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Abstract

Cellular function is critically regulated through degradation of substrates by the proteasome. To
enable direct analysis of naturally cleaved proteasomal peptides under physiological conditions,
we developed mass spectrometry analysis of proteolytic peptides (MAPP), a method for
proteasomal footprinting that allows capture, isolation and analysis of proteasome-cleaved
peptides. Application of MAPP to cancer cell lines as well as primary immune cells reveals
dynamic modulation of the cellular degradome in response to various stimuli, such as pro-
inflammatory signals. Further, we demonstrate analysis of minute amounts of clinical samples
by studying cells from peripheral blood of patients with systemic lupus erythematosus (SLE).
We find increased degradation of histones in patient immune cells, which suggests a role for
aberrant proteasomal degradation in the pathophysiology of SLE. Taken together, MAPP offers a
broadly applicable method to facilitate the study of the cellular degradation landscape in various
cellular conditions and diseases involving changes in proteasomal degradation, including protein
aggregation diseases, autoimmunity and cancer.

The mammalian proteasome is estimated to cleave ~70% of all intracellular proteins® and
is increasingly recognized as a dynamic complex that modulates cellular function in health
and disease?. Proteins that have been ubiquitinated as a signal for degradation3, as well
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as intrinsically disordered proteins?, are targeted for destruction by cellular proteasomes.
The proteasome may also be involved in removing damaged proteins, generating peptides
for antigen presentation and activating proteins®~/. However, the regulatory principles
targeting specific substrates to proteasomal degradation and their cleavage products are
still poorly understood. Mass spectrometry (MS) allows quantitative measurement of
protein abundance®-11, including ubiquitinated species'2, and many technologies have
been developed for determining the half-life of proteins by examining changes in protein
abundancel13-15 However, current proteomic methods are still hindered by the large
dynamic range of cellular protein abundance as well as the diversity of modified protein
species1®17. Moreover, there is no available method for direct capture and analysis of
proteasome-cleaved peptides from cells.

Here, we established MAPP, which identifies proteasome-cleaved peptides that are captured
inside or near cellular proteasomes. It relies on reversible crosslinking together with
immunoprecipitation of cellular proteasomes prior to reverse-phase isolation and elution

of captured peptides. The method inhibits proteases throughout sample processing to
ensure retention of native peptide characteristics. We use MAPP to show that inflammatory
cytokines can sharply alter the proteolytic landscape /7 vitro, and we identify both known
and new proteasome targets following stimulation. We demonstrate analysis of human
clinical samples using as little as 75 micrograms of cellular extract from patients with SLE.
An altered histone degradation pattern in these samples suggests that aberrant proteasomal
activity or target selectivity may be involved in disease pathophysiology.

Establishing MAPP

The method is illustrated in Figure 1A. First, we immunoprecipitated proteasomes from
HEK?293 cells using an antibody against PSMAL, a 20S proteasome subunit (Figure 1A
and Supplementary Figure 1A). We further verified that the precipitated proteasomes
contained both the 20S and 19S subunits by MS and Western blot (Supplementary

Figure 1B, Supplementary Data 1). Endopeptidase inhibitors were used to inhibit further
peptide processing (Supplementary Figure 1C). We used reversible crosslinking to
immunoprecipitate associated peptides along with proteasomes, and peptides were then
eluted, separated from proteins, and analyzed by MS (Figure 1B). Immunoprecipitation
with an antibody against a different subunit of the 20S proteasome yielded peptides which
strongly correlated with those from the PSMA1 pull-down (Supplementary Figure 1D; R? =
0.738). In contrast, immunoprecipitation with an isotype-matched antibody or an antibody
with a different cytosolic complex specificity resulted in a significant reduction in detected
peptides (Figure 1C, Supplementary Figure 1E), suggesting that the isolated peptides were
cleaved by proteasomes.

To verify whether the isolated peptides were indeed products of proteasomal cleavage, we
compared peptides that were identified upon proteasome inhibition (1 uM of epoxomicin
or 50nM of velcade for 4 hours) to those identified in untreated cells. 80% of the peptides
identified by MAPP (3302 peptides), were reduced by 2-fold or more in intensity after
inhibition of the proteasome with epoxomicin (Figure 1D-E, Supplementary Figure 2A).
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Similarly, 70% were reduced by 2-fold or more after inhibition with velcade (Supplementary
Figure 2B). We also confirmed that immunoprecipitation of the proteasome subunit was
equally efficient after proteasome inhibition (Supplementary Figure 2C) and that no decrease
in total peptide abundance occurred when translation was inhibited (Supplementary Figure
2D). While these data suggest that most peptides are products of proteasomal cleavage, we
cannot exclude the possibility that MAPP-identified peptides may not entirely derive from
the proteasome.

We evaluated whether we could detect the degradation of an expected proteasome substrate
using MAPP. Using the pZsProSensor construct, in which ZsGreen is fused to a well-
characterized degron that targets the protein for proteasomal degradation we found that

the ZsGreen protein is continuously targeted for degradation in a proteasome-dependent
manner (Figure 1F,G). ZsGreen peptides were absent in cells that were treated with a
proteasome inhibitor or in non-transfected cells (Figure 1G, Supplementary Figure 3A),
further demonstrating that MAPP identifies peptides derived from cellular proteasomes.

We then proceeded to determine the sequences and abundance of the extracted

peptides and identified 4983 peptides that were at least 2-fold more abundant than in

mock immunoprecipitation from similar extracts (Figure 1H, Supplementary Figure 4A,
Supplementary Data 2), and which were assigned to 1004 unique proteins. The protein
intensity measurements using MAPP were reproducible under steady state conditions
(Figure 11; R2= 0.978). 78% of these proteins were also identified in a parallel bottom-

up proteomic analysis of the same samples (hereafter referred to as standard proteomics;
Supplementary Figure 4B). For proteins identified by both standard proteomics and MAPP,
we found no correlation between inferred degradation and cellular protein abundance
(Figure 1J; R?= 0.117).

We compared the half-life and abundance of proteins identified by MAPP with existing
datasets of protein abundance and turnover rates (Supplementary Figure 5A-B). Proteins
identified solely by MAPP were significantly lower on average in abundance than proteins
detected by both methods (Figure 1K and Supplementary Figure 5C). By inferring the
amount of proteins degraded per hour using an external dataset!8, we found that proteins
identified by MAPP have on average more copies degraded per hour compared to proteins
identified exclusively by standard proteomics (Figure 1L and Supplementary Figure 5D).
These data suggest that MAPP measures actively degraded proteins independent of general
protein abundance.

MAPP retains information on cleavage patterns of proteasomal peptides

We examined cleavage properties of the peptides identified by MAPP and determined

that MAPP-identified spectra and peptide species for a given protein differed from those
identified by standard proteomics (Figure 2A-C). In general, MAPP-detected peptides

were slightly enriched at C termini of the identified proteins (Supplementary Figure 5E).
Further, MAPP included all types of C-terminal residues while tryptic peptides were highly
enriched for K and R C-terminal residues as expected (Figure 2D). However, the amino acid
composition of MAPP-identified peptides largely agreed with that of peptides cleaved by
tryptic digest (Supplementary Figure 5F; R%= 0.763), suggesting that our protocol did not
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enrich for any specific peptide composition. Additionally, the average peptide length was
greater for peptides identified by MAPP than by standard proteomics (Figure 2E).

We aligned peptide sequences to host proteins and identified the four amino acids adjacent
to the peptide cleavage site at either end (P4-P’4 of the peptide N terminus and C
terminus). We defined these 8 amino acid sequences as the cleavage motifs and extracted
this information for all identified peptides (Figure 2F). We then clustered these cleavage
motifs according to a distance matrix based on amino acid composition and properties and
compared to the known cleavage patterns of the three catalytic subunits of the proteasome:
PSMBL1 (B1, caspase-like), PSMB2 (B2, trypsin-like) and PSMB5 (85, chymotrypsin-like)
19.20 \we found cleavage patterns that matched those expected for the p1 and 5 catalytic
subunits (Figure 2G). Interestingly, the third cluster reflected a different motif from the
tryptic-like cleavage of B2, which may be due to biological or technical reasons and is
subject to further evaluation.

Identification of dynamic degradome changes in response to inflammatory stimuli

To study the proteasomal response to inflammation, we stimulated HEK293 cells with
TNF-a and IFN-vy for 24 hours and then analyzed the cells with MAPP and standard
proteomics in parallel. Using PANTHER we found that both approaches identified proteins
with a wide range of protein classes (Supplementary Figure 6A) suggesting that targets that
were degraded in response to the pro-inflammatory signals were not limited to a specific
protein category. In 17 out of these 23 protein categories, over 70% of the proteins identified
were the same using both methods (Supplementary Figure 6B). Proteins below this threshold
included transcription factors, which exhibit rapid turnover, and receptors and transporters,
which are membrane-bound and hard to extract, plausibly explaining their limited detection
with standard proteomics techniques 21. Notably, MAPP identified a higher percentage

of proteins that had significantly changed in intensity (Supplementary Figure 6C). While
24% of the proteins identified by MAPP differed in intensity between untreated (UT)

and TNF-a and IFN-y (T+I) treated conditions, only 6% changed in standard proteomics
(Supplementary Figure 6D). Moreover, 131 proteins that did not change in abundance

by more than 2-fold using standard proteomics did exhibit intensity changes by MAPP
(Supplementary Data 3). These proteins included subunits of different cellular complexes
as well as members of the ubiquitin pathway (Supplementary Figure 6E-G). These results
suggest that proteasomal degradation is heterogeneous, with several subpopulations existing
for different proteins. While this snapshot of the active degradome may not predict the
half-life of bulk protein populations, it may identify a protein subpopulation that is highly
transient or difficult to detect by current MS analyses.

We also evaluated more rapid proteasomal responses to TNF-a and IFN-vy stimulation for 1,
2 or 6 hours (Supplementary Figure 7A). Of the 504 proteins identified by MAPP in these
conditions, 219 had a 2-fold or greater change of intensity at one or more of the time points
(Supplementary Figure 7B). Of these, 127 were clustered into four distinct groups based

on their intensity pattern upon treatment (Supplementary Figure 7C, Supplementary Data

4). 8 of these proteins were previously reported to be involved in the cellular response to
inflammation, including HIF1A, ZFANDS5 (ZNF216) and CNBP (Supplementary Figure 7D-
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E). While standard proteomics identified comparable abundance trends for both ZFAND5
and CNBP, neither passed the 2-fold intensity change cut-off using that approach. ER
resident proteins, chaperone proteins and transcription factors were among the protein
groups that changed in intensity following stimulation (Supplementary Figure 7F), and these
groups may include targets relevant to the inflammatory response.

Primary T cells undergo significant proteolytic changes following PD-1 blockade

To determine whether MAPP had broader applicability, we profiled primary human T cells
in response to /n vitro a-CD3/CD28 stimulation followed by checkpoint blockade using the
a-PD-1 monoclonal antibody Nivolumab. T cell exhaustion was determined by decreased
IL-7R expression and increase in PD-1 expression (Supplementary Figure 8A). T cells were
left untreated or treated for 30 minutes or 6 hours with Nivolumab before MAPP analysis.
PD-1 blockade resulted in substantial degradation changes for 168 of the approximately
1300 proteins identified by MAPP (Supplementary Figure 8B-D and Supplementary Data
5). We identified proteins involved in T cell activation and proliferation, actin cytoskeleton
organization components and members of the ubiquitin pathway (Supplementary Figure
8E, Supplementary Data 6). We also observed the degradation of key regulators of T-cell
signaling, including NF-kB signaling pathway components such as NFKB1, RELA, and
PAK2 (Supplementary Figure 8F). Although the clinical relevance of these putative targets
requires further investigation, our data suggest that changes in the proteolytic landscape

in response to specific treatment may be detected in primary immune cells early after
treatment.

PBMCs from SLE patients have a distinct proteolytic signature

While our results demonstrated that defined /7 vitro stimuli could elicit degradation
changes that were detectable by MAPP, it was unclear whether MAPP could deconvolute
degradomes from more complex samples. Given the crucial role of proteasomal degradation
antigen presentation and autoimmunity 22 we sought to examine changes in the cellular
degradome in SLE. To this end, we purified peripheral blood mononuclear cells (PBMCs)
from 6 healthy individuals and 8 SLE patients (Supplementary Data 7). In spite of the

low protein extract yields (approximately 75 pg per sample), we identified 508 peptides,
from 100 inferred proteins, per sample (Supplementary Data 8). 85% of proteins derived
from healthy and SLE-patient samples were shared, with the latter exhibiting more variable
degradation patterns (Figure 3A). Notably, principle component analysis using MAPP-
identified proteins could effectively segregate healthy and SLE PBMCs while standard
proteomics-identified proteins could not (Figure 3B-C). This difference could not be
attributed to the number of proteins identified, changes in proteasome levels or variation in
proteasome isolation efficiencies between the two approaches (Figure 3D-E, Supplementary
Figure 9).

Based on these results, we hypothesized that the differences in proteolytic profiles between
healthy individuals and SLE patients may derive from altered substrate selectivity. Although
differentially expressed proteins identified by MAPP were typically of higher intensity in
SLE samples (Figure 3F), there was no correlation between intensity and protein abundance
(Supplementary Figure 10A-B). This suggested that the proteolytic profile differences were
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not due to sampling bias. The 71 differentially degraded proteins included 7 histone
variants whose degradation was increased 2-fold or more in SLE PBMCs (Figure 3G).

In contrast, total histone proteins did not differ between healthy and SLE PBMCs based
on standard proteomics (Supplementary Figure 10C). Examining this result in peptide
resolution revealed higher intensity and more peptide species for histones in SLE PBMCs
(Supplementary Figure 10D-E). Notably, the significant increase in histone degradation in
SLE PBMC:s as identified by MAPP was not observed in the general protein pool nor in
other nuclear proteins (Figure 3H), which indicates that the increased histone degradation
was not merely reflecting cellular content spillage or cell death.

Proteasomal degradation of histone proteins is known to increase following oxidative
damage 2324, We speculated that high levels of reactive oxygen species (ROS), which
are typically found in SLE patient cells 25, may induce histone protein degradation. We
used Gene Set Enrichment Analysis (GSEA) to examine whether the observed changes
in histone degradation may be connected to altered ROS production, and identified that
oxidative phosphorylation was significantly reduced in the SLE samples (Supplementary
Figure 11). Indeed, impaired oxidative phosphorylation is known to induce abnormally
high ROS26:27_ Collectively, these data suggest that altered proteolytic profiles, including
abnormal degradation of histone proteins, may be associated with SLE pathophysiology.

Discussion

MAPP combines reversible crosslinking and immunoprecipitation with MS to capture and
analyze nascent peptides cleaved by cellular proteasomes. MAPP can be used to study
protein cleavage patterns and proteasomal regulation induced by defined stimuli, which until
now have been studied in purified reactions using model substrates. We show that MAPP
identifies proteolytic changes not found by standard proteomics, including substantial
histone degradation in PBMCs from SLE patients as compared to healthy patients.
Moreover, we show that MAPP may be useful for clinical profiling by demonstrating

its ability to separate healthy individuals from SLE patients. Our results suggest that
proteasomal processing of histones, and potentially other auto-antigens, may generate
auto-reactive epitopes. Presentation of such proteasome-cleaved peptides may thus provoke
antigenic or immunogenic responses even prior to cell death. Future studies on the peptides
identified in SLE patients may clarify the role of aberrant proteasome activity or substrate
selectivity in breaking tolerance. Longitudinal analyses of the degradome during different
SLE disease stages, including in response to treatment, could also provide more insights into
the role of proteasomal processing in SLE.

Although standard proteomics achieves deeper coverage of the cellular proteome, MAPP
enables the detection of less abundant proteins and proteins undergoing rapid turnover.
While it does not appear that MAPP has a sampling bias, we cannot exclude the possibility
that peptide proximity to the proteasome or their residency may impact their detection as
previous studies have shown that non-catalytic modifier sites of proteasomes may be bound
by peptides?8-30. Areas for further development of MAPP include standardization of sample
processing, labeling techniques, and kinetic analyses.
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Given the broad importance of proteasomal degradation, we expect MAPP to provide unique
insights into numerous diseases and physiological states. MAPP can be used in profiling
multiple types of specimens, including primary cells and in a variety of contexts, from

basic cell biology to clinical applications, and may identify new proteasomal regulators

or therapeutic targets. Since proteasomes are key for antigen presentation, MAPP may be
utilized to study the regulatory steps from peptide cleavage to HLA presentation. Thus, we
envision that MAPP will expand our current understanding of proteasome function and also
serve as a discovery tool to enable future research directions in cellular proteostasis control.

Cell culture and treatments

HEK?293 cells were grown in DMEM supplemented with 10% fetal bovine serum, 1%
Penicillin/streptomycin and L-glutamine (2mM) (Biological industries) at 37°C with 5%
CO,. Cells were treated with 20 ng/mL TNF-a and IFN-y (Peprotech) for the indicated
period of time, or 100 pg/ml Cycloheximide (SIGMA) for 2 hours. Epoxomicin was used at
a concentration of 1 uM for 4 hours and Velcade at a concentration of 50 nM for 4 hours.
pZsProSensor 34:35 (Clontech, Mountain View, CA, USA) was transfected to HEK293 cells
using lipofectamine 2000 (Thermo Scientific, USA).

Purification of proteasome complexes

Proteasomes were purified from approximately 5 x 107 cells. Cells were lysed with

25mM HEPES pH7.4, 10% glycerol, 5mm MgCly, 1 mm ATP, 1:400 Protease Inhibitors
Mixture (Calbiochem), homogenized by freeze-thaw cycles and passed through a 25 gauge
needle. The lysates were cleared by 30 minutes centrifugation at 21,130 x gat 4 degrees.
Lysate were treated with 1 mM PMSF (SIGMA), 2 mM 1,10-phenanthroline (SIGMA),
and cross-linked with 0.5mM DSP (ThermoFisher) 30 min at room temperature, and
quenched in 20 mM Tris-HCI pH 7.4, 5 mM L-Cysteine for 10min at room temperature.
For immunoprecipitation, the lysates were then incubated with antibodies on protein-G
sepharose beads (Santa Cruz biotechnology) against either PSMA1, PSMA4, GAPDH,
mouse 1gG1k isotype control, or empty beads as mock, and eluted with 50mM DTT for 30
minutes at 37°C followed by addition of 0.5% trifluoroacetic acid (TFA). Aliquots of each
elution fraction were analyzed by SDS-PAGE to evaluate yield and purity.

Purification and concentration of proteasome peptides

A critical step in our procedure is the separation of peptides from the proteins that are eluted
in the proteasomal pull-down. MAPP analyzes endogenously cleaved peptides, while the
proteasome complex and associated proteins are physically excluded. Immunoprecipitated
proteasomes and their encompassed peptides were loaded on tC18 cartridges (Waters,
Milford, MA) that were prewashed with 80% acetonitrile (ACN) in 0.1% TFA followed

by wash with 0.1% TFA only. After loading, the cartridges were washed with 0.1% TFA.
Peptides were eluted with 30% ACN in 0.1% TFA. Protein fractions were eluted with 80%
ACN in 0.1% TFA.
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Antibodies for western blot and immunoprecipitation

Primary antibodies: PSMAL (hybridoma kindly provided by Tanaka KG, The University
of Tokyo). PSMA4 (Santa Cruz, sc-271297), PSMB7 (Santa Cruz, sc-58410); PSMA1-
7 (Enzo, BML-PW8195-0025), PSMB5 (Enzo, bml-pw8895-0025); PSMD6 (Abcam),
PSMD11 (GAPDH, ah99414), GAPDH (Abcam, ab8245); 1gG1k Isotype Antibody
(BioLegend, BLG-400139), 20S core subunits (Enzo, bml-pw8895-0025). Secondary
antibodies: Goat a-mouse HRP; Goat a-Rabbit HRP (Jackson labs).

Purification of CD8+ T cells and ex-vivo culture

Primary human CD8* T cells were separated from healthy leucocyte samples, obtained

from Blood Service Center (MDA, Israel), by centrifugation over Lymphoprep (Axis-Shield)
and positive selection using CD8+ magnetic microbeads (Milteny Biotic). The purity of
separated cell populations was determined by three-color flow cytometry (PerCP/Cy5.5
a-human CD3 Antibody, PE a-human CD8a Antibody and FITC a-human CD4 Antibody,
Biolegend) using LSRII. PD-1 and IL-7Ra levels were examined by flow cytometry 36-38
(APC a-human CD279 (PD-1) and PerCP/Cy5.5 a-human CD127 (IL-7Ra), Biolegend).
Purified CD8+ T cells were re-suspended in complete RPMI 1640 (Biological Industries)

in the presence of 5% Human Serum, 1% L-Glutamine, 1% Penicillin/Streptomycin, 1%
non-essential amino acids and 0.5% B-Mercaptoethanol. Purified CD8+ T cells were then
stimulated in sterile 6-well culture plates (Corning) pre-coated with LEAF Purified a.-human
CD3 and LEAF Purified a-human CD28 (Biolegend) for three days. To induce exhaustion,
the A375 melanoma cell-line was treated with IFN-y (200U/ml) for 24 hours and co-
cultured with the stimulated T-cells in a 1:2 ratio, respectively, for 4 days. Conditions for
T-cell exhaustion were determined by measuring surface PD-1 and IL-7Ra levels by flow
cytometry. Cells were divided into two groups, one group was treated with a monoclonal
1G4 a-human PD-1 antibody (Nivolumab, a gift from Dr. Jair Bar, Sheba Medical Center,
Israel) for 0.5h or 6h, and a second group that was not treated with the a-human PD-1
antibody and served as control.

Human samples, inclusion criteria, study approval, and preparation.

Blood from individuals with diagnosis of SLE, or healthy controls, was obtained at the
Clinical Center, NIH and the Rheumatology Clinic, University of Washington Medical
Center. This human research study has been approved by the NIDDK/ NIAMS IRB

board at the National Institutes of Health. All procedures performed in studies involving
human participants were in accordance with the ethical standards of the institutional

and/or national research committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards. Informed consent was obtained from all
individual participants included in the study. No identifiable images of human research
participants are included in the manuscript. SLE individuals fulfilled ACR revised diagnostic
criteria®®. We chose for analysis patients that had a low SLEDAI (3-4) and for which no
leukopenia was recorded to reduce the possibility of indirect effects due to cell death. PBMC
fractions were purified from approximately 60ml of whole blood using Sepmate (StemCell
Technologies) and immediately frozen in liquid nitrogen. Frozen PBMCs were resuspended
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in PBS, lysed and processed as described in the Purification of proteasome complexes
section above. Approximately 75ug of protein was taken for MAPP.

Mass spectrometry sample processing and analysis

Each type of experiment, MAPP, tryptic digest of whole lysate or the protein eluate fractions
were analyzed using the appropriate, optimal method. In all cases, samples were subjected
to nanoflow liquid chromatography (nanoAcquity, Waters, USA) coupled to high resolution
tandem mass spectrometry (Q Exactive, Thermo Scientific, USA). The detailed sample
preparation and LC-MSMS acquisition parameters are listed in Supplementary Note 1.

Mass spectrometry data analysis

Raw data was analyzed by the MaxQuant software (version 1.5.3.3040) with the default
parameters for the analysis of the proteasomal peptides, except for the following: unspecific
enzyme, label free quantitation (LFQ) minimum ratio count of 1, minimum peptide length
for unspecific search of 6, maximum peptide length for unspecific search of 40, and match
between runs enabled. A stringent false discovery rate (FDR) of 1% was applied for peptide
identification (in accordance with the FDR reported in a previous peptidomics study*). For
the analysis of tryptic digests the default parameters were set, apart from minimum peptide
length of 6. Masses were searched against the human proteome database from UniprotKB
(last update on 02.2016).

Bioinformatics analysis and label-free quantitation

Peptides resulting from MaxQuant were initially filtered to remove reverse sequences and
known mass spectrometry contaminants. To reduce ambiguity, we allowed peptides that had
at least two valid LFQ intensities out of three independent biological replicates, and included
razor peptides which belong to a unique MaxQuant “protein group”. To eliminate peptides
which non-specifically attached to the beads in the mock control, we only considered
peptides which were detected at least two folds higher in abundance than in the mock
control (Fig. S4A).

MAPP protein intensities were inferred using MaxQuant. For graphical representation,
intensities were log transformed, and using Python v3.6 zero intensity were imputed to

a random value chosen from a normal distribution of 0.3 the standard deviation and
downshifted 1.8 standard deviations 42. Statistical analyses were performed using Excel
v2016, R v3.4.2, GraphPad Prism v 7.04 and MATLAB v2016a. For bootstrapping analysis,
the p value was obtained against a background distribution drawn from a subset of the full
dataset 10,000 times.

Protein annotation and gene ontology was done using the PANTHER classification system
Version 10.043, Gene Set Enrichment Analysis (GSEA)*, GeneAnalytics, Corum#®46 and
AmiGo 2 v2.4.26. Protein Network visualization was done using Cytoscape v3.4.0%7,
Protein abundance data was mined from MaxQB 3132, For hierarchical clustering we used
city block distance unless noted otherwise.
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Protein Turnover Rate Calculations

Protein half-lives were inferred from Larance et al.18 using calculations adapted from
Schwanhéusser et al.33 as follows:

R(t)= The relative abundance of protein ‘P’ in time point ‘t” is determined by protein level in
the CHX treated sample divided by its level in the DMSO-treated sample, in the same time
point, such that:

_ PO)cHx

Rt = P(t)pM SO

The relative abundance after 6 hours treatment of CHX may be defined as: R(6) = R(0) x e~
where & denotes the decay/degradation rate of the protein

R(O) _ 5t
R(0)

oo

_ . —1, (R(6)
when t =6 hours: 6= ?ln(m)

We can assume that at t=0, R(0)=1 as the protein abundance in CHX and DMSO at the ‘0’
time point should be equal.

Thus:
-1 i o ( PO)cHx )

P(6) DM SO

iBAQ intensities of PDMSO were used as a proxy for steady-state abundance and therefore
the amount of protein degraded per hour (protein turnover) may be estimated by multiplying
& with protein abundance.

P = iBAQ intensity Ppprso

Prot Turnover = P*§

Motif clustering

Peptide sequences were aligned to host protein sequence to identify the 4 amino acids before
and after the cleavage site (P4-P’4 of the peptide N terminus and C terminus). 1063 of the
9,996 potential cleavage sites were located in the N or C terminus of the proteins and were
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thus not considered. The remaining cleavage sites were filtered according to the following
criteria: 1. Peptide search score above 80; 2. Cleavage sites that share a C terminus of one
peptide with the N terminus of another peptide; 3. The sum of peptide intensities that share
a specific cleavage site exceeded 10% of the protein maximal cleavage site intensity. This
retrieved 2398 cleavage sites that were clustered according to a distance function based on
a substitution matrix developed by Yoo et al. 48 (Matrix - BPAS0707) on positions P1 and
P2. The number of clusters was set to three according to the number of catalytic units of the
proteasome.

Statistics and Reproducibility

All experiments were performed in three individual replicates, unless otherwise mentioned.
For each experiment, all compared conditions were analyzed by Mass Spectrometry at the
same time. Comparative analysis of PSMA1 and PSMA4 was performed once. For the
PBMC study, 6 samples from healthy individuals and 8 samples from SLE patients were
analyzed. The samples were processed independently and analyzed by Mass Spectrometry at
the same time to maintain comparability across samples and reduce batch effects.

Data Availability.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository*9 with the dataset identifiers (PXD009092,
PXD009360, PXD007263, PXD009181, PXD009438, PXD009112, PXD009508).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Establishing Proteasomal Profiling by Mass Spectrometry Analysis of Proteolytic
Peptides (MAPP)

(A) MAPP involves immunoprecipitation of cellular proteasomes after cross-linking.
Captured peptides are separated from the proteins and further subjected to mass
spectrometry analysis. (B) Immunoprecipitated proteasomes were eluted (Pro. Eluate),
separated from co-purified peptides (Pep. Eluate) and separated on SDS-PAGE or analyzed
by mass spectrometry. Mock IP: Empty beads. FT: flow through. Wash: IP wash. (C)

MAPP using antibodies against PSMAL, an isotype antibody control or GAPDH (Two tailed
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Welch’s corrected t-test, **P=0.0028, ***P=0.0003; Bars: mean * standard deviation). (D
+ E) The fold changes in intensity of peptides identified by MAPP between untreated
(UT) and Epoxomicin treated (1uM, 4 hours) cells were ranked. Orange: 2-fold or greater
increase, Blue: 2-fold or greater decrease. Of the 4144 peptides identified by MAPP, 3302
peptides (D), or 80% the total (E), were reduced by at least 2 fold in intensity. (F) Schematic
representation of the ZsGreen model. (G) Peptide intensity of ZsGreen peptides significantly
changed under epoxomicin treatment. The graph shows area under the curve (intensity).
Two-way ANOVA (p=0.0036, two degrees of freedom). (H) Thousands of identified
peptides were filtered for identification in 2/3 replicates in one biological condition and

at least 2-fold intensity above mock IP (beads). (1) High correlation of MAPP protein
intensities between two biological replicates (n=1394 proteins, Log 10 transformed LFQ
intensities; R2=0.978). (J) Poor correlation between the abundance of proteins identified
by MAPP or standard proteomics (n = 979 proteins, Log 10 transformed LFQ intensities;
R2=0.117). (K+L) Proteins identified by: solely MAPP ([A]), both standard proteomics
and MAPP (shared [B]) and solely standard proteomics ([C]; Supplementary Figure 5A).
Protein abundance was inferred from deep proteomics of HEK293 cells 3132, The average
abundance for [A] is significantly lower than ([B]; Log 10 transformed LFQ intensities,
Mann Whitney s****p <0.0001). Line: Mean error bars: 95% confidence intervals. n=65
or 779 proteins ([A] or ([B], respectively) (K). The amount of protein degraded per hour
(Protein Turnover) was inferred for proteins identified by MAPP and standard proteomics
from turnover rates 18 33 (Supplementary Figure 5B). The average protein turnover for [A
+ B] was significantly lower than ([C]; Log 10 transformed, Two tailed Mann Whitney test
****p <0.0001). Line: Mean error bars: 95% confidence intervals. n=785 or 2509 proteins
(MAPP [A+B] and proteome specific [C], respectively (L).

Nat Biotechnol. Author manuscript; available in PMC 2022 March 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wolf-Levy et al. Page 16

_ |
A o B
S — o ‘
~— ol [ N v [y [y [w ‘ ‘
‘7|5F“SDP'L"R = EvnjjTlKNVRYATE
o - MENHMEAE M
g2 83
g §
° T o
c © c
3 5 ©
< <
o
o
o © 0 ©
2 2
®sol ¢ ® o
oY o <1
12 ) 12 :
O <‘J ¥ vl yn v o. \n y:
I P ! of ] | b
, & | l ; ,
Lbs v [ 6d b | o] b Yy
J I“n”lm.l!u..j L u'|'|.\ ; |'. ‘ . | L = Lo ||| " “ |u A | ol
© 200 600 1000 1400 1800 200 600 1000 1400 1800
m/z m/z
C PKM
Spectra (A _—f
-\ ety
8
7
E——————
—
MSKPHSEAGTAFIQTQQLHAAMADTFLEHMCRLDIDSPPITARNTGIICTIGPASRSVETLKEMIKSGMNVARLNFSHGTHEYHAETIKNVRTATESFASDPILYRPVAVALDTKGPEIRTGLIKGSGTAEVELKKGATLKITLDNAYMEK |51 [ 10
5

a o N o

e
<€—Spectra (B)
by
EEE————
I |
‘Other E — MAPP
’ 0.10] Proteomics
>
o
2 &
=
K § 0.053
N w
0.001, . - :
Proteomics 10 20 30 40
Peptide Length (aa)
F G _ N
@ n=2398 @51 n=701 @ 5 n=581 @ " n=1085
Q 20 ] 0] 20 ]
# > |
o TER o %1 " Q
1.0 ] H
=
==
' ool —_hm— ) - —
P4 P3 P2 P1P1 P2 P3 P4 P4 P3 P2 P1P1 P2 P3 P4’ P4 P3 P2 P1P1 P2 P3 P

Figure 2. MAPP-identified peptidesreveal properties of endogenous proteasome cleavage
(A+B) A sample MS/MS spectrum of a peptide from Pyruvate kinase (PKM) identified

by standard proteomics following tryptic digest (A) or by MAPP (B). (C) The peptides
identified by standard proteomics (top) or MAPP (bottom) are shown aligned to the PKM
sequence (residues 1 — 151). Color scale indicates peptide abundance (Log10 transformed
intensities). (D) Standard proteomics (right, n = 33,747 peptides) identifies peptides with
arginine or lysine as the carboxy-terminal residue. By contrast, MAPP (left, n = 6,311
peptides) is not constrained by tryptic cleavage and captures peptides with almost every
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residue in the carboxy-terminal position. (E) Distribution of the lengths (number of residues)
of peptides identified by MAPP (n = 6,311 peptides) and standard proteomics (n = 33,747
peptides). Peptides identified by MAPP are significantly longer than those identified by
standard proteomics (Two tailed Mann-Whitney test, P<0.0001). (F) The amino acid motif
surrounding the peptide cleavage site (P4 — P4’; n = 2396 unique cleavage sites). (G)
Clustering of the peptide cleavage sites based on amino acid properties reveals three distinct
motifs: a motif enriched for negatively charged residues (left, n = 701 unique cleavage sites),
a motif enriched for hydrophobic residues (center, n = 581 unique cleavage sites), and a
non-canonical motif (*) enriched for polar residues (right, n = 1085 unique cleavage sites).
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Figure 3. MAPP profiles distinguish between PBM Csfrom SLE patients and Healthy
individuals.

PBMCs were purified from SLE patients and healthy individuals and analyzed by both
MAPP and standard proteomics. (A) Matrix of the pairwise coefficient of determination
in each sample of healthy individuals (n = 6) or SLE patients (n = 8). (B + C) Principal
component analysis of protein intensities from PBMCs of healthy individuals or SLE
patients, as identified by MAPP (B) or standard proteomics (C). (D) The abundance of
proteasome subunits or actin (ACTB) in PBMCs was determined by standard proteomics
(Log 10 transformed LFQ intensities; error bars: mean +standard deviation). (E) The
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abundance of the indicated proteasome subunits in the protein fraction of the proteasome
immunoprecipitate. Each subunit was normalized to the mean abundance (Log 2 normalized
ratio of LFQ intensities; Bars: mean + standard deviation). (F) Volcano plot of MAPP-
identified proteins in PBMCs from healthy individuals or SLE patients (Log2 normalized
ratio of LFQ intensities; -Log10 transformed P values). Two tailed t test, no correction for
multiple comparisons. (G) Supervised clustering of proteins whose abundance changed by
2-fold or more between MAPP of healthy individuals and SLE patients (Log 10 transformed
LFQ intensities standardized around 0, city block distance function). Identified histones

are labeled. (H) Higher levels of histones are identified by MAPP of PBMCs from SLE
patients, compared to healthy individuals (Histones lane, SLE/healthy). The ratio of histones
in MAPP of SLE patients compared to healthy individuals is significantly higher than the
ratio of other MAPP-identified proteins (Bootstrapped Mann-Whitney, P =0.0042; Log 2
transformed ratio of LFQ intensities), including other nuclear proteins (Two tailed Mann-
Whitney, P < 0.0001, n = 13 (histones) n = 19 (nuclear) n = 202 (other) proteins. Bars: mean
+ standard deviation.
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