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Summary

Rapid protein degradation enables cells to quickly modulate protein abundance. Dysregulation of
short-lived proteins plays essential roles in disease pathogenesis. A focused map of short-lived
proteins remains understudied. Cycloheximide, a translational inhibitor, is widely used in targeted
studies to measure degradation kinetics for short-lived proteins. Here, we combined cycloheximide
chase assays with advanced quantitative proteomics to map short-lived proteins under translational
inhibition in four human cell lines. Among 11,747 quantified proteins, we identified 1,017
short-lived proteins (half-lives < 8hr). These short-lived proteins are less abundant, evolutionarily
younger, and less thermally stable than other proteins. We quantified 103 proteins with different
stabilities among cell lines. We showed that U20S and HCT116 cells express truncated forms

of ATRX and GMDS, respectively, which have lower stability than their full-length counterparts.
This study provides a large-scale resource of human short-lived proteins under translational arrest,
leading to untapped avenues of protein regulation for therapeutic interventions.

"Correspondence: steven_gygi@hms.harvard.edu; brian.harry@cuanschutz.edu.

Author contributions

J.L. performed the cycloheximide treatment, prepared the samples, analyzed the data and wrote the manuscript. Z.C. performed the
SiRNA experiments and Western blotting. L.P.V. grew the cells, performed the cycloheximide treatment and Western blotting. N.S.
analyzed the RNA-seq data for ATRXmRNA in U20S cells. D.C.M provided the large-scale HCT116 dataset for GMDS peptide
verification. E.L.H. advised on data analyses and edited the manuscript. J.A.P ran the mass spectrometry analyses and edited the
manuscript. B.L.H initiated the project, performed the cycloheximide treatment, prepared samples for preliminary experiments, and
edited the manuscript. S.P.G oversaw the project and edited the manuscript. All authors approved the manuscript.

Competing interests statement
The authors declare no competing interests.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal.

Page 2

Graphical Abstract

B )5 GO

HEK293T RPE1 HCT116 uzos Orbiter FAIMS Orbitrap
M52 | MS3

Reporier ons.
.3_9 &
TMTpro-16plex labeling é

- I i

o P
Datermination of protein half-ives

under translational arest

|
‘ ")
§ g v il jance
2 E Halfdife: 3.5 hr
: fost- 4
5 g ~—a_g s
g £ : i
' 1.017 shortdived protoins
o K e I ] b T —
12 6788101112 !3 14 15 15 012 4 e 103 short-lived proteins
TMTpre channel CHX (hr) with differential stabilities

Short-lived proteins GMDS HEK203T,

Low abundant Poor mRNA and protein correlation

Protain
Protein abundance

Protein abundance

Introduction

Protein turnover encompasses protein synthesis and elimination, occurring continuously
to maintain normal cellular functions. Specifically, rapid protein degradation serves vital
roles in various dedicated cellular processes, including cell cycle, signal transduction, and
differentiation (Meszaros et al., 2017; Teixeira and Reed, 2013). Because protein synthesis
is comparatively slow, rapid protein degradation is required to achieve immediate protein
abundance changes in response to perturbations. Alterations in the degradation of disease-
related proteins often play essential roles in disease pathogenesis. For example, cell cycle
phases are tightly controlled by event-driven activators and inhibitors (CCND1, AURKA,
etc.). The selective, programmed, and rapid degradation of these regulators provides the
direction and appropriate timing of cell cycle phases (Teixeira and Reed, 2013). Mutations
in the target recognition subunits of E3 ligase complexes disrupt CCND1 degradation,
which is associated with breast cancer and esophageal cancer (Meszaros et al., 2017).
These individual examples suggest that systematic investigation of short-lived proteins will
uncover proteome-wide regulatory roles for protein degradation across cellular processes.

Cycloheximide, a global translational inhibitor, blocks the eukaryotic ribosome, specifically,
the mMRNA-tRNA translocation process (Garreau de Loubresse et al., 2014). Combined with
Western blotting, the cycloheximide chase assay has been widely used in targeted studies
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to measure degradation kinetics for short-lived proteins (Dai et al., 2021; Huang et al.,
2020; Ross et al., 2020; Schwanhausser et al., 2011; Xu et al., 2017; Yoshida et al., 2020).
Besides, a systematic investigation determined the half-lives for over 3,700 yeast proteins
with the cycloheximide chase assay and Western blotting (Belle et al., 2006). However,

no comparable study has been performed in human cells. Although global translational
inhibition introduces stress responses and short treatment times are thus advised, the
cycloheximide chase assay has proven effective for interrogating rapidly degraded proteins
(Ross et al., 2020). The fast elimination of these proteins pinpoints certain mechanisms for
rapid protein removal, which may guide the development of therapeutic interventions via
regulated protein degradation.

In this work, we combined the cycloheximide chase assay with multiplexed quantitative
proteomics to profile short-lived proteins (half-lives < 8 hr) under translational inhibition
in widely used human cell lines. We chose four genetically distinct cell lines (U20S,
HEK293T, HCT116, and RPEL) as they provide complementary views of the human
proteome. They have different tissues of origin, represent cancer-derived (U20S and
HCT116) and non-cancer derived (HEK293T and RPE1) cells, have different driver
mutations and immortalization mechanisms. HCT116 and RPEL1 are epithelial cells and
HEK?293T and U20S are mesenchymal in origin. Using sample multiplexing, we achieved
deep proteome coverage and quantified a total of 11,747 proteins. We identified over 1,000
short-lived proteins under translational inhibition and revealed over 100 proteins showing
distinct stabilities between cell lines. The resource represents potential pinch points for
therapeutic interventions that could disrupt dedicated biology by controlling protein stability.

The experimental design and quality control of the data

Cells were treated with cycloheximide for different amounts of time (Fig. 1A). Protein
abundance was then monitored as a function of time with TMTpro-based quantitative
proteomics (Li et al., 2020). Labeled samples were analyzed on an Orbitrap Eclipse

mass spectrometer utilizing high-field asymmetric-waveform ion mobility spectrometry
(FAIMS) (Schweppe et al., 2019) coupled with real-time search (RTS)-synchronous-
precursor-selection (SPS)-MS3 (Schweppe et al., 2020). Protein abundance measurements
were used to calculate protein half-lives under translational arrest (hereinafter referred to
as “half-lives™) (Fig. 1A). Our expectation was that deep proteome coverage achieved by
combining FAIMS and RTS would enable thorough sampling of low abundant short-lived
proteins under translational inhibition (hereinafter referred to as “short-lived proteins™) and
that the accurate fold change measurements by RTS-SPS-MS3 would facilitate precise
half-life calculations. For example, Geminin, an inhibitor of DNA replication, is a known
short-lived protein (McGarry and Kirschner, 1998). It showed dramatic degradation and
half-lives of 3—4 hr under translational arrest in all four cell lines (Fig. 1B).

Samples collected at the same time point grouped together in principal component analysis
(Fig. 1C). Specifically, samples from different time points were separated mainly by the first
principal component, which accounted for the majority of the total variance (75%-79%)
(Fig. 1C). Coefficients of variance (CV) were excellent between replicates (median CV <

Mol Cell. Author manuscript; available in PMC 2022 November 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 4

5%) (Fig. S1A). These results indicate that our assay can provide datasets of high quality
with excellent reproducibility.

A comprehensive resource of short-lived proteins under translational inhibition in human

cells

We performed routine normalization to account for i) small loading differences across
TMTpro channels and ii) changes due to small artifacts across time points under the
assumption that long-lived proteins would not change in abundance over 8 hr cycloheximide
treatment (Mathieson et al., 2018; McShane et al., 2016; Toyama et al., 2013) (Fig. S1B,
see Methods for details). Protein half-lives were then determined under the assumption

that protein degradation followed first order decay kinetics (Belle et al., 2006) with slight
modifications (Fig. S1C, D, see Methods for details).

We achieved excellent proteome coverage, quantifying ~9,000 proteins in each cell line and
a total of over 11,000 proteins in all cell lines (Fig. 2, Table S1). The relative expression
levels for the majority of proteins remained unchanged, and only a small fraction (~5%)
showed dramatic decreases following 8 hr cycloheximide treatment (Fig. 2A, B). Among
them, we determined ~500 short-lived proteins in each cell line (Fig. S2A, Table S2).
Generally, proteins that were short-lived in one cell line also presented decreasing trends in
other cell lines (Fig. S2B). Considering that the criteria for assigning short-lived proteins
were arbitrarily based on a half-life cutoff of < 8 hr, we assembled a list of all proteins
deemed short-lived in one or more cell lines for many of the subsequent systematic analyses.

In a preliminary analysis, we found that extracellular matrix (ECM) proteins were enriched
among short-lived proteins (Fig. S2C). ECM proteins are known long-lived proteins,
especially collagen (Toyama and Hetzer, 2013; Toyama et al., 2013) (Fig. S2C). The
decreases of ECM proteins were likely caused by secretion without synthesis and not by
degradation. Thus, we excluded all ECM proteins in subsequent analyses. After removing
ECM proteins, we identified between 403 and 508 short-lived proteins in each cell line
(Fig. 2C), representing 4.4%-5.3% of the quantified proteome. In total, 1,017 proteins were
short-lived with 90 short-lived in all four cell lines (Fig. S2D, E). The median half-lives of
the short-lived proteins were 3—4 hr in each cell line, and about 100 half-lives were as short
as 0-2 hr (Fig. 2D). For example, the half-life of PRELID3B was about 0.3 hr (18 min) in
U20S, HEK293T, and HCT116 cells (Fig. 2D). We did not identify PRELID3B in RPE1
cells, but we found a related protein PRELID1 with a half-life of 0.6 hr (36 min) in RPE1
cells (Fig. 2D). PRELID3B and PRELID1 are lipid transfer proteins in mitochondria that
shuttle phosphatidic acid and phosphatidylserine across the mitochondrial intermembrane
space, respectively (Deshwal et al., 2020). Their homologs in yeast (UPS1 and UPS2) are
known short-lived proteins (half-lives ~10 min) (Deshwal et a/., 2020). Human PRELID3B
and PRELID1 showed half-lives of a similar scale to their yeast homologs despite the
dramatically different lifespans of yeast and human cells.

Some phase-specific cell cycle inhibitors and activators are known short-lived proteins
(Teixeira and Reed, 2013). Our data recapitulated the immediate degradation of proteins that
regulate the transition between cell cycle checkpoints (Fig. 3A). We noted that cleaved
NOTCH proteins have short half-lives (Bray, 2016). As bottom-up proteomics cannot
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routinely differentiate full length and cleaved proteins, NOTCH proteins did not decrease
as other proteins (Fig. 3A). Degrons are short linear motifs characterized by specific amino
acid sequence patterns. E3 ligases often specifically recognize degrons in substrate proteins
for degradation. Some degrons, including PEST sequences, are associated with short
protein half-lives (Meszaros et al., 2017). We found that degron-containing proteins were
significantly enriched in proteins deemed short-lived (Fig. 3B). These results demonstrated
that our data effectively characterize well-recognized short-lived proteins, with half-lives
determined under short-term translational arrest.

Gene Ontology (GO) analyses of short-lived proteins under translational inhibition

Next, we performed GO enrichment analyses using the combined list of short-lived
proteins (Fig. 3C, D, Fig. S3). Short-lived proteins were enriched in DNA-binding proteins,
E3 ubiquitin-protein ligases, and substrate recognition subunits of E3 ubiquitin ligase
complexes (Fig. 3C). Some signaling pathway proteins (JAK-STAT signaling pathway,
Hippo signaling pathway, cell cycle, etc.) were also enriched (Fig. S3B). The enrichment
of DNA-binding proteins, signaling proteins and cell cycle proteins agreed with previous
observations in the subset of unstable proteins (Schwanhausser et al., 2011). Interestingly,
we noticed that E3 ubiquitin-protein ligases and substrate recognition subunits of E3
ubiquitin ligase complexes were also enriched (Fig. 3C, D). A few single-unit E3 ligases
(e.g. MDM2 (Kubbutat et al., 1999), RNF8 (Ma et al., 2018), RNF138 (Yu et al., 2020)) are
known to be short-lived. Three substrate recognition subunits (GRR1, CDC4, and MET30)
of the SCF complex are short-lived in yeast (Galan and Peter, 1999). Beyond that, few
studies have shown systematically that E3 ligases and substrate recognition subunits of E3
ubiquitin ligase complexes have short half-lives.

The majority of the E3 ligases are RING E3 ligases (Morreale and Walden, 2016). Among
RING E3 ligases, the cullin-RING ligase complex and the anaphase promoting complex/
cyclosome (APC/C) require substrate recognition subunits to ubiquitylate substrates. We
extracted a list of components of the cullin-RING ligase complex and APC/C complex
from GO and mapped the log, fold changes at 8 hr to the list (Fig. 4A, B). We quantified
~90% of all cullin-RING ligase complex members and APC/C complex subunits in GO.
Core components of these E3 ligase complexes remained nearly unchanged at 8 hr, while
substrate recognition subunits and adaptors underwent fast degradation (Fig. 4). A separate
hand-curated list of cullin-RING ligase complex subunits displayed the same results (Fig.
S4A). We also noticed that the E3 ligases in these complexes remained largely unchanged.
Thus, the enriched E3 ligases in short-lived proteins in GO analysis should be mostly

E3 ligases that function as a monomer or dimer and do not require substrate recognition
subunits (Morreale and Walden, 2016) (Fig. 3C, Fig. S4B, Fig. S4D).

It is possible that the enrichment of the substrate recognition subunits of E3 ubiquitin

ligase complexes and single-unit ligases was caused by feedback mechanisms when protein
synthesis was inhibited. Besides the abovementioned known short-lived single-unit E3
ligases, among all short-lived substrate recognition subunits (Fig. S4A), four were quantified
in a pulse-chase metabolic labeling study of RPE1 cells with short half-lives (KLHL9, 6.6
hr; LRRC42, 3.8 hr; DCAF7, 12.5 hr; and LRRCA41; 8.9 hr) (McShane et a/., 2016). The
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possibility remains that certain negative feedback mechanisms exist, but evidence from other
sources cross-validated that some E3 ligases and substrate recognition subunits are indeed
short-lived without translation inhibition. Of note, our results suggested that some working
mechanisms were available in cells to rapidly degrade these proteins, which potentially
represented entry points for therapeutic interventions via protein stability regulation.

Properties of short-lived proteins under translational inhibition

We next examined if certain protein properties were associated with short-lived proteins.
Previous research has studied the relationships between several protein properties and
protein turnover rates on a global level, including protein abundance and membership in
protein complexes (Cambridge et al., 2011; Mathieson et al., 2018). Besides extending the
investigation of these properties into the subset of short-lived proteins, we also explored
additional properties, including mRNA abundance and protein expression correlation and
evolutionary age.

As expected, we observed significantly fewer peptides for short-lived proteins (Fig. S5A).
We did not observe a difference in protein length between short-lived and non-short-lived
proteins (Fig. S5B). After normalizing the number of identified peptides by protein length
and the fraction of protein intensities at 0 hr, we still observed a significantly lower
abundance for short-lived proteins (Fig. 5A). We further retrieved protein copy humbers

in U20S cells from the literature (Beck et al., 2011) and found the same result (Fig. 5B).

It is generally recognized that rapidly degraded proteins are largely regulatory and low
abundant. A previous protein half-life analysis with pulse-chase metabolic labeling revealed
a weak negative association been protein abundance and turnover rates at the proteome
level (Cambridge et al., 2011). The conclusion held true in our focused study on short-lived
proteins.

The instability and aliphatic indices calculated from protein primary sequences estimate

in vitro protein stabilities (Guruprasad et al., 1990) and protein thermal stabilities (Ikai,
1980), respectively. High instability indices indicate low stability. We found that short-lived
proteins tended to have higher instability indices (Fig. 5C, Fig. S5C). The instability index
was originally developed by studying the correlation between the stability of a protein /n
vitro and its dipeptide composition (Guruprasad et a/., 1990). Our results suggested that this
index could also indicate protein stability /n vivo. Low aliphatic indices mean relatively low
densities of nonpolar and hydrophobic amino acids (alanine, valine, isoleucine, and leucine)
and low melting temperatures (Ikai, 1980). Short-lived proteins had lower aliphatic indexes,
and thus presumably low melting temperatures. We further mapped the protein stability data
to human protein melting temperature data (Jarzab et al., 2020), and found that short-lived
proteins did show lower melting temperatures (Fig. 5C, Fig. S5C).

We next mapped the CORUM database (Giurgiu et al., 2019) onto the list of short-lived
proteins under translation inhibition. The largest protein complex was kept if a protein
belonged to multiple protein complexes. Short-lived proteins were found preferentially in
small complexes (Fig. 5D). Moreover, the half-lives of the members of the same small
protein complex varied, and most small protein complexes contained only a minor fraction
of short-lived proteins (Fig. S5D). For example, the origin recognition complex (ORC
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complex) and the tRNA splicing endonuclease have six and five subunits, respectively, but
they both harbored just one short-lived component (Fig. 5E, F). Interestingly, ORC1 and
ORCES are loosely attached subunits of the ORC complex (Ghosh et al., 2011; Radichev

et al., 2006; Ranjan and Gossen, 2006). They both displayed faster degradation than other
subunits. This observation agreed with the abovementioned notion that peripheral subunits
generally turned over more rapidly than core subunits of E3 ubiquitin ligase complexes

(Fig. 4). Some subunits have been suggested to undergo targeted degradation, controlling the
activity of the protein complex and allowing for fast switching between complex assembly
and disassembly (Hinkson and Elias, 2011). Many protein complexes, especially small
complexes, had subunits of differing stability in our results, which might implicate them as
regulatory factors within the complexes. TSEN34, which comprises the active site of the
tRNA splicing endonuclease complex (Paushkin et al., 2004), showed a shorter half-life than
other subunits (Fig. 5F), suggesting that this catalytic protein may contribute to complex
activity regulation via rapid degradation.

Previous studies have shown that members of the long-lived proteasome and nuclear pore
complex (NPC) share highly similar turnover rates (Cambridge et al,, 2011; Martin-Perez
and Villen, 2017; Mathieson et al., 2018). Yet, protein half-lives also can vary within
individual complexes. Peripheral subunits of the proteasome and NPC, for example, have
faster turnover rates than core components (Mathieson ef a/., 2018). Although our study
was not designed to accurately determine degradation rates for medium- or long-lived
protein complexes, we still observed that transitory subunits in the spliceosome (Zhan et al.,
2018; Zhang et al., 2018) demonstrated more extensive degradation than core components
(Fig. 5G). Mapping the results from cycloheximide-treated HEK293T cells to the global
protein-protein interaction data in HEK293T cells (Huttlin et al., 2021) demonstrated a
subtle trend that short-lived proteins had fewer interacting proteins than other proteins (Fig.
5H). The trend was consistent with the observation that short-lived proteins tended to reside
in smaller protein complexes (Fig. 5D). However, the much smaller effect size suggested
that short-lived proteins still maintained comparable numbers of interacting proteins.

Protein degradation partially accounts for the poor correlations between mRNA expression
and protein abundance (Liu et al., 2016). We retrieved the correlations between mRNA
expression and protein abundance across human tissues (Jiang et al., 2020; Wang et al.,
2019) and multiple human cancer cell lines (Nusinow et al., 2020). As expected, we
observed a trend that rapidly degraded proteins had lower correlations (Rank 1), while stable
proteins had relatively higher correlations (Rank 8) (Fig. 51, Fig. S5E). Finally, we analyzed
the evolutionary ages (Liebeskind et al., 2016) of short-lived proteins. Most of the quantified
proteins dated to eukaryotic, eumetazoan, and vertebrate ages (Fig. 5J). Compared to

the most stable proteins (Rank 8), the fraction with the least stable proteins (Rank1)
increased as protein evolutionary age decreased (Fig. 5J). Short-lived proteins tended to

be evolutionarily younger than stable proteins, suggesting that mechanisms underlying rapid
protein degradation have evolved to support more precise control over cellular proteome
dynamics.
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Differential stability of short-lived proteins across cell lines

Although a global view of short-lived proteins reflected common patterns of degradation in
all cell lines (Fig. S2B), we found that 103 short-lived proteins showed different half-lives

between cell lines using strict criteria (Fig. 6A, Table S3, see Methods for details), and the

cell line in which protein half-lives were significantly shorter tended to have overall lower

protein abundance (Fig. S6).

As an example, a difference among the four cell lines is that HEK293T uniquely express
the large T-antigen, which interacts with TP53 and RB1, rendering them dysfunctional
(DeCaprio et al., 1988; Deppert and Haug, 1986; Deppert et al., 1987; Hein et al., 2009;
Oren et al., 1981) (Fig. 6B, C). TP53 has a short half-life, but it is stabilized by the
interaction with large T-antigen (Deppert and Haug, 1986; Deppert ef al., 1987; Hein et al.,
2009; Oren et al., 1981) (Fig. 6B). We observed that TP53 displayed a significantly longer
half-life in HEK293T cells than U20S and HCT116 cells (Fig. 6D). TP53 also presented
higher protein abundance in HEK293T cells (Li et al., 2020) (Fig. 6E). Western blotting
confirmed the mass spectrometry data (Fig. 6F). This observation agreed with a previous
result that TP53 was more stable in HEK293T than U20S cells as measured by flow
cytometry and microarray (Yen et al., 2008). As another large T-antigen-dependent event,
stabilized CDK4 was also found to be HEK293T specific (Fig. 6 B, C, and G). The loss of
RB1 function in HEK293T cells leads to high CDKN2A expression (Li et al., 2020; Li et
al., 1994) (Fig. 6H), which binds and stabilizes CDK4 (Parry et al., 1995; Parry et al., 1999)
(Fig. 6G).

The cell lines analyzed rely on different mechanisms for telomere maintenance. U20S is an
alternative lengthening of telomeres (ALT)-positive cell line (Heaphy et al., 2011; Lovejoy
et al., 2012), while the other three are telomerase-positive cell lines (Bodnar et al., 1998;
Dilley et al., 2016; Lovejoy et al., 2012) (Fig. 7A). About 85% of human cancers contain
telomerase-positive cells and achieve telomere maintenance through telomerase. Most of the
remaining 15% maintain telomeres by ALT (Cesare and Reddel, 2010). The loss of ATRX,
a SWI/SNF-like chromatin remodeling protein, is a hallmark of ALT (Dyer et al., 2017). It
is widely recognized that ATRX protein expression is missing in U20S cells (Heaphy et al.,
2011; Newhart et al., 2012; Yost et al., 2019; Zeineldin et al., 2020). U20S cells express
mutated A7TRX mMRNA, yet the mutation has been reported as both deletion of exons 2-19
and 2-30 (Heaphy et al., 2011; Lovejoy et al., 2012). Surprisingly, we still detected the
ATRX protein with a short half-life (2.1 hr) and a lower expression in U20S cells (Fig. 7B,
C). We first verified that exon 2-19 of ATRX mRNA were missing in U20S cells using

the public RNA-seq data (Ghandi et al., 2019) (Fig. STA, B). Literature review revealed a
60-80 kDa band in anti-ATRX Western blots in U20S cells (Newhart et al., 2012; Yost et
al., 2019; Zeineldin et al., 2020), which did not match any known ATRX isoforms in the
Uniprot database. Subsequent siRNA experiments confirmed the existence of the truncated
ATRX (Fig. 7D). Four distinct siRNAs targeting the remaining mRNA sequence abolished
the detection of the truncated ATRX, while scramble siRNAs and the siRNA targeting the
deletion did not (Fig. 7D). Independent repeat experiments confirmed that the truncated
ATRX in U20S was short-lived, while the full length ATRX in other three cell lines was not
(Fig. 7E). An artificially truncated version of ATRX covered by the remaining sequence still
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interacts with MeCP2 (Nan et al., 2007). It is unknown if the truncated version of ATRX
is functional in U20S cells. In conclusion, a previously unrecognized truncated version of
ATRX with a short half-life was identified in U20S cells. These findings raise questions
about established models of telomere maintenance based on expression of ATRX isoforms.

The protein GMDS (GDP-mannose 4,6 dehydratase) also displayed a significantly shorter
half-life in HCT116 cells than other cell lines. HCT116 cells have a deleted GMDS
transcript, are unable to synthesize GDP-fucose, and demonstrate an almost complete
absence of fucosylation. Wild type GMDS can restore the cellular fucosylation in HCT116
cells (Moriwaki et al., 2011; Nakayama et al., 2013). No mutant GMDS protein was
detected with Western blotting (Moriwaki et al., 2009). However, we identified two unique
GMDS peptides in HCT116 cells (Fig. 7F). GMDS displayed a short half-life (0.9 hr) in
HCT116 and was relatively long-lived in other cell lines (Fig. 7F). HCT116 also had the
lowest expression level of GMDS (Fig. 7G). We then examined all the identified peptides
for GMDS in all four cell lines and in another large-scale unpublished HCT116 dataset in
our lab. We identified multiple unique peptides in HCT116 cells, yet none fell within the
deleted region. However, we identified multiple unique peptides throughout the full primary
sequence at an equivalent frequency in other cell lines (Fig. 7H). This finding suggested that
the absence of peptides in the deleted region in HCT116 cells was not due to the stochastic
precursor selection in bottom-up proteomics. Further inspection of the MS2 spectra, reporter
ion quantification quality, and retention times also confirmed the identification and the
quantification of the truncated GMDS protein (Fig. S7C, D). This deletion likely contributes
to the short half-life of GMDS in HCT116 cells.

Comparison with pulse-chase metabolic labeling studies

We chose to combine TMTpro-based protein quantification and cycloheximide treatment

to characterize short-lived proteins under translational arrest in this work. We note that MS-
based pulse-chase metabolic labeling has also been broadly used to determine 50% turnover
times or half-lives for proteins, especially medium- and long-lived proteins (Martin-Perez
and Villen, 2017; Ross et al., 2020). Some short-lived proteins could be detected with short
labeling times. However, many factors reduced proteome coverage such that between zero
and ~200 short-lived proteins were detected. An overview of these studies is presented

in Table S4 and Fig. S8 (Boisvert et al., 2012; Cambridge et a/., 2011; Doherty et al.,

2009; Jovanovic et al., 2015; Mathieson et al., 2018; McShane et al., 2016; Schwanhausser
et al., 2011). Due to stress responses and secondary effects, half-lives determined under
translational inhibition may not always represent half-lives determined under more steady-
state conditions. We thus compared the half-lives of the short-lived proteins in RPE1 cells in
this work to those using RPE1 and pulse-chase metabolic labeling in the literature (McShane
et al., 2016). Over 85% of the overlapping proteins presented consistently short half-lives

in the literature (Fig. S8A) (McShane et al., 2016). Thus, the short-lived proteins under
short-term translational arrest still reflected those under more steady-state conditions to a
large extent.

Mol Cell. Author manuscript; available in PMC 2022 November 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 10

Discussion

We achieved proteome-wide coverage, presenting a dataset of over 11,000 proteins and
their 8-hr degradation kinetics following translational arrest in four cell lines whose distinct
biological profiles afford complementary views of the human proteome. We identified ~500
short-lived proteins with half-lives between 20 min and 8 hr under translational arrest.

For an additional ~1,400 proteins of intermediate stability, half-lives ranging from 8 hr

to 34 hr (>15% protein abundance loss at 8 hr) were determined with strong coefficients

of determination (R2 > 0.8) (Table S2, Fig. S2F). Caution is advised when interpreting
half-lives for the proteins with intermediate stability, as cycloheximide may sufficiently
disrupt cellular physiology to result in half-life miscalculation for medium- and long-lived
proteins (Darvishi and Woldemichael, 2016; Watanabe-Asano et al., 2014). In addition,
quantitative accuracy is essential for protein half-life calculation. Small deviations in the
measured protein abundance can have a pronounced effect on half-life measurement. For
example, a 50% decrease in protein abundance at 8 hr results in a half-life measurement of
8 hr, while decreases of 60% and 75% equate to half-lives of 6.1 hr and 4 hr, respectively.
We combined FAIMS, RTS-SPS-MS3, and TMTpro reagents to improve accuracy and
minimize interference. The quantitative accuracy of the datasets should be considered when
comparing half-lives between cell lines or studies. Minor differences in half-lives may not
be true biological differences and a stringent effect size cutoff is recommended in such
comparisons.

Evaluation of differential protein stability under varying conditions can offer insights into
the regulatory mechanisms that fine tune proteome remodeling through protein degradation.
For example, we observed that TP53 was stabilized in HEK293T cells, but not in other cell
lines lacking the large T-antigen (Fig. 6). We also observed how intrinsic protein factors can
impact differential stability among protein isoforms, such as truncated versions of ATRX
and GMDS that were rapidly degraded and uniquely short-lived in U20S and HCT116 cells,
respectively (Fig. 7). Intrinsic and extrinsic factors that affect protein stability can also be
evaluated using this experimental model and in theory converge at the level of interaction
between an E3 ligase and a substrate protein of interest.

Pulse-chase metabolic labeling using heavy amino acids has also been used to determine
50% turnover time or half-lives for proteins (Ross et al., 2020). While this method is
preferred for measuring protein with medium and long half- lives, there are caveats to its
use for short-lived proteins. i) Because sample multiplexing is not used, proteins are not
always identified in replicates or time points, and missing values are present. ii) Short-lived
proteins are often found at lower abundance levels where detection can be made more
difficult by the presence of both heavy and light peaks for every peptide. iii) Early time
points are often unreliable since after switching to the media with heavy amino acids the
pool of existing charged tRNAs must be depleted and recharged entirely with heavy amino
acids. iv) Specifically for short-lived proteins, these studies measure the turnover rates
only for newly synthesized proteins where the heavy amino acid has been incorporated
just hours previously. If the kinetics for degradation of the newly-synthesized form of a
protein are different from those of the mature form (McShane et al., 2016; Schubert et al.,
2000), then inaccurate half-lives will be determined. These issues can be largely avoided
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through translational arrest with cycloheximide. The use of sample multiplexing eliminates
missing values within a plex while maintaining proteome-scale depth. In addition, no tRNA
re-charging is required. Finally, the half-life of the entire population of a protein (not just

the newly synthesized) under translational arrest is captured. Note that this may not be a
major issue since comparing our dataset to several others from the literature (Fig. S8 and
Table S4) showed that metabolic labeling specifically of newly synthesized proteins using
azidohomoalanine and click chemistry returned the best consistency with our work (Fig. S8).

In conclusion, we have employed state of the art isobaric labeling technology in conjunction
with translational arrest to identify short-lived proteins within the proteomes of four
contrasting human cell lines. These short-lived proteins span myriad cellular processes
whose activities they often regulate. While there is some possibility that cycloheximide may
have perturbed the half-lives of some proteins, the short half-lives we have observed for
these short-lived proteins require mechanisms that govern their rapid degradation. Each of
the >1000 short-lived proteins identified in this resource thus has the potential to be targeted
for rapid destruction. An understanding of the underlying degradation strategies represents
an opportunity to target these proteins with small molecules, causing their degradation for
therapeutic interventions.

Limitations of the study

The short-lived proteins and their half-lives were determined under translational inhibition in
this work. Although metabolic labeling of proteins using azidohomoalanine returned the best
consistency with our work, there is still a likelihood that certain half-lives only occur under
cycloheximide treatment. We showed evidence that truncated versions of ATRX and GMDS
were rapidly degraded and uniquely short-lived in U20S and HCT116 cells, respectively.
The mechanisms, however, remain unclear and can be further investigated, which may
contribute to the understanding of telomere maintenance and protein fucosylation in cancers.

STAR Methods
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Steven P. Gygi
(steven_gygi@hms.harvard.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. The mass spectrometry data have been deposited in the ProteomeXchange
Consortium with the dataset identifier PXD024513.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

U20S (female human osteosarcoma cells), HEK293T (female human embryonic kidney
cells), HCT116 (male human colorectal carcinoma cells), and RPE1 (female human retinal
pigment epithelial cells) were purchased from ATCC. Cells were maintained in DMEM with
high glucose/pyruvate (Invitrogen) supplemented with 10% FBS (Hyclone). All cell lines
were maintained in a 5% CO» incubator at 37°C.

METHOD DETAILS

Cycloheximide treatment—~For cycloheximide treatment, cells were grown under
normal conditions to approximately 80% confluence in biological replicate 10 cm (U20S
and RPEL) or 6 cm (HEK293T and HCT116) plates, followed by 0 hr (4 replicates), 1 hr (2
replicates), 2 hr (2 replicates), 4 hr (2 replicates), 6 hr (2 replicates), and 8 hr (4 replicates)
treatment with 50 pug/ml cycloheximide. Cells were washed three times with cold PBS, then
harvested and lysed by scraping into 8 M urea lysis buffer (8 M urea, 200 mM EPPS, pH
8.5) with protease inhibitors (Complete Mini, Roche). Cell extracts were syringe-lysed and
sonicated. Protein concentration was determined with BCA assays for subsequent LC-MS
sample preparation.

ATRX siRNA experiment—Two siRNA universal negative controls and five SiRNA
targeting ATRX mRNA were purchased from Sigma-Aldrich (see key resource table for
details). sSIRNA transfections were carried out with Lipofectamine RNAIMAX (13778-150,
Invitrogen) following the standard transfection protocol. Cells were collected for Western
blotting 72 hours after transfection.

Western blotting—For the detection of ATRX (Fig. 7D, E), samples were loaded

into NUPAGE 3-8% Tris-Acetate Gel (EA03785BOX, Invitrogen). HiMark pre-stained
protein standard (LC5699, Invitrogen) was loaded to indicate the molecular weights of
target proteins. Tris-Acetate SDS running buffer (LA0041, Life Technologies) was used
in electrophoresis. Proteins were then transferred to 0.45 um nitrocellulose membranes
(#1620115, BioRad) in NuPAGE transfer buffer (NP0006-1, Life Technologies). For the
detection of TP53, Cyclin D1 and Vinculin (Fig. 6F), samples were loaded onto a 10%
SDS-PAGE gel and separated with in Tris-Glycine SDS-PAGE running buffer. PageRuler
Plus Prestained Protein Ladder (#26619, Thermo Scientific) was used. After electrophoresis,
proteins were transferred to 0.45 pm nitrocellulose membranes (#1620115, BioRad) in
Towbin transfer buffer. Membranes were blocked in 5% BSA and incubated with primary
antibodies. Membranes were then washed with TBST with 0.5% Tween 20 and incubated
with IRDye secondary antibodies (926-32211 or 925-68070, L1-COR). Membranes were
scanned, and images were collected with ODYSSEY CLx (LI-COR). Membranes were
stripped with ReBlot Plus Strong Antibody Stripping Solution (#2504, Millipore) for
detection of other targets when needed. Anti-ATRX and anti-Vinculin were from Sigma-
Aldrich (HPA001906, V9131). Anti-p53 and anti-Cyclin D1 were from Cell Signaling
Technology (#9282, #2978).

For the immunoblot analysis in Fig. S4C, U20S cells were transduced with c-terminal
FLAG-HA lentiviral constructs harboring the cDNA of DCAF15, KLHL9, or FBXO5. Cells
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were selected with 1 pg/ml puromycin, expanded to 60 mm plates and treated with 50 pug/ml
cycloheximide. Cells were harvested in 8 M urea lysis buffer (8 M urea, 200 mM EPPS, pH
8.5) followed by flash frozen. Frozen lysates were thawed, cleared by centrifugation, and
subjected to BCA assay to determine protein concentration. Fifty pg of protein per sample
was separated by SDS-PAGE using 4-20% acrylamide gradient gels (BioRad). Proteins
were transferred to PVDF membranes and immunoblotted with anti-FLAG (M2)-HRP
(A8592, Sigma-Aldrich) and anti-p-Actin (sc-47778, Santa Cruz Biotechnology). For the
immunoblot analysis in Fig. 4C and Fig. S4D, Western blotting experiments were carried
out as described above. Anti-CUL3 (#2759), anti-KLHL12 (#9406), anti-CUL1 (#4995),
anti-CCNF (#81045), anti-ANPAC1 (#13329), anti-CDC23 (#15100), anti-CDC16 (#9499),
anti-CDC20 (#14866), anti-ANAPC11 (#14090), anti-ITCH (#12117), anti-PJA2 (#40180),
anti-LRSAM1 (#28405) and anti-RCHY1 (#5754) were from Cell Signaling Technology.
Western blotting membranes were cut for multiple antibodies, thus the blots for the loading
control B-Actin were the same in two panels in Fig. 4C and Fig. S4D.

Mass spectrometry sample preparation—Samples were reduced with 5 mM TCEP
for 30 min, alkylated with 10 mM iodoacetamide for 30 min in the dark and then quenched
with 10 mM DTT for 15 min at room temperature. Streamlined (SL)-TMT protocol was
used for sample preparation (Navarrete-Perea et al., 2018). Briefly, 100 ug of protein from
whole cell lysate were chloroform-methanol precipitated and reconstituted in 100 pl of 200
mM EPPS (pH 8.5). The samples were digested by Lys-C overnight at room temperature and
then trypsin for 6 hr at 37°C, both at a 1:100 protease-to-protein ratio.

Peptides corresponding to 40 pg of protein were then labeled with TMTpro 16-plex reagents
(Li et al.,, 2020) in the presence of 29% acetonitrile. Samples from the same cell line were
allocated in the same TMT group (Labels used: 126-0 hr; 127n-0 hr; 127¢-0 hr; 128n-0
hr; 128c¢-1 hr; 129n-1 hr; 129¢-2 hr; 130n-2 hr; 130c-4 hr; 131n-4 hr; 131c-6 hr; 132n-6
hr; 132c-8 hr; 133n-8 hr; 133c-8 hr; 134n-8 hr). Samples were labeled for 90 min at room
temperature. Two microliters of each sample were pooled, desalted and analyzed on a Q
Exactive (ThermoFisher Scientific) to check labeling efficiency. After labeling efficiency
check, samples were quenched by adding 5% hydroxylamine and pooled. Pooled samples
were then desalted with 100 mg Sep-Pak solid-phase extraction columns, and fractionated
with high-pH reversed-phase chromatography. Fractions were collected in a 96-well plate
and combined for a total of 24 fractions prior to desalting and subsequent LC-MS/MS
analysis.

Mass spectrometry analysis—Data were collected on an Orbitrap Eclipse mass
spectrometer (ThermoFisher Scientific) coupled to a Proxeon EASY-nLC 1200 LC pump
(ThermoFisher Scientific). Peptides were separated on a 35 cm column (i.d. 100 um,
Accucore, 2.6 um, 150 A) packed in-house using a 90 min gradient at 550 nl/min. High-
field asymmetric-waveform ion mobility spectrometry (FAIMS) was enabled during data
acquisition with compensation voltages (CVs) set as —40V, —-60V, and —80V (Schweppe

et al., 2019). MS1 data were collected using the Orbitrap (120,000 resolution; maximum
injection time 50 ms; AGC 4x10°). Determined charge states between 2 and 5 were
required for sequencing, and a 120 s dynamic exclusion window was used. MS2 scans were
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performed in the ion trap with CID fragmentation (isolation window 0.5 Da; Turbo; NCE
35%; maximum injection time 35 ms; AGC 1x104). An on-line real-time search algorithm
(Orbiter) was used to trigger MS3 scans for quantification (Schweppe et al., 2020). MS3
scans were collected in the Orbitrap using a resolution of 50,000, NCE of 45%, maximum
injection time of 150 ms and AGC of 1.5x10°. The close out was set at two peptides per
protein per fraction (Schweppe et a/., 2020).

Mass spectrometry data analysis—Raw files were converted to mzXML and
monoisotopic peaks were re-assigned using Monocle (Rad et al., 2021). Database searching
included all human entries from Uniprot (downloaded on 02/15/2020). The database was
concatenated with one composed of all protein sequences in reverse. Sequences of common
contaminant proteins (e.g. trypsin, keratins, etc.) were appended as well. Searches were
performed using the Comet search algorithm and a 50 ppm precursor ion tolerance and 0.9
Da product ion tolerance. TMTpro on lysine residues and peptide N termini (+304.2071
Da) and carbamidomethylation of cysteine residues (+57.0215 Da) were set as static
modifications (except when testing for labeling efficiency, in which TMTpro modification
was set to variable), while oxidation of methionine residues (+15.9949 Da) was set as a
variable modification. MS1 and MS3 masses were re-calibrated as necessary.

Peptide-spectrum matches (PSMs) were adjusted to a 1% false discovery rate (FDR)

(Elias and Gygi, 2007). PSM filtering was performed using linear discriminant analysis

as described previously (Huttlin et al., 2010), while considering the following parameters:
XCorr, ACn, missed cleavages, peptide length, charge state, and precursor mass accuracy.
Each run was filtered separately. Protein-level FDR was subsequently estimated. For each
protein across all samples from each cell line, the posterior probabilities reported by the
linear discriminant analysis (LDA) model for each peptide were multiplied to give a protein-
level probability estimate. Using the Picked FDR method (Savitski et al., 2015), proteins
were filtered to the target 1% FDR level, again using the target-decoy approach to model
false positives.

For reporter ion quantification, a 0.003 Da window around the theoretical m/z of each
reporter ion was scanned, and the most intense m/z was used. Reporter ion intensities were
adjusted to correct for the isotopic impurities of the different TMTpro reagents according

to manufacturer specifications. Briefly, the correction factors are applied to the raw peak
intensity before calculating signal-to-noise. The correction is done by arranging a system of
linear equations where the unknowns are the corrected channel intensities, their coefficients
are the correction factors, and the constant terms are the observed peak intensities. A
solution is found by solving the system using matrix operations. Peptides were filtered to
include only those peptides with a summed signal-to-noise (SN) = 160 across 16 TMTpro
channels. For each protein, the filtered peptide TMTpro SN values were summed to create
protein quantification values. To control for different total protein loading within a TMTpro
experiment, the summed protein quantities of each channel were adjusted to be equal within
the experiment.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatics analysis—TMTpro SN values were scaled to the mean of the first time
point (0 hr) so that the average scaled TMTpro SN values were 1.0 at the first time point.
Assuming that long-lived proteins did not change over 8 hr cycloheximide treatment, we
further normalized TMTpro SN values such that the median of T-complex proteins and
Lamin B proteins were equal across time points (Mathieson et a/.,, 2018; McShane et al.,
2016; Toyama et al., 2013). Overall, the normalization factors by long-lived proteins were
small and fell within the range of 0.9-1.1 (Fig. S1B). We noted that the normalization by
T-complex proteins and Lamin B proteins might not be sufficient. We chose to use these
proteins because we wanted to ensure the list of short-lived proteins was not inflated by
excessive normalization.

Protein half-lives were determined under the assumption that protein degradation follows
first order decay kinetics (Belle et a/., 2006) with slight modifications (Fig. S1C). The
protein abundance of some very short-lived proteins dropped rapidly under translation
inhibition (Fig. S1D). The protein abundance could be below the detection limit at the

last few time points and the low intensities detected were just basal level signals. This
rendered the conventional way of calculating protein half-lives unsuitable for many very
short-lived proteins. Thus, we included an asymptote parameter (Asym, the bottom plateau)
in the model for proteins of greater than 30% losses at 8 hr. For these proteins, a non-linear
model was fitted to the time course of scaled TMTpro SN with R function nls (Fig. S1C).
The time point when f(t) was 50% of the RO (the response when t=0) was designated as

the half-life (Fig. S1C). If the coefficient of determination (R2) of the non-linear model was
greater than 0.8 and half-live shorter than 8 hr (greater than 50% loss at the last time point),
the R? and half-life were returned. Otherwise, a linear model was fitted to the time course
of the natural logarithm transformed scaled TMTpro SN with R function Im. This linear
model fitting is the conventional way of calculating protein half-lives. It was essentially the
same as the non-linear model fitting except that the linear model did not have the asymptote
parameter. The time point when f(t) was 50% of the RO was designated as the half-life

and R? of the linear model was returned. Proteins with half-lives shorter than 8 hr and R2
greater than 0.8 were defined as short-lived proteins. An extra manual inspection step was
carried out for proteins that failed these criteria but showed greater than 50% loss at the last
time point (t8). For these proteins, a linear model was fitted to the first two time points (0
hr and 1 hr) of natural logarithm transformed scaled TMTpro SN and half-lives were then
derived from the slope (rate constant). Finally, non-linear model fitting captured the majority
of the short-lived protein events (1,862 events). Linear model fitting and manual inspection
recovered another 39 events and 13 events, respectively (Fig. S1D).

In the removal of extracellular matrix proteins, proteins in the following Gene Ontology
categories were excluded (GO: 0062023, collagen-containing extracellular matrix; GO:
0031012, extracellular matrix; GO: 0005604, basement membrane; GO: 0005581, collagen
trimer; GO: 0098644, complex of collagen trimers; GO: 0005583, fibrillar collagen trimer;
GO: 0098643, banded collagen fibril; GO: 0043256, laminin complex; GO: 0005588,
collagen type V trimer; GO: 0001527, microfibril). In the end, 130, 144, 176, and 189
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ECM proteins were removed from the ~9,000 quantified proteins in each cell line, and 16,
19, 42, and 47 proteins were excluded from the lists of short-lived proteins in each cell line.

Protein domain (InterPro) enrichment analysis (Fig. 3C) was performed with DAVID (6.8)
(Huang da et al., 2009). Other Gene Ontology enrichment analyses (Fig. 3D, Fig. S3)

were performed with R package ClusterProfiler (3.16.1) (Yu et al., 2012). With the goal to
assemble as comprehensive a list as possible, we used proteins that were short-lived in at
least one cell line (a combined list of short-lived proteins in all cell lines) as the foreground.
All quantified proteins in the four cell lines were used as the background. Adjusted p-values
(Benjamini-Hochberg) were filtered at 0.01 in GO enrichment analyses unless otherwise
stated.

Gene set enrichment analysis (GSEA) (Fig. 3B) was performed with R package
ClusterProfiler (3.16.1) (Yu et al., 2012). The gene set of proteins containing degrons was
from (Meszaros et al., 2017). The log, fold changes (8 hr vs 0 hr) were used in GSEA (Fig.
3B) and other analyses where log, fold changes were needed (Fig. 4A, B, Fig. S4A, B, Fig.
51, J, Fig. S5C, E). For short-lived proteins, theoretical log, fold changes (8 hr vs 0 hr)
assuming no horizontal asymptote (the bottom plateau) were calculated following the linear
model (Fig. S1C) and used. The theoretical log, fold changes reflected the half-lives better,
especially for very short-lived proteins whose abundance dropped rapidly (Fig. S1D). For
analyses where a combined result from four cell lines was needed (Fig. 4A, B, Fig. S4A, B),
the smallest log, fold change (greatest loss at 8 hr) for a given protein was kept as it was
the shortest half-life observed. Binned protein ranks based on theoretical log, fold change
were also used in some analyses (Fig. 51, J, Fig. S5C, E). Proteins were separated into eight
bins of equal size. Rank 1 contained the least stable proteins and Rank 8 contained the most
stable proteins.

R package Peptides (2.4.2) (Daniel Osorio, 2015) was used to calculate protein instability
index and aliphatic index (Fig. 5C). Cell cycle activator and inhibitor data (Fig. 3A) were
from (Teixeira and Reed, 2013). The list of components of anaphase-promoting complex/
cyclosome (APC/C) and cullin-RING ubiquitin ligase complex (Fig. 4A, B) was from

Gene Ontology (G0:0031466, Cul5-RING ubiquitin ligase complex; GO:0031467, Cul7-
RING ubiquitin ligase complex; GO:0080008, Cul4-RING E3 ubiquitin ligase complex;
G0:0019005, SCF ubiquitin ligase complex; GO:0005680, anaphase-promoting complex;
G0:0035361, Cul8-RING ubiquitin ligase complex; GO:0031462, Cul2-RING ubiquitin
ligase complex; GO:0031463, Cul3-RING ubiquitin ligase complex). The hand-curated list
of components of APC/C and cullin-RING ubiquitin ligase complex (Fig. S4A) was kindly
provided by Wade Harper’s laboratory at Harvard Medical School. The list of E3 ligases was
from (Li et al., 2017). E3 ligases that are members of APC/C and cullin-RING ubiquitin
ligase complexes were further removed to generate a list of single-unit E3 ligases (Fig. S4B).
CORUM database (Giurgiu et al., 2019) was used to retrieve protein complex information
unless otherwise stated (Fig. 5D-G). Dynamic components of spliceosome (Fig. 5G) were
from (Zhan et al., 2018; Zhang et al., 2018). Protein copy number data in U20S cells (Fig.
5B) were from (Beck et al., 2011). BioPlex data correspond to interactions detected within
HEK 293T cells (Fig. 5H) were taken from (Huttlin et a/,, 2021). Only in-degree network
was used to avoid the potential artifact of bait overexpression. Protein melting temperature
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data (Fig. 5C) were from (Jarzab et a/.,, 2020). Human protein melting temperatures were
used and median was taken when multiple melting temperatures were reported. mMRNA
expression and protein abundance correlation data (Fig. 51, Fig. S5E) were from (Jiang et
al., 2020; Nusinow et al., 2020; Wang et al., 2019). Protein evolutionary age data (Fig. 5J)
were from (Liebeskind et a/., 2016). Following the authors’ guidelines, we only accepted
protein age estimates with the following parameters: entropy smaller than 1.0, HGT_flag
equal to false, NumDBsContributing greater than 3, and Bimodality smaller than 5. Protein
abundance data in the four cell lines (Fig. 6E, H, Fig 7C, G, Fig. S6) were from (Li et al.,
2020). RNA-seq data for U20S cells (Fig. S7B) was profiled as part of the CCLE project
(Ghandi et al., 2019). Bam files aligned to hg19 was downloaded from GDC Data Portal.
Sashimi plot of mapped reads to A7TRX mRNA was generated using IGV software.

R package Limma (3.40.6) (Ritchie et al., 2015) was used to determine short-lived proteins
of differential stability among cell lines (Fig. 6A, Table S3). TMTpro SN values were
normalized to the first time point (0 hr), and then analyzed by fitting a temporal trend using
a regression spline. Comparisons were carried out between each pair of cell lines. Proteins
that were short-lived in at least one cell line were included in the test. For each protein in
each comparison, an effect size (distance) was defined as the average distance of the last
two time points between the two cell lines. Proteins of adjusted p-values smaller than 1e=>
and effect sizes greater than 0.4 were designated as proteins of differential stability between
cell lines. As we adopted very strict criteria, we did not perform multiple hypothesis testing
corrections to account for multiple comparisons of each pair of cell lines.

All data analyses were conducted in R (4.0.2) unless otherwise stated.

ADDITIONAL RESOURCES

The data generated during this study are also available using the viewer on the Gygi lab
website (https://gygi.hms.harvard.edu/resources.html).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. An overview of the experimental design.
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(A) Cells were treated with cycloheximide, and samples were digested and then labeled
with TMTpro 16-plex reagents. Labeled samples were fractionated and concatenated into

24 fractions. Samples were analyzed on an Orbitrap Eclipse mass spectrometer with

high-field asymmetric-waveform ion mobility spectrometry (FAIMS) and real-time-search
(RTS)-synchronous-precursor-selection (SPS)-MS3. Relative protein abundance was used to
calculate protein half-lives under translational inhibition. (B) Relative protein abundance
and half-lives of Geminin. Geminin is a known short-lived protein. #°PSM is the number of
peptide-spectrum-matches. A protein with a PSM count of three means that the protein’s
quantification is based on a weighted average of three quantified peptides. (C) Replicate
samples grouped together in principal component analysis. Samples collected at different
time points were separated mainly on the first principal component (PC1). Relative protein
abundance is TMTpro signal-to-noise normalized to the mean of the first time point in panel

A and B. See also Figure S1 and Table S1.
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Figure 2. Overview of short-lived proteins under translational arrest.
(A) A representative view of quantified proteins and short-lived proteins. Deep proteome

coverage was achieved (>9,000 proteins) and only a small fraction of the quantified
proteome (~5%) was short-lived in U20S cells. Six proteins with diverse half-lives are
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highlighted in panel B. (B) Example degradation curves showing proteins with variable
stability. Relative protein abundance is TMTpro signal-to-noise normalized to the mean of
the first time point. (C) The number of quantified proteins (upper panel) and short-lived

proteins (lower panel). About 4.4%-5.3% of the quantified proteome was short-lived

(orange blocks in the upper panel). (D) Distributions of short-lived protein half-lives. Values
in parentheses are numbers of short-lived proteins. The eight most short-lived proteins and
their half-lives are shown on the left. Bin size is 0.5 hr. The dashed lines indicate medians.

See also Figure S2 and Table S2.
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Figure 3. Known short-lived proteins were captured, and E3 ligases and substrate recognition
subunits of E3 ligase complexes were enriched in short-lived proteins under translational
inhibition.

(A) Known short-lived cell cycle inhibitors and activators were recapitulated. Replicates are
shown individually in the heatmaps. Gray indicates no detection in the plex in the heatmaps.
(B) Gene set enrichment analysis (GSEA). Degron-containing proteins were significantly
enriched in proteins deemed short-lived. The gene set contains proteins that have at least one
known degrons. Log, fold changes (8 hr vs 0 hr) were used in GSEA. Higher ranks indicate
shorter half-lives. (C) InterPro categories enriched among short-lived proteins. DNA-binding
proteins, E3 ubiquitin-protein ligases, and substrate recognition subunits of E3 ubiquitin
ligase complexes were significantly enriched. (D) Subcellular components enriched among
short-lived proteins. See also Figure S3.
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Figure 4. Substrate recognition subunits of E3 ubiquitin ligase complexes displayed faster

degradation than core components under translational inhibition.
About 90% of the E3 ubiquitin ligase complex subunits were found in this work.

Core components of cullin-RING ubiquitin ligase complexes (A) and anaphase-promoting

complex/cyclosome (B) were stable, and substrate recognition subunits were quickly
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degraded under 8 hr of translational arrest. The list of E3 ubiquitin ligase complex subunits
was from Gene Ontology. Western blotting (C) shows that four adaptor or catalytic proteins

(KLHL12, CCNF, CDC20, and ANAPC11) were short-lived, and five core component

proteins (CUL3, CUL1, ANAPC1, CDC23, and CDC16) were stable in U20S cells. See

also Figure S4.
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Figure 5. Evaluating the properties of short-lived proteins under translational arrest.
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(A) Short-lived proteins were less abundant than other proteins. Scaled protein abundance
is TMTpro signal-to-noise (SN) normalized by protein length and the fraction of TMTpro
SN at 0 hr among summed TMTpro SN. (B) Short-lived proteins displayed lower protein

copies/cell than other proteins in U20S cells. (C) Short-lived proteins showed higher

instability indices, higher aliphatic indices and lower melting temperatures than non-short-
lived proteins. The list of short-lived proteins contains proteins that were short-lived in at
least one cell line. (D) Short-lived proteins tended to reside in smaller protein complexes.

(E) ORC1 and ORCS6 are loosely attached subunits of the origin recognition complex

with shorter half-lives than other subunits. (F) TSEN34 of tRNA splicing endonuclease
showed a higher degradation rate than other subunits. (G) Spliceosome components that
are assembled or disassembled dynamically between different spliceosome conformational
states (transitory subunits) presented greater losses at 8 hr, especially in HCT116 and RPE1
cells. Numbers in the plot are median log, fold changes. (H) Short-lived proteins had fewer
interacting proteins than other proteins in HEK293T cells. Numbers in the plot are median
in-degree interactions. (1) Rapidly degraded proteins showed lower mRNA expression and
protein abundance correlation across human tissues compared to stable proteins. (J) Short-
lived proteins were evolutionarily younger than stable proteins. Numbers in parentheses are
bin size. Rank 1 and 8 represent the least and the most stable proteins, respectively in panel
I and J. Statistical significance was determined by unpaired Wilcoxon test (two-sided) in
panel A-D, G and H. Data are presented as box plots (center line: median; box limits: the
first and third quartiles; whiskers: 1.5x interquartile range) in panel A, B, D and G-I. See

also Figure S5.
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Figure 6. Cell line specific differences in the stability of short-lived proteins.
(A) Numbers of short-lived proteins with differential stability between any two cell lines.

(B) HEK293T expresses large T-antigen, which binds TP53 and RB1 proteins and renders
them non-functional. TP53 is stabilized by its interaction with large T-antigen. (C) Non-
functional RB1 results in higher expression of CDKN2A, which competitively binds and
stabilizes CDK4. (D) The fast degradation of TP53 in U20S and HCT116, and the
stabilization of TP53 by interaction with large T-antigen in HEK293T were captured by
the mass spectrometry data. Values in parentheses are half-lives. TP53 was not identified

in RPEL1 cells, presumably due to its very low abundance. (E) TP53 showed higher protein
abundance in HEK293T due to stabilization by large T-antigen. (F) Western blotting shows
that TP53 was long-lived only in HEK293T cells. Cyclin D1 is a known short-lived

protein (positive control). (G) The stabilization of CDK4 uniquely in HEK293T cells. (H)
CDKN2A and CDK4 have higher overall protein expression levels in HEK293T cells.
Relative protein abundance is TMTpro signal-to-noise normalized to the mean of the

first time point in panel D and G. Relative protein abundance is TMTpro signal-to-noise
normalized to the maximum in panel E and H. Note that relative protein abundance is
comparable for the same protein across different cell lines, and not comparable for different
proteins in the same cell line in panel H. See also Figure S6 and Table S3.
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Figure 7. Examples of truncated protein forms unique to one cell line with concomitant short
half-lives.

(A) U20S is an alternative lengthening of telomeres-positive cell line with a mutated A7RX
gene. The other three are telomerase-positive cell lines carrying the wild type ATRX gene.
(B) ATRX in U20S cells displayed a significantly shorter half-life than other cell lines. (C)
ATRX expression levels in U20S cells are lower than other cell lines. Only ATRX peptides
that were identified in U20S cells were used for quantification. (D) siRNA experiments
verified that U20S cells expressed a truncated form of ATRX protein. siRNAs (siRNA-1,
siRNA-2, siRNA-3, and siRNA-5) targeting the remaining exons abolished the detection

of the truncated ATRX, while scramble siRNAs and siRNA (siRNA-4) targeting a deleted
exon did not. (E) Western blotting results showed that the truncated form of ATRX was
short-lived in U20S cells, while full length ATRX was not in other cell lines. (F) GMDS
has a significantly shorter half-life (0.9 hr) in HCT116 cells. (G) GMDS is expressed at a
much lower level in HCT116 cells. Only GMDS peptides that were identified in HCT116
cells were used for quantification. (H) Evidence of GMDS truncation based on peptide
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sequencing. No GMDS peptides were identified in the deletion region in HCT116 cells in
this study or in another large unpublished HCT116 dataset from our lab. However, GMDS
peptides were identified throughout the full primary sequence at an equivalent frequency in
other cell lines. #P°SM means the number of peptide-spectrum-matches (how many times
the peptide was detected). Blue blocks indicate the identified peptides and their positions in
the full primary sequence. Light gray in the same row indicates no peptide detected in the
corresponding position. Relative protein abundance is TMTpro signal-to-noise normalized
to the mean of the first time point in panel B and F. Relative protein abundance is TMTpro
signal-to-noise normalized to the maximum in panel C and G. See also Figure S7.
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UCUACCAUGGUAGAAUCUG[AT][dT]

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-ATRX antibody produced in rabbit Sigma-Aldrich HPA001906
Monoclonal Anti-Vinculin antibody produced in mouse Sigma-Aldrich V9131

p53 Antibody Cell Signaling Technology | #9282

Cyclin D1 (92G2) Rabbit mAb Cell Signaling Technology | #2978
Monoclonal ANTI-FLAG® M2-Peroxidase (HRP) antibody produced Sigma-Aldrich A8592

in mouse

Anti-B-Actin Antibody (C4) Santa Cruz Biotechnology | sc-47778
CUL3 Antibody Cell Signaling Technology | #2759
KLHL12 (2G2) Mouse mAb Cell Signaling Technology | #9406

CUL1 Antibody Cell Signaling Technology | #4995

Cyclin F (D9K2U) Rabbit mAb Cell Signaling Technology | #81045

APC1 (D1E9D) Rabbit mAb Cell Signaling Technology | #13329

APC8 (D502D) Rabbit mAb Cell Signaling Technology | #15100

APC6 (D8D8) Rabbit mAb Cell Signaling Technology | #9499

CDC20 (D6C2Q) Rabbit mAb Cell Signaling Technology | #14866
APC11 (D1E7Q) Rabbit mAb Cell Signaling Technology | #14090

ITCH (D8Q6D) Rabbit mAb Cell Signaling Technology | #12117

PJA2 Antibody Cell Signaling Technology | #40180
LRSAM1 (D105S) Rabbit mAb Cell Signaling Technology | #28405
RCHY1 Antibody Cell Signaling Technology | #5754

Critical commercial assays

TMTpro™ 16plex Label Reagent Set ThermoFisher Scientific A44520
Deposited data

The mass spectrometry data have been deposited in the This paper PXD024513
ProteomeXchange Consortium.

Experimental models: Cell lines

u20s ATCC HTB-96
HEK293T ATCC CRL-3216
HCT116 ATCC CCL-247
RPE1 ATCC CRL-4000
Oligonucleotides

siRNA Universal Negative Control #1 (siNC_1) Sigma-Aldrich SIC001
siRNA Universal Negative Control #2 (SINC_2) Sigma-Aldrich S1C002
ATRX, SiRNA-1 (5’-3") GGAUUCAACCUCUUGAGGA[AT][dT] Sigma-Aldrich SASI_Hs01_00081483
UCCUCAAGAGGUUGAAUCC[AT][dT]

ATRX, SiRNA-2 (5’-3") CUACAAUGAUGUAUUGACA[AT][dT] Sigma-Aldrich SASI_ Hs02_00302645
UGUCAAUACAUCAUUGUAG[AT][dT]

ATRX, SiRNA-3 (5’-3") CAGAUUCUACCAUGGUAGA[AT][dT] Sigma-Aldrich SASI_ Hs02_00302642
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REAGENT or RESOURCE SOURCE IDENTIFIER
ATRX, siRNA-4 (5’-3") CAAAGUGGCUCAUCAUCAU[AT][dT] Sigma-Aldrich SASI_Hs02_00302643
AUGAUGAUGAGCCACUUUG[T][dT]
ATRX, siRNA-5 (5’-3") CAUUGACUAUUACCGUUUA[AT][dT] Sigma-Aldrich SASI_Hs01_00081480

UAAACGGUAAUAGUCAAUGIAT][dT]

Software and algorithms

R package ClusterProfiler 3.16.1

(Yuetal., 2012)

https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html

R package Limma 3.40.6

(Ritchie et al., 2015)

https://bioconductor.org/packages/
release/bioc/html/limma.html

R package Peptides 2.4.2

(Daniel Osorio, 2015)

https://cran.r-project.org/web/
packages/Peptides/index.html

R4.0.2

N/A

https://www.r-project.org/
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