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SUMMARY

Cellular global translation is often measured using ribosome profiling or quantita-
tive mass spectrometry, but these methods do not provide direct information at
the level of elongating nascent polypeptide chains (NPCs) and associated co-
translational events. Here, we describe pSNAP, a method for proteome-wide
profiling of NPCs by affinity enrichment of puromycin- and stable isotope-labeled
polypeptides. pPSNAP does not require ribosome purification and/or chemical la-

beling, and captures bona fide NPCs that characteristically exhibit protein 'Graduate School of
. . oo . T Pharmaceutical Sciences,
N-terminus-biased positions. We applied pSNAP to evaluate the effect of silmita- Kyoto University, Kyoto 606-
sertib, a potential molecular therapy for cancer, and revealed acute translational 8501, Japan
repression through casein kinase Il and mTOR pathways. We also characterized ZInstitute for Integrated Cell-
oo . . . . Material Sciences (iCeMS),
modifications on NPCs and demonstrated that the combination of different types Kyoto University, Kyoto, 606-
of modifications, such as acetylation and phosphorylation in the N-terminal 8501, Japan
region of histone H1.5, can modulate interactions with ribosome-associated fac- ;Centef fogBiosys;erglsKEN
o o o o namics Research, ,
tors. Thus, pSNAP provides a framework for dissecting co-translational regula- Kobo, Hyogo 6500047,
tions on a proteome-wide scale. Japan
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Co-translational regulation, such as modifications of nascent polypeptide chains (NPCs) during translation, Shenyyang Phgarmaceutical
drives many aspects of cellular proteostasis, including protein folding, processing, subcellular targeting, University, Shenyang 110001,
China

and translational control (Aviner et al., 2021; Collart and Weiss, 2020; Schwarz and Beck, 2019). Therefore,
monitoring co-translational events at the NPC level is crucial for understanding cellular proteome dynamics *Department of Life Science
o Frontiers, Center for iPS Cell

at the moment a peptide is born. Research and Application,
Kyoto University, Kyoto 606-

8507, Japan
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Current approaches for systematically profiling the newly synthesized proteome are mainly based on the
capture of proteins metabolically labeled with stable isotope-labeled (SILAC) amino acids (Doherty

et al., 2009; Klann et al., 2020; Schwanh&usser et al., 2009) or bioorthogonal amino acids such as azidoho- Kita-ku, Kyoto 603-8555,
moalanine (Dieterich et al., 2006; Eichelbaum et al., 2012; McShane et al., 2016). These methods allow us to Japan

profile mainly fully translated products (Eichelbaum et al., 2012; McShane et al., 2016), but cannot enrich fLaboratory of Clinical and
NPCs actively being elongated by ribosomes in action. In contrast, puromycin is an aminoacylated tRNA ngg::f:i:::?:g’
analog that can be incorporated at the C-termini of elongating NPCs (Aviner, 2020). Hence, puromycin la- Biomedical Innovation,
beling has been extensively used to monitor protein synthesis in many applications, including imaging and Health and Nutrition, Ibaraki,

Osaka 567-0085, Japan
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Technology Agency (JST),

immunoblotting, and in various systems ranging from cell-free translation to cultured cells and whole an-
imals (Aviner, 2020). However, the utility of puromycin or its derivatives for proteome-wide analysis of NPCs

has been limited due to the need for complicated procedures, including ribosome purification by ultracen- Chiyoda-ku, Tokyo 102-0075,
trifugation (Aviner et al., 2013) and/or chemical labeling (Forester et al., 2018; Huang et al., 2021; Tong Japan
et al., 2020; Uchiyama et al., 2020) prior to affinity purification of NPCs. Furthermore, reliable detection "RIKEN Center for

. TET . . . Integrative Medical Sciences,
of NPCs is often hampered by non-specific binding of high-background pre-existing proteins to beads Tsurumi-ku, Yokohama,
or resin during affinity purification (Eichelbaum et al., 2012; Howden et al., 2013; Mellacheruvu et al., 2013). Kanagawa 230-0045, Japan
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To overcome these limitations, we have developed a method that combines quantitative proteomics and *Correspondence:
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NPCs such as protein N-terminal acetylation. 2022.104516
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Figure 1. Profiling nascent polypeptide chains by pSNAP

(A) Principle of the enrichment of NPCs with the pSNAP.

(B) Schematic representation of pSNAP workflow. Hela cells are pulse labeled for 2 h with a combination of 10 pM puromycin and heavy amino acids or with
only medium-heavy amino acids. After IP of NPCs with anti-puromycin antibodies, NPCs are eluted with 0.15% TFA and digested into tryptic peptides. The
resulting peptide sample is fractionated into 7 fractions using an SCX StageTip (see STAR Methods) and each fraction is analyzed by LC/MS/MS. Heavy-to-
medium (H/M) ratios represent the degree of enrichment of NPCs.

(C) Exemplary MS spectra for AAALEFLNR (STIP1) obtained with (top) and without (bottom) enrichment. The isotope clusters of the L, M, and H peaks
correspond to non-specific proteins from the pre-existing proteome pool and from the “medium”-labeled proteins and “heavy”-labeled NPCs, respectively.
Extracted ion chromatograms (XICs) of monoisotopic peaks of the L, M and H peptides are shown.

(D) Multi-scatter plots of log, H/M ratios from three independent experiments of pSNAP.

(E) pSNAP can enrich NPCs. (top) The ribosome elongates an NPC from its N-terminal end to the C-terminal end. Thus, positions of NPC-derived tryptic
peptides are biased toward the N-termini of proteins. (bottom) Relative starting positions of identified peptides within proteins. The bars represent aver-
aged values from three independent experiments.

RESULTS AND DISCUSSION
pPSNAP enables global profiling of nascent polypeptide chains

We reasoned that NPCs incorporating puromycin could be immunoprecipitated with an anti-puromycin
antibody (Figure 1A), thereby allowing for proteome-wide analysis of NPCs by means of liquid chromatog-
raphy-tandem mass spectrometry (LC/MS/MS). We first confirmed that puromycin incorporation into pro-
teins was translation-dependent (Figure STA) and that no marked degradation of the puromycin-labeled
proteins occurred during 2 h treatment of Hela cells with 10 uM puromycin (Figure S1B). We chose
10 uM puromycin because this concentration could label a wide range of NPCs, while higher concentra-
tions (>30 uM) of puromycin resulted in the production of smaller NPCs (Figure S1C). This is consistent
with the fact that puromycin binds to NPCs in competition with aminoacyl-tRNAs, and therefore puromycin
at very low concentration (0.04 uM) can bind only to full-length NPCs at the C-terminus (Miyamoto-Sato
et al., 2000). We then tested a monoclonal antibody against puromycin (clone 12D10) and found that pur-
omycylated proteins could be effectively immunoprecipitated when appropriate amounts of the antibody
and input protein were used (Figure S1D). Based on these results, we used 15 pg antibodies per 250 pg
protein input for subsequent immunoprecipitation (IP) experiments.

We next sought to profile individual NPCs with LC/MS/MS. For proof of concept, HelLa cells were pulse-labeled
with a combination of puromycin and “heavy (H)" amino acids (Arg'10" and Lys'8’) for 2 h (Figure 1B). As a con-
trol, cells were treated with only “medium-heavy (M)" amino acids (Arg'4’ and Lys'4’) and puromycin was
omitted. The use of “M"” and “H" labeling enabled us to distinguish bona fide NPCs (H-labeled) from non-spe-
cific proteins [light (L)- or M-labeled]. As expected, H-labeled proteins were highly enriched in the IP sample
(Figure 1C top) while pre-existing proteins were predominantly observed in the input (Figure 1C bottom).
Overall, we observed high H/M ratios (=2) for 70% of 2,619 quantified proteins with good reproducibility
(Figures 1D, S1E and Table S1), demonstrating that pSNAP can profile thousands of NPCs. In contrast, we
observed low H/L ratios (<1) for 62% of the quantified proteins (Figure S1F) due to the high background result-
ing from non-specific binding of pre-existing proteins (L) to beads. These results highlight the importance of
pulse labeling with SILAC amino acids to differentiate NPCs and pre-existing proteins.
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Proteins captured by pSNAP exhibit a signature of elongating nascent polypeptides
Ribosomes elongate NPCs from their amino (N-) terminal end to their carboxy (C-) terminal end (Figure 1E
top). In line with this directionality, the mapped positions of peptides with H/M =2 clearly showed a bias
toward the N-termini of the corresponding proteins (Figure 1E bottom), further supporting the enrichment
of elongating NPCs. Notably, such a trend was not observed for less enriched peptides (i.e., H/M < 2) or
input cell lysates (Figure 1E bottom).

To further evaluate pSNAP, we compared it with two orthogonal approaches, pSILAC (Schwanhdusser et al.,
2009) and ribo-seq (Ingolia et al., 2009), used for studying protein synthesis at the levels of protein and
mRNA, respectively. To this end, we used our input data (Figure 1E) as a 2 h pSILAC experiment and a
publicly available ribo-seq dataset for Hela cells (Stumpf et al., 2013). We found moderate correlations
with the two independent methods; r=0.49 (vs. pSILAC) and r = 0.40 (vs. ribo-seq) (Figure S1G); similar levels
of correlation were also seen in a previous study using a biotin-puromycin-based approach (Aviner et al.
Gene. Dev. 2014). These results indicate that pSNAP can accurately quantify translation products.

PSNAP with short pulse labeling enables quantitative profiling of nascent proteome

We next assessed the effect of pulse-labeling time on NPC capture. Previous studies using O-propargyl-
puromycin (OPP) (Forester et al., 2018; Uchiyama et al., 2020) employed 2 h labeling, while a more recent
study (Tong et al., 2020) performed only 15 min labeling. However, the trend of protein N-terminus-biased
positions was not seen in the 15 min labeling method, in contrast to our results (Figure 1E bottom left),
implying that NPCs cannot be sufficiently captured with such a short labeling time, or are hidden by
non-specific binding of pre-existing proteins. Based on these prior experiments and the immunoblotting
results (Figure S1B left panel), we chose 30 min as the shortest effective labeling time and used increased
protein inputs (250, 500, and 750 ng) for pSNAP experiments. We found that this labeling time enabled us
to profile NPCs. We observed high H/M ratios (Figure S2A, Table S2) and protein N-terminus-biased po-
sitions (Figure S2B), as seen in the case of 2 h labeling (Figure 1E left panel), though slightly fewer NPCs
were quantified in the short labeling method compared to 2 h labeling (Table S2).

To further demonstrate the validity of the 30 min labeling method, we analyzed lipopolysaccharide (LPS)-in-
duced translational responses with different periods of pulse labeling (30 min, 1 h, and 2 h). RAW264.7
macrophages were first treated with 100 ng/mL LPS for 1 h, and then switched to a medium containing pu-
romycin and heavy amino acids. As a control, cells were treated with vehicle (water), and pulse-labeled with
puromycin and medium-heavy amino acids. We successfully quantified NPCs including known LPS-regu-
lated genes (e.g., Cxcl2, Junb, Rela, and Nfkbiz) regardless of the pulse-labeling time (Figures S2C, S2E
and Table S2). These results established that even a labeling time as short as 30 min can be used to robustly
detect translational responses using the pSNAP approach. It should be noted that we used a 2 h labeling
time for the following experiments because it did not significantly affect cell viability (Figure S2D) or
quantitative analysis (Figure S2C) and yielded sufficient amount of puromycylated NPCs (Table S2).

PSNAP allows quantitative nascent proteome profiling in primary neuronal cultures

In addition to Hela cells, we applied pSNAP to mouse primary cortical neuron cultures, which contain a mixture
of brain cell types but are highly enriched for neurons (Figure 2E). pSNAP revealed strong enrichment of pep-
tides near the N-termini of proteins (Figure 2A-2C), and achieved highly sensitive detection of NPCs, including
neuronal markers; NCAM1, FOXG1, and DCX (Table S3), supporting the validity of NPCs detection using
pSNAP. We also quantified the differential NPC profiles between 5 and 14 days in vitro (DIV), and identified
122 and 203 significantly upregulated proteins in DIV5 and DIV14, respectively. (Figure 2D-2F and Table S3).
These results overall reflect the known proteome dynamics during neuronal development in vitro (Frese
et al., 2017). For example, nascent proteins related to “synaptic vesicle cycle” were overrepresented in
DIV14 (Figure 2G), consistent with the occurrence of synapse formation and maintenance after development.
In addition, both immunostaining and pSNAP confirmed that a presynaptic marker synaptophysin (SYPH) was
upregulated in DIV14 (Figure 2E). Collectively, these results indicate that pPSNAP captures genuine dynamics of
NPCs in primary cultures and enables quantitative nascent proteome analysis.

Quantifying translational responses induced by a kinase inhibition

The ability to capture and quantify NPCs proteome-wide with high accuracy enables quantitative measure-
ments of acute translational changes that allow cells to respond to specific stimuli. To illustrate this, we next
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Figure 2. Application of pSNAP to mouse primary cortical neuronal cultures
(A) Schematic representation of the pSNAP workflow. Mouse primary cortical neurons are pulse labeled for 2 h with a combination of 10 uM puromycin and
heavy amino acids or only medium-heavy amino acids. After IP of NPCs with anti-puromycin antibodies, NPCs are eluted with 0.15% TFA and digested into

tryptic peptides. The resulting peptide sample is analyzed by LC/MS/MS.
(B) Multi-scatter plots of log, H/M ratios from three independent experiments using mouse primary neurons.

(C) pSNAP can enrich NPCs from primary neurons. Relative starting positions of identified peptides within proteins. The bars represent averaged values from

three independent experiments.

(D) Experimental design for the differential nascent proteome profiling of the mouse primary cultures between DIV 5 and 14.

(E) Representative images of primary neuronal cultures (DIV5 and DIV14) stained with DAPI (nuclear marker), NeuN (neuronal marker), MAP2 (dendritic
microtubule marker), PSD95 (postsynaptic marker), and SYPH (presynaptic marker). Scale bar, 30 um.

(F) Avolcano plot showing differential NPC levels between DIV 5 and 14. Significantly regulated proteins were identified based on a combination of the t-test
p-value (p < 0.05) of three replicates and the mean of the SILAC ratios [above 0.5 (a log, ratio)] (dash lines) which correspond to FDR <0.05 (see STAR

Methods).

(G) Gene ontology enrichment analyses for the significantly upregulated NPCs (adjusted p < 0.01).

applied pSNAP to characterize the global impact of a kinase inhibitor on cellular translation. We focused on
casein kinase 2 (CK2) as it is ubiquitously expressed in all cells, and has been implicated in translational con-
trol through phosphorylation of specific eukaryotic initiation factors (elFs) (Gandin et al., 2016; Lamper
et al., 2020). However, the protein targets of translational regulation by CK2 remain unknown. Therefore,
Hela cells were pre-incubated with either DMSO or a specific CK2 inhibitor silmitasertib (also known as
CX4945) (Siddiqui-Jain et al., 2010) for 10 min (Figure 3A), and then pulse-labeled with puromycin and
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Figure 3. Quantitative analysis of translational responses and nascent phosphorylation

(A) Experimental design for global analysis of translational changes induced by a CK2 inhibitor silmitasertib (10 uM).

(B) A histogram of logs, fold changes [H/M (silmitasertib/DMSO) ratios] of protein synthesis induced by silmitasertib. Averaged log, H/M ratios based on
proteins quantified in at least two of the three replicates are shown. Results from individual replicates are shown in Figure 3B. A subset of proteins whose
mRNAs contain a TOP motif is shown in dark blue. CK2 substrates determined by an in vitro kinase reaction (Sugiyama et al., 2019) are shown in red. All
quantified proteins are shown in gray. The dashed lines indicate median values of the three groups (all, TOP motif, and CK2 substrates) The p-value was
computed using the two-sided Wilcoxon rank-sum test.

(C) gRT-PCR validation of pSNAP result. (Left panel) Representative polysome profiles of Hela cells treated with DMSO or silmitasertib. (Right panel)
Polysomal association of mMRNAs encoding for the selected ribosomal proteins that were repressed upon CK2 inhibition according to pSNAP.

(D) CK2 inhibition led to decreased phosphorylation levels of nascent forms of known CK2 substrates. (Left panel) A histogram of log, fold changes [H/M
(silmitasertib/DMSO) ratios] of phosphorylation sites induced by silmitasertib. Averaged log, H/M ratios based on class | phosphosites quantified in at least
one of the three replicates are shown. CK2 substrates determined by in vitro kinase reaction (Sugiyama et al., 2019) are shown in red. All quantified proteins
are shown in gray. The p-value was computed using the two-sided Wilcoxon rank-sum test. (Right panel) Change of NPC and phosphorylation levels due to
silmitasertib treatment versus DMSO treatment. The indicated phosphorylation sites of G3BP1, HSP90AA1, and HSP90AB1 are known CK2 substrates. Levels
of the NPCs were quantified from NPC-derived unphosphorylated peptides. The bars represent averaged values from two or three replicates.

SILAC amino acids for 2 h in the presence of DMSO or silmitasertib, and processed as illustrated in
Figure 1B. H/M ratios in MS spectra represent the difference in production of NPCs between the two
conditions (silmitasertib and DMSO treatments). We first confirmed that NPCs could be enriched;
H- and M-labeled peptides both exhibited the trend of protein N-terminus-biased positions (Figure S3A).

To understand the gene expression networks at the NPC level, we first asked whether in vitro CK2 sub-
strates (Sugiyama et al., 2019) might be regulated translationally, but found no evidence to support this
(Figure 3B and Table S4). On the one hand, a recent study showed that CK2 acts in concert with mTORC1
(Gandin et al., 2016) and regulates the translation of mMRNAs containing 5 terminal oligopyrimidine (TOP)
motifs (Hsieh et al., 2012; Thoreen et al., 2012). We therefore asked whether the inhibition of CK2 affects the
translation of TOP mRNAs. Indeed, we found that CK2 inhibition led to marked repression of NPCs with a
TOP motif in their mRNAs (p = 5.7e-16), encoding for components of the translational machinery such as
ribosomal proteins (Figures 3B and S3B for individual replicates).

To validate this, we performed quantitative real-time gRT-PCR analysis of mRNAs encoding for the
selected silmitasertib-sensitive ribosomal proteins (average log, fold-change, RPL12: —0.52, RPS27:
—0.54, RPS17: —0.16, RPL5: —0.18) from monosome, light, and heavy polysome fractions (Figure 3C
left panel). The polysome profiles revealed that silmitasertib induced a slight reduction in the polysomes
(Figure 3C left panel), indicating that CK2 inhibition leads to translational repression. The silmitasertib-
sensitive group (RPL12, RPS27, and RPS17 but not RPL5) tended to be less abundant in the heavy
polysome fraction than in the monosome fraction (Figure 3C right panel), in agreement with the
pPSNAP result (Figure 3B). Although gRT-PCR confirmed the general trend in translational regulation re-
vealed by pSNAP, there was no correlation between the effect sizes measured with pSNAP and those
observed with gRT-PCR. This may be due to technical differences between methods (mass spectrometry
or PCR) and analytes [elongating nascent polypeptides (pSNAP) or ribosome-associated mRNA
(QRT-PCR)].
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TOP mRNAs are well known targets that are subject to selective translation through mTORC1 (Hsieh et al.,
2012; Thoreen et al., 2012). Hence, this result supports the idea that CK2 may regulate the translation of
TOP mRNAs in concert with mTORCT, in line with a previous report that CK2 enhances mTORC1 activity
(Gandin et al., 2016). In sum, our analysis uncovered acute translational responses to silmitasertib via the
CK2 and mTOR pathways, which may contribute to further understanding of the mechanism of action of
silmitasertib, a promising molecular therapy for several types of cancers (phase Il) (Siddiqui-Jain et al.,
2010) as well as SARS-CoV-2 infection (Bouhaddou et al., 2020).

Profiling modifications on nascent proteins

The present method not only enables the global profiling of NPCs but also highlights the modifications of
NPCs that might be co-translationally regulated. Conventional proteomic approaches cannot resolve
modifications on nascent and matured proteins, and so the distribution of the two types of modifications
within a protein goes undetected; yet the timing of modifications can be important for protein processing
(Aksnes et al., 2019; Varland et al., 2015) such as folding (Keshwani et al., 2012; Kii et al., 2016). In the silmi-
tasertib treatment experiment (Figure 3), we identified 127 unique phosphopeptides without phosphopep-
tide enrichment. Among them, 76 class | phosphosites (localization probability >0.75) (Olsen et al., 2006)
that were quantified in at least one of the three replicates are shown in Figure 3D. We found that CK2 in-
hibition led to decreased phosphorylation levels on nascent forms of known CK2 substrates, such as G3BP1
pS149 (Reineke et al., 2017), HSP90OAA1 pS231, and HSP90AB1 pS226, pS255 (Mollapour and Neckers,
2012), while no marked change was observed at the NPC level (Figure 3D right panel and Table S4). On
the one hand, we found that phosphorylation of most of the CK2 substrates was not reduced by the inhib-
itor (Figure 3D left panel), indicating that phosphorylation of NPCs may be differentially regulated from that
of mature proteins. Hence, CK2 may act in close proximity to the ribosome to co-translationally phosphor-
ylate specific nascent proteins, possibly regulating protein stability through phosphorylation of newly
made proteins, as observed for XRCC1 (Parsons et al., 2010) and CFTR (Pankow et al., 2019).

Protein N-terminal (Nt) acetylation is one well-studied “co-translational” modification (Aksnes et al., 2019;
Yeom et al., 2017); however, recent studies have revealed “post-translational” Nt-acetylation on many
transmembrane proteins and actin (Yeom et al., 2017). While earlier N-terminomics studies identified thou-
sands of protein Nt-acetylation sites (Choudhary et al., 2014; Lai et al., 2015; Yeom et al., 2017), it remains
unclear whether these sites are co- or post-translationally modified. We thus sought to apply pSNAP to
pinpoint Nt-acetylation sites on NPCs with high accuracy. For this purpose, Hela cells were treated with
either 100 pg/mL cycloheximide (CHX) or DMSO for 2 h in the presence of 10 uM puromycin and corre-
sponding SILAC amino acid pairs. By combining pSNAP with low pH strong cation exchange (SCX) chro-
matography (Helbig et al., 2010), we enriched Nt-acetylated peptides that were eluted in the flow-through
fraction and early in SCX fractionation due to the loss of positive charge at their N-terminal ends (Figure 4A).
We confirmed that the NPCs could be enriched (Figure S4 and Table S5) and identified 298 unique protein
Nt-acetylated sites that exhibited H/M (DMSO/CHX) =2 in at least one of the three replicates (Table S5).
Notably, beta-actin’s Nt-acetylation showed H/M < 1 in all replicates, indicating that it occurs post-trans-
lationally, in agreement with a previous report (Drazic et al., 2018). To better understand acceptor sites for
Nt-acetylation on NPCs, we focused on amino acids at the second residue [next to the initiator methionine
(iMet)] (Figure 4B). In accordance with the substrate specificity of major N-terminal acetyltransferases
(Aksnes et al., 2019; Yeom et al., 2017) and known Nt-acetylation sites from the Uniprot human database,
we observed a high prevalence of alanine, serine, and threonine for Nt-acetylated NPCs whose iMet was
cleaved, while the acidic amino acids (aspartic acid and glutamic acid) and phenylalanine were overrepre-
sented in the iMet-retained and Nt-acetylated NPCs (Figure 4B). We did not observe a significant differ-
ence in acceptor amino acids between NPCs and the input.

Protein N-terminal modifications on a nascent protein can modulate binding partners

Protein N-termini are hotspots for modifications during translation and thus can regulate co-translational
events such as folding and degradation through interactions with proteins (Collart and Weiss, 2020). We
next sought to discover cross-talk between protein Nt-acetylation and other modifications on NPCs as
the combination of different types of modifications confers additional specificity and combinatorial logic
to protein interactions. We searched our dataset focusing on phosphorylation, which can function as a
versatile switch to modulate protein interactions. We identified 134 phosphorylated peptides in the Nt-
acetylation-enriched samples. Among them, we focused on phosphorylation at Ser19 of histone H1.5
(H1.5) co-occurring with protein Nt-acetylation within the same peptide (Figure 4C). Peptide-level
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Figure 4. Characterization of protein Nt-acetylation and phosphorylation on nascent proteins

(A) Enrichment of Nt-acetylated peptides with SCX-based fractionation. The percentage of the number of protein Nt-acetylated peptides in all peptides
identified in individual fractions is shown. The bars represent averaged values from three replicates.

(B) The amino acid frequency at the second residue next to iMet of acetylated protein N-termini based on the absence (pink) or presence (green) of iMet.
Only nascent proteins that showed H/M> 2 in at least one of the three replicates were considered. For comparison, the human proteome from the SwissProt
protein database is shown (light pink and light green indicate iMet-removed and iMet-retained sites, respectively).

(C) Representative MS/MS spectra of Ac-SETAPAETATPAPVEK (left) and Ac-SETAPAETATPAPVEKpPSPAK (right) from histone H1.5. The insets show
representative MS spectra of corresponding peptides and demonstrate that the protein Nt-acetylation and adjacent phosphorylation occurred on nascent
H1.5.

(D) Quantification of H-labeled peptide intensities from Nt-acetylated (red), Nt-acetylated and phosphorylated (orange), and Nt-unmodified (gray) forms.
(E) Stoichiometry (%) of protein Nt-acetylation estimated based on intensities of H-labeled peptides from Nt-acetylated and counterpart (unmodified) forms.
The bars represent averaged values from two or three replicates.

(F) Experimental design for peptide-pulldown assays using three different peptide probes. Nt-unmodified, Nt-acetylated, or Nt-acetylated and
phosphorylated biotinylated peptides corresponding to amino acid residues from 2 to 22 (SETAPAETATPAPVEKSPAKK) of H1.5 were conjugated to
streptavidin agarose resins. Beads were incubated with Hela cell lysate, and eluted for LC/MS/MS analysis.

(G) Volcano plots from the pulldown assays of Nt-free vs Nt-acetylated peptides (left) and Nt-acetylated vs Nt-acetylated and phosphorylated peptides
(right) are shown. The cutoff curve indicates false discovery rate (FDR) < 0.05, S0>2.

quantification of H-labeled peptides indicated that the Nt-acetylated form (Ac-SETAPAETATPAPVEK) is a
major nascent proteoform of H1.5 in comparison to the Nt-acetylated and phosphorylated form (Ac-SETA-
PAETATPAPVEKpSPAK) and the unmodified form (SETAPAETATPAPVEK) (Figure 4D). Because the trypsin
cleavage site (Lys18) is next to the phosphorylation site (Ser19), the phosphorylated form was exclusively
observed as a missed cleavage peptide due to the inaccessibility of trypsin. We therefore used the no-
missed-cleavage peptide (SETAPAETATPAPVEK) as an unmodified counterpart for the “missed-cleavage
phosphopeptide” (Ac-SETAPAETATPAPVEKpSPAK) in the quantification shown in Figure 4D. Such highly
stoichiometric patterns of nascent Nt-acetylation were also seen for the 13 sites whose Nt-acetylated and
counterpart (unmodified) peptides were both quantified (Figure 4E), in marked contrast to the very low
(median 0.02%) stoichiometry of lysine acetylation in Hela cells (Hansen et al., 2019).

To understand the role of the nascent modifications and their impacts on protein interactions, we per-
formed peptide-based pulldown experiments on Hela cell lysate using three distinct peptide probes
that mimic 1) Nt-unmodified, 2) Nt-acetylated, or 3) Nt-acetylated and phosphorylated forms of H1.5 (Fig-
ure 4F). The peptide-based screen revealed proteins that differentially interacted with the specific peptide
probes (Figure 4G and Table S6). One prominent example is a ubiquitin E3 ligase complex (KLHL13,
KLHL22, CUL3, and BIRC6) that showed a robust interaction with the unmodified peptides (Figure 4G
left panel). Thus, Nt-unmodified H1.5 is likely to be degraded through the ubiquitin-proteasome system,
which may explain why the Nt-unmodified H1.5 was markedly less abundant than the acetylated forms
in Hela cells (Figure 4D). Accordingly, protein Nt-acetylation of H1.3 is protective against protein
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degradation, in line with the idea that Nt-acetylated mitochondrial proteins bearing inhibitor of apoptosis-
binding (IAP) motifs are shielded from the IAP family of E3 ubiquitin ligases (Mueller et al., 2021). Interest-
ingly, the Nt-acetylated and phosphorylated version of the peptide preferentially bound a co-translational
quality control factor PELOTA while disfavoring the interaction with a molecular chaperone HSPA6 (Fig-
ure 4G right panel). PELOTA was shown to promote the dissociation of stalled ribosomes and the release
of intact peptidyl-tRNA for ribosome recycling (Pisareva et al., 2011). Thus, the nascent H1.5 phosphoryla-
tion in the N-terminal region may represent an additional “modification code” to recruit PELOTA and to
repel HSPAG as a surveillance mechanism for aberrant nascent H1.5. In summary, pSNAP enables us to un-
cover modifications on NPCs that may represent a new layer of translational control, i.e., one shaped by
nascent protein modifications.

Conclusions

The pSNAP approach presented here offers multiple advantages over currently available methods for
capturing nascent polypeptide chains and their modifications, which represent a hidden layer in understanding
translational regulations in cell biology that is inaccessible by conventional ribosome profiling or proteomic ap-
proaches. The advantage of pSNAP lies in the use of dual-pulse labeling. The incorporation of puromycin
facilitates the enrichment of NPCs from a complex background, and the use of pulsed SILAC enables both
protein quantification and discrimination of nascent from pre-existing proteins. Moreover, the experimental
workflow is simple in contrast to existing methods that involve ribosome purification using ultracentrifugation
(Aviner et al., 2013) and/or chemical labeling steps (Forester et al., 2018; Huang et al., 2021; Tong et al., 2020,
Uchiyama et al., 2020). In addition, the method does not require special puromycin derivatives such as biotin-
puromycin (Aviner et al., 2013) or clickable puromycin (Forester et al., 2018; Huang et al., 2021; Tong et al., 2020;
Uchiyama et al., 2020). Our results show that pSNAP can quantify changes in NPC levels in response to environ-
mental cues, and is useful for characterizing nascent modifications. In addition, this method could be applied to
identify the NPC interactome during translation since some proteins appear to form homo- (Bertolini et al.,
2021) or hetero (Kamenova et al., 2019) complexes in a co-translational manner.

Limitations of the study

While puromycin or its analog has been used to analyze protein synthesis in many cell lines and model systems
(Aviner, 2020), it may also cause a secondary effect on cellular translation (Marciano et al., 2018). In this study, we
therefore used a relatively low concentration of puromycin that did not affect cell viability or degradation of pur-
omycylated proteins, at least in Hela cells, but further investigations would be required to characterize the
mode of action of puromycin in detail. We demonstrated that pSNAP is readily applicable to a cell line and
to primary-cultured cells, though further development will be needed for its application to in vivo systems.
For example, the direct enrichment and proteomic analysis of puromycylated peptides digested from NPCs
provides a signature of genuine NPCs, and would not require pulse SILAC labeling.

While we successfully characterized protein Nt-acetylation and phosphorylation at the NPC level, we
cannot rule out the possibility of modifications to the released puromycylated NPCs from ribosomes.
Further structural analysis and co-localization studies may provide further clarification. Also, since the
amount of NPCs obtained by pSNAP is limited (considered to be <1 pg based on the total ion chromato-
gram), the method cannot readily be combined with a biochemical enrichment technique for modified
peptides. Further improvement of the current pSNAP protocol to increase sensitivity is desirable for
capturing omics-level modification sites. As shown in Figure 3C, perturbation of cells may cause global
changes in translation. However, such global changes would not be detected in a typical proteome analysis
because ratios are normalized based on the assumption that abundance of most proteins remains un-
changed under two conditions. We also detected M-channel-derived signals for some proteins even
without puromycin (Figures 1D and 2B). Hence, background noise due to non-specific proteins may
compress quantitative ratios in experiments comparing two conditions based on H/M ratios (see e.g.,
Figures 2D and 3A), leading to systematic underestimation of quantitative ratios.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse anti-puromycin antibody (clone 12D10) (IP) Merck Cat# MABE343, RRID:AB_2566826

mouse anti-puromycin antibody (clone 3RH11) (1:5,000) Cosmo Bio Cat# CAC-PEN-MAOQ01, RRID:AB_2620162

rabbit anti-ubiquitin antibody (1:2,000)

Cell Signaling Technology

Cat# 3933, RRID:AB_2180538

Chemicals, peptides, and recombinant proteins

puromycin dihydrochloride
L—(13C6,15N4)—arginine (Arg”10")
L-("3Cq,">Ny)-lysine (Lys"8")
L—(15N4)—arginine (Arg"4")
L-(Dg)-lysine (Lys"4")

MG-132

Bortezomib

Silmitasertib

cycloheximide (CHX)

fetal bovine serum (FBS)

DMEM(High Glucose) with L-Glutamine,
Phenol Red and Sodium Pyruvate

arginine- and lysine-free Neurobasal-A medium

DMEM for SILAC

neuron dissociation solutions
poly-L-lysine

MEM

D-glucose

sodium pyruvate
penicillin-streptomycin

Neurobasal-A medium

B-27 supplement

GlutaMAX

LPS Salmonella minnesota R595 - TLR4 ligand
bis(sulfosuccinimidyl)suberate, disodium salt (BS3)
Sodium deoxycholate (SDC)

Sodium N-lauroylsarcosinate (SLS)
Trifluoroacetic acid (TFA)

Ammonium acetate

Dimethyl sulfoxide (DMSO)

Ponceau-S Staining Solution

100 x protease inhibitor cocktail

Lysyl endopeptidase (LysC)

Trypsin
SETAPAETATPAPVEKSPAKK-K(biotin),

Ac-SETAPAETATPAPVEKSPAKK-K(biotin),
Ac-SETAPAETATPAPVEKpSPAKK-K(biotin)
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FUJIFILM Wako

Cambridge Isotope Laboratories
Cambridge Isotope Laboratories
Cambridge Isotope Laboratories
Cambridge Isotope Laboratories
Chemscene

FUJIFILM Wako
MedChemExpress

FUJIFILM Wako

Thermo Fisher Scientific

FUJIFILM Wako

Research Institute for the

Functional Peptides
Thermo Fisher Scientific
FUJIFILM Wako

Merck

Thermo Fisher Scientific
Merck

Nacalai Tesque

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
InvioGen

FUJIFILM Wako
FUJIFILM Wako
FUJIFILM Wako
FUJIFILM Wako
FUJIFILM Wako
FUJIFILM Wako

Beacle

Merck

FUJIFILM Wako
Promega

Synpeptide

Cat# 160-23,151
Cat# CNLM-539-H
Cat# CNLM-291-H
Cat# LM-396

Cat# DLM-2640
Cat# CS-0471
Cat# 021-18901
Cat# HY-50855
Cat# 037-20991
Cat#10270106
Cat# 043-30085

N/A

Cat# 88364
Cat#291-78001
Cat#A-005-C
Cat#11095080
Cat#108337
Cat#06977-34
Cat#15140122
Cat#10888022
Cat#17504044
Cat#35050061
Cat#15C10-MM
Cat# B574
Cat#194-08311
Cat#192-10382
Cat#204-02743
Cat#015-02837
Cat#041-29351
Cat#BCL-PSS-01
Cat#P8340
Cat#129-02541
Cat#V5111

N/A

(Continued on next page)
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Nuclease-Free Water (not DEPC-Treated) Thermo Fisher Scientific Cat#t AM9937

TurboDNase (2U/ul) Thermo Fisher Scientific Cat#t AM2238

SUPERaseln Thermo Fisher Scientific Cat# AM2694

cOmplete Mini, EDTA-free Protease Inhibitor Cocktail Sigma-Aldrich Cat# 11836170001

QlAzol lysis reagent QIAGEN Cat# 79306

Trizol LS reagent

Thermo Fisher Scientific

Cat# 10296028

Critical commercial assays

SuperScript Il First-Strand Synthesis
SuperMix for gRT-PCR

TagMan Gene Expression Master Mix
Empore SDB-XC membrane

Empore cation-SR membrane

Thermo Fisher Scientific

Thermo Fisher Scientific
GL Sciences

GL Sciences

Cat# 11752050

Cat# 4369016
Cat#5010-30016
Cat#5010-30031

Dynabeads Protein G Magnetic Beads Thermo Fisher Scientific Cat#10003D

Pierce™ High Capacity Streptavidin Agarose Thermo Fisher Scientific Cat#20357

ReproSil-Pur C18-AQ materials 120 (3 pm) Dr. Maisch GmbH, Ammerbuch Cat#r13.aq.

ECL reagent Cytiva Cat#RPN2124

Deposited data

Proteomic raw data this paper jPOST: PXD024078
Proteomic raw data this paper jPOST: PXD031475
Proteomic raw data this paper jPOST: PXD024080
Proteomic raw data this paper jPOST: PXD024081

Proteomic raw data this paper jPOST: PXD024104
Proteomic raw data this paper jPOST: PXD026349
Experimental models: Cell lines

Human: Hela ATCC Cat# CCL-2, RRID: CVCL_0030
Mouse: RAW264.7 ATCC Cat#TIB-71, RRID:CVCL_0493

Oligonucleotides

RPS27 (Hs01378332_g1) TagMan Assay

RPL12 (Hs02385039_g1) TagMan Assay

RPL5 (Hs00851991_u1) TagMan Assay

RPS17 (Hs00734303_g1) TagMan Assay
GammaTub23C (Dm01841764_g1) TagMan Assay

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# 4331182
Cat# 4331182
Cat# 4331182
Cat# 4331182
Cat# 4331182

Software and algorithms

MaxQuant (v1.6.17.0 or v.1.6.2.10)
Perseus (v.1.6.5.0)

Metascape

FAIMS MzXML Generator

R Studio (v 1.2.5001)

Cox and Mann, 2008
Tyanova et al., 2016
Zhou et al., 2019

Hebert et al., 2018

Rstudio team

https://www.maxquant.org/
https://maxquant.net/perseus/

https://metascape.org/gp/
index.html#/main/step 1

https://github.com/coongroup/
FAIMS-MzXML-Generator

https://www.rstudio.com/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Koshi Imami (koshi.imami@riken.jp).
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Materials availability

This study did not generate new unique reagents.

Data and code availability

The proteomics data have been deposited to the ProteomeXchange Consortium via the POST (Moriya
etal., 2019, Okuda et al., 2017) partner repository with the dataset identifier, PXD024078 (pSNAP evaluation
related to Figures 1D and S2A), PXD031475 (LPS experiment related to Figure S2C), PXD024080 (silmitaser-
tib experiment related to Figure 3A), PXD024081 (Nt-acetylation related to Figure 4A), PXD024104 (mouse
primary culture related to Figures 2A and 2D, and PXD026349 (peptide pulldown related to Figure 4G). This
paper does not report original code. Any additional information required to reanalyze the data reportedin
this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Hela cell culture and pulse labeling with puromycin and SILAC amino acids

Hela cells (ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (FUJIFILM Wako) supple-
mented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific). Cells were grown to approximately
70-80% confluence and then used for experiments. For pulse-labeling experiments, the cell culture me-
dium was switched to arginine- and lysine-free DMEM (Thermo Fisher Scientific) supplemented with 10%
FBS and 10 uM puromycin (FUJIFILM Wako), either "heavy” amino acids [0.398 mM L-(13C6,15N4)—arginine
(Arg"”10") and 0.798 mM L—(13C6,15N2)—|ysine (Lys"8")] or "medium” amino acids [0.398 mM L—(15N4)—arginine
(Arg”4") and 0.798 mM L-(Dy)-lysine (Lys"4")] (Cambridge Isotope Laboratories), and incubated for 30 min
or 2 h as described elsewhere (Imami et al., 2010, 2018; Uchiyama et al., 2020). For the proof-of-concept
experiment (related to Figure 1B), Hela cells were pulse-labeled with a combination of 10 pM puromycin
and 'heavy’ amino acids (Arg'10’ and Lys'8’) for 2 h, while as control, cells were treated with only ‘medium-
heavy’ amino acids (Arg’4’ and Lys'4’) and puromycin was omitted. To examine the degradation of
puromycylated NPCs during puromycin labeling (related to Figure S1B), Hela cells were treated with
10 uM puromycin and either DMSO, 10 uM MG-132 (Chemscene) or 1 pM bortezomib (FUJIFILM Wako)
for 15 min, 30 min, 60 min, and 120 min. In the silmitasertib experiment (related to Figure 3A), Hela cells
were pre-incubated with either DMSO or a CK2 inhibitor silmitasertib (MedChemExpress) (10 uM) for
10 min, and then pulse-labeled with puromycin for 2 h in the presence of either DMSO (+'medium-heavy’
amino acids) or 10 uM silmitasertib (+'heavy’ amino acids). For the protein Nt-acetylation profiling (related
to Figure 4A), Hela cells were pulse-labeled with puromycin for 2 h in the presence of either 100 pg/mL
CHX (FUJIFILM Wako) (+'medium-heavy’ amino acids) or DMSO (+'heavy’ amino acids). After pulse-label-
ing, cells were washed twice with ice-cold PBS and collected by centrifugation. Three independent
experiments were performed in all proteomic studies. All cells were maintained in an incubator at 37°C
under humidified 5% CO, in air.

Mouse primary cortex cultures and pulse labeling

Primary cultures of cortical neurons were prepared as described with a few modifications (Kaech and
Banker, 2006). In brief, cortices were dissected from postnatal day 0 (PO) mice. Cortical neurons were
dissociated using neuron dissociation solutions (FUJIFILM Wako) and plated on 35 mm (DIV7 neuron pulse
labeling) or 60 mm (DIV5 and DIV14 neuron pulse labelling) dishes coated with poly-L-lysine (Merck) at a
density of 1 x 10° and 2 x 10° cells/cm?, respectively, in MEM (Thermo Fisher Scientific) supplemented
with 10% horse serum (Thermo Fisher Scientific), 0.6% D-glucose (Merck), 1 mM sodium pyruvate (Nacalai
Tesque) and 1% penicillin-streptomycin (Thermo Fisher Scientific). Three hours after plating, the media was
replaced by growth media consisting of Neurobasal-A medium (Thermo Fisher Scientific) supplemented
with B-27 supplement (Thermo Fisher Scientific), GlutaMAX (Thermo Fisher Scientific) and penicillin-strep-
tomycin (Thermo Fisher Scientific). Neurons were maintained at 37°C in 5% CO, until experiments. For
pulse labeling experiments at 7 days in vitro (related to Figure 2A) and experiments to assess differential
translations between 5 and 14 days in vitro (related to Figure 2D), the cell culture medium was switched
to arginine- and lysine-free Neurobasal-A medium (Research Institute for the Functional Peptides)
supplemented with B-27 supplement, GlutaMAX, penicillin-streptomycin and either “heavy” amino acids
or "medium-heavy” amino acids, and processed as described above. ICR mice were purchased (Shimizu).
This study was carried out in accordance with the Guide for the Care and Use of Laboratory Animals from
the Society for Neuroscience and was authorized by the Animal Care and Use Committee of Kyoto
University.
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RAW264.7 cell culture and pulse labeling

RAW264.7 cells (ATCC) were cultured in DMEM supplemented with 10% FBS. For lipopolysaccharide (LPS)
stimulation experiments (related to Figure S2C), cells were grown to approximately 70% confluence and
then used for experiments. Cells were pre-incubated with either 100 ng/mL LPS [Salmonella minnesota
R595 - TLR4 ligand (InvivoGen 15C10-MM)] or vehicle (ultrapure water) for 1 h, and then pulse-labeled
with puromycin for 30 min, 1 h or 2 hin the presence of either 'medium-heavy’ amino acids (for control cells)
or 'heavy’ amino acids (for LPS-stimulated cells). Three independent experiments were performed for each
condition. Cells were maintained in an incubator at 37°C under humidified 5% CO, in air.

METHOD DETAILS

Immunoprecipitation (IP) of NPCs with anti-puromycin antibody

Hela cell pellets were lysed with a buffer [100 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 1% Nonidet P-40
(NP-40), protease inhibitor cocktail (Merck)], and cell debris was removed by centrifugation (4°C, 16,000 x g,
30 min). Mouse primary cells were washed twice with ice-cold PBS and directly lysed by using lysis buffer
[100 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 1% Nonidet P-40 (NP-40), 1% protease inhibitor cocktail
(Merck)] and further centrifuged at 21,500 x g for 5 min at 4°C to remove cell debris. The protein concentra-
tion was measured using a BCA assay (Thermo Fisher Scientific), and 250 ug (1 ng/pL) protein per sample was
used for the following IP, except that 250, 500, or 750 pg protein was used for the experiment with 30 min
pulse labeling (related to Figure S2A) and that 140, 280, and 560 pg protein were used for 2 h, 1 h, and
30 min pulse labeling in the LPS treatment experiments (related to Figure S2C). For the silmitasertib treat-
ment experiments (related to Figures 3A), 125 pg protein inputs from ‘medium-heavy’- and ‘heavy’-labeled
cells were combined (total 250 pg proteins). 62.6 pg Dynabeads™ Protein G Magnetic Beads (Thermo Fisher
Scientific) and 15 pg anti-puromycin antibody (clone 12D10 from Merck Millipore or 3RH11 from Cosmo Bio)
per P experiment were mixed in PBS-0.02% Tween 20 (PBS-T) and incubated for 30 min atroom temperature
with rotation. The supernatant was removed and the beads were washed twice with a conjugation buffer
(PBS). To crosslink the beads and the antibodies, the beads were suspended in 5 mM bis(sulfosuccini-
midyl)suberate, disodium salt (BS3, Wako FUJIFILM) in the conjugation buffer and incubated for 30 min at
37°C. To quench the reaction, 50 mM (final concentration) Tris-HCl pH 7.5 was added and incubation was
continued for 15 min at room temperature. The antibody-conjugated beads were then rinsed with 0.02%
PBS-T, PBS, and the lysis buffer. The antibody-conjugated beads were incubated with 250 pg protein input
for 1 h at4°C with slow rotation. The supernatant was transferred to a new tube, and the beads were washed
three times with PBS supplemented with 850 mM NaCl. Puromycylated NPCs were eluted from the beads
with 100 pL 0.15% trifluoroacetic acid (TFA) (FUJIFILM Wako), and the elution was repeated once more.
All TFA eluates were combined and dried in a SpeedVac (Thermo Fisher Scientific).

Protein digestion and SCX fractionation

The dried samples were resuspended with 100 mM Tris-HCI pH 9.0 containing 8 M urea. Proteins were
reduced with 10 mM dithiothreitol (DTT) (FUJIFILM Wako) for 30 min at 37°C, followed by alkylation with
50 mM 2-iodoacetamide (IAA) (FUJIFILM Wako) for 30 min at room temperature in the dark. The samples
were diluted to 2 M urea with 50 mM ammonium bicarbonate. The proteins were digested with 1 pg lysyl
endopeptidase (LysC) (FUJIFILM Wako) and 1 pg trypsin (Promega) overnight at 37°C on a shaking incu-
bator. The resulting peptides were acidified with 0.5% TFA (final concentration), and fractionated with a
StageTip containing SDB-XC (upper) and SCX (bottom) Empore disk membranes (GL Sciences) (Adachi
et al., 2016). Peptides were eluted from the tip sequentially using 1) 0.5% TFA and 30% acetonitrile
(ACN) 2) 1% TFA and 30% ACN 3) 2% TFA and 30% ACN, 4) 3% TFA and 30% ACN 5) 3% TFA, 100 mM
ammonium acetate and 30% ACN 6) 4% TFA, 500 mM ammonium acetate and 30% ACN, and 7)
500 mM ammonium acetate and 30% ACN (related to Figures 1B, 2A, and 3A). For protein Nt-acetylated
profiling (related to Figure 4A), flowthrough and wash (with 0.1% TFA and 80% ACN) fractions, in which
Nt-acetylated peptides are expected to be enriched were combined and measured by LC/MS/MS. The
sample solution was evaporated in a SpeedVac and the residue was resuspended in 0.5% TFA and 4%
ACN. For the experiments related to Figures 2D, S2A, S2C, and 4G, the digested peptides were desalted
using SDB-XC StageTips prior to LC/MS/MS analysis (no SCX fractionation was performed).

Peptide pulldown assay

Synthetic peptides were purchased from Synpeptide, and peptide sequences used were as follows:
SETAPAETATPAPVEKSPAKK-K(biotin), Ac-SETAPAETATPAPVEKSPAKK-K(biotin), and Ac-SETAPAETA
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TPAPVEKpSPAKK-K(biotin). Synthetic peptides (60 nmol each) were incubated with 18 plL streptavidin
agarose resins (high-capacity streptavidin agarose, Thermo Fisher Scientific) per experiment for 2 h at
room temperature in 80 pL of lysis buffer (1% NP-40, 150 mM NaCl, 25 mM Tris-HCl pH 7.5, and protease
and phosphatase inhibitor cocktails). Synthetic peptides bound to agarose resins were incubated with
Hela cell lysate (300 pg in 500 ulL lysis buffer) for 2 h at 4°C. Resins were washed three times with 1 mL
of lysis buffer, and proteins bound to resins were eluted with 60 pL of elution buffer [12 mM sodium deox-
ycholate, 12 mM sodium N-lauroylsarcosinate, 5 mM DTT, 100 mM Tris-HCI pH 9.0]. Afterward, samples
were transferred to new tubes and processed for LC/MS/MS analysis as described elsewhere (Masuda
et al., 2008) Figure 4F.

Mass spectrometry and data acquisition

Nano-scale reversed-phase liquid chromatography coupled with tandem mass spectrometry (nanoLC/MS/
MS) was performed by an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific) connected
to a Thermo Ultimate 3000 RSLCnano pump and an HTC-PAL autosampler (CTC Analytics, Zwingen,
Switzerland) equipped with a self-pulled analytical column (150 mm length x 100 pm i.d.) (Ishihama
et al., 2002) packed with ReproSil-Pur C18-AQ materials (3 um, Dr. Maisch GmbH, Ammerbuch, Germany).
The mobile phases consisted of (A) 0.5% acetic acid and (B) 0.5% acetic acid and 80% ACN. Peptides were
eluted from the analytical column at a flow rate of 500 nL/min with the following gradient: 5-10% B in 5 min,
10-40% B in 60 min, 40-99% B in 5 min, and 99% for 5 min.

For most of the experiments (related to Figures 1B, 2A, 3A, and 4A), the Orbitrap Fusion Lumos instrument
was operated in the data-dependent mode with a full scan in the Orbitrap followed by MS/MS scans for 3 s
using higher-energy collisional dissociation (HCD). The applied voltage for ionization was 2.4 kV. The full
scans were performed with a resolution of 120,000, a target value of 4 x 10°ions, and a maximum injection
time of 50 ms. The MS scan range was m/z 300-1,500. The MS/MS scans were performed with a 15,000 res-
olution, a 5 x 10* target value, and a 50 ms maximum injection time. The isolation window was set to 1.6,
and the normalized HCD collision energy was 30. Dynamic exclusion was applied for 20 s. For the nascent
proteome analyses of mouse primary cultures (Figure 2D) and RAW264.7 cells treated with LPS (Figure S2C),
and the peptide pulldown assay (Figure 4F), the mass spectrometric analyses were carried out with the
FAIMS Pro interface (Thermo Fisher Scientific). The compensation voltage (CV) was set to —40, —60, and
—80, and the cycle time of each CV experiment was set to 1 s. The full scans were performed with a reso-
lution of 120,000, the standard AGC target mode, and a maximum injection time of 50 ms. The MS scan
range was m/z 300-1,500. The MS/MS scans were collected in the ion trap with the rapid mode, the stan-
dard AGC target mode, and a maximum injection time of 30 ms. The isolation window was set to 1.6, and
the normalized HCD collision energy was 30. Dynamic exclusion was applied for 20 s.

For the nascent proteome analyses with short pulse labeling (related to Figure S2A), the LC/MS/MS ana-
lyses were performed on an UltiMate 3000 RSLCnano system (Thermo Fisher Scientific), combined with
an Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific). All mass spectrometric analyses
were carried out in the data-dependent acquisition (DDA) mode. For the Orbitrap Exploris 480 system,
peptides were separated on self-pulled needle columns (250 mm, 100 um ID) packed with Reprosil-Pur
120 C18-AQ1.9 um (Dr. Maisch, Ammerbuch, Germany) at 50°C in a column oven (Sonation). The flow
rate was 400 nL/min. The flow gradient was set as follows: 5% B in 5 min, 5-19% B in 55.3 min, 19-29% B
in 21 min, 29-40% B in 8.7 min, and 40-99% B in 0.1 min, followed by 99% B for 4.9 min. The electrospray
voltage was set to 2.4 kV in the positive mode. The mass spectrometric analysis was carried out with the
FAIMS Pro interface. The FAIMS mode was set to a standard resolution, and the total carrier gas flow
was 4.0 L/min. The CV was set to —40 and —60, and the cycle time of each CV experiment was set to 1 s.
The mass range of the survey scan was from 375 to 1,500 m/z with a resolution of 60,000, 300% normalized
automatic gain control (AGC) target and auto maximum injection time. The first mass of the MS/MS scan
was set to 120 m/z with a resolution of 15,000, standard AGC, and auto maximum injection time. Fragmen-
tation was performed by HCD with a normalized collision energy of 30%. The dynamic exclusion time was
setto 20 s.

Processing of mass spectrometry data

All raw data files were analyzed and processed by MaxQuant (Cox and Mann, 2008) (v1.6.17.0 or v.1.6.2.10),
and the database search was performed with Andromeda(Cox et al., 2011) against the SwissProt database
(version 2020-10, 42,372 human protein entries) or mouse UniProt database (version 2020-3, 55,462 protein
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entries) spiked with common contaminants and enzyme sequences. Raw data files collected from FAIMS
experiments were split into a set of MaxQuant compliant MzXML files using FAIMS MzXML Generator
(https://github.com/coongroup/FAIMS-MzXML-Generator) (Hebert et al., 2018). Search parameters
included two missed cleavage sites and variable modifications such as L—(13C6,15N4)—arginine (Arg10 =
heavy Arg, +10.00827), L—(73C6,15N2)—|ysine (Lys8 = heavy Lys, +8.01420), L—(15N4)—arginine (Arg 4 = me-
dium-heavy Arg, +3.98814 Da), L-(D,)-lysine (Lys 4 = medium-heavy Lys, +4.02511), methionine oxidation,
protein N-terminal acetylation and phosphorylation of tyrosine, serine and threonine (only for the
silmitasertib experiment related to Figure 3A and Nt-acetylome experiment related to Figure 4A). Cysteine
carbamidomethylation was set as a fixed modification. The peptide mass tolerance was 4.5 ppm, and
the MS/MS tolerance was 20 ppm. The false discovery rate (FDR) was set to 1% at the peptide spectrum
match (PSM) level and protein level.

For protein-level quantification in all experiments, ‘unique + razor’ peptides were used. For the SILAC-
based protein quantification, a minimum of one ratio count (unique peptide ion) was used for quantifica-
tion, and the ‘re-quantify’ and ‘match between runs’ functions were employed. Raw H/M ratios were used
for quantification related to Figures 1A, 2A, 4A, and S2A while normalized H/M ratios were used for the dif-
ferential analysis of NPC levels (related to Figures 2D, 3A, and S2C). For label-free quantification of peptide
pulldown samples (related to Figure 4F), a minimum of two ratio counts was used for quantification. Only
proteins quantified in 2 out of the 3 replicates in at least one condition were used for further analysis, and
missing values were imputed from a normal distribution of log, LFQ intensity using a default setting (width
0.3, down shift 1.8) in Perseus (v.1.6.5.0) (Tyanova et al., 2016). Volcano plots were generated based on log,
FC (x-axis) and -logqg p-value from two-sided t-test (y-axis). The curve indicates a cut-off for differentially
interacting proteins (FDR<0.05, sO: 0.8).

For the differential NPC analysis in mouse primary cortex cultures (related to Figure 2D), normalized H/M
ratios were log; transformed and replicates were averaged when they were quantified in at least two of the
three replicates. Two-sided one sample t-tests were performed on the experimental data using Perseus
(Tyanova et al.,, 2016) and proteins were considered as ‘significantly regulated’ when they were below a
t-test p-value of 0.05 and above 0.5 (a log, ratio) according to an FDR estimation of SILAC fold-change
(Bogdanow et al., 2020). To do this, we used the simulated data as a false positive set and accepted
proteins above a SILAC fold-change that recalled <5% false positives. Our criteria ( p-value of 0.05
and above 0.5 (a log; ratio)) correspond to FDR<0.05.GO enrichment (Figure 2G) of the significantly
regulated proteins were performed using Metascape (Zhou et al., 2019).

For phosphosite analysis (related to Figure 3D), only class | (localization probability>0.75) sites (Olsen et al.,
2006) that were quantified in at least one of the replicates were used.

Analysis of the positions of identified peptides within protein sequences

To calculate the positions of identified peptides within protein sequences (related to Figures 1E, 2C, S2B,
S3A, and S4B), we classified peptides into two groups based on their H/M ratios; H/M=2 (i.e., NPCs) and
H/M < 2 (i.e., potential contaminants). The first amino acids within peptides were mapped onto a protein
sequence, and their relative positions within proteins (from N-term: 0 to C-term: 1) were calculated. For the
input samples, all identified peptides were used to compute the positions within proteins. Only M— and
H-labeled peptides were considered to calculate the positions within protein sequences in Figure S3A.

Comparison of pSNAP with pSILAC and ribo-seq

To compare the three orthogonal approaches (pSNAP, pSILAC, and ribo-seq) (related to Figure SX), we
used intensity-based absolute quantification (iBAQ) intensities (Schwanh&usser et al., 2011) from proteo-
mic analysis and read counts of ribosome protected fragments (RPFs) obtained from ribo-seq. The iBAQ
algorithm computes the sum of all peptides intensities divided by the number of theoretically observable
peptides, which provides a rough estimation of protein abundance within a sample. In pSNAP and pSILAC
experiments (Figure 1E), iBAQ intensities from the 'heavy’ channel were used as a relative protein abun-
dance of nascent proteins within the sample and compared to the read counts of RPFs obtained from
the ribo-seq. The pSILAC data was obtained from the input sample (Figure 1E: without enrichment of
NPCs) in which 2 h pulse labeling was performed. Ribo-seq data were obtained from a previously published
dataset (Stumpf et al., 2013) in which cell cycle-dependent (i.e., G1, S, M) translational changes were ana-
lysed in Hela cells. Transcripts having read counts within 0-10 were eliminated. For our pSNAP result, we
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only used proteins showing H/M ratio >2 as those proteins are more likely to be bona fide NPCs. To
compare our proteomic result (asynchronous Hela cells) with the ribosome profiling data, we used data
from the G1 cell-cycle stage because G1 is the major cell-cycle phase in asynchronous cells.

Western blotting

The cell lysates were re-suspended in LiDS loading sample buffer (Thermo Fisher Scientific) with 50 mM
DTT and incubated at 70°C for 5 min. The protein samples were loaded onto a 4-12% gradient SDS-poly-
acrylamide gel (Thermo Fisher Scientific) and separated using electrophoresis. The proteins were then
transferred to a PVDF membrane (Merck Millipore) using a semi-dry western blot transfer system set to a
constant current of 200 mA for 30 min. The membranes were first blocked by incubation in 5% (w/v) BSA
or 5% (w/v) skim milk in Tris-buffered saline and 0.1% tween 20 (TBS-T) and then incubated with anti-puro-
mycin antibody (clone 3RH11, Cosmo Bio) diluted 1:5,000, overnight at room temperature. The membrane
was washed three times with 0.1% TBS-T, incubated with HRP-conjugated anti-mouse secondary antibody
(1: 20,000 dilution) in 0.1% TBS-T 1 h at room temperature, washed three times in TBS-T, and developed
with ECL reagent (Cytiva). Ubiquitinated proteins were detected using anti-ubiquitin rabbit antibody
(CST) (1: 2,000 dilution) and HRP-conjugated anti-rabbit secondary antibody (1: 10,000 dilution). Chemilu-
minescence was detected using the luminescent image analyzer ImageQuant LAS-500 (Cytiva).

qRT-PCR analysis of selected transcripts in monosome and polysome fractions

Hela cells (70% confluence) were treated with either 10 uM silmitasertib or DMSO for 2 h. Two independent
experiments were performed. The cells were placed on ice and gently washed once with 10 mL ice-cold
PBS. Then they were lysed with 0.4 mL ice-cold lysis buffer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM
MgCl,, 1 mM DTT, Complete EDTA-free Protease Inhibitor Cocktail, 100 pg/mL cycloheximide, 1% Triton
X-100, 25 units/mL Turbo DNase (Thermo Fisher Scientific), and 100 units/mL SUPERaseln (Thermo Fisher
Scientific)). The lysate was incubated on ice for 10 min and triturated through a 25-gauge needle (Terumo)
ten times before centrifugation at 20,000 x g for 10 min at 4°C. The supernatant was collected in a new tube
for the sucrose gradient analysis and as the sample for loading. A 10-45% continuous sucrose gradient was
prepared in a polyclear tube (Seton) using 10 and 45% sucrose buffers containing 100 ng/mL cycloheximide
and 1 mM DTT in polysome buffer (25 mM Tris-HCI (pH 7.5), 150 mM NaCl and 15 mM MgCl,) and the Bio-
comp Gradient Master program (Biocomp). An equal amount of cell lysate to the sample (300 pl) was
loaded on the prepared gradient solution. Monosome and polysomes were separated in the sucrose
gradient by ultracentrifugation using a SW-41 rotor (Beckman Coulter) at 36,000 rpm for 2.5 h at 4°C.The
profile of relative RNA abundances of monosomes and polysomes were visualized at 254-nm wavelength,
and equal-volume fractions were collected simultaneously with the Biocomp Piston Gradient Fractionator
(Biocomp) Figure 3C.

For the RNA analysis, an equal sample volume of TRIzol LS reagent (Thermo Fisher Scientific) was immedi-
ately added to the fractions and loading sample. RNA was purified using an miRNeasy Mini Kit according to
manufacturer’s instructions. Purified RNAs along with 1 ng of spiked Drosophila RNA were used for single
strand complementary DNA (cDNA) synthesis using a SuperScript Ill First-Strand Synthesis SuperMix for
gRT-PCR (Thermo Fisher Scientific). Quantitative RT-PCR was performed using TagMan Gene Expression
Master Mix (Thermo Fisher Scientific) on a Quant Studio 3 instrument (Thermo Fisher Scientific). The cDNA
synthesis rate is validated by the spiked Drosophila RNA and the sample Ct values were compared with the
loading sample before the sucrose gradient.

QUANTIFICATION AND STATISTICAL ANALYSIS

The type of statistical test (e.g., Wilcoxon rank-sum) is annotated in the Figure legend and/or in the
Methods specific to the analysis. In addition, statistical parameters such as the value of n, mean/median,
SD and significance level are reported in the Figures and/or in the Figure Legends. Statistical analyses
were performed using R as described in Methods and Resources for each individual analysis.
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