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Abstract

Ubiquitination is a key protein post-translational modification that regulates many important
cellular pathways and whose levels are regulated by equilibrium between the activities of ubiquitin
ligases and deubiquitinases. Here we present a method to identify specific deubiquitinase
substrates based on treatment of cell lysates with recombinant enzymes, immunoaffinity
purification and global quantitative proteomic analysis. As a model system to identify substrates,
we used a virulence-related deubiquitinase, SselL, secreted by Salmonella enterica serovar
Typhimurium into host cells. Using this approach two SseL substrates were identified in RAW
264.7: murine macrophage-like cell line, SL00A6 and heterogeneous nuclear ribonuclear protein
K, in addition to the previously reported K63-linked ubiquitin chains. These substrates were
further validated by a combination of enzymatic and binding assays. This method can be used for
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the systematic identification of substrates of deubiquitinases from other organisms and applied to
study their functions in physiology and disease.
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ubiquitination; deubiquitinase; post-translational modification; substrate identification; mass
spectrometry

INTRODUCTION

Ubiquitination is a key post-translational modification that regulates many biological
pathways in eukaryotic cells.! Protein ubiquitination is characterized by the addition of a
small polypeptide, ubiquitin, to proteins by the coordinated action of 3 enzymes: E1, E2, and
E3. The E3 enzymes, also known as ubiquitin protein ligases, are responsible for substrate
specificity. Ubiquitination can occur in single ubiquitin (monoubiquitination — monoUb)
units or as oligomeric chains (polyubiquitination — polyUb) linked through one of its lysine
residues (K6, K11, K27, K29, K33, K48 or K63) or N-terminus (linear).1 Ubiquitination is
also a reversible process in which ubiquitin units are removed from proteins by
deubiquitinases (DUBSs).2 Different cellular functions have been associated with monoUb or
polyUb; furthermore, distinct polyUb linkages have also been proposed to have specific
activities. While monoUb is often associated with cellular trafficking, regulation of gene
expression and DNA repair, K48-linked polyUb has been shown to target proteins to
degradation into the proteasome, and K63-linked polyUb regulates the activity of selected
kinases.!

Recent developments in affinity purification combined to mass spectrometry have enabled
the identification and quantification of thousands of ubiquitination sites from cell lysates.3-6
Enrichment of whole ubiquitinated proteins can be achieved by affinity purification with
specific antibodies’ or ubiquitin-binding domains,®-19 or by expressing ubiquitin fused with
an epitope tag.1! Enrichment of ubiquination sites can be performed at the peptide level
using monoclonal antibodies that recognize the diglycine residues (K-e-GG), a remnant of
the C-terminus of ubiquitin following trypsin digestion.12 These recent developments in
ubiquitination analysis open new opportunities for the identification of specific substrates of
both E3 ligases and DUBs. Overexpression or repression of E3 ligase genes followed by
ubiquitinated protein/peptide enrichment and quantitative proteomic analysis has been used
to identify specific substrates of ubiquitin ligases;13-16 however, less information is
available regarding the systematic identification of specific substrates of DUBs. Poulsen et
al. showed the impact of knocking out each of the 20 Saccharomyces cerevisiae DUBs on
protein abundances,1’ but the approach failed to provide the information about specific
substrates and their modification sites. Udeshi et al. used a broad spectrum DUB inhibitor,
PR-619, to study global changes in protein ubiquitination under DUB inhibition.®

In an attempt to systematically identify DUB substrates and their modification sites, we
developed, optimized and applied a method to identify these substrates from cell lysates.
This method is based on the treatment of cell lysates with a recombinant DUB,
immunoaffinity purification of K-e-GG-containing peptides and quantitative proteomic
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analysis. We used the Salmonella secreted effector DUB, SseL, to identify both known and
two previously unrecognized substrates in host cells. The two new substrates of SseL were
further validated by a combination of enzymatic and binding assays.

EXPERIMENTAL PROCEDURES

Cloning and expression of Salmonella deubiquitinases

Salmonella enterica serovar Typhimurium (S Typhimurium) SseL gene from LT2 strain
was amplified using genomic DNA as a template and cloned into modified pET vectors,
which provided His6 or His6-Streptavidin binding peptide (SBP) N-terminal fusion
cleavable with Tobacco Etch Virus (TEV) protease. The C285S mutation was introduced
into SseL gene sequence using the QuikChange® mutagenesis kit (Stratagene, Santa Clara,
CA, USA). The N-terminal Hisg-tagged wild-type and mutant SseL expression constructs
were transformed into E. coli BL21-CodonPlus (DE3)-RIPL (Novagen, Darmstadt,
Germany). Freshly transformed cells were grown in 0.5 L of LB medium containing 100
pg/ml ampicillin. The culture was grown at 37 °C to an ODggg of 0.8, induced for 16 h at 16
°C with 1 mM isopropyl-1-thio-p-D-galactopyranoside, the cells were then harvested by
centrifugation. The harvested cells were sonicated in lysis buffer consisting of 50 mM
HEPES pH 7.5, 500 mM NacCl, 5% glycerol, 5 mM imidazole supplemented with EDTA-
free protease-inhibitor cocktail (Roche, Indianapolis, IN, USA) and clarified by
centrifugation. The supernatant was applied onto Ni-NTA affinity resin (Qiagen, USA) pre-
equilibrated with lysis buffer and washed with buffer consisting of 50 mM HEPES pH 7.5,
500 mM NacCl, 5% glycerol, 30 mM imidazole. His-tagged protein was eluted with 250 mM
imidazole, and dialyzed overnight against 3 L of 50 mM HEPES, pH 7.5, 300 mM NacCl, 5%
glycerol, 1 mM tris(2-carboxyethyl)phosphine (TCEP), concentrated when needed with a
Centriprep 30 concentrator, and stored at —80°C.

Enzymatic activity

Deubiquitinase activity assays were performed using K48- and K63-linked diubiquitins
(Uby) and oligoubiquitins (Ub,_7) (Enzo Lifescience, Farmingdale, NY, USA). For
diubiquitin assays, 0.5 pg of each chain and 0.1 ug of SseL were added to 100 L reaction
buffer (50 mM Tris-HCI, pH 7.5, containing 1 mM DTT). Parallel reactions without enzyme
were performed as negative controls. The reaction was held at 37 °C for 0-45 min and was
stopped by adding gel loading buffer (Invitrogen, Grand Island, NY, USA) with incubation
at 95 °C for 15 min prior to analysis by SDS-PAGE.

Preparation of cell lysates

SseL substrates were identified in lysates of RAW 264.7 murine macrophage-like cells
(American Type Culture Collection, ATCC, Manassas, VA, USA). RAW 264.7 cells were
grown in 150-mm plates to 100% confluency in high-glucose Dulbecco’s modified Eagle
medium supplemented with 10% heat-inactivated fetal bovine serum and Penicillin (100 U/
mL)-Streptomycin (100 pg/mL) at 37 °C and 5% CO, atmosphere. Cells were then
stimulated for 2 h with 100 ng/mL Salmonella lipopolysaccharide (L6143, Sigma-Aldrich,
Saint Louis, MO, USA), washed twice with 10 mL Dulbecco’s PBS and harvested in
HEPES lysis buffer (50 mM HEPES, 5 mM EDTA, 150 mM NaCl and 1% triton X-100)

J Proteome Res. Author manuscript; available in PMC 2015 September 05.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nakayasu et al.

Page 4

supplemented with 0-0.5 mM TCEP, 1x Halt protease inhibitor cocktail (Thermo Fisher,
Whaltham, MA, USA) and thiol-alkylating agents, 0-10 mM chloroacetamide (CAA), 0-10
mM iodoacetamide (IAA) or 0-10 mM N-ethylmaleimide (NEM). Proteins were then
extracted by sonicating 3 times at for 3x30 s, 100% amplitude and pulse of 0.8 (UTR200,
Hielscher). After sonication, extracts were centrifuged for 5 min at 4 °C and 16,000 x g, and
quantified by BCA assay (Thermo Scientific). Extracted proteins were incubated for 2 h on
ice to block the active sites of endogenous DUBs by alkylating the cysteine residues with
NEM (concentrations as indicated in the figures). After blocking, the excess of NEM was
quenched by adding a final concentration of 20 mM DTT and incubating on ice for 2 h. The
efficiency of endogenous DUB inactivation was tested by incubating cell lysates at 37 °C
overnight and analyzing by western blot using anti-ubiquitin antibodies.

Cell lysate treatment with DUBs

RAW 264.7 cells were harvested in HEPES lysis buffer containing 0.5 mM TCEP, 5 mM
NEM and 1 mM PMSF and proteins were extracted as described above. Cell lysates were
then incubated with 2 pg SseL or recombinant catalytic domain of rat USP2 (Enzo
Lifesciences) per mg of protein extract for 15 min at 37 °C. The reaction was then
terminated by precipitating proteins with cold acetone (—20 °C). Proteins were then
separated by SDS-PAGE and analyzed by western blots using specific antibodies.

Treatment of ubiquitinated proteins with DUBs

RAW 264.7 cells were harvested in HEPES lysis buffer containing 1x protease inhibitor
cocktail, 0.5 mM TCEP and 5 mM NEM and prepared according to the “Preparation of cell
lysates” section. Aliquots of 1 mg of cell lysate were rotated overnight with 30 pL of
agarose beads conjugated with the ubiquitin-binding domain of yeast DSK2 protein (Enzo
Lifesciences). 9 Beads were washed 3 times with 1 mL HEPES lysis buffer and 2 ug of SseL
or recombinant catalytic domain of rat USP2 were added. The reaction was incubated for 1h
at 37 °C with shaking 800 rpm and terminated by adding SDS-PAGE loading buffer and
incubating at 70 °C for 10 min. Samples were then separated by SDS-PAGE and analyzed
by western blots using specific antibodies.

Ssel binding to substrates

Ssel-binding assay was performed by incubating with SBP-tagged C285S Ssel and cell
lysates prepared as described above, with the exception that Tris lysis buffer (50 mM Tris-
HCI, 5 mM EDTA, 150 mM NaCl and 1% triton X-100) supplemented with 0.5 mM TCEP,
5 mM NEM, 1x Halt protease inhibitor cocktail was used. Approximately 20 mg of cell
lysate was split into 2 samples and half rocked overnight at 4 °C with 25 ug SBP-tagged
C285S SseL, whereas the other half was incubated without bait protein as a negative control.
Then 50 pL streptavidin-conjugated agarose beads were added and rotated for 30 min at 4
°C. The beads were washed 3x by adding 1 mL of Tris lysis buffer, centrifuging for 2 min at
2,500 x g and removing the supernatant. Proteins were eluted with 50 uL SDS-PAGE
loading buffer for 10 min at 70 °C. Proteins were then analyzed by SDS-PAGE and
subsequent western blot with specific antibodies.
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SDS-PAGE and Western blot analyses

Proteins were separated using 4-12% Nu-PAGE SDS-PAGE (Invitrogen) and stained with a
silver stain kit (Thermo), or transferred onto PVVDF membranes. Membranes were stained
with 0.1% Ponceau S in 5% acetic acid to verify that equal amounts of proteins were
loaded.18 Western blots were performed with the following antibodies: monoclonal anti-K63
(Apub3, Millipore, Darmstadt, Germany), monoclonal anti-K48, (Apub2, Millipore), and
polyclonal antiubiquitin (AB1690, Millipore), anti-S100A6 (H-55, Santa Cruz Biotech,
Dallas, TX, USA, and Sigma-Aldrich), anti-MHC class | (Santa Cruz Biotech) and hnRNP
K (H-300, Santa Cruz Biotech and Sigma-Aldrich). Blots were developed with ECL reagent
(Pierce, Rockford, IL, USA) and visualized in a Fluor-Chem Q imaging system (Alpha
Innotech, Santa Clara, CA, USA).

Sample preparation for quantitative proteomic analysis

RAW 264.7 cells were harvested in HEPES lysis buffer containing 0.5 mM TCEP, 5 mM
NEM and 1 mM PMSF and proteins were extracted as described above. Cell lysates were
then incubated with 2 pug SseL per mg of protein extract for 0-4 h for western blot analysis,
or 15 min for mass spectrometry analysis. After this period the reaction was stopped by
adding cold acetone (=20 °C) and precipitating for 2 h at —20 °C. Precipitated proteins were
either analyzed by western blot using anti-ubiquitin antibodies or submitted to digestion
with trypsin. For trypsin digestion, samples were prepared in duplicates of SselL treated and
mock control (without SseL) of about 8 mg of cell lysate each. Protein pellets were
dissolved in 10 mL 50 mM NH4HCO3 and 1 mM CaCl, and digested for 3 h with 40 g
sequencing-grade trypsin (Promega, Madison, WI, USA) at 37 °C and occasional vortexing.
After this period, another 40 pg trypsin was added to each sample and the reaction was
incubated overnight at 37 °C. The reaction was stopped by adding a final concentration of
1% trifluoroacetic acid (TFA), and peptides were clean up using C18 solid-phase extraction
cartridges (Discoverer, 100 mg, 1mL, Supelco, Bellefonte, PA, USA) as previously
described 1 and dried in a vacuum centrifuge. Each sample of dried peptides were dissolved
in 2 mL 50 mM NH4HCO3 and 1 mM CaCl;, prepared in H, 180 or H, 180 and the trypsin
catalyzed oxygens were exchanged overnight at 37 °C with 40 pg of trypsin. The reaction
was then terminated by boiling the samples for 10 min. Then control and SseL-treated
samples were mixed in the proportion 1:1. In the first replicate the control samples were
labeled with H, 180, whereas the label was swapped in the second replicate the the SseL-
treated samples contained 180 to enable to identification of peptides that are resistant to
isotope exchange. Next, peptides carrying the ubiquitin-remnant diglycine residues were
captured by immunoaffinity purification using the PTMScan® Ubiquitin Remnant Motif (K-
€-GG) Kit according to the manufacturer instructions (Cell Signaling, Beverly, MA, USA).
After capture, peptides were eluted with 0.15% TFA, desalted with C18 Omix tips (Agilent,
Santa Clara, CA) and dried in a vacuum centrifuge before being submitted to proteomic
analysis.

Quantitative proteomic analysis

Enriched peptides were loaded into capillary columns (75 um x 100 cm, Polymicro,
Phoenix, AZ, USA) packed with C18 beads (3 um particles, Phenomenex) and connected to
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a nano-liquid chromatography system (nanoAcquity, Waters, Waltham, MA, USA). The
elution was performed in an exponential gradient from 1-35% B mobile phase (mobile
phase A: 0.1% FA; mobile phase B: 90% ACN/0.1% FA) over 300 min in a flow rate of 200
nL/min and directly analyzed by electrospray ionization-mass spectrometry (LTQ Orbitrap
Velos, Thermo Scientific, San Jose, CA, USA). Full scan spectra were collected at 400-
2000 m/z, and the top ten most intense ions were submitted to CID fragmentation (35%
normalized collision energy), before being dynamically excluded for 60 s. Tandem mass
spectra were converted into high resolution DTA files using DeconMSn2? (available at
omics.pnl.gov) and searched with MS-GF+ (http://proteomics.ucsd.edu/Software/
MSGFPIus.html) against the mouse Uniprot database (downloaded on August 2279, 2011)
and common contaminant sequences (human keratins and porcine trypsin) (all in forward
and reversed orientations; total of 32,798 searched sequences). The database was searched
using the following parameters: (i) partial tryptic digestion with 3 missed cleavage sites
allowed, (ii) 20 ppm peptide mass tolerance; and (iii) cysteine NEM alkylation (C6H7NO2:
+125.0477) as a fixed modification, and (iv) lysine ubiquitination (diglycine residue:
+114.0429 Da) and C-terminus 180 isotope label (+4.0085) as variable modifications.
Peptides were validated with mass spectrum generating function (MS-GF) probability 2! <
6.0e-10, which resulted in a FDR of < 0.05.

Quantitative analysis was achieved by an in-house written feature-finding tool, SIPPER C13
Detector (available at http://omics.pnl.gov/software/SIPPER.php)22 which automatically
finds peaks based on peptide identifications and calculates the ratio between 160-/180-
labeled peptides. For the quantitative analysis, we only considered peptides that 160/180
pairs were reproducibly found in both replicates. Considering only peptides that were
present in both datasets, no reverse sequences were found, resulting in a FDR much lower
than 0.05.

Structural analysis

YASARAZ3 software was used to calculate the Surface Accessible Solvent Area (SASA)
and secondary structure prediction.

RESULTS

Preparation of cell lysate for deubiquitinase activity

One of the key steps for our approach to identify specific DUB substrates is to properly
prepare the cell lysate. Mammalian cells have numerous endogenous DUBS that need to be
completely inactivated to prevent erroneous interpretation of results. Further, the DUB
inhibitors also must be efficiently quenched before the exogenous DUB is added to the
reaction. To evaluate conditions for inhibiting endogenous DUB activity, RAW 264.7
murine cells were extracted by sonication and treated with a protease inhibitor cocktail in
combination with thiol-alkylating agents chloroacetamide (CAA), iodoacetamide (IAA) or
N-ethylmaleimide (NEM) to minimize the activity of cysteine-dependent DUB enzymes. As
a positive control RAW 264.7 cell lysates were pretreated with 20% trichloroacetic acid
(TCA), which has been proposed to quench all the DUB activity. 24 However, since TCA
precipitates proteins, cell lysates prepared with this method cannot be used for DUB assays.
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After incubation for 1 h at room temperature or overnight at 4 °C cell lysates were analyzed
by western blot using anti-ubiquitin antibodies (Fig. 1). Judging the DUB inhibition by the
amount the polyUb proteins preserved in the samples, the analysis suggested that the
combined treatment of protease inhibitor cocktail and NEM provides strong inhibition of
endogenous DUB activity (Fig. 1).

After determining that NEM was an effective DUB inhibitor, we tested the ability of the
quenching process to inactivate the alkylating agent. We harvested cells with various
concentrations of NEM, incubated for 2 h on ice to inhibit the endogenous DUB activity and
then quenched the remaining NEM by adding dithiothreitol (DTT) in a molar excess. To test
if the DUB activity was efficiently inhibited, lysates were incubated overnight at 37 °C and
analyzed by western blot using anti-ubiquitin antibodies (Fig. 2A). Surprisingly, we found
that the addition of DTT reverted the DUB inhibition (Fig. 2B), which was an intriguing
phenomenon since alkylation of DUB active cysteine residues is an irreversible process.

We had an alternative hypothesis that the cells could have a pool of DUBs with an oxidized
thiol at the active site.2> The cysteine residues would then be resistant to alkylation, but with
the addition of reducing agent DTT become active again. To address this, we added 0.5 mM
tris(2-carboxyethyl)phosphine (TCEP), a reducing agent lacking thiols, to the lysis buffer.
TCEP would allow the reduction of the oxidized thiols without interfering in the alkylation
process. The lysis buffer tested contained TCEP, the protease inhibitor cocktail, and NEM.
Cell lysate was then incubated for 2 h on ice before being treated with DTT then analyzed
by western blot as described above. The addition of TCEP did indeed cause effective and
stable DUB inhibition by NEM without secondary activation by addition of DTT (Figure
2C). The results supported the hypothesis that DUBs with oxidized active sites are
endogenously present in cells. These results show that the cells should be lysed in the
presence of TCEP and NEM, followed by quenching of the alkylating agent with DTT.

Identification of SseL substrates by mass spectrometry

Having established conditions for cell lysate preparation, we next undertook identification of
potential DUB substrates. We chose the secreted effector protein DUB SseL from
pathogenic Salmonella, as an example of relatively poorly studied protein with medical
relevance. In addition, SseL has one well-characterized substrate, K63-linked ubiquitin
chains, but specific host cell targets remain largely unknown. On the other hand, SseL is
known to not efficiently cleave K48-linked ubiquitin chains. These features provide good
positive and negative controls that make SseL an ideal DUB to our analysis. To test for
activity of the recombinant SseL protein preparations, we performed an enzymatic assay
using either diubiquitin (Ub,) or oligoubiquitin (Ub,_7) chains as substrates. The products
were then separated by SDS-PAGE and activity was assessed by a decrease in oligomeric
Ub chains and the appearance of free monoUb chains. As expected, SseL cleaved K63-
linked Ub chains faster than K48-linked chains (Supporting information Figure 1) in
agreement with the literatureZ® and confirms that the recombinant protein is indeed
enzymatically active.

Since SseL’s natural substrates may only be present during Salmonella infection, RAW
264.7 cells were pretreated with Salmonella lipopolysaccharide for 2 h to trigger major
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aspects of the cellular response that occurs during Salmonella infection.2” Since a short
incubation with DUBs may not produce enough products to be measured and a prolonged
treatment time could induce unspecific reactions, we attempted to find an optimal incubation
time. Thus, cell lysates were treated with SseL in a time course experiment of 0-4 hours,
analyzed by a western blot with anti-ubiquitin antibodies, and DUB activity was judged by
the decrease in polyUb proteins. Incubation with SseL resulted in a decrease of ubiquitinated
protein pools within 5 min of treatment, but surprisingly no further change was observed
past this time point (Figure 3A). This observation suggested that SseL could have specific
activity towards a select pool of ubiquitinated substrates rather than a broader range of
substrates.

Based on the time course, a proteomic experiment was prepared by incubating RAW 264.7
cell lysate with SseL for 15 minutes. Proteins were next precipitated with cold acetone
followed by trypsin digestion. To enable relative quantification between treated and
untreated samples, tryptic peptides were submitted to exchange with H, 180. This procedure
incorporates two 180 atoms in the C-terminus of the peptides increasing their masses by 4
Da, and relative quantification is achieved by comparing the peak areas of isotopically-
exchanged (180)/non-exchanged (160) peptides.28 Importantly, samples were prepared in
biological replicate and 180-labeling was “flipped’ between replicates: while in the first
replicate the untreated sample had their isotopes exchanged with 180, in the second replicate
the SseL-treated sample was exchanged with 180. This replicate labeling strategy allows for
detection of contaminants and peptides with inefficient 180-labeling (see below).2?
Isotopically-exchanged and non-exchanged samples were then mixed in the proportion 1:1,
and peptides bearing the ubiquitination signature K-e-GG residue were captured using
monoclonal antibodies and analyzed by high resolution LC-MS/MS (Figure 3B). After
searching tandem-mass spectra against a mouse protein sequence database over 1600 unique
peptides were found with a false-discovery rate < 0.05 (Supporting information Tables S1
and S2). From those peptides about one half had the K-e-GG ubiquitin signature and was
selected for further analysis.

For the quantitative analysis the 160/180 isotope ratios were extracted, and only peptides
with 160/180 pairs consistently found in both replicates were considered for further
analyses. Since we plotted the ratios as 160/180 pairs and the labeling was flipped between
both biological replicates, potential SseL substrates have opposite ratios when transformed
by log,. On the other hand, peptides with inefficient 180 exchange have more natural (160)
isotopes, thus will have high (> 0) log, ratios in both replicates. When these data are plotted
into a dispersion graph, the unchanged peptides are at the center of the graph, the SselL-
specific substrates are present at the upper-left quadrant, and the inefficiently 180 exchanged
peptides, at the upper-right quadrant (Figure 3C and 3D). Figure 3C shows that the 180
exchange efficiency was indeed very high, leading to ratios close to 1 (log, ratios = 0),
although a few peptides were resistant to exchange (Figure 3C). As expected, K63-linked
ubiquitin chains (UBB-K63) were found among the SseL specific substrates (Figure 3D).
Only 3 other ubiquitin signature-containing peptides were identified as potential by SseL
substrates: lysine 47 of S100A6 (S100A6-K47), lysine 405 of heterogeneous nuclear
ribonucleoprotein K (Hnrnpk-K405) and lysine 340 of major histocompatibility complex
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(MHC) class | (H-2D-K340) (Figure 3D). The fact that most of the ubiquitination sites
remained unchanged with SseL treatment suggests that this enzyme is highly selective to
only a few substrates.

Validation of SselL substrates

In line with our in vitro assays (Supporting information Figure S1), the proteomic analysis
showed that the amount of K63-linked Ub chains were reduced 3-fold after SseL treatment,
while other polyUb chains remained unchanged (Table 1). To confirm these results all
spectra derived from potential SseL substrates were individually inspected (Supporting
information Figure S2). The first column of Supporting information Figure S2 shows an
example of an ubiquitination site that is unaffected by SseL treatment (ubiquitination at
lysine 6 of ubiquitin — UBB-K®6), whereas all the SseL substrate candidates had their
abundance substantially reduced. To further validate SseL activity we next compared the
effect of SseL on ubiquitinated proteins in macrophage cell lysate to that of USP2 catalytic
domain, a well-characterized DUB from rat with broad substrate specificity.3 The increase
of lower and/or decrease in higher molecular weight ubiquitinated protein after SseL or
USP2 treatment were evaluated by western blotting using anti-ubiquitin antibodies. In line
with our previous results SseL. demonstrated lower activity against K48-linked polyUb
compared to USP2 DUB (Figure 4). Conversely, SseL activity against K63-linked polyUb
was comparable to that of USP2 (Figure 4). Our experiment also confirmed S100A6 and
hnRNP K, but not MHC class | (H-2D), as SseL substrates, judging by the bands lower
molecular mass that increase in intensity after enzymatic treatment (Figure 4, Supporting
information Figure S3). Although some of these bands are more intense when cell lysates
were treated with USP2, they are clearly present in SseL treatment (Figure 4, Supporting
information Figure S3). It is also worth to note that some of the bands that appear upon
DUB treatment may not represent a completely unmodified protein since the molecular is a
little higher than expected. We speculate that those bands correspond to other post-
translational modifications, as these proteins are known to be further modified (Uniprot
accession numbers: P14069 and P61979). More importantly, these bands are also present in
the positive control with USP2, which leads to the conclusion that they represent the
cleavage products of (poly)ubiquitinated proteins.

To further support these results we performed another experiment by capturing ubiquitinated
proteins from RAW 264.7 cell lysate by affinity purification using an ubiquitin-binding
domain, treating with the enzyme and visualizing by western blots. When probing with anti-
hnRNP K antibody, bands corresponding to the unmodified mass of the protein clearly
appear when treated with SseL and USP2 deubiquitinases (Supporting information Figure
S4). Unfortunately, ubiquitinated forms of hnRNP K are polydisperse and could not be
detected. Thus, we reprobed the western blot using a combination of anti hnRNP K and anti-
ubiquitin antibodies that clearly showed that ubiquitinated proteins were enriched in the
affinity purification (Supporting information Figure S4). These results support that
deubiquitinase products can be detected by mass shift on western blot experiments.

Since substrate recognition is an important step for enzymatic activity, we further validated
the identified substrates by evaluating their binding to SseL. SseL interactions with SL00A6
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and hnRNP K were tested by incubating a SBP-tagged catalytically inactive C285S mutant
with RAW 264.7 cell lysates and then precipitated with streptavidin-conjugated agarose
beads. The captured proteins were analyzed by western blot using S100A6 and hnRNP K
specific antibodies. As a positive control, the first western blot was probed against K63-
linked polyUb chains (Figure 5). The pulldown experiment showed that SseL is capable of
interacting with the newly identified substrates S100A6 and hnRNP K. Interestingly, SseL
seems to bind to a small population of modified proteins, for which the increase in mass is
consistent with the addition of one ubiquitin unit (Figure 5). These results suggest that SseL
binds to ubiquitinated S100A6 and hnRNP K, but not their unmodified isoforms. Taken
together the enzymatic and binding assays support the findings of the proteomic analysis and
validated S100A6 and hnRNP K as new SseL substrates.

Potential substrate motif recognized by SselL

Common features of the amino acid residues surrounding the ubiquitination sites targeted by
SseL were investigated to identify possible motifs that drive the enzyme specificity. A
sequence alignment showed that the ubiquitination sites targeted by SseL do not have an
obvious sequence motif (Figure 6A). We also performed a motif enrichment analysis with
all the mapped ubiquitination sites in our dataset using the motif-X tool.3% However, none of
the SseL substrates were among the enriched ubiquitination motifs (Supporting information
Figure S5), supporting the idea that this enzyme is specific to a few targets inside the host
cells.

We also investigated if there might be common features in the secondary and tertiary
structures of the SseL substrates. Thus, we evaluated the structure of K63-linked diubiquitin
(PDB ID: 2JF5), S100A6 (PDB ID: 1K96) and hnRNP K (PDB ID: 1J5K). Interestingly, all
the ubiquitination sites targeted by SseL are located in unstructured loops that were
predicted as coils with high accuracy (68.4-95.1%) (Figure 6C-E). As a comparison, the
structure of modified residue K48-linked diubiquitin (Figure 6B), a poor substrate of SseL,
is located at a sheet (estimated prediction accuracy of 81.90%). We calculated the solvent
accessible surface area (SASA) of the lysine residues in each protein. Taking into
consideration that the maximum SASA of a lysine side chain is 171.9 A2, the ubiquitinated
residues targeted by SseL are indeed highly exposed (Figure 6F). In contrast, the K48
residue of ubiquitin is only partially exposed, which may explain in part the poor activity of
SseL at this site. Together, these analyses suggest that SseL recognizes ubiquitin chains that
were attached to lysine residues that are highly accessible to solvents and located on
unstructured loops. This feature does not necessary confers specificity to the SseL
interaction, but could be a fundamental condition for cleaving the ubiquitin.

DISCUSSION

There are several strategies for identifying substrates of enzymes that target specific post-
translational modifications (PTMs). One of the most popular approaches includes the
overexpression or repression of the enzyme expression followed by PTM enrichment and
quantitative proteomic analysis. This approach has been successfully used for the analysis of
many PTM-regulating enzymes, such as kinases, 3! phosphatases32 and deacetylases.33 This
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approach can be problematic for ubiquitinated proteins since ubiquitination is well known to
regulate gene expression34 and protein degradation,3® two processes that effectively change
the abundances of proteins. Since most of the proteomic approaches that analyze PTMs use
relative quantification between samples, it would be hard to distinguish if changes in
ubiquitinated peptides would reflect alterations in protein abundances rather than variations
in modification levels induced by the studied enzyme. Thus, to identify specific substrates of
DUBs we used cell lysates, since protein expression and degradation can be better
controlled.

One of the challenges of identifying DUB substrates from cell lysates is the need to block
the activity of the endogenous enzymes in a fashion that does not affect the activity of the
exogenously added DUB. Since all known DUBs are either metallo- or cysteine-proteases?
we added EDTA and thiol-alkylating agents to inhibit those enzymes. Since SseL is a
cysteine-protease, it was necessary to quench the alkylating agent before adding the enzyme
to the cell lysate. During this process we found that NEM had the best performance at
inhibiting endogenous DUB activity. Furthermore, a small pool of DUBs seemed to be
oxidized at the active enzymatic cysteine residue and can be efficiently blocked by NEM
when TCEP is added to the lysis buffer. This phenomenon has major implications for
proteomic analysis to characterize ubiquitinated proteins,24 since these oxidized DUBSs can
become active when proteins are reduced to break disulfide bonds.

After treating the cell lysate with SseL, the ubiquitination sites targeted by the enzyme were
identified by a combination of immunoaffinity purification and quantitative proteomic
analysis using 180 labeling to quantify the K-e-GG-containing peptides. It is worth noting
that isotope labeled reagent that derivatizes the primary amines would also modify the K-e-
GG epitope that would no longer be recognized by the monoclonal antibody, unless the
derivation step is done post enrichment.

Using our approach, two novel SseL substrates were identified and validated, S100A6 and
hnRNP K, in addition to the previously characterized K63-linked Ub chains. The fact that
only a few SseL substrates were identified suggests that this enzyme has very narrow
specificity. DUBs differ greatly in their substrate specificities; whereas some DUBs are
highly specific for one or a few substrates, others have a broad range of specificity and are
able to cleave a wide range of ubiquitinated proteins. For instance, the human DUB Otulin
has been proposed to only hydrolyze linear Ub chains,3¢ whereas rat USP2 is able to cleave
thousands of ubiquitinated proteins.3 Another example is USP5, also known as isopeptidase
T, which can cleave different Ub chains, but it is restricted to unanchored chains since it
bears a ZnF ubiquitin-binding domain that recognizes the C-terminus of ubiquitin that is
normally covalently attached to proteins.3” The examination of the substrate structures
suggests that SseL cleaves ubiquitination sites that are highly accessible to solvents.
However, the fine mechanism of SseL specificity to its substrates is still a topic of further
investigation.

To conclude, in this paper we describe a method for identifying DUB substrates in cell
lysates. The application of this method led to the identification and validation of two novel
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substrates of the Salmonella DUB SseL in host cells. This method can also be used to
determine the landscape of DUB substrates of different organisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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B Anti-Ub western blot

1Th@22°C 18h@4°C
PIC - ++ + + - 4+ + + + -
IA A - -+ - - - -+ - .
CAA - - -+ - - - -+ - .
NEM - - - - + - - - - + .
TCA

Testing of different thiol-alkylating agents for inhibition of endogenous DUBSs. Cells were
harvested in the absence or presence of protease inhibitor cocktail (PIC) in addition to 10
mM of IAA, CAA, or NEM. A parallel control was performed by harvesting cells in 20%
TCA, which was previously reported to block most of the DUB activity. After harvesting,
cell lysates were incubated for 1 h at room temperature (22 °C) or for 18 h at 4 °C, and
analyzed by western blot using anti-ubiquitin antibodies. (A) Ponceau S stain and (B)

western blot.
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Figure 2.

Blocking endogenous DUB activity with NEM and TCEP. Cells were harvested in the
absence or presence of TCEP, and with the addition different NEM concentrations followed
by blocking the DUB activity for 2 h on ice. Then the excess of NEM was quenched with 20
mM DTT for 2 h on ice and the efficiency of DUB inactivation was tested by incubating the
lysates overnight (O/N) at 37 °C. (B) Cells harvested without TCEP and (C) cells harvested
with 0.5 mM TCEP.
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Figure 3.
Global analysis of SseL substrates in RAW 264.7 cells. (A) Kinetics of digestion of

ubiquitinated conjugates by SseL.. RAW 264.7 cell lysate had endogenous DUB activity
blocked with NEM, followed by a quenching of the reagent excess with DTT, and then
incubated for various times with SseL (see material and methods for details). A control with
no SseL was run in parallel for 4 h. (B) Methodology flowchart of quantitative proteomic
analysis to identify potential SseL substrates. RAW 264.7 cells were treated for 120 min
with LPS and harvested in duplicates. Endogenous DUBs of cell lysates were blocked, and
then the lysates were treated with SseL, digested with trypsin and submitted to isotope
exchange with H, 160 and H, 180. Isotopically labeled peptides were then mixed in the
proportion 1:1 and ubiquitin signature (K-e-GG)-containing peptides were captured with
monoclonal antibodies and analyzed by nano-liquid chromatography coupled to high
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resolution mass spectrometry. (C) Dispersion graph show the distribution of abundance
ratios (180/180) of peptides bearing K-e-GG ubiquitin signature (Ub-peptides).
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Validation of SseL substrates in RAW 264.7 cells. RAW 264.7 cell lysates were incubated
with no enzyme (lane 1) or SseL (lane 2) or USP2 (lane 3) and analyzed by western blots
with specific antibodies. The asterisks show the mass of the unmodified protein, whereas the
arrows show the protein bands that increase with the enzymatic treatment, which validates
S100A6 and hnRNP K, but not MHC classl (H-2D) as SseL substrates. # Deubiquitinated
product of a truncated form of hnRNP K. For overexposed versions of anti-S100A6 and
anti-Hnrnpk western blots see Supporting information figure S4.
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Figure5.
SseL binding to substrates in RAW 264.7 cells. SseL-interacting proteins were captured

from RAW 264.7 cell lysate using the catalytically inactive SBP-C285S SseL and analyzed
by western blots with specific antibodies. M — molecular weight marker, 1 — lysate prior to
affinity purification capture, 2 — control affinity purification without SBP-C285S SseL, 3 —
affinity purification in the presence of SBP-C285S SseL. The asterisks show the expected
mass of the unmodified protein, the arrows show bands of proteins that specifically bind to
SseL, and the pound sign represents unspecific reactions.
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Structural analysis of SseL substrates and the Lys48-linked diubiquitin. (A) Sequence
alignment of amino acid residues surrounding SseL deubiquitination sites and the lysine 48
from the ubiquitin (PDBid 3M3J). (B) Structure of K48-linked diubiquitin (PDB 1D: 3M3J).
(C) Structure of K63-linked diubiquitin (PDB ID: 2JF5). (D) Structure of S100A6 (PDB ID:
1K96). (E) Structure of heterogeneous ribonucleoprotein K (hnRNP K) (PDB ID: 1J5K). (F)
Surface accessible solvent area of the lysine residues from the Bos Taurus and Homo
sapiens diubiquitins, and S100A6 and hnRNP K proteins. The ubiquitinated lysine residues
are highlighted in bold.

J Proteome Res. Author manuscript; available in PMC 2015 September 05.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Nakayasu et al.

Quantification of ubiquitination sites on ubiquitin upon SseL treatment by proteomic analysis

Table 1

Site  Peptide Average fold reduction with Ssel. treatment
K6 MQIFVK#TLTGK 1.13
K11 TLTGK#TITLEVEPSDTIENVK 0.85°
K27 TITLEVEPSDTIENVK#AK 1.01
K48 LIFAGK#QLEDGR 0.76
K63 TLSDYNIQK#ESTLHLVLR 2,77

K# - ubiquitinated lysine residue

*
Inefficient 180-labeling

J Proteome Res. Author manuscript; available in PMC 2015 September 05.

Page 22



