
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 2
/3

/2
02

6 
2:

41
:5

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Activity-based ub
Department of Chemistry and Biochemistry,

Newark, DE, USA, 19716. E-mail: zzhuang@

† Electronic supplementary informa
10.1039/c8sc01573b

Cite this: Chem. Sci., 2018, 9, 7859

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 6th April 2018
Accepted 8th August 2018

DOI: 10.1039/c8sc01573b

rsc.li/chemical-science

This journal is © The Royal Society of C
iquitin-protein probes reveal
target protein specificity of deubiquitinating
enzymes†

Ping Gong, Gregory A. Davidson, Weijun Gui, Kun Yang, William P. Bozza
and Zhihao Zhuang *

Ubiquitination is an essential eukaryotic post-translational modification that regulates various cellular

processes. The removal of ubiquitin from its target protein is catalyzed by deubiquitinating enzymes

(DUBs). Although it was proposed that many DUBs specifically interact and recognize ubiquitinated

proteins as substrates, more direct evidence is needed to support this notion. Here we report protein-

targeting activity-based DUB probes that allowed the identification of DUBs recognizing

monoubiquitinated proliferating cell nuclear antigen (PCNA) in Saccharomyces cerevisiae. This new class

of DUB probes contain a Michael acceptor as a warhead between ubiquitin and the target protein PCNA

through a linkage that mimics the native isopeptide bond. We selected two known and biologically

relevant ubiquitination sites on PCNA to generate the DUB probes. This allowed us to interrogate the

site-specific deubiquitination of a target protein by DUBs. DUBs were profiled in yeast cell lysates using

the two Ub-PCNA DUB probes in conjunction with two control probes that contain a noncleavable

linkage but no warhead. We identified yeast DUBs through pulldown coupled with quantitative mass

spectrometry analysis of the pulled down proteins. Our results showed that specific yeast DUBs

recognize monoubiquitinated PCNA and corroborated previous genetic study. We also identified DUBs

as potential new deubiquitinase of PCNA. Remarkably, identified DUBs clearly distinguish the different

modification sites on PCNA, thus supporting a high level of DUB specificity beyond the target protein

identity.
Introduction

Ubiquitination, as an important class of post-translational
modication, is found in most, if not all, cellular processes in
eukaryotes. In addition to its well-known role in proteasome-
mediated protein degradation, ubiquitination also regulates
many nonproteolytic functions in cells.1,2 Ubiquitination is
a reversible process in which the removal of either a single
ubiquitin or a ubiquitin chain is catalyzed by deubiquitinating
enzymes, or DUBs. In eukaryotes, deubiquitination plays
equally important roles as ubiquitination in regulating cellular
processes ranging from protein degradation, transcriptional
control, DNA damage repair and tolerance, to immune
response.3,4 Dysregulation of DUB functions are associated with
many diseases including neurodegeneration, viral infection and
cancer. In recent years DUBs have emerged as novel drug targets
in these therapeutic areas.5–7 Deciphering the DUB function and
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specicity is of paramount importance to our understanding of
this class of important enzymes.

Activity-based probes (ABPs) have been developed to prole
enzymes in different classes such as serine hydrolases, kinases
and phosphatases.8 ABP-based proling of DUBs is emerging as
an important tool in investigating the function and specicity of
DUBs in eukaryotes. The DUB ABPs also have a great potential
in high throughput screening against DUBs and identifying
DUB inhibitors as new therapeutics. Monoubiquitin-based
probes were rst developed and used in DUB proling. They
utilized an electrophilic reactive group, known as “warhead”,
introduced at the ubiquitin C-terminus to covalently capture
DUBs.9–13 In addition to prole DUBs, a recently reported Ub-
Dha activity-based probe was found to target E1, E2, E3
sequentially in ubiquitination pathway.14

Despite its popularity, monoubiquitin-based DUB probes
bind to DUBs indiscriminately and provide little information on
the DUB specicities on ubiquitin chain linkage and target
protein specicities.15 To assess DUBs' specicity against
different ubiquitin chain topology, several diubiquitin activity
based probes with an internally placed warhead were devel-
oped.16–20 Later, diubiquitin probes with a terminal warhead
were generated and used in high-resolution X-ray co-crystal
Chem. Sci., 2018, 9, 7859–7865 | 7859
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Fig. 1 Scheme illustrating of the generation of Ub-PCNA activity-
based DUB probes.

Fig. 2 Characterization of Ub-PCNA DUB probes. (A) A 15% SDS-
PAGE gel stained with Coomassie blue showing the purity of (1) K164C
Ub-PCNA MAL, (2) K164C Ub-PCNA NCL, (3) K107C Ub-PCNA MAL,
and (4) K107C Ub-PCNA NCL probes. (B) MS spectrum of the K164C
Ub-PCNA MAL probe showing a deconvoluted mass of 38 620 Da. (C)
MS spectrum of the K107C Ub-PCNA MAL probe showing a decon-
voluted mass of 38 620 Da.
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structural studies of DUBs, revealing additional ubiquitin
binding sites on DUBs.21–23 In addition, ubiquitin-peptide based
DUB probes were also developed and used for DUB proling.15,24

In addition to the chain linkage specicity, the DUB's spec-
icity toward target proteins is thought to be important for the
physiological function of DUBs.1 In humans, around 5000
proteins have been found to be modied by ubiquitin and
19 000 different lysine residues were identied.25 On a given
target protein, oen more than one lysine residue is modied
and the modications are associated with distinct functions. A
well-known example is the monoubiquitination of PCNA in S.
cerevisiae. Monoubiquitination of yeast PCNA at Lys164 is
implicated in DNA translesion synthesis across DNA lesions
such as UV-induced cyclobutane pyrimidine dimer (CPD) in
eukaryotic DNA replication.26–30 In addition, mono-
ubiquitination of PCNA at Lys107 was also reported in S. cer-
evisiae and was associated with DNA ligase I deciency in yeast
cells.31 Compared to the ubiquitination of PCNA, the deubi-
quitination process is less well understood. New tools that allow
the identication of DUBs specic for a given target protein are
valuable for understanding the cellular process of deubiquiti-
nation. However, neither the monoubiquitin or the diubiquitin-
based probes can be used to interrogate the target protein-
specicity. Herein we report novel protein-targeting and
activity-based DUB probes and demonstrate their utility in
identifying DUBs responsible for PCNA deubiquitination in
yeast S. cerevisiae. We identied and validated yeast DUBs that
recognize ubiquitinated PCNA as a substrate. Further, our
results showed that DUBs can distinguish the ubiquitination
sites on the same target protein and thus possess a high level of
specicity.

Results and discussions

To generate the Ub-PCNA probes for proling the cellular DUBs,
we introduced a warhead between the ubiquitin moiety and
PCNA. The linker was designed to mimic the isopeptide linkage
in the native monoubiquitinated PCNA. It contains a Michael
acceptor for covalent trapping of the catalytic cysteine in the
DUB active site (Fig. 1). A similar strategy was successfully
implemented to generate a diubiquitin probe for DUB
labeling.17 In our design, a HA tagged yeast ubiquitin (a. a. 1–75)
was expressed and puried as an intein fusion followed by
cleavage using sodium 2-mercaptoethanesulfonate (MESNA) to
obtain ubiquitin species 1.32 The Michael acceptor-containing
linker (MAL) 2 was synthesized as described.17 Reacting ubiq-
uitin1–75 species 1 with excess amount of MAL 2 afforded the
ubiquitin species 3 with the MAL introduced to the C-terminus
of ubiquitin.17 Aer deprotection of the carbonyl group in the
linker, the HA tagged ubiquitin species 4 was conjugated to
yeast PCNA with a unique cysteine introduced at position 164 or
107 (Fig. 1). A cysteine-light yeast PCNA (C22S/C30S/C62S/
C81S)32 was used to generate the K164C and K107C PCNA
mutants. The cysteine thiol on PCNA reacts with the a-bromo
ketone group introduced at ubiquitin C-terminus to form
a stable thioether linkage. The K164C and K107C Ub-PCNA
probes 5 and 6 were shown to be of good purity on a 15%
7860 | Chem. Sci., 2018, 9, 7859–7865
SDS-PAGE gel (Fig. 2A). The identity of the Ub-PCNA MAL
probes was conrmed by LC-MS (Fig. 2B and C). The deconvo-
luted mass of 38 620 Da for both 5 and 6 agreed well with the
calculated molecular weight of 38 618 Da. Further, the K164C
and K107C Ub-PCNA MAL probes were digested by trypsin and
subjected to LC-MS/MS analysis. Correct conjugation of ubiq-
uitin to PCNA at the targeted sites was conrmed (Fig. S1 and
S2†). We also generated Ub-PCNA probes containing a non-
cleavable linkage (NCL) at the two PCNA sites, i.e. K164C
Ub-PCNA NCL probe 7 and K107C Ub-PCNA NCL probe 8
(Fig. 1). The NCL linkage is identical to the MAL likage, except
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Pulldown and identification of DUBs by Ub-PCNA DUB probes.
(A) Illustration of pulldown of DUBs using Ub-PCNA and Ub-VME
probes. (B) Volcano plot comparing the DUBs pulled down using Ub-
VME probe to the control pulldown using beads only. (C) Volcano plot
comparing the DUBs pulled down using K164C Ub-PCNA MAL probe
to the control pulldown using beads only. (D) Volcano plot comparing
the DUBs pulled down using K164C Ub-PCNA MAL probe to the
pulldown using K107C Ub-PCNA MAL probe. (E) Volcano plot
comparing the DUBs pulled down using K164C Ub-PCNA MAL probe
to the pulldown using K164C Ub-PCNA NCL probe. The x axis is log2
value of the fold difference of LFQ intensity of the paired pulldowns. y
axis is �log10 value of p-value computed based on the pulldown
repeats using the paired probes. At least four repeats of each probe
pulldown were performed. The horizontal dashed line indicates the
cutoff of a p-value of 0.05.
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that it does not contain the Michael acceptor (Fig. S3†).33 The
products were analyzed on the same 15% SDS-PAGE gel (Fig. 2A)
and conrmed by mass spectrometry (Fig. S4†).

DUBs, especially the ubiquitin-specic proteases (USPs in
humans or Ubps in yeast), are proposed to possess target
protein specicities.1,34 The newly developed protein-targeting
DUB probes provide a systematic approach of identifying
DUBs specic for a given target protein. This approach allows
the identication of DUBs with redundant activities toward
a given target protein. The functional redundancy observed in
DUBs6,35–37 may present a challenge for gene knockdown or
deletion approaches especially when a large number of genes
need to be explored. With the Ub-PCNA probes in hand, we set
out to identify DUBs in yeast S. cerevisiae that specically
recognize monoubiquitinated PCNA and contribute to the
deubiquitination of PCNA in cells. To this end, a pulldown
using the activity-based Ub-PCNA probes was conducted in
yeast cell lysates. We rst carried out cell lysate labelling using
the K164C Ub-PCNAMAL probe 5 and the K107C Ub-PCNAMAL
probe 6 followed by immunoblotting using anti-HA antibody on
a denaturing SDS-PAGE gel (Fig. 3). We observedmultiple bands
detected by the anti-HA antibody in the labelling of yeast cell
lysates by the K164C Ub-PCNAMAL probe, which were absent in
the lanes with only probe or cell lysate (Fig. 3A). We also incu-
bated the control K164C Ub-PCNA NCL probe 7 with the yeast
cell lysates in parallel. No discernible labelling bands were
detected with the control probe 7 (Fig. 3A). In the case of K107C
Ub-PCNA MAL probe 6, few labelling bands were detected
despite a few contaminating bands originated from the probe
(Fig. 3B). Using a K107C Ub-PCNA NCL probe 8, no discernible
labelling bands were detected upon incubation with the yeast
cell lysate (Fig. 3B).

To identify the potential DUBs being captured by the Ub-
PCNA MAL probes, we used both K164C Ub-PCNA and K107C
Ub-PCNA MAL probes (5 and 6) to affinity capture DUBs from
the yeast cell lysates (Fig. 4A). In parallel pulldowns, we also
used two NCL probes 7 and 8 that are identical to 5 and 6
Fig. 3 Yeast cell lysate labelling using K164C Ub-PCNA MAL probe (A)
and K107C Ub-PCNAMAL probe (B) that contain a HA tag. As a control,
K164C Ub-PCNA NCL probe (A) and K107C Ub-PCNA NCL probe (B)
were used in parallel labelling experiment. Anti-HA antibody was used
to detect the labelled DUBs. Several contaminating bands were
observed in the K107C Ub-PCNA MAL probe and also in the corre-
sponding lysate labelling.

This journal is © The Royal Society of Chemistry 2018
respectively but contain no warhead. We further used the HA-
tagged ubiquitin vinyl methyl ester (Ub-VME) probe in parallel
pulldown to capture the yeast DUBs in lysates. Beads without
the bait were used as a negative control for the pulldown.
Specically, the HA-tagged Ub-PCNA probes were bound to the
anti-HA magnetic beads. The HA-tagged Ub-VME probe (HA-Ub-
VME) was bound to the same type of beads in parallel. Equal
molar amounts of HA-tagged Ub-PCNA and Ub-VME probes
were used in the parallel pulldown experiments. To identify
proteins non-specically bound to the anti-HA magnetic beads,
yeast cell lysate was incubated with the beads without bait
protein. Multiple repeats (at least four) of each probe pulldown
were performed. Aer elution with a 50 mM NaOH solution,
proteins were trypsin digested and subjected to LC-MS/MS
analysis using the Thermo Orbitrap Q-Exactive mass spec-
trometer. A quantitative proteomics analysis was used to iden-
tify DUBs that were signicantly enriched using the various
DUB probes. Raw data sets were processed using MaxQuant to
search against the yeast proteome with the built-in Andromeda
engine.38–41 The MaxLFQ module within MaxQuant was used to
quantify relative protein intensity among the pull-down exper-
iments using different affinity probes or control.

In analysing the pulled down proteins, we focused our
attention to the 20 known DUBs in S. cerevisiae. Eight out of the
Chem. Sci., 2018, 9, 7859–7865 | 7861

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sc01573b


Fig. 5 Heatmap of yeast DUBs identified in the parallel pulldown
experiments using K164C Ub-PCNA MAL probe 5, K107C Ub-PCNA
MAL probe 6, K164C Ub-PCNA NCL probe 7, K107C Ub-PCNA NCL
probe 8, Ub-VME probe and bead control. The heatmap was gener-
ated using GraphPad Prism and the LFQ data output from Perseus with
imputation as described in Methods in ESI.†
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twenty known yeast DUBs were identied in at least one of our
parallel pulldown experiments using either the HA-tagged Ub-
PCNA probes or the HA-Ub-VME probe. We rst analysed the
pulldown data sets of Ub-VME probe versus the beads control
using MaxQuant. The MaxQuant output was analysed using
Perseus and presented as a volcano plot. The LFQ fold change
(log2) depicted in the x axis of the volcano plot reports the extent
of enrichment of the DUBs in the probe pulldown versus the
beads control pulldown. The p-value of the difference between
the two pulldown data sets are shown in the y axis in the volcano
plot. As shown in Fig. 4B, seven yeast DUBs, i.e. Ubp2, Ubp3,
Ubp6, Ubp10, Ubp14, OTU2 and RPN11, were found to be
captured by the Ub-VME probe strongly with a p-value < 0.05.
The rest of the yeast DUBs were not captured possibly due to low
expression level of certain DUBs in yeast42 under the cell culture
condition or low DUB activity.

To address the question whether some DUBs can be specif-
ically captured by the K164C Ub-PCNA MAL probe, we analysed
the pulldown data set of probe 5 versus the beads control using
MaxQuant. As shown in the volcano plot (Fig. 4C), the top DUBs
identied are Ubp3, Ubp10 and YUH1, as judged by the LFQ
fold difference and the p-value from the Student's t test. For all
three DUBs, we observed strong enrichment based on the LFQ
values. The p-value for Ubp3, Ubp10 and YUH1 were less than
0.01, thus highly signicant. We also detected OTU2 with an
enrichment similar to that of Ubp3, Ubp10 and YUH1. However
the p-value observed for OTU2 was lower and close to 0.05.

We next asked whether the DUBs identied by the K164C Ub-
PCNA probe specically recognize ubiquitin at Lys164 over
Lys107 on PCNA. To this end, we carried out pulldown experi-
ments using the K107C Ub-PCNA MAL probe 6. The two sets of
pulldown results using probes 5 and 6 were analysed using
MaxQuant as described above. As shown in the volcano plot in
Fig. 4D, Ubp3 and Ubp10 are the top DUBs identied based on
LFQ fold difference and p-value. Our analysis suggests that
Ubp3 and Ubp10 are more specic for the deubiquitination of
PCNA at Lys164 versus Lys107. Although the LFQ fold difference
of OTU2 was similar to that of Ubp3 and Ubp10, its p-value is
below the cutoff of 0.05. YUH1, on the other hand, showed lower
LFQ fold difference and a p-value > 0.05.

Next we analysed the pulldown data set of K164C Ub-PCNA
MAL probe 5 versus the K164C Ub-PCNA NCL probe 7 that
lacks a Michael acceptor trap for DUBs. As show in the volcano
plot (Fig. 4E), Ubp3, Ubp10 and YUH1 stand out as being the top
DUBs captured with p-value < 0.05. This observation suggests
that the enrichment of Ubp3, Ubp10 and YUH1 relies on their
DUB activity, not just noncovalent binding with the probe.
Notably, when we compared the pulldown using the K164C Ub-
PCNA NCL probe 7 versus the beads control, Ubp10 was detected
with a modest enrichment and a p-value < 0.05 (Fig. S5A†). This
nding is in accord with an earlier report of Ubp10 physically
interacting with PCNA.43 Interestingly OTU2 was also pulled
down modestly with a p-value < 0.05.

We also analysed the pulldown result using the K107C Ub-
PCNA MAL probe 6 versus the beads control (Fig. S5B†). Only
YUH1 was detected with a modest enrichment but with a p-
value > 0.1, thus deemed insignicant. We also carried out the
7862 | Chem. Sci., 2018, 9, 7859–7865
pulldown using the K107C Ub-PCNA NCL probe 8 and
compared it to the beads control pulldown (Fig. S5C†). Only
YUH1 was captured with a modest enrichment and a p-value <
0.05.

It is remarkable that K164C Ub-PCNA MAL probe captured
Ubp10 more strongly than the K107C Ub-PCNA MAL probe.
Further, Ubp10 was pulled down by the K164C Ub-PCNA NCL
probe through noncovalent interaction, but not by the K107C
Ub-PCNA NCL probe (Fig. 5). These are strong indications of
a PCNA-specic deubiquitinase that directly binds the target
protein PCNA and recognizes Lys164 over Lys107 as the site of
deubiquitination. Corroborating our ndings, we carried out an
in vitro deubiquitination assay using a native yeast K164 Ub-
PCNA as a substrate and observed efficient deubiquitination
of the native Ub-PCNA by Ubp10 but not by another unrelated
yeast DUB Ubp15 (Fig. S6†). This provides further support of
Ubp10 as the deubiquitinase of PCNA. Interestingly, Ubp10 was
previously reported to physically interact with PCNA and deu-
biquitinate mono- and diUb-PCNA in yeast S. cerevisiae.43 In this
previous work, Ubp10 was shown to interact with PCNA by
immunoprecipitation following formaldehyde crosslinking in
yeast cell extract. Also yeast cells with UBP10 deletion or
carrying a catalytically inactive Ubp10 were found to accumulate
Ub-PCNA. Furthermore, overexpression of Ubp10 in yeast cells
resulted in rapid deubiquitination of PCNA. In S. pombe, Ubp16,
a homolog of Ubp10 in S. cerevisiae, deubiquitinates mono and
diUb-PCNA in vitro.44 These genetic and cellular evidences
together with our ndings provided a strong support of Ubp10
as a DUB that deubiquitinates PCNA in budding yeast. The fact
that Ubp10 emerged as a top DUB identied by our K164C Ub-
PCNA DUB probe validated the chemical biology approach of
identifying cellular DUBs specic for a given target protein.

Recently Hewings et al. showed that monoubiquitin-based
ABP may label non-catalytic cysteines in DUBs.45 We next
carried out labelling of puried WT Ubp10 and an active site
cysteine mutant Ubp10(C371A) by K164C Ub-PCNA MAL probe.
Our results show that while WT Ubp10 was labelled by K164C
Ub-PCNA, Ubp10(C371A) mutant was not labelled (Fig. S7†).
The labelling band was conrmed by Western blotting analysis
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Target protein and site-specific recognition by deubiquitinases.
DUBs possess target protein (A) and ubiquitination site (B) specificities.
(C) PCNA trimer highlighting lysine residues 164 and 107 on one PCNA
subunit. (D) PCNA trimer showing Adaptive Poisson–Boltzmann Solver
(APBS) determined electrostatic potential on the surface.
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(Fig. S8†). When K107C Ub-PCNA MAL probe was used in
a parallel labelling experiment, no labelling of WT and C371A
Ubp10 was observed (Fig. S7†). This also provides in vitro
evidence for the site specicity of Ubp10 in deubiquitinating
PCNA.

In addition, our K164C Ub-PCNA MAL probe also identied
Ubp3 as a yeast DUB that can potentially deubiquitinate K164
Ub-PCNA in S. cerevisiae. This recognition appears to be specic
to the site of ubiquitination given that K164C Ub-PCNA MAL
probe, but not the K107C Ub-PCNA MAL probe, captured Ubp3
(Fig. 5). Interestingly, unlike Ubp10, Ubp3 was not captured by
the K164C Ub-PCNA NCL probe, which suggests a more tran-
sient nature of the binding of K164 Ub-PCNA by Ubp3. Indeed
a physical interaction between Ubp3 and K164 Ub-PCNA has not
been reported. Notably, a genetic interaction between Ubp3 and
PCNA was revealed in a negative interaction epistatic miniarray
prole (E-MAP) analysis, showing an aggravating effect of UBP3
deletion and a PCNA mutation (POL30-879).46 Further conr-
mation and investigation of Ubp3's potential role in deubiqui-
tinating Ub-PCNA is thus warranted.

In addition to the yeast Ubps, we also identied YUH1,
a ubiquitin C-terminal hydrolase (UCH) family DUB, in our
pulldown experiments. As can be seen in the heatmap (Fig. 5),
YUH1 was pulled down by both K164C Ub-PCNA and K107C Ub-
PCNA MAL probes, but not by the Ub-VME probe. Intriguingly,
YUH1 was pulled down by the K107C Ub-PCNA NCL probe more
strongly than the K164C Ub-PCNA NCL probe. The yeast YUH1
was previously found to cleave ubiquitin-protein fusion.47 It was
also shown to process Rub1p in S. cerevisiae.48 In our pulldowns
YUH1 showed little specicity in the site of ubiquitination on
PCNA. Nonetheless its pulldown requires the presence of PCNA
in the probe. YUH1 represents a complicated case among the
pulled down DUBs. We were able to purify yeast YUH1 and
found that it cannot cleave native Ub-PCNA under our assay
condition (Fig. S6†). We thus suspect an indirect pulldown of
YUH1 by Ub-PCNA or other nonspecic proteins. Indeed, YUH1
was known to bind RPS31, a fusion protein of the ribosomal
This journal is © The Royal Society of Chemistry 2018
protein S31 and ubiquitin. RPS31 as an abundant housekeeping
protein was frequently pulled down in our experiments.

Another interesting result of our pull down was the capturing
of OTU2, a protein of undetermined function. OTU2 was pulled
down not only by the K164C Ub-PCNA MAL probe, but also by
the K164C Ub-PCNA NCL probe (Fig. 5), albeit the p-values
approached the borderline of signicance (0.05). Notably, OTU2
was not pulled down by either K107C Ub-PCNA MAL probe or
the K107C Ub-PCNA NCL probe. OTU2 was strongly pulled
down by the Ub-VME probe and is thus an active DUB in yeast.
An earlier study showed that immunoprecipitated OTU2 can
deubiquitinate monoubiquitinated yeast securin (monoUb-
Pds1) and monoubiquitinated sea urchin cyclin B (monoUb-
CycB).42 These ndings suggest that yeast OTU2 may possess
a broad target protein specicity. OTU2 has been previously
linked to DNA damage response due to an increase in its protein
level upon MMS-induced DNA damage.49 In another study,
knockout of OTU2 in yeast cells led to an increased expression
of a number of DNA repair proteins.50 In addition, a negative
genetic interaction between OTU2 and RAD30, which encodes
the translesion DNA synthesis (TLS) polymerase h in yeast, was
also reported.51 Our result suggested a potential connection of
OTU2 to DNA damage response, particularly PCNA deubiquiti-
nation. Future study will be required to conrm the role of
OTU2 in PCNA deubiquitination and shed more light on the
role of OTU2 in DNA damage response.

Compared to K164C Ub-PCNA probe, the K107C Ub-PCNA
probe exhibited overall lower binding affinity to the yeast
DUBs identied in this study. This observation suggests that
DUBs may distinguish not only different target proteins, but
also different ubiquitination sites on PCNA. Although it is not
clear how such specicities are achieved at present, a difference
in peptide sequence anking the ubiquitinated lysine residues
and the protein surface properties surrounding the lysine resi-
dues may contribute to the specicity observed with the Ub-
PCNA probes (Fig. 6). Using the K107C Ub-PCNA MAL probe
we did not capture DUBs with high LFQ value as compared to
LFQ values for the DUBs identied using the K164C Ub-PCNA
MAL probe. This may be due to low expression level of DUBs
specic for K107 Ub-PCNA under the current culturing condi-
tion that makes their identication by mass spectrometry
challenging. In addition to cellular protein level, DUB activity
oen requires formation of complex with other interacting
proteins, triggered by endogenous and exogenous factors.

Conclusions

In summary, DUB specicity against ubiquitinated protein was
observed utilizing the novel Ub-PCNA DUB probes. In addition
to identifying the DUBs, we found that DUBs are able to
distinguish between different ubiquitination sites on the same
target protein. Our method of generating protein-specic DUB
probes can be applied to other ubiquitinated proteins. Mass
spectrometry coupled with affinity enrichment using the novel
DUB probes can be used to systematically identify and quantify
DUBs responsible for deubiquitinating a target protein. This
provides a valuable alternative approach to gene knockdown
Chem. Sci., 2018, 9, 7859–7865 | 7863
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and deletion for identifying DUBs responsible for the deubi-
quitination of a given target protein. Very recently an indepen-
dent study from the Brik's group using a Ub-a-globin DUB probe
identied USP15 as the human DUB responsible for a-globin
deubiquitination.52 Together these new results obtained using
protein-based DUB probes strongly support the notion that
DUBs in both lower and higher eukaryotes may possess target
protein specicity. Furthermore, our results demonstrated
another level of specicity of DUBs in distinguishing the ubiq-
uitination sites on a given target protein. Future studies are
needed to obtain a structural andmechanistic understanding of
how DUBs achieve both target protein and ubiquitination site
specicity.
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