRODUCTION

N-terminal protein modifications (NPMs) are among the first and fastest responses to the
cellular environment, influencing not only the modified protein but also cell, tissue, and whole
organism phenotypes® 2 3 4 One major NPM is N-terminal (Nt-) acetylation, an essential
multitasking protein modification implicated in many diseases® ¢, where an acetyl group is
transferred from acetyl coenzyme A to the a-amino group of a protein N-terminus catalyzed by
Nt-acetyltransferases (NATs)> 7. The eight currently known eukaryotic NATs have been
defined based on their subunits and substrate specificity® 8. Nt-acetyltransferase B (NatB)
comprises the catalytic subunit NAA20 and the auxiliary subunit NAA25. NAA25 binds to the
ribosome and ensures co-translational activity of NatB®, while the catalytic site of NAA20
anchors and acetylates the N-alpha amino group of the initiator methionine (iMet) of all proteins
immediately followed by an asparagine, glutamine, aspartic or glutamic acid residue®
11 Together with NatA, which acetylates proteins that have lost their iMet, NatB is the major
contributor to Nt-acetylation. NatB substrates cover nearly 21% of human, Caenorhabditis
elegans, and Arabidopsis thaliana proteomes and 15% of yeast proteome. In all these
organisms, almost all NatB substrates are fully acetylated, unlike the substrates of other NATs
(especially NatA), many of which are only partially modified® 12 13,

For a few well-studied proteins, NatB has been shown to be involved in promoting
resistance to aggregation, protein-protein interactions, protein sorting to distinct cellular
compartments, and regulating protein half-life® 4. However, the overall impact of NatB-
mediated Nt-acetylation on proteostasis is still poorly understood. Global protein stability does
not seem to be affected by NatB subunit depletion in yeast or human cells® ¢ 17, suggesting
that NatB-mediated Nt-acetylation may not be a dominant factor in proteostasis. Conversely,
several studies have highlighted the importance of NATs-mediated Nt-acetylation on the
homeostasis of specific proteins in the context of N-degrons, which are N-terminal degradation
signals recognized by the N-degron pathways!®. For instance, the N-terminal acetylated
variants of MX-Rgs2, a G-protein regulator, have been shown to be selectively targeted by the
Ac/N-end rule pathway when X is either Arg or Glu*®.

3
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Whatever the impact of NatB-mediated Nt-acetylation on proteostasis or protein half-
life, the inactivation or downregulation of any NatB subunit influences fundamental cellular
processes such as actin cytoskeleton organization!® 2% 212223 NAD* homeostasis?*, influenza
virus protein PA-X 25, proliferation?> 2326 and apoptosis?® 25 2/, However, the exact molecular
mechanisms linking defective NatB or NatB-mediated Nt-acetylation to specific cellular
processes and their interdependence have not yet been elucidated.

Given the prevalence and importance of Nt-acetylation and apoptosis in numerous
human diseases® 28, we sought to establish the mechanistic role of NatB-dependent Nt-
acetylation on apoptosis regulation. Here, we show that NatB inactivation in mouse embryonic
fibroblasts (MEFs) leads to degradation of proapoptotic proteins, particularly of procaspase-8,
mediated by the UBR4 E3 ubiquitin ligase, thereby limiting activation of the extrinsic apoptotic
pathway. Our findings provide the first evidence implicating NatB-Arg/N-degron pathway in

apoptosis regulation.

METHODS

Standard methods are reported in the Supplementary Information

Inactivation of Naa20 in MEFs

MEFs were obtained from Naa20™maKkoOMPWssi transgenic mice as described in the
Supplementary Methods. Naa20 was inactivated with a recombinant adenovirus expressing
CRE recombinase (Ad5CMVCre, MOI 2000). An empty adenovirus was used as a negative
control (AdEmpty, MOI 2000). Recombinant adenovirus was inoculated in DMEM
supplemented with 2% FBS and 1% penicillin/streptomycin and, 24 h later, regular DMEM was

added. Cells were trypsinized and re-plated, two or five days post-infection.

Apoptosis assays
Cells were seeded in six-well plates, infected, and six days post-infection treated with 50 uM

etoposide, 100 ng/mL TNF-a plus 500 nM SMAC, 5 uyM of MG132, or 5 ng/uL of tunicamycin
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100 for O, 8, 12, and 24 h. At each time point, cells were harvested and collected for protein
101  extraction for further analysis by western blotting.

102

103  N-terminal acetylation assays

104 Eight biological replicates of WT or Naa20” MEFs (106 cells) were harvested and six
105 days after adenovirus infection with AAEmpty and Ad5CMVCre, respectively, were centrifuged
106  at 6000 rpm for 5 min at 4°C, and pellets were washed with PBS 1x and centrifuged again.
107  Next, cell pellets were resuspended in 300 pL of protein extraction buffer (50 mM
108 HEPES/NaOH pH 7.2; 1.5 mM MgCl,; 1 mM EGTA; 10% glycerol; 1% Triton X-100; 150 mM
109 NaCl; 2 mM PMSF; 1 protease inhibitor cocktail tablet (EDTA+) in 50 mL), subjected to lysis
110 by sonication, centrifuged at 17 000 rpm for 20 min at 4°C, and the supernatant recovered for
111 proteomic analysis.

112 For each sample, 1 mg of protein was used following the SILProNAQ protocol
113  previously described?. Briefly, N-acetoxy-[?Hs] succinimide was used to label protein N-termini
114  and lysine e-amino groups before being digested by trypsin. Peptides were then fractionated
115 by chromatography using a strong cation exchange (SCX) column to discriminate acetylated
116  and unacetylated internal peptides. Individual fractions 2-11 were analyzed by LC-MS using
117 55 min methods on the LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Scientific,
118  Waltham, MA), and three pools of fractions (2-5, 6-8, and 9-11) were analyzed using 100 min
119 methods on the TIMS-ToF (Bruker, Billerica, MA). Data were searched against the Mus
120  musculus SwissProt database through Mascot Distiller then parsed using the in-house
121 eNcounter script to validate the detected N-termini and obtain the Nt-acetylation yield*°.

122

123  Label-free proteome quantitation

124 In parallel with the N-terminal acetylation assay, the same MEF samples were used for
125  full proteomic analysis. 30 ug of protein extract were loaded on an SDS-PAGE gel and digested

126  following an in-gel digestion protocol®l. The resulting peptides were extracted, dried, and then
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127  analyzed on the TIMS-ToF mass spectrometer using the same 100 min method as before.
128  Data were processed using MaxQuant to identify and quantify.

129

130 siRNA silencing of E3 ubiquitin ligases

131 WT or Naa20” MEF cells were seeded in six-well plates and infected the day after with the
132 corresponding adenovirus as described above. Two days later, cells were trypsinized and re-
133 plated as described previously and, four days post-infection, cells were re-plated and
134  transfected with the corresponding siRNAs. 150 000 cells/ml were transfected in suspension
135  with the siRNAs (Supplementary Methods) and the Lipofectamine® RNAIMAX Transfection
136  Reagent (Invitrogen, Thermo Fisher Scientific 13778) according to manufacturer’s instructions.
137  Transfected cells were collected 48 h post-transfection for western blot and real-time PCR
138  analysis.

139

140  Statistical analysis

141  Statistical analyses were performed using Prism 8 (GraphPad Software, La Jolla, CA).
142  Normality of groups was assessed with the Shapiro-Wilk test. The unpaired t-test was used to
143  compare parametric data the Mann-Whitney test for non-parametric data. Two-way ANOVA
144  was used to analyze proliferation data. The significance of enriched NatB substrates in different
145  MS quantifications was calculated using the built-in two-tailed t-test function for comparison of
146  two samples with equivalent variances in Microsoft Excel for the N-terminome analysis, while
147  a two sample Student t-test, with a threshold p-value of 0.05, was used in Perseus for the
148 label-free proteome analysis.

149

150 RESULTS

151 Complete Naa20 inactivation induces cytoskeletal abnormalities and decreases

152  proliferation
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153  Based on our previous studies that showed increased sensitivity of Naa25” MEFs 27 and
154 Naa20" HeLa cells® to the apoptotic inducer MG132, we aimed to further investigate the role
155  of NatB acetylation on apoptosis by inactivating the NatB catalytic subunit in MEFs.

156  Six days of infection with AASCMVCre (Naa20’- MEFs) resulted in a 99.6% reduction of Naa20
157  transcript compared with AAEmpty-infected MEFs (WT) (Fig. 1A), and NAA20 protein was no
158  longer detectable in Naa20” MEFs (Fig. 1B). Naa20 inactivation was associated with a
159  significant reduction in Naa20” MEF proliferation four days after infection (Fig. 1C). Moreover,
160  six days after AdCre infection, actin fibers became disorganized in Naa20” MEFs compared
161 to WT (Fig. 1D), and, in keeping with this actin disorganization, focal adhesions decreased, a
162  phenotype commonly observed upon NatB complex inactivation or downregulated in other cell
163  types. These results confirmed that Naa20 is inactivated in Naa20” MEF cells and induces
164  phenotypes similar to those previously observed in other NatB-downregulated cellular
165  contexts!0 20.21. 23,

166

167  Quantitative N-terminomics of Naa20” MEFs reveals reduction in Nt-acetylation of only
168  NatB substrates

169  We next performed N-terminomics analysis of WT and Naa20” MEFs using the ‘Stable Isotope
170  Labeling Protein N-terminal Acetylation Quantification’ method to identify and quantify N-
171 termini (SILProNAQ?°). Analysis of WT and Naa20” MEF cells identified 25,048 protein N-
172 termini corresponding to 1988 non-redundant proteoforms (Supplementary Dataset 1 and
173 Supplementary Table 1). The acetylation yields of 1191 of them (1073 in the WT and 945 in
174  the NatB mutant background) could be quantified. The analysis of these unique proteoforms
175 unravelled that 769 underwent removal of the initial Methionine (iMet) in agreement with known
176  N-terminal methionine excision (NME) rules in eukaryotes *2, whereas 258 proteoforms
177  retained their iMet (Supplementary Table 1). The remaining 164 underwent larger cleavages
178  in keeping with leader peptide removal. The quasi-totality of the iMet starting N-termini featured

179  at position two an amino acid with a large lateral chain (Supplementary Dataset 1).
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180 In Naa20” MEFs, there was an overall reduction in Nt-acetylation, primarily in proteins
181  retaining their iMet (Fig. 2A, B), with a relative decrease in the number of fully acetylated N-
182  termini to only partially acetylated N-termini (Supplementary Dataset 1 and Supplementary
183 Table 1). By contrast, acetylation of N-termini devoid of iMet or N-termini processed
184  downstream were unaffected (Fig. 2C, D). We compared our N-terminomics data to those
185  previously reported for human cells in which NatB was downregulated!®. Common identified
186  and quantified N-termini of the two datasets revealed mostly decreases of the acetylation yields
187  of NatB substrates (Supplementary Dataset 2). This effect was significantly stronger in
188  Naa20 MEFs (Supplementary Dataset 2). N-termini with the highest decreased Nt-
189  acetylation in Naa20” MEFs (26, Table 1 and Fig. 2E, F) corresponded to NatB substrates
190  (23), of which 18 displayed Asp and Glu at position two and, to a minor extent (5), Ash and GIn
191 (Table 1 and Supplementary Dataset 1). In Naa20” MEFs, only three non-NatB substrates
192  also showed strongly decreased Nt-acetylation (Table 1), but for which no information is
193  available for the human counterparts (Supplementary Dataset 2).

194 We observed that the functions of many retrieved proteins with reduced Nt-acetylation
195 in Naa20” MEFs were apoptosis-related (Supplementary Dataset 1 and Table 1). Among
196  them, we found TMEM258, a central mediator of ER quality control via apoptosis®® ; importin
197 7, which is involved via the Hippo pathway in the expression of genes important in apoptosis®*;
198  and IFM3, a member of the Interferon-induced transmembrane proteins (IFITMs) family®. This
199 intriguing observation led us to note that procaspases-3, -8, -9, BAX, APAF1, and BID, which
200 are major contributors to extrinsic and intrinsic apoptosis (Supplementary Fig.1),
201  systematically displayed Asp or Glu at position 2. These proteins are also inferred as NatB
202  substrates based on sequence similarity between mouse and human (100% conservation of
203 the first amino acids) and a combination of experimental and computational evidence!® 36 37
204 38, Unfortunately, our SilProNAQ approach did not allow us to retrieve and analyze these N-
205 termini due to the distal position of Arg residues required for trypsin cleavage and peptide

206 identification, combined with low protein expression (Table 1).
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207 To further explore the relationship between NatB-dependent Nt-acetylation and
208  proteostasis, we next examined the NatB-dependent proteome, particularly that of caspases.
209  Label-free quantification (LFQ protein ratio) analysis showed that only 36 of 1235 statistically
210 relevant proteins, among which 189 are NatB-substrates, were drastically deregulated in
211  Naa20” MEFs (Supplementary Dataset 1, Table 2, and Fig. 2G). Almost all upregulated
212 proteins were NatA substrates and, where Nt-acetylation could be measured, no variation was
213 observed (Table 2). By contrast, the amino terminal sequence of 10 of 21 strongly
214  downregulated proteins indicated that they were predicted as NatB substrates, including
215 ANP32B (Q9ESTS5), a multifunction protein directly cleaved by caspase-3 and a negative
216  regulator of caspase-3-dependent apoptosis (Supplementary Dataset 1 and Table 2).
217  Although, Nt-acetylation of procaspase-3, -8, and -9 was not quantifiable, caspase-3 and the
218 UBR4 E3-ligase were also found to be reduced in Naa20” MEFs to some extent
219  (Supplementary Dataset 1 and Table 1). We obtained information of the Nt-acetylation yield
220 of 12 out of the 36 most drastically deregulated proteins. Of 9 downregulated proteins, Nt-
221  acetylation yields were unmodified for five of them (% Nt-acetylation difference <1.3), while
222  four including three NatB substrates - spermidine synthase, caveolae-associated protein 1,
223  and reticulon-4 - displayed a parallel reduction in Nt-acetylation and protein accumulation
224  (Table 2).

225 Taken together, our proteomic investigation suggest that NatB is not likely involved in
226  the proteostasis of all of its substrates, but rather indicates that NatB-mediated Nt-acetylation
227  may still protect a specific set of proteins from degradation, such as components of the

228  apoptotic pathways.

229
230 Naa20 inactivation reduces the expression of several components of the apoptotic
231  pathways decreasing activation of procaspases in response to TNF-a plus SMAC

232 mimetic and etoposide


https://doi.org/10.1101/2023.09.25.559278

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.25.559278; this version posted September 25, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

233 Although a significant number of key components of the apoptotic pathway are NatB substrates
234  (see above and Supplementary Fig. 1), our proteomic analysis did not allow us to
235 simultaneously quantify the Nt-acetylation yield and protein accumulation of none of them. As
236 it has been shown that Cre recombinase expression could be cytotoxic through unspecific
237  activities®®, we first confirmed that after 6 days infection it did not affect the expression levels
238  of intrinsic and extrinsic apoptotic components, including the NatB substrates BID and
239  procaspase-8,-9 and -3, independently of Naa20 inactivation (Supplementary Fig. 2). We
240 then performed a targeted time-course assay after Naa20 inactivation to analyze their
241  accumulation. Naa20” MEFs showed no variation in apoptotic NatA substrates such as
242  procaspase-6 and SMAC (or DIABLO) (Fig. 3A), whose N-termini start with a Thr and Ala,
243  respectively. However, the levels of procaspases-8, -9, -3 and BID significantly decreased in
244  Naa20” MEFs (Fig. 3A and Supplementary Fig. 3A), while no differences in procaspase-8, -
245 9, -3 and Bid transcripts were observed six days after infection (Fig. 3B). Protein levels of BAX
246  and APAF1, two other NatB substrates, were unaffected and accumulated in the absence of
247  NAAZ20 (Fig. 3A). Interestingly, both Bax and Apafl mRNA levels were markedly upregulated
248  six days post-infection in the absence of NAA20 (Fig. 3B), suggesting that BAX protein may
249  be less stable in the Naa20” background, and that transcriptional upregulation compensates
250 for its decreased stability. Interestingly, we observed the presence of cleaved PARP in the
251  absence of NAA20, despite not detecting active caspase-3 (Fig. 3A and Supplementary Fig.
252  3A). This suggests the presence of apoptotic cells in the context of NAA20 deficiency. These
253  data clearly show a strong negative effect on procaspase-3, -8, and -9 and BID expression of
254  NatB inactivation as a result of a reduced Nt-acetylation.

255  The decrease in procaspases accumulation prompted us to assess their activation in Naa20™
256  MEFs in response to apoptotic inducers like etoposide and TNF-a plus SMAC mimetic. For
257  both stimuli, procaspase-8, -9, and -3 levels slightly decreased in WT cells through proteolytic
258  processing (Fig. 3C, D, and Supplementary Fig. 3B, C). However, procaspases and BID
259  protein levels in Naa20”- MEFs - while lower at time 0 compared with WT MEFs - remained
260  constant throughout the experiment and, as expected, this decrease was associated with lower

10
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261 levels of cleaved caspases and PARP. BID protein levels in Naa20”- MEFs followed a similar
262  pattern to procaspases.

263 We next questioned whether the observed blockade of procaspase activation on Naa20
264  inactivation could be extended to other apoptosis inducers including tunicamycin or MG132,
265  which induce apoptosis by activating caspase-9 and caspase-8, respectively*®. Throughout the
266 experiment, the differences in protein levels of cleaved caspase-8, -9, -3, and PARP between
267 Naa20” MEF and WT cells were diminished for both treatments, in contrast to the significant
268  blockade observed when cells were treated with etoposide and TNF-a plus SMAC mimetic
269  (Supplementary Fig. 4A, B, 5A and B).

270 As NaaZ20 inactivation in MEFs decreased procaspase activation in response to the
271  intrinsic apoptosis inducer etoposide, we addressed whether blockage of apoptosis could be
272  due to the impairment of BAX activation. There were no differences in mitochondrial BAX and
273 no detectable cytosolic cytochrome c (cyt c) and SMAC in WT and Naa20”- MEFs under basal
274  conditions (Fig. 4A and Supplementary Fig. 6A). Curiously, Naa20”- and WT MEFs, 12 h
275  after etoposide treatment, showed similar BAX translocation from the cytosol to mitochondria.
276  However, mitochondrial release of cyt ¢ and SMAC was lower in Naa20” than WT MEFs
277  despite increases in cellular cyt ¢ and SMAC after etoposide treatment, as previously
278  described* (Fig. 4B and Supplementary Fig. 6B). On the other hand, similar cyt c and SMAC
279  release from mitochondria to the cytosol, and consequently of procaspase-3 activation were
280 observed in WT and Naa20” MEFs 8 h after MG132 treatment (Fig. 4C and Supplementary
281  Fig. 6C).

282

283 The Arg/N-degron pathway is involved in the reduction of procaspase-8, -9 and BID
284 levels and defective procaspase activation in Naa20”- MEFs

285  As BID and procaspase-8, -9, and -3 protein levels decreased in the absence of Naa20 (Fig.
286  3A), we next assessed if the possible lack of the N-terminal acetyl group in NatB substrates
287  was sensed as an Arg/N-degron and consequently targeted for degradation. To this end, we
288  used siRNAs to silence E3 ubiquitin ligases of the Arg/N-degron pathway (Ubrl, Ubr2 and

11
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289  Ubr4). As it has been reported a functional complementarity between Arg/N-degron and Ac/N-
290 degron pathways, we also used siRNAs to silence the Ac/N-recognins Cnot4, March6 in
291  Naa20” and WT MEFs, and evaluated procaspase and BID protein levels (Fig. 5A and
292  Supplementary Fig. 7A).

293  While procaspase-3 levels were not positively affected by silencing any of the tested E3
294  ubiquitin ligases, Ubr4 silencing increased procaspase-8 levels almost comparable to the level
295 in WT MEFs, while Ubr1 silencing slightly increased procaspase-9 in Naa20”- MEFs. Moreover,
296  silencing Ubr4 or Ubr1 also increased BID protein levels. Interestingly, downregulation of Ubr2
297  negatively affected procaspase-8 and procaspase-3 expression in WT MEFs to similar levels
298 asin Naa20” MEFs. Furthermore, silencing of March6 and Cnot4 did not affect the expression
299 levels of procaspases and BID.

300

301 Ubr4 silencing in Naa20” MEFs partially reverts the decrease of procaspase-8
302 expression and its activation in response to TNF-a plus SMAC mimetic

303 Our data suggest that the procaspase-8, -9 and BID N-termini may be recognized as
304 degradation signals when Naa20 is inactivated. We, then, wanted to explore the physiological
305 relevance of these NAA20-dependent degradation signals on the induction of the two major
306  apoptotic pathways (e.g., extrinsic and intrinsic ones). We, therefore, investigated whether the
307 procaspase-8 and BID increase observed after silencing of Ubr4, and the increase in
308 procaspase-9 and BID after silencing of Ubrl, could rescue procaspase activation in Naa20™
309 MEFs treated with TNF-a plus SMAC mimetic or etoposide, respectively. In addition to
310  restoring procaspase-8 accumulation in Naa20” MEFs, Ubr4 silencing also activated caspase-
311 8 12 hours after TNF-a plus SMAC treatment, as it recovered and increased caspase-8 p43
312  polypeptide production and caspase-8 p18 polypeptide accumulation, respectively (Fig. 5B
313 and Supplementary Fig. 7B). Ubr4 downregulation also promoted slight caspase-3 activation
314 in Naa20” MEFs. Nonetheless, procaspase-3 activation was less pronounced than
315 procaspase-8 activation. Therefore, the decrease in procaspase and caspase-8 in response
316 to TNF-a plus SMAC mimetic caused by Naa20 inactivation can be partially reverted by
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317  silencing the Ubr4 E3 ubiquitin protein ligase. Conversely, although Ubrl silencing restored
318 procaspase-9 accumulation in Naa20” MEFs (Fig. 5A), etoposide treatment barely induced
319  procaspase-9 activation in the double mutant (Supplementary Fig. 8A). Of note, no caspase-
320 9 activation was observed when silencing Ubr4 in response to etoposide (Supplementary Fig.
321  8B).

322

323 DISCUSSION

324 By targeting around 21% of the proteins, NatB is the second major contributor to the Nt-
325 acetylome and its inactivation or downregulation affects several cellular processes such as
326  actin cytoskeleton function® 22142 stress responses?® “3, proliferation®? 2326, and apoptosis?®
327 2?7, Although NatB is known to regulate apoptosis in MEFs and tumor cells, the association
328  between NatB and apoptosis regulation and its interdependence with N-degron pathways have
329  not previously been investigated. Curiously, several main components of intrinsic and extrinsic
330 apoptosis pathways are NatB substrates based on their second amino acid identity
331  (Supplementary Fig. 1). Accordingly, BAX and procaspase-3 are Nt-acetylated by NatB in
332  human cells®. In addition, we recently showed that human BAX acetylation by NatB is
333  essential to maintain BAX in an inactive conformation in the cytosol of MEFs?’. Thus, to further
334  reveal how apoptosis is modulated by NatB-mediated Nt-acetylation, we explored the effect of
335 Naa20 inactivation on protein and gene expression of several apoptotic pathway components.
336 We observed a strong and selective decrease in the NatB substrates procaspase-8, -9, and -
337 3 and BID but not procaspase-6 and SMAC, both of which are NatA substrates. Nevertheless,
338 when Naa20 was inactivated, Apafl and to lesser extent Bax mRNAs were upregulated while
339 procaspase-8, -9, and -3 and Bid were not affected. In D. melanogaster, Naa20 knockdown
340 decreased protein expression of NatB substrate Drk, while accumulation of its mMRNA was
341 unaffected**. In sum, decreases in procaspase-8, -9, and -3 and BID proteins in Naa20”- MEFs
342 is not caused by transcriptional repression of their genes or through destabilized mRNA,

343  suggesting a mechanism of selective translational repression or instability of these proteins.
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344 Our proteomic analysis is consistent with NatB not being involved in the overall control
345  of its substrates stability, with the accumulation of most of these proteins being not affected by
346  NaaZ20inactivation. Instead, NatB-dependent NTA of specific proteins - particularly of the pro-
347  apoptotic factors procaspase-8, -9, -3 and BID - prevents these proteins from degradation.
348  Therefore, we addressed whether their reduced levels affected Naa20” MEFs susceptibility to
349  different apoptotic stimuli. Loss of apical initiators caspase-8 and -9 is known to block extrinsic
350 and intrinsic apoptosis, respectively* 46, Our results revealed a decrease in procaspase-8, -9,
351  and -3 activation in response to etoposide- and TNF-a plus SMAC mimetic-induced apoptosis
352 in Naa20” but not in WT MEFs, reflecting a negative impact of Naa20 inactivation on both
353  pathways. Intriguingly, Naa20” MEFs display basal levels of cleaved PARP (Asp214), which
354  suggests the activation of caspase-3, even though the cleaved caspase-3 peptide remains
355 undetectable. However, this particular state does not promote the induction of apoptosis upon
356 cell exposure to etoposide and TNF-a plus SMAC mimetic treatment suggesting the
357  dysfunction or inhibition of apoptotic signaling components.

358 To understand whether this apoptosis blockade was related to impaired BAX activation,
359  we assessed its subcellular localization and cyt ¢ and SMAC mitochondrial release. In Naa20
360 " MEFs, 12 h after etoposide treatment, BAX mitochondrial translocation was similar to WT
361 MEFs; however, cyt c and SMAC release was attenuated, indicating a potential inability to
362 activate procaspase-9 in response to etoposide. As etoposide is a typical caspase-9-
363 dependent drug*” “8, the reduction in native and cleaved procaspase-9, cytosolic cyt ¢ and
364 SMAC mediated by Naa20 inactivation likely affect etoposide's ability to elicit apoptosis.
365  Conversely, TNF-a, a pleiotropic ligand of TNFR1 and 2, promotes cell survival by activating
366 NF-kB or cell death by activating procaspase-8. The observed decrease in procaspase-8
367  protein levels in the absence of NatB-mediated Nt-acetylation limits caspase-8 activation which
368 ultimately hampers the apoptotic cascade®.

369 An early study investigating the biological function of the catalytic subunit NAA20 in
370  human revealed increased susceptibility of HeLa cells to MG132 after Naa20 knockdown?®,
371  Consistently, our previous study with Naa25”" MEFs also revealed increased susceptibility to

14


https://doi.org/10.1101/2023.09.25.559278

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.25.559278; this version posted September 25, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

372  MG132?". Moreover, another study performed in caspase-97 MEFs revealed efficient MG132-
373  induced but weak etoposide-induced apoptosis, which was restored by synergizing with active
374  cytosolic SMACY. Interestingly, the reduced initial protein levels of procaspase-8, -9 and -3
375 and their active forms in Naa20” compared with WT MEFs did not promote significant
376  differential procaspase activation and PARP1 cleavage in response to MG132 or tunicamycin,
377  neither affected BAX activation nor cyt ¢ and SMAC release when proteasome was inhibited.
378 lItis possible that inhibition of the proteasome by MG132 could counteract the degradation of
379 the proapoptotic factors in the absence of NatB-mediated acetylation. Furthermore,
380 proteasome inhibition and ER stress induction are two biological processes that can promote
381  apoptosis through diverse molecular pathways. Importantly, these mechanisms can operate
382 independently of apoptosome formation and can utilize either the extrinsic or intrinsic pathway.
383  Together, these data indicate that the effect of Naa20 inactivation on apoptosis induction, likely
384  due to reductions in procaspase-8, -9 and -3 and BID protein levels, is stimulus-dependent.

385 Since Nt-acetylation prevents protein degradation and plays a role in maintaining partial
386  proteome stability in MEFs, we sought to identify the N-recognins involved in Naa20-mediated
387  degradation of apoptosis effectors. Partial reversion of the decrease in procaspase-8, -9 and
388 BID protein expression levels through Ubrl or Ubr4 downregulation confirmed that their
389  unacetylated N-terminus may be sensed as an N-degron and targeted for degradation.
390 Interestingly, Ubr4 silencing in Naa20” MEFs restored procaspase-8 activation after TNF-a
391  plus SMAC mimetic treatment. In response to these stimuli, caspase-3 and -9 activation was
392 less pronounced restored when the Ubr4 N-recognin was downregulated in Naa20” MEFs,
393 reflecting that cleavage of BID and procaspase-3 by caspase-8 was insufficient to activate
394  properly the initiator and effector caspases of the intrinsic pathway. Similarly, we show that
395 UBRI1 recognizes procaspase-9 as an N-degron, as its decreased protein level in Naa20™”
396 MEFs was also partially restored after Ubrl silencing. However, Ubrl downregulation in
397 Naa20’ MEFs did not promote procaspase-9 activation in response to etoposide, suggesting

398 that it was insufficient to restore activation of the intrinsic pathway.
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399 Taken together, our data reveal that NatB-dependent acetylation of several apoptotic
400 factors protects them from specific UBR E3 ligases-mediated degradation. This further
401  highlights the impact of NatB and Arg/N-degron pathway interdependence on apoptosis. Most
402  interestingly, absence of NatB-dependent acetylation of procaspase-8 exposed the
403  unacetylated N-terminus to UBR4-mediated degradation, thereby limiting caspase-8 activation
404  upon extrinsic stimuli (Fig. 6). Our study supports the relevance of NatB-dependent NTA for
405  cellular proteostasis of key pro-apoptotic factors and consequent apoptosis, paving the way
406  for new therapeutic strategies.

407
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411 (https://www.ebi.ac.uk/pride/) with the data set identifier PXD029641, username:

412 reviewer pxd029641@ebi.ac.uk, Password: O8uvskKWw.

413

414  Acknowledgements

415  This work was supported by the KatNat (ERA-NET, ANR-17-CAPS-0001-01) and CanMore
416  (France-Germany PRCI, ANR-20 CE92-0040) grants funded by the French National Research
417  Agency (ANR) to C.G. to support JB.B, by Foundation ARC (ARCPJA32020060002137) grants
418 to T.M., from the facilities and expertise of the I2BC proteomic platform (Proteomic-Gif,
419  SICaPS) supported by IBiSA, lle de France Region, Plan Cancer, CNRS and Paris-Saclay
420  University, and from ProteoCure COST (European Cooperation in Science and Technology)
421  action CA20113. The proteomic experiments were partially supported by Agence Nationale de
422  la Recherche under projects ProFl (Proteomics French Infrastructure, ANR-10-INBS-08) and
423  GRAL, a program from the Chemistry Biology Health (CBH) Graduate School of University
424  Grenoble Alpes (ANR-17-EURE-0003). Joana P. Guedes acknowledges the PhD fellowship

425  SFRH/BD/132070/2017 funded by FCT.

16


https://proteomecentral.protemeexhange.org/
https://www.ebi.ac.uk/pride/
mailto:reviewer_pxd029641@ebi.ac.uk
https://doi.org/10.1101/2023.09.25.559278

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.25.559278; this version posted September 25, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

426  Author Contributions

427 Conceptualization, R.A, C.G. and M.C.R.; Methodology design, C.G., R.A., M.C.R., T.M,,
428 JB.B., J.P.G,, J.E., and B.C.; Formal analysis, C.G., R.A,, M.C.R., T.M,, JB.B., J.P.G,, J.E,,
429 B.C.,V.R.andL.S,; Investigation, C.G., R.A.,, M.C.R., T.M,, JB.B., J.P.G., J.E.,B.C., V.R. and
430 L.S.; Writing original draft, R.A, C.G. M.C.R. and J.P.G.; Writing-Review and Editing, C.G.,
431 R.A, M.C.R,, J.P.G., T.M,, and JB.B. ; Visualization, C.G., R.A.,, M.C.R., J.P.G., T.M., and
432  JB.B.; Supervision, R.A, C.G. and M.C.R; Project administration, R.A, C.G. and M.C.R;
433 Funding acquisition, R.A, C.G., and T.M.

434

435 Competing interests

436  The authors declare no competing interests.

437

438 Materials & Correspondence

439  Correspondence and material requests should be addressed to Manuela Cérte-Real, Carmela
440  Giglione, and Rafael Aldabe.

441

442  References

443 1. Aebersold R, Agar JN, Amster 1J, Baker MS, Bertozzi CR, Boja ES, et al. How many

444 human proteoforms are there? Nat Chem Biol 2018, 14: 206.

445 2. Giglione C, Fieulaine S, Meinnel T. N-terminal protein modifications: Bringing back into
446 play the ribosome. Biochimie 2015, 114: 134-146.

447 3. Varland S, Osberg C, Arnesen T. N-terminal modifications of cellular proteins: The
448 enzymes involved, their substrate specificities and biological effects. Proteomics 2015,
449 15(14): 2385-2401.

450 4. Meinnel T, Giglione C. N-terminal modifications, the associated processing machinery,
451 and their evolution in plastid-containing organisms. J Exp Bot 2022, 73(18): 6013-6033.
452

17


https://doi.org/10.1101/2023.09.25.559278

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.25.559278; this version posted September 25, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

453 5. Aksnes H, Drazic A, Marie M, Arnesen T. First things first: vital protein marks by N-
454 terminal acetyltransferases. Trends Biochem Sci 2016, 41(9): 746-760.

455 6. Aksnes H, Ree R, Arnesen T. Co-translational, post-translational, and non-catalytic
456 roles of N-terminal acetyltransferases. Mol Cell 2019, 73 (6): 1097-1114.

457 7. Drazic A, Myklebust LM, Ree R, Arnesen T. The world of protein acetylation. Biochim
458 Biophys Acta 2016, 1864(10): 1372-1401.

459 8. Giglione C, Meinnel T. Evolution-driven versatility of N terminal acetylation in
460 photoautotrophs. Trends Plant Sci 2021, 26(4): 375-391.

461 9. Polevoda B, Brown S, Cardillo TS, Rigby S, Sherman F. Yeast N(alpha)-terminal
462 acetyltransferases are associated with ribosomes. J Cell Biochem 2008, 103(2): 492-
463 508.

464  10. Van Damme P, Lasa M, Polevoda B, Gazquez C, Elosegui-Artola A, Kim DS, et al. N-
465 terminal acetylome analyses and functional insights of the N-terminal acetyltransferase
466 NatB. Proc Natl Acad Sci U S A 2012, 109(31): 12449-12454.

467 11. Starheim KK, Arnesen T, Gromyko D, Ryningen A, Varhaug JE, Lillehaug JR.
468 Identification of the human N(alpha)-acetyltransferase complex B (hNatB): a complex
469 important for cell-cycle progression. Biochem J 2008, 415(2): 325-331.

470 12. Gao J, Barroso C, Zhang P, Kim HM, Li S, Labrador L, et al. N-terminal acetylation
471 promotes synaptonemal complex assembly in C. elegans. Genes Dev 2016, 30(21):
472 2404-2416.

473 13 Huber M, Bienvenut WV, Linster E, Stephan I, Armbruster L, Sticht C, et al. NatB-
474 mediated N-terminal acetylation affects growth and abiotic stress responses. Plant
475 Physiol 2020, 182(2): 792-806.

476 14, Silva RD, Martinho RG. Developmental roles of protein N-terminal acetylation.
477 Proteomics 2015, 15(14): 2402-24009.

478 15, Friedrich UA, Zedan M, Hessling B, Fenzl K, Gillet L, Barry J, et al. N(alpha)-terminal
479 acetylation of proteins by NatA and NatB serves distinct physiological roles in
480 Saccharomyces cerevisiae. Cell Rep 2021, 34(5): 108711.

18


https://doi.org/10.1101/2023.09.25.559278

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.25.559278; this version posted September 25, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

481 16. Helbig AO, Gauci S, Raijmakers R, van Breukelen B, Slijper M, Mohammed S, et al.
482 Profiling of N-acetylated protein termini provides in-depth insights into the N-terminal
483 nature of the proteome. Mol Cell Proteomics 2010, 9(5): 928-939.

484  17. Gawron D, Ndah E, Gevaert K, Van Damme P. Positional proteomics reveals
485 differences in N-terminal proteoform stability. Mol Syst Biol 2016, 12(2): 858.

486  18. Varshavsky A. N-degron and C-degron pathways of protein degradation. Proc Natl
487 Acad Sci U S A 2019, 116(2): 358-366.

488 19. Park SE, Kim JM, Seok OH, Cho H, Wadas B, Kim SY, et al. Control of mammalian G
489 protein signaling by N-terminal acetylation and the N-end rule pathway. Science 2015,
490 347(6227): 1249-1252.

491  20. Singer JM, Shaw JM. Mdm20 protein functions with Nat3 protein to acetylate Tpml
492 protein and regulate tropomyosin-actin interactions in budding yeast. Proc Natl Acad
493 Sci U S A 2003, 100(13): 7644-7649.

494 21, Polevoda B, Cardillo TS, Doyle TC, Bedi GS, Sherman F. Nat3p and Mdm20p are
495 required for function of yeast NatB Nalpha-terminal acetyltransferase and of actin and
496 tropomyosin. J Biol Chem 2003, 278(33): 30686-30697.

497 22 Stephan D, Sanchez-Soriano N, Loschek LF, Gerhards R, Gutmann S, Storchova Z, et
498 al. Drosophila Psidin regulates olfactory neuron number and axon targeting through
499 two distinct molecular mechanisms. J Neurosci 2012, 32(46): 16080-16094.

500 23. NeriL, Lasa M, Elosegui-Artola A, D'Avola D, Carte B, Gazquez C, et al. NatB-mediated
501 protein N-alpha-terminal acetylation is a potential therapeutic target in hepatocellular
502 carcinoma. Oncotarget 2017, 8(25): 40967-40981.

503 24. Croft T, Venkatakrishnan P, James Theoga Raj C, Groth B, Cater T, Salemi MR, et al.

504 N-terminal protein acetylation by NatB modulates the levels of Nmnats, the NAD(+)
505 biosynthetic enzymes in Saccharomyces cerevisiae. J Biol Chem 2020, 295(21): 7362-
506 7375.

19


https://doi.org/10.1101/2023.09.25.559278

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.25.559278; this version posted September 25, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

507 25. Oishi K, Yamayoshi S, Kozuka-Hata H, Oyama M, Kawaoka Y. N-Terminal Acetylation
508 by NatB Is Required for the Shutoff Activity of Influenza A Virus PA-X. Cell Rep 2018,
509 24(4): 851-860.

510 26. Ametzazurra A, Larrea E, Civeira MP, Prieto J, Aldabe R. Implication of human N-
511 alpha-acetyltransferase 5 in cellular proliferation and carcinogenesis. Oncogene 2008,
512 27(58): 7296-7306.

513  27. Alves S, Neiri L, Chaves SR, Vieira S, Trindade D, Manon S, et al. N-terminal
514 acetylation modulates Bax targeting to mitochondria. Int J Biochem Cell Biol 2018, 95:
515 35-42.

516  28. Bertheloot D, Latz E, Franklin BS. Necroptosis, pyroptosis and apoptosis: an intricate
517 game of cell death. Cell Mol Immunol 2021, 18(5): 1106-1121.

518  29. Bienvenut WV, Giglione C, Meinnel T. SILProNAQ: a convenient approach for
519 proteome-wide analysis of protein N-termini and N-terminal acetylation quantitation.
520 Methods Mol Biol 2017, 1574: 17-34.

521 30. Bienvenut WV, Scarpelli JP, Dumestier J, Meinnel T, Giglione C. EnCOUNTer: a
522 parsing tool to uncover the mature N-terminus of organelle-targeted proteins in
523 complex samples. BMC Bioinformatics 2017, 18(1): 182.

524  31. Katsogiannou M, Boyer JB, Valdeolivas A, Remy E, Calzone L, Audebert S, et al.
525 Integrative proteomic and phosphoproteomic profiling of prostate cell lines. PLoS One
526 2019, 14(11): 0224148,

527  32. Martinez A, Traverso JA, Valot B, Ferro M, Espagne C, Ephritikhine G, et al. Extent of
528 N-terminal modifications in cytosolic proteins from eukaryotes. Proteomics 2008, 8(14):
529 2809-2831.

530 33. Graham DB, Lefkovith A, Deelen P, de Klein N, Varma M, Boroughs A, et al. TMEM258
531 Is a Component of the Oligosaccharyltransferase Complex Controlling ER Stress and

532 Intestinal Inflammation. Cell Rep 2016, 17(11): 2955-2965.

20


https://doi.org/10.1101/2023.09.25.559278

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.25.559278; this version posted September 25, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

533 34. Garcia-Garcia M, Sanchez-Perales S, Jarabo P, Calvo E, Huyton T, Fu L, et al.
534 Mechanical control of nuclear import by Importin-7 is regulated by its dominant cargo
535 YAP. Nat Commun 2022, 13(1): 1174.

536  35. Gomez-Herranz M, Taylor J, Sloan RD. IFITM proteins: Understanding their diverse
537 roles in viral infection, cancer, and immunity. J Biol Chem 2023, 299(1): 102741.

538  36. Gauci S, Helbig AO, Slijper M, Krijgsveld J, Heck AJ, Mohammed S. Lys-N and trypsin
539 cover complementary parts of the phosphoproteome in a refined SCX-based approach.
540 Anal Chem 2009, 81(11): 4493-4501.

541  37. Bienvenut WV, Sumpton D, Martinez A, Lilla S, Espagne C, Meinnel T, et al.

542 Comparative large scale characterization of plant versus mammal proteins reveals
543 similar and idiosyncratic N-alpha-acetylation features. Mol Cell Proteomics 2012, 11(6):
544 M111 015131.

545 38. Vaca Jacome AS, Rabilloud T, Schaeffer-Reiss C, Rompais M, Ayoub D, Lane L, et al.
546 N-terminome analysis of the human mitochondrial proteome. Proteomics 2015, 15(14):
547 2519-2524.

548  39. Loonstra A, Vooijs M, Beverloo HB, Allak BA, van Drunen E, Kanaar R, et al. Growth

549 inhibition and DNA damage induced by Cre recombinase in mammalian cells. Proc Natl
550 Acad Sci U S A 2001, 98(16): 9209-9214.

551  40. lurlaro R, Munoz-Pinedo C. Cell death induced by endoplasmic reticulum stress. FEBS
552 J 2016, 283(14): 2640-2652.

553  41. MacFarlane M, Merrison W, Bratton SB, Cohen GM. Proteasome-mediated
554 degradation of Smac during apoptosis: XIAP promotes Smac ubiquitination in vitro. J
555 Biol Chem 2002, 277(39): 36611-36616.

556  42. Kim JH, Cho A, Yin H, Schafer DA, Mouneimne G, Simpson KJ, et al. Psidin, a
557 conserved protein that regulates protrusion dynamics and cell migration. Genes Dev

558 2011, 25(7): 730-741.

21


https://doi.org/10.1101/2023.09.25.559278

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.25.559278; this version posted September 25, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

559  43. Huber M, Armbruster L, Etherington RD, De La Torre C, Hawkesford MJ, Sticht C, et
560 al. Disruption of the N(alpha)-Acetyltransferase NatB Causes Sensitivity to Reductive
561 Stress in Arabidopsis thaliana. Front Plant Sci 2021, 12: 799954,

562 44, Sheng Z, Du W. NatB regulates Rb mutant cell death and tumor growth by modulating
563 EGFR/MAPK signaling through the N-end rule pathways. PLoS Genet 2020, 16(6):
564 e1008863.

565  45. Mcllwain DR, Berger T, Mak TW. Caspase functions in cell death and disease. Cold
566 Spring Harb Perspect Biol 2013, 5(4): a008656.

567  46. McComb S, Chan PK, Guinot A, Hartmannsdottir H, Jenni S, Dobay MP, et al. Efficient
568 apoptosis requires feedback amplification of upstream apoptotic signals by effector
569 caspase-3 or -7. Sci Adv 2019, 5(7): eaau9433.

570  47. Henderson CJ, Aleo E, Fontanini A, Maestro R, Paroni G, Brancolini C. Caspase
571 activation and apoptosis in response to proteasome inhibitors. Cell Death Differ 2005,
572 12(9): 1240-1254.

573  48. Rodriguez-Enfedaque A, Delmas E, Guillaume A, Gaumer S, Mignotte B, Vayssiere

574 JL, et al. zZVAD-fmk upregulates caspase-9 cleavage and activity in etoposide-induced
575 cell death of mouse embryonic fibroblasts. Biochim Biophys Acta 2012, 1823(8): 1343-
576 1352.

577  49. Petersen SL, Wang L, Yalcin-Chin A, Li L, Peyton M, Minna J, et al. Autocrine
578 TNFalpha signaling renders human cancer cells susceptible to Smac-mimetic-induced
579 apoptosis. Cancer Cell 2007, 12(5): 445-456.

580 50. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al. Molecular

581 mechanisms of cell death: recommendations of the Nomenclature Committee on Cell
582 Death 2018. Cell Death Differ 2018, 25(3): 486-541.

583

584 Tables

585 Table 1. Most affected N-terminal acetylated substrates resulting from Naa20 knockout

586 in MEFs and their correlation with differences in protein expression when label-free

22


https://doi.org/10.1101/2023.09.25.559278

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.25.559278; this version posted September 25, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

587 guantitation was possible in WT and mutant samples. Proteins with a significant decrease
588 in Nt-acetylation (NTA) according to a FDR <5%. NTA Pos.: NTA position; Nt-Seq.: N-terminal
589  sequence; n.i.: protein not identified in the experiment; #: the first eight most statistically
590 significant NTA downregulated proteins shown in Fig. 2F are highlighted in grey.
Plot# Entry Name Protein Description NTA Nt- Seq. %NTA (WT)| %NTA NTA NTA Ratio |LFQ Protein
Pos. (Naa20~)| Difference |(Naa20~)/(WT), Ratio
(Naa207- - (Naa20~-/WT)
(WT)
1 RS24_MOUSE |40S ribosomal protein S24 1 MNDTVTIRTR | 99.4+0.6 |33.9+34 -65.5 0.341 0.693
2 | TM258 MOUSE |Oligosaccharyl transferase subunit TMEM258 1 | MELEAMSRYT | 93.3+4.2 |13.4+2.1 -79.9 0.144 -
3 | PRUN1_MOUSE |Exopolyphosphatase PRUNE1 1 |[MEDYLQDCRA | 99.8+0.3 |449+1.1 -54.9 0.450 2.075
4 IPO7_MOUSE _|Importin-7 1 MDPNTIIEAL | 99.5+0.8 [44.3+3.5 -55.1 0.446 0.516
5) IFM3_MOUSE |Interferon-induced transmembrane protein 3 1 MNHTSQAFIT | 97.9+0.6 |32.8+1.8 -65.2 0.335 -
6 | KEAP1 _MOUSE [Kelch-like ECH-associated protein 1 1 MQPEPKLSGA | 99.1+0.7 [41.5+14 -57.6 0.419 -
7 TEBP_MOUSE |Prostaglandin E synthase 3 1 [MQPASAKWYD | 86.2+7.3 |40.7+0.3 -45.5 0.472 0.624
8 | AAAS_MOUSE |Aladin 2 | CSLGLFPPPP | 99.9+0.0 [ 5.9+5.5 -94.1 0.059 -
9 INT3_MOUSE _|Integrator complex subunit 3 1 | MELQKGKGTV | 98.6 +0.9 26.1 -72.5 0.265 -
10 | WDR46_MOUSE |WD repeat-containing protein 46 1 | METAPKPGRG 100.0 |50.3+0.7 -49.7 0.503 -
11 | PRAF3_MOUSE |PRA1 family protein 3 1 | MDVNLAPLRA | 99.7+0.3 |52.8 +3.8 -46.9 0.529 -
12 BABA2_MOUSE |BRISC and BRCA1-A complex member 2 1 MSPEIALNRI 99.2+0.2 57.8 -41.4 0.583 -
13 RFA3_MOUSE [Replication protein A 14 kDa subunit 1 MEDIMQLPKA | 99.6 +0.4 |585+3.1 -41.1 0.588 -
14 ILK_MOUSE |Integrin-linked protein kinase 1 MDDIFTQCRE | 99.9+0.1 |63.4+0.9 -36.5 0.635 -
15 | GTR1_MOUSE |Solute carrier family 2 1 | MDPSSKKVTG | 99.3+0.7 |63.3+2.3 -36.0 0.638 0.623
16 | PAK2A_MOUSE [Phosphatidylinositol 4-kinase type 2-alpha 1 MDETSPLVSP | 99.0+0.8 66.7 -32.3 0.674 -
17 | FBX22_MOUSE |F-box only protein 22 1 |[MEPAGGGGGV| 99.9+0.0 |67.9+2.9 -32.0 0.680 -
18 TTL12 _MOUSE [Tubulin--tyrosine ligase-like protein 12 1 MEIQSGPQPG | 99.9+0.1 70.7 -29.2 0.708 0.748
19 KT3K_MOUSE |Ketosamine-3-kinase 1 METLLKRELG | 99.9+0.0 [70.9+0.1 -29.1 0.709 -
20 BCD1_MOUSE |Box C/D snoRNA protein 1 1 MESAAEKEGT | 99.5+0.5 |71.9+1.8 -27.5 0.723 -
NADH dehydrogenase 1 alpha subcomplex subunif|
21 |NDUAC_MOUSE |12 1 MELVEVLKRG | 99.9+0.0 [73.3+2.0 -26.7 0.733 -
FERM, RhoGEF and pleckstrin domain-containing
22 | FARP1_MOUSE |protein 1 2 | GEIEQKPTPA | 96.9+2.7 [70.4+2.6 -26.6 0.726 0.936
23 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 32
24 | AN32E_MOUSE [family member E 1 | MEMKKKINME | 99.9+0.0 |75.8+2.6 -24.2 0.758 0.990
25 THIC_MOUSE |Acetyl-CoA acetyltransferase 1 | MNAGSDPVVI | 99.6+0.3 |76.9+4.4 -22.8 0.772 0.921
26 | SYRC_MOUSE |Arginine--tRNA ligase 1 | MDGLVAQCSA | 99.5+0.5 |79.5+4.7 -20.0 0.799 1.009
CASP3_MOUSE |Procaspase-3 n.i. n.i. n.i. n.i. n.i. n.i. 0.649
CASP8 MOUSE |Procaspase-8 n.i. n.i. n.i. n.i. n.i. n.i. n.i.
CASP9_MOUSE |Procaspase-9 n.i. n.i. n.i. n.i. n.i. n.i. n.i.
MARH6_MOUSE |E3 ubiquitin-protein ligase MARCHF6 1 MDTAEEDICR NTA NTA - - n.i.
UBR4_MOUSE |E3 ubiquitin-protein ligase UBR4 n.i. n.i. n.i. n.i. n.i. n.i. 0.699
591
592
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Table 2. Differentially accumulated proteins when the NatB catalytic subunit is
inactivated in MEFs. Most affected proteins (2<LFQ protein ratio <0.5) are presented.
list,

For an exhaustive see Supplementary Datasetl. Blue line divides the

downregulated proteins from the upregulated proteins. See also Volcano plot, Fig. 2F.

598
LFQ Protein %Ng—{gg
Plot#| Entry Name Protein Description Ratio Differ&nc
Naa20--/ WT Naa20+ - WT
600
1 TAGL_MOUSE ([Transgelin 0.331 -1.3 (Ala2)
2 SERC_MOUSE |Phosphoserine aminotransferase 0.492 -04 (iwl\é’tj'
3 LYOX_MOUSE |Protein-lysine 6-oxidase 0.228 ~An
\o v ra
4 USO1 MOUSE |General vesicular transport factor p115 0.367 -rAN
UUO
5 SPEE_MOUSE _|Spermidine synthase 0.444 -3.3 (iMet)
Acidic leucine-rich nuclear phosphoprotein 32 family 604
6 | AN32B_MOUSE |member B 0.404 -
7 SET_MOUSE  |Protein SET 0.314 605
606
. ) W?
8 CAVN1_MOUSE |Caveolae-associated protein 1 0.425 -15.9 (iMet)
9 FACR1_MOUSE |Fatty acyl-CoA reductase 1 0.474 -£No
\vjvje]
10 | HNRL2_MOUSE |Heterogeneous nuclear ribonucleoprotein U-like protein 2 0.282 ‘AnAa
UUJ
11 | LOXL1 MOUSE |Lysyl oxidase homolog 1 0.423 -
12 RTN4_MOUSE |Reticulon-4 0.462 -4.0 (iMe
LY
13 | RAB18_MOUSE |Ras-related protein Rab-18 0.468 -
14 RS30_MOUSE  [40S ribosomal protein S30 0.372 0.0 (Lgsly |
15 IMA7_MOUSE _[Importin subunit alpha-7 0.416 -0.4 (iMet)
16 EF1B_MOUSE |Elongation factor 1-beta 0.405 -A12
17 | U2AF1_MOUSE [Splicing factor U2AF 35 kDa subunit 0.450 -
18 RLA1 _MOUSE |60S acidic ribosomal protein P1 0.406 -0.1 (8423
19 | YTHD2_MOUSE |YTH domain-containing family protein 2 0.438 -0.2 (124
20 QKI_MOUSE _ |Protein quaking 0.460 -
615
21 LYAR_MOUSE [Cell growth-regulating nucleolar protein 0.466 cha~
22 | KCD12_MOUSE |BTB/POZ domain-containing protein KCTD12 5.143 -617
23 BGLR_MOUSE |Beta-glucuronidase 2.274 -
24 | ASAH1_MOUSE |Acid ceramidase 2.084 -618
25 NEP_MOUSE  [Neprilysin 3.020 -
619
26 HYEP_MOUSE |[Epoxide hydrolase 1 3.681 -
27 | HXK1_MOUSE [Hexokinase-1 3.404 -620
28 | SCOT1_MOUSE |Succinyl-CoA:3-ketoacid coenzyme A transferase 1 2.209 -621
29 TPP1_MOUSE |[Tripeptidyl-peptidase 1 2.099 -
30 | INF2_MOUSE _|Inverted formin-2 2.108 0.2 (G622 |
31 CSN3_MOUSE |COP9 signalosome complex subunit 3 2.273 0.0 (Ala2)
623
32 | S61A1_MOUSE |Protein transport protein Sec61 subunit alpha isoform 1 2.887 -0.3 (Ala2)
33 | H32_MOUSE _|Histone H3.2 3.601 -624
34 | DDX3Y_MOUSE |ATP-dependent RNA helicase DDX3Y 2.001 -
35 | HEXB_MOUSE |Beta-hexosaminidase subunit beta 2.052 -625
36 BACH_MOUSE |Cytosolic acyl coenzyme A thioester hydrolase 2.098 -
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626  Figure Legends

627  Fig. 1 In Naa20”- MEFs lacking the catalytic subunit of NatB, Naa20 mRNA and NAA20
628 protein are not expressed, and cellular proliferation and the actin cytoskeleton are
629 perturbed. (A) Naa20 mRNA quantification analysis in MEFs infected with the AdEmpty (WT)
630 and Ad5CMVCre (Naa20”) by RT-PCR. Data are the mean = SEM of six independent
631 experiments and are normalized to a housekeeping gene (Histone 3) and analyzed by
632  Student’s t-test. (B) NAA20 protein levels were detected by western blotting in WT and Naa20-
633  ’cells using antibodies targeting NAA20. (C) Cell proliferation was visualized as the number of
634  cells per well along post-infection days. Values represent the average number of WT or Naa20
635 " MEFs from three independent replicates as mean +* SEM (Student's t-test). (D)
636  Representative confocal microscopy images of actin (phalloidin) and focal adhesions (vinculin)
637  in WT or Naa20” MEFs.

638

639  Fig. 2 N-terminomic and proteomic analyses of Naa20”- MEFs reveal reduced N-terminal
640 (Nt-) acetylation, specifically of NatB substrates, and deregulated protein levels.
641  Accumulated distribution representing the percentage of Nt-acetylated (A) total proteome, (B)
642  peptides with the initial methionine (iMet) present, (C) peptides with Nt-methionine excised,
643  and (D) peptides with processed N-termini identified in normal (WT) and Naa20”- MEFs. (E)
644  IceLogo representation of the N-terminal sequences with a minimum 20% decrease in NTA
645 yield to those with <5% variation, when comparing the Naa20” to the WT MEFs. Volcano plot
646  representing (F) proteins with an Nt-acetylation reduction of 40% or more (green spots). The
647  dashed harizontal line shows the p-value cut off, and the eight points highlighted in green
648 indicate the affected proteins with the highest statistical significance. (G) Proteins with a label-
649 free quantification (LFQ protein ratio) either <0.5 (green spots) or >2.0 (red spots) in the Naa20
650 " compared with WT samples. The dashed horizontal line shows the p-value cut off, and the
651  points highlighted in green and red represent the downregulated and upregulated proteins,
652  respectively. All plots contain only the N-termini that have been quantified at least once in each
653  condition (WT or Naa20"). FDR - false discovery rate; N — number of samples.
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654

655  Fig. 3 Inactivation of Naa20 decreases the protein expression of procaspase-8, -9, and -
656 3, and BID, which block the extrinsic and intrinsic apoptotic pathways. (A)
657 Representative western blot images of the NatB substrates procaspase-8, -9, and -3 and of
658 BAX, BID, APAF1 and non-NatB substrate procaspase-6, SMAC and cleaved PARP. MEFs
659  were harvested 4, 5, and 6 days after infection with AdEmpty (WT) or Ad5CMVCre () inducing
660  Naa20 inactivation. Procaspase-6 and SMAC, which are not NatB substrates, were used as
661  controls. GAPDH was used a loading control. (B) Relative quantification by RT-PCR of the
662 same NatB substrates as in (A), six days post-infection. Data are the mean + SEM of six
663  independent experiments and are normalized to a housekeeping gene (Histone 3). Student’s
664  t-test was used to evaluate differences between groups with the obtained values indicated
665  when statistical significance was achieved (p<0.05). (C) Representative western blot images
666  of procaspase-8, -9, and -3 and of respective cleaved caspases, cleaved PARP and BID in
667 Naa20” MEFs six days after infection with AdEmpty (WT) or Ad5CMVCre (") 0, 8, 12, and 24
668  h after treatment with 100 ng/mL TNF-a plus 500 nM SMAC mimetic. (D) As in (C) but after
669  treatment with 50 uM etoposide.

670

671  Fig. 4 Inactivation of Naa20 has no impact on BAX localization in response to etoposide,
672  TNF-a + SMAC mimetic, and MG132 treatments but decreases the release of cytochrome
673 ¢ and SMAC in response to etoposide. (A) Representative western blot images of BAX,
674  cytochrome ¢, COX IV, and SMAC in total extracts, the cytosolic fraction, and mitochondrial
675 fraction of Naa20” MEFs six days after infection with AdEmpty (WT) or ADSCMVCre (), under
676  basal conditions. (B) As in (A) 12 h after 50 uM etoposide treatment. (C) As in (A) 8 h after 5
677 UM MG132 treatment. WT and Naa20” MEF cells were fractionated 6 days after adenovirus
678 inoculation. Cytosolic GAPDH and mitochondrial COX IV were used as loading controls of
679  cytosolic and mitochondrial fractions, respectively.

680
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681 Fig. 5 Silencing the ubiquitin ligases Ubr4 and Ubrl in Naa20” MEFs rescues the
682 decrease in procaspase-8 and -9 protein expression, respectively, as well as BID and
683 promotes the activation of procaspase-8 and procaspase-3 in response to TNF-a plus
684 SMAC mimetic. (A) Representative western blot images of procaspase-8, -9, and -3 and BID
685 protein levels after silencing March6, Ubr4, Cnot4, Ubrl, and Ubr2 ubiquitin ligases in Naa20
686 " MEFs six days after infection with AdEmpty (WT) or Ad5CMVCre (7). A specific sSiRNA
687  (siControl) was used as control. (B) Representative western blot images of the procaspases
688 and cleaved caspase-8, -9, and -3 protein levels after silencing the Ubr4 ubiquitin ligase in
689 NAA20 MEFs six days after infection with AdEmpty (WT) or Ad5CMVCre (), before (basal
690  conditions) and 12 h after treatment with 100 ng/ml TNF-a plus 500 mM SMAC mimetic. PBS
691 plus DMSO was used as a negative control of TNF-a plus SMAC mimetic. A non-specific
692  siRNA (siControl) was used for control.

693

694 Fig. 6 Model depicting the role of NatB-dependent Nt-acetylation in the control of
695  extrinsic apoptosis induction. Procaspase-8 and procaspase-3 are NatB substrates Nt-
696  acetylated in normal cells. TNF-a binding to its receptor in normal cells promotes procaspase-
697 8 activation, which activates procaspase-3 and promotes apoptosis. Inactivation of the NatB
698  catalytic subunit (Naa20 KO) reduces procaspase-8 Nt-acetylation, and therefore E3-ubiquitin
699 ligase UBR4 recognizes procaspase-8 N-terminus as an N-degron, marks, and sends
700 procaspase-8 for proteasomal degradation. Procaspase-3 is also less stable when Naa20 is
701  inactivated, but the E3-ubiquitin ligase has not been identified. Therefore, binding of TNF-a to
702 its receptor when NatB is inactivated limits apoptosis induction as a consequence of reduced
703  procaspase-8 and -3 in these cells. Image created with Biorender.

704
705
706
707
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