1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
JAm Chem Soc. Author manuscript; available in PMC 2021 March 31.

-, HHS Public Access
«

Published in final edited form as:
JAm Chem Soc. 2018 October 03; 140(39): 12424-12433. doi:10.1021/jacs.8b05147.

Cell-Permeable Activity-Based Ubiquitin Probes Enable
Intracellular Profiling of Human Deubiquitinases

Weijun Gui®, Christine A. OttT, Kun Yang, Jedidiah S. Chung, Sigi Shen, Zhihao Zhuang”
Department of Chemistry and Biochemistry, University of Delaware, 214A Drake Hall, Newark,
Delaware 19716, United States

Abstract

Advancement in our knowledge of deubiquitinases (DUBs) and their biological functions requires
biochemical tools permitting interrogation of DUB activities under physiologically relevant
conditions. Activity-based DUB probes (DUB ABPs) have been widely used in investigating the
function and activity of DUBs. However, most ubiquitin (Ub)-based DUB ABPs are not cell-
permeable, limiting their utility to purified proteins and cell lysates. Lysis of cells usually leads to
dilution of the cytoplasm and disruption of the normal cellular organization, which may alter the
activity of many DUBs and DUB complexes. Here, we report a new class of cell-permeable DUB
ABPs that enable intracellular DUB profiling. We used a semisynthetic approach to generate
modular ubiquitin-based DUB probes containing a reactive warhead for covalent trapping of
DUBs with a catalytic cysteine. We employed cell-penetrating peptides (CPPs), particualrly cyclic
polyarginine (cCR1g), to deliver the DUB ABPs into cells, as confirmed using live-cell fluorescence
microscopy and DUB ABPs containing a fluorophore at the C-terminus of Ub. In comparison to
TAT, enhanced intacellular delivery was observed through conjugation of a cyclic polyarginine
(cRyp) to the N-terminus of ubiquitin via a disulfide linkage. Using the new cell-permeable DUB
ABPs, we carried out DUB profiling in intact HeLa cells, and identified active DUBs using
immunocapture and label-free quantitative mass spectrometry. Additionally, we demonstrated that
the cell-permeable DUB ABPs can be used in assessing the inhibition of DUBs by small-molecule
inhibitors in intact cells. Our results indicate that cell-permeable DUB ABPs hold great promise in
providing a better understanding of the cellular functions of DUBs and advancing drug discovery
efforts targeting human DUBs.
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INTRODUCTION

Ubiquitination is an important, reversible post-translational modification (PTM) in
eukaryotic cells. Ubiquitination is catalyzed by a three-enzyme cascade (E1-E2-E3)
culminating in the attachment of the C-terminal carboxylate of ubiquitin (Ub) to an e-amino
group of a lysine residue in the acceptor protein via an isopeptide bond.? Deubiquitinating
enzymes (DUBSs) oppose this process by removing mono-Ub and poly-Ub chains from
substrate proteins in various cellular pathways. In recent years, DUBs have emerged as
promising targets for drug development, notably in cancer and neuro-degeneration.?
Activity-based DUB probes (ABPs) have facilitated the development of DUB inhibitors and
allowed profiling of DUB activities in cell lysates.2~16 A full understanding of the cellular
function of DUBs is crucial for the development of next generation therapeutics to treat a
range of human diseases.

The most widely employed DUB activity-based probes contain a mono-Ub recognition
element with an electrophilic group conjugated to its C-terminus, exemplified by Ub
propargylamide (Ub-PA) or Ub vinyl methyl ester (Ub-VME).17-21 Recently, the Ub-based
DUB probes have expanded to include internal and terminal diUb-based ABPs,22-26
ubiquitin photoaffinity probes,27-28 ubiquitin interactor affinity probes,22:30 Ub-substrate
probes,31:32 and a reactive-site-centric DUB probe.33 The above-mentioned DUB ABPs
have greatly enhanced our knowledge of DUBs through elucidation of linkage specificity,
22-26 gtryctural determination of DUB-Ub cocrystal structures,34-39 and the development of
DUB inhibitors.

Currently, most Ub-based DUB ABPs are cell-impermeable, thus limiting their utility to
purified proteins and cell lysates. Cell lysate-based DUB profiling has been widely used and
considered to better reflect the native function and regulation of DUBs. However, lysing
cells usually causes a dilution of the cytoplasmic and nuclear proteins, leading to potential
dissociation of protein complexes necessary for DUB activity. The disruption of cellular
organization may also affect the DUBs’ activity and regulation. Therefore, there is a need for
DUB ABPs that can penetrate the cell plasma membrane and capture DUBs within intact
cells. This class of DUB ABPs will further expand our knowledge of the biological

functions of DUBs in a physiologically relevant setting. Several efforts have already been
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made in this area, including catch-and-release probes and the use of a pore-forming toxin
perfringolysin O (PFO) to facilitate entry of Ub-based ABPs into semi-intact cells.40 A
small-molecule DUB ABP was reported, with which 12 ubiquitin-specific proteases (USP)
were identified using mass spectrometry (MS)-based quantitative proteomics.#! In another
report, electroporation was used to deliver the ubiquitin cascade activity-based probe (Ub-
Dha) into human cells.2 In addition to the labeling of enzymes in ubiquitin cascade (2 E1’s,
19 E2’s, 2 E2/E3’s, and 2 E3’s), four DUBs were labeled and identified using MS-based
quantitative proteomics.

In this study, we report the generation of a new class of cell-permeable DUB ABPs, which
can efficiently enter intact HeLa cells and enable intracellular DUB profiling.
Chemoselective conjugation strategies were utilized to attach a thiol-reactive warhead to the
ubiquitin C-terminus and a polycationic cell-penetrating peptide (CPP), particularly a cyclic
polyarginine peptide (cR1g), to the N-terminus of the Ub-based DUB ABPs to achieve cell
membrane penetration. Efficient uptake of the newly developed cell-permeable DUB ABPs
was confirmed using live-cell fluorescence confocal microscopy. Cell-permeable DUB
ABPs allowed us to carry out intracellular DUB profiling analyzed by immunoblotting and
MS-based quantitative proteomics analysis. A pan-DUB inhibitor, PR-619, was used as a
proof of concept to demonstrate the utility of our cell-permeable DUB ABPs in DUB
inhibitor discovery. Our approach of activity-based DUB profiling, using cell-permeable
DUB ABPs, minimizes the disruption to the cellular and subcellular organization of cells,
and therefore holds great potential for providing physiologically relevant insights into the
biological function and activity of human DUBs.

RESULTS AND DISCUSSION
Generation of Cell-Permeable Ub-Based DUB ABPs.

Ubiquitin, being a small protein, cannot penetrate the plasma membrane of human cells. To
circumvent this, our strategy employs cell-penetrating peptides (CPPs) to facilitate the
uptake of Ub-based probes by human cells. CPPs have been reported as versatile delivery
vehicles for cell-impermeable molecules, including oligonucleotides, proteins, peptides,
siRNAs, and nanoparticles.3 In this study, we designed a new class of cell-permeable Ub-
based DUB ABPs for intracellular DUB profiling.

Our initial efforts utilized TAT (a.a. KRKKRRQRRR) peptide, through expression as a
linear fusion to the N-terminus of HA-Ub_75 to generate a cell-permeable Ub-based DUB
ABP. To generate the probe, TAT-HA-Ub,_75 was expressed and purified as an intein fusion
and cleaved with sodium 2-mercaptoethanesulfonate (MESNA). TAT-HA-Ub4_75-MESNA
was then reacted with propargylamine (PA) generating TAT-HA-Ub-PA (1) (Scheme S1).

Recently, cyclic polyarginine (cR1g) peptide was found to enhance the cellular uptake of
protein cargos as compared to both linear and cyclic TAT peptides.#4-46 The enhancement
was attributed to increased membrane contacts due to the increased number of arginine
residues and the more rigid cyclic backbone structure.*447 The cellular entry of cargos via
arginine-rich CPPs, including TAT and cRyg, is thought to be through an energy-independent
direct penetration of the cellular membrane.#4—47 We devised an Ub-based DUB ABP
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containing a disulfide-linked cR1q peptide at the N-terminus of the probe as shown in Figure
la. Solid-phase peptide synthesis was used to generate cR1q as previously reported with
minor modifications (Scheme S2).46 We then generated HA-Cys-(cR10)-Ub-PA, in which
cRqg is linked to HA-Cys-Ub-PA through a disulfide bond (Figure 1a). The disulfide bond is
known to be cleaved upon entry into cells with a reducing environment.#8 This generates
HA-Cys-Ub-PA, a close mimic of the commonly utilized DUB ABP, HA-Ub-PA. To
generate the above-described cell-permeable DUB ABBP, site-directed mutagenesis was first
used to introduce a cysteine residue between the HA-tag and the N-terminus of Uby_7s,
which we named HA-Cys-Ub. Using an intein-based purification method similar to TAT-
HA-Ub-MESNA, HA-Cys-Ub-MESNA was purified. The cysteine residue was then
protected using 5,5’ -dithiobis(2-nitrobenzoic acid) (DTNB) to generate HA-Cys(TNB)-Ub-
MESNA.. Propargylamine was then reacted with HA-Cys(TNB)-Ub-MESNA to generate
HA-Cys-(TNB)-Ub-PA. HA-Cys(TNB)-Ub-PA was subsequently reacted with cR1q, through
disulfide bond exchange reaction, to yield HA-Cys(cR1g)-Ub-PA (2). Following HPLC
purification, lyophilization, and refolding in MES buffer (50 mM MES, 100 mM NaCl, pH
6.5), the identity of probe 2 was confirmed by ESI-MS analysis. The observed mass of 11
939 Da is identical to the calculated molecular weight of 11 939 Da (Figure 1b).

Next, we sought to generate two other cRyp-containing cell-permeable probes, HA-
Cys(cR1g)-Ub-VME (3) and HA-Cys(cR1p)-Ub-EA (4), using a similar method. The
structure of probe 3 and 4 is shown in Figure 1c. HA-Cys(cR1g)-Ub-VME (3) contains
another widely used cysteine-reactive warhead vinyl methyl ester (VME) for DUB profiling
(Scheme S3). Moreover, we generated a control probe that is cell-permeable, but contains an
unreactive ethylamine at C-terminus, HA-Cys(cR1p)-Ub-EA (4) (Scheme S4).

In Vitro Labeling of DUBs Using Cell-Permeable Ub-Based DUB ABPs.

With the cell-permeable DUB ABPs in hand, we assessed their reactivity using
recombinantly purified USP2 catalytic domain (USP2-CD). As shown in Figure 2, the
USP2-CD can be efficiently labeled by the three functional cell-permeable DUB ABPs (1, 2,
and 3), but not the unreactive control probe (4). The CPP at the N-terminal region of
ubiquitin did not appear to affect the labeling of USP2-CD, as judged by a similar labeling
efficiency as the non-CPP-containing counterparts (HA-Ub-PA and HA-Ub-VME). For
probes 2 and 3, we observed a slight smearing of USP2-CD labeling product bands. We
attributed this to partial DTT-induced cleavage of the cRqq, due to DTT carried over from
the USP2-CD stock solution. The reactivity of the DUB ABPs was also evaluated using
ubiquitin C-terminal hydrolase 3 (UCHLS3), which belongs to a DUB family different from
that of USP2 (Figure S1). Similar to USP2-CD labeling, the DUB ABPs 1, 2, and 3 labeled
UCHL3 with efficiency similar to that of the non-CPP-containing probes (HA-Ub-PA and
HA-Ub-VME). Additionally, no labeling of UCHLZ3 by control probe 4 was observed.

We next compared the cell-lysate DUB labeling using our cell-permeable DUB ABPs to the
commonly used HA-Ub-PA and HA-Ub-VME DUB probe (Figure S2). DUB labeling was
carried out in HeL a cell lysate as described in the Supporting Information and detected by
immunoblotting using an anti-HA antibody. We observed similar labeling efficiency
comparing the cell-permeable DUB ABPs (1, 2, and 3) and HA-Ub-PA/HA-Ub-VME,

JAm Chem Soc. Author manuscript; available in PMC 2021 March 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gui et al.

Page 5

indicating that the addition of CPP (TAT or cR1g) did not affect the DUB’s reactivity toward
these Ub-based ABPs. As expected, DUBs labeling was not observed when cell lysate was
treated with probe 4. Considering that the disulfide bond in our cR1g-containing cell-
permeable DUB ABPs can be reduced in cells, we generated HA-Cys-Ub-PA, HA-Cys-Ub-
VME, and HA-Cys-Ub-EA (Schemes S5-S7) probes for comparison to the HA-Ub-PA and
HA-Ub-VME probes in the cell-lysate DUB labeling. We observed similar labeling
efficiency between HA-Cys-Ub-PA/HA-Cys-Ub-VME and HA-Ub-PA/HA-Ub-VME probes
(Figure S3).

Generation of Cell-Permeable Fluorescent Ub-Based DUB ABPs.

To investigate the cell permeability of our Ub-based DUB ABPs, fluorescent cell-permeable
DUB ABPs containing either cR1g or TAT were generated for live-cell fluorescence confocal
microscopy analysis (Figure 3). These fluorescent probes were based on the above-described
probe 3, with a fluorophore tetraethyl-rhodamine (TER) conjugated to the Michael acceptor
via click chemistry. We also generated a fluorescent probe that does not harbor a reactive
Michael acceptor using a nonreactive linker strategy.4®

To generate the fluorescent DUB ABPs, we designed and synthesized two linker molecules.
The first is a reactive linker pMAL-N3 ((£)-3-(2-(azidomethyl)-1,3-dioxolan-2-yl)prop-2-
en-1-amine) that contains a protected Michael acceptor and an azide functional group.
PMAL-N3 was synthesized from (£)-2-(3-(2-(bromomethyl)-1,3-dioxolan-2-yl)allyl)-
isoindoline-1,3-dione,23 following reaction with sodium azide and deprotection of
phthalimide using hydrazine, with an overall 50% yield (Scheme S8). A protected
nonreactive linker pNRL-N3 (3-(2-(azidomethyl)-1,3-dioxolan-2-yl)propan-1-amine),
containing a C—C single bond next to a protected carbonyl group, was synthesized starting
from 2-(3-(2-(bromomethyl)-1,3-dioxolan-2-yl)propyl)isoindoline-1,3-dione (Scheme S9).
To generate HA-Cys(cR1g)-Ub-MAL-TER (5) (Figure 3a), HA-Cys(TNB)-Ub-MESNA was
reacted with an excess amount of pMAL-Nj3 to generate HA-Cys(TNB)-Ub-pMAL-N3,
which was then reacted with cR1g through disulfide bond exchange reaction to generate HA-
Cys(cR1g)-Ub-pMAL-N3. HA-Cys(cR1g)-Ub-pMAL-N3 was deprotected using TFA/H,0O
and p-TsOH to activate the Michael acceptor, forming HA-Cys(cR1g)-Ub-MAL-N3. In
parallel, we synthesized alkyne-modified TER as shown in Scheme S10. HA-Cys(cR1q)-Ub-
MAL-N3 was then reacted with alkyne-modified TER using click reaction catalyzed by
CuBr and TBTA (tris[(1-benzyl-1+-1,2,3-triazol-4-yl)methyl]-amine) to generate probe 5.
The product was purified with HPLC, lyophilized, and refolded in MES buffer (50 mM
MES, 100 mM NacCl, pH 6.5). The observed mass of 12 547 Da is identical to the calculated
molecular weight of 12 547 Da (Figure 3b). Using a method similar to that described above,
the nonreactive DUB probe, HA-Cys(cR1)-Ub-NRL-TER (6), was generated (Scheme
S11).

A TAT-containing fluorescent probe TAT-HA-Ub-MAL-TER (7) was also generated by
reacting TAT-HA-Ub-MESNA with protected Michael acceptor linker (pMAL-N3), followed
by deprotection using TFA/H,0, p-TsOH, and reaction with alkyne-modified TER (Scheme
S12). Similarly, TAT-HA-Ub-NRL-TER (8) was generated by reacting TAT-HA-Ub-MESNA
with pNRL-N3 followed by deprotection and TER conjugation (Scheme S13). The control
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probe HA-Ub-MAL-TER (9) was generated similarly, as shown in Scheme S13. SDS-PAGE
analysis of the above-described fluorescent DUB ABPs showed good purity (Figure S4).
Reactivity of the DUB ABPs was also tested using USP2-CD. As expected, the DUB-
reactive fluorescent ABPs (5, 7, and 9) efficiently labeled USP2-CD (Figure S4). Labeling
of USP2-CD was not observed with the nonreactive DUB fluorescent probes (6 and 8).

Delivery of Ub-Based DUB ABPs into Cells.

To assess the cellular uptake of the cell-permeable DUB ABPs, we used fluorescence live-
cell imaging of the immortalized cervical cancer cell line, HeL a, treated with the cell-
permeable fluorescent Ub-based DUB ABPs. HelL a cells were treated with 15 zM of
indicated probe for 4 h at 37 °C, 5% CO,. Post-treatment, cells were rinsed with a trypsin-
EDTA solution followed by extensive cold phosphate buffered saline (PBS) wash to remove
any remaining probe that was not taken up by the cells. It has been shown previously that
trypsin, coupled with extensive wash, removes any noninternalized CPP-linked cargo.
46,50-52 HA-Ub-MAL-TER does not contain a CPP, and therefore is expected to be largely
cell impermeable. Therefore, it was used as a negative control.

An increase in TER (red) fluorescence was observed when cells were treated with cR1g-
containing cell-permeable probes 5 and 6 as compared to those treated with the control
probe 9, which does not contain a CPP (Figure 4). This demonstrates that the addition of
cR1p to Ub-based DUB ABPs enhances their cell permeability. The presence of the Michael
acceptor warhead did not seem to influence the distribution of the cell-permeable probes in
cells (comparing 5 and 6). In parallel, we carried out an imaging experiment using the TAT-
containing cell-permeable DUB probes 7 and 8 (Figure 4). Notably, cells treated with DUB
ABPs containing the cR1g peptide appeared to have a higher abundance of TER fluorescence
signal than those treated with DUB ABPs containing the TAT peptide. This observation is in
accordance with previous reports that cR1g improves cellular uptake of cargo in comparison
to TAT.45:46

Cell-Permeable Ub-Based DUB ABPs Label DUBs in Live Intact Cells.

Next, we assessed intracellular DUB profiling using the cell-permeable DUB ABPs. HelLa
cells were treated with 15 M probe 2 or HA-Ub-PA for 1 or 4 h at 37 °C and 5% CO,. HA-
Ub-PA was used as a comparison. Post-treatment, cells were rinsed with a trypsin-EDTA
solution followed by several cold PBS washes to remove residual ABP not taken up by the
cells. Immunoblotting using an anti-HA antibody reveals a number of discrete bands upon
cellular treatment of HeLa cells with probe 2 (Figure 5a). The detected bands are indicative
of DUB labeling by the ABP.17:18.20 Fewy bands were observed in the untreated HeL a cells,
or cells treated with HA-Ub-PA. For a comparison, cell lysate-based DUB profiling was also
performed. Notably, in the DUB profiling using probe 2, a clear difference was discernible
between live cells and cell lysates despite some common DUB labeling bands. To confirm
that no free cell-permeable DUB probes were left over following the trypsin-EDTA solution
rinse and PBS buffer wash, we added a highly active DUB UCHLS3 to the treated cells
following wash to quench any leftover DUB probes if present. The intracellular DUB
labeling profiles showed no discernible difference between cells treated with or without
UCHL3 (Figure S5). On the other hand, a similar labeling pattern was observed when we
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compared the cell lysate labeling of DUBSs by probe 2 and HA-Ub-PA (Figure 5a). The
treatment time of HeLa cells (1 and 4 h) by the cell-permeable DUB ABP probe 2 did not
appear to affect intracellular DUB labeling, as similar labeling pattern and band intensity
were observed. This indicates that the uptake of the cR1g-containing cell-permeable DUB
ABP was fast, and reached a concentration effective to label the intracellular DUBs in 1 h or
less.

In addition to intracellular DUB profiling, individual DUBs (USP15 and USP7) were
selected for immunoblotting using the DUB-specific antibodies, whereas GAPDH served as
a loading control. USP15 and USP7 were robustly labeled when HeLa cells were treated
with 15 4M probe 2 for 4 h at 37 °C and 5% CO, as shown in Figure 5b. DUB labeling is
indicated by the appearance of a higher molecular weight band, which is absent in the
untreated control.

We then sought to investigate intracellular profiling of DUB using the VME-containing cell-
permeable probe 3. Similar to HA-Cys(cR1p)-Ub-PA (2), DUB labeling was observed when
HelLa cells were treated with probe 3, but not with HA-Ub-VME (Figure S6a). Unlike cells
treated with probe 2, time-dependent DUB labeling was observed for probe 3. Prolonged
incubation (4 h) of the HeLa cells with probe 3 resulted in increased band intensity. We also
noticed a difference in the labeling pattern by probe 3 as compared to probe 2 and some
smearing when probe 3 was used in intracellular labeling. It could be due to different
reactivity of the warheads and susceptibility to intracellular thiol-containing molecules.
Intracellular labeling of specific DUBs by probe 3 was also accessed by immunoblotting
using DUB-specific antibodies. Robust labeling of USP15 and USP7 was observed when
cells were treated with probe 3 (Figure S6b).

Lastly, intracellular DUB profiling by 15 /M TAT-HA-Ub-PA (probe 1) was investigated by
immunoblotting. Clear DUB labeling was seen (Figure S7a), as observed for probes 2 and 3.
An absence of DUB labeling was observed when cells were treated with HA-Ub-PA. Using
DUB-specific antibodies, the labeling of USP15 and USP7 in HelLa cells by probe 1 or HA-
Ub-PA was examined. Treatment of cells with probe 1 led to labeling of USP15 and USP7,
but not by HA-Ub-PA (Figure S7b).

To directly compare the effectiveness of the DUB ABPs in intracellular DUB labeling, we
evaluated the cell-permeable DUB ABPs in parallel on the same immunoblot. In agreement
with the observations described above, cells treated with HAUb-PA and HA-Ub-VME
showed little labeling (Figure 5c). Few DUB labeling bands were observed when cells were
treated with probe 4. Notably, the cell-permeable DUB probes 2 and 3 showed an increased
number of labeling bands as compared to probe 1, which could be due to a difference in the
probe transduction efficiency.

Cell-Permeable Ub-Based DUB ABPs in Evaluating Intracellular Activity of DUB Inhibitors.

DUB profiling with ABPs is often utilized in DUB inhibitor discovery. Currently, the
assessment has been largely limited to cell lysates because the existing Ub-based DUB
ABPs cannot effectively penetrate the cell membrane. With the cell-permeable DUB ABPs
in hand, we sought to demonstrate the utility of the newly developed DUB ABP in inhibitor
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discovery. As a proof of concept, we chose PR-619, a widely used pan-DUB inhibitor, that
has been shown to be cell-permeable.19 HeL a cells were pretreated with 5, 25, or 50 M of
PR-619, or an equivalent volume of DMSO, for 2 h at 37 °C and 5% CO». The cells were
then treated with 15 £M probe 2 in the presence of PR-619 for another hour. Cells were then
rinsed with a trypsin-EDTA solution, followed by several cold PBS washes to remove
untransduced probe. For comparison, DUB profiling in cell lysate in the presence of PR-619
was also performed. Labeled DUBs were visualized by immunoblotting, and GAPDH
served as the loading control. Treatment of HeLa cells with high concentrations of PR-619
(50 ¢M) led to reduced intensity in many labeled DUB bands, indicating intracellular
inhibition of DUB activity by PR-619 (Figure 6). Notably, inhibition of DUB activities by
PR-619 in the cell lysate-based experiment is more pronounced than that in the cell-based
experiment. The difference observed in cell lysate and intact cells could be due to a number
of reasons. The most likely cause is the membrane permeability of compound or its tendency
to be depleted or trapped by cellular components. This emphasizes the importance of
evaluating the potency of DUB inhibitors in a physiologically relevant condition by using
cell-permeable DUB probes.

Proteome-Wide DUB Profiling Using Cell-Permeable Probes.

To identify the DUBs captured by the cell-permeable DUB ABP, we performed intracellular
proteome-wide DUB profiling using label-free quantitative (LFQ) mass spectrometry. LFQ
MS analysis enables a comparison of relative protein abundance between complex samples.
29.30,53,54 Anti-HA beads were used to enrich the proteins captured by the cell-permeable
DUB probe. After elution with a 50 mM NaOH solution, proteins were trypsin digested, and
subjected to LC-MS/MS analysis using Orbitrap Q-Exactive mass spectrometer. Raw data
sets were processed using MaxQuant to search against the human proteome with the built-in
Andromeda engine.?>~58 The MaxLFQ module within MaxQuant was used to quantify
relative protein intensity among the pulldown experiments, which corresponded to cellular
treatment using probe 2, HA-Ub-PA probe, or beads control, respectively.

Identified DUBs, E3’s, and E2’s, and their corresponding LFQ intensity scores are listed in
Tables S1 and S2, respectively. 34 DUBs, 21 E3’s, and 2 E2’s were identified at least once
in any of the pulldowns, while others are largely housekeeping proteins. The identified
DUBs belong to four out of the five families of cysteine protease DUBs (24 USPs, 6 OTUs,
3 UCHSs, and 1 MJD). The MaxQuant output was first visualized using a heat map to
identify enriched protein groups (Figure 7a). Red indicates that the protein group is enriched
(higher LFQ intensity score), while blue indicates a weak enrichment (lower LFQ intensity
score). Two clusters of proteins were enriched in samples treated with probe 2 as compared
to the beads control or HA-Ub-PA treated cells. One of these clusters corresponds to the
DUBs, E2’s, and E3’s. The inset in Figure 7a shows the DUBs within the cluster. The
second cluster was comprised of protein groups corresponding to subunits of the 26S
proteasome (PSMCL1, PSMC2, PSMC3, PSMC4, PSMC5, PSMC6, PSMD1, PSMD?2,
PSMD3, PSMD5, PSMD6, PSMD7, PSMD10, PSMD11, PSMD12, PSMD13, and
PSMD14). USP14 and UCHLS5 (also known as UCH37), captured by probe 2, are
proteasome associated DUBs,%2:60 which could account for the observed enrichment of
proteasomal subunits.
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Next, a two-sample #test was performed to obtain p-values of difference (fold change) in
LFQ intensity scores between two paired pulldown experiments. A volcano plot, or
scatterplot, was generated by graphing the p-values (-logyg) on the y~axis, and the fold
difference of the average LFQ intensities of the paired samples, represented as log,, on the
x-axis. Protein groups with a fold difference of 2 or greater and a p-value < 0.05 were
deemed significant. These cutoffs are commonly accepted in similar studies.29:30
Comparison of samples generated from cells treated with probe 2 to samples generated from
cells treated with HA-Ub-PA revealed that 27 DUBs and 3 E3’s were significantly enriched
by probe 2 (Figure 7b). Next, we analyzed cells treated with probe 2 as compared to the
beads control and found 27 DUBs, 3 E3’s, and 1 E2 were significantly enriched (Figure
S8a). Comparison of cells treated with HA-Ub-PA to beads control revealed no significant
enrichment of any DUBs, E2’s, or E3’s (Figure S8b). As a comparison, intracellular
proteome-wide DUB profiling using HA-Cys(cR1g)-EA (4) was also performed. Among the
protein identified, only 2 DUBs (UCHL3 and USP42) were reliably captured by probe 4,
likely through noncovalent binding, but with low LFQ values (Table S1). A pairwise
analysis comparing cells treated with 15 £M probe 2 and probe 4 identified 26 DUBs and 3
E3’s, significantly enriched by 2 (Figure S9).

We carried out intracellular proteome-wide DUB profiling using 15 4/M TAT-HA-Ub-PA (1).
The protein groups pulled out by probe 1 were shown as heatmap (Figure S10). Identified
DUBs, E3’s, and E2’s, and their corresponding LFQ intensity scores are listed in Tables S3
and S4, respectively. In comparison of sample treated with probe 1 to the beads control, 30
DUBs, 6 E3’s and 2 E2’s were significantly enriched by TAT-HA-Ub-PA (1) (Figure S11).
Comparing the DUBs captured by probes 1 and 2, we found interesting differences despite
that many overlapping DUBs were captured by the two probes. CYLD, OTUD3, UCHLS3,
USP34, and USP35 were captured exclusively by probe 1, while USP32, USP33, and USP37
were exclusively captured by probe 2 (Figure S12). Among the 5 DUBs exclusively pulled
down by probe 1, 3 of them are predominantly localized in nucleus (CYLD, USP34, USP35)
according to the Human Protein Atlas (www.proteinatlas.org).6

Next, we compared intracellular DUB labeling by probes 1 and 2 at reduced probe
concentrations in the cell culture. We treated HelL a cells with 1, 5, and 10 ¢M of probe 1 and
probe 2, respectively. We then performed intracellular proteome-wide DUB profiling using
label-free quantitative (LFQ) mass spectrometry for different concentrations of cell-
permeable probes. The LFQ values of DUBs and ligases are listed in Table S5. For both
probes, a higher concentration of probe 1 or 2 (10 ¢M) captured more DUBs than did a
lower concentration of probe (1 and 5 ¢M). Importantly, for the same probe concentration at
5 and 10 /M, probe 2 captured more DUBs than did probe 1. For the DUBs pulled down by
both probes, the LFQ score of probe 2 is substantially higher than that of probe 1. Our
results indicate that probe 2 was more efficient in capturing cellular DUBs.

We also performed HeLa cell lysate DUB profiling using probe 2 to assess the potential
difference in the identification of DUBSs in live cells versus cell lysate. Ten DUBs were
identified using MS-based LFQ analysis in cell lysate (Table S6). All 10 DUBs (ATXN3,
USP10, USP14, USP15, USP24, USP7, USP8, USP19, UCHL5, and OTUBL1) identified
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specifically in our cell lysate profiling experiment were also identified in the intracellular
DUB profiling experiment. However, 17 additional DUBs (OTUD4, USP47, USP9X,
OTUDS5, USP48, USP5, VCPIP1, USP16, OTUD6B, USP3, USP28, USP33, OTUDTB,
USP36, BAP1, USP32, and USP4) were identified in the intracellular DUB profiling
experiment.

Additionally, DUBs are known to localize to different organelles and locations in cells.61:62
Remarkably, the DUBs that we identified intracellularly by the cell-permeable probe 2 are
known to be associated with different cell organelles according to the Human Protein Atlas.
For example, ATXN3, BAP1, OTUD7B, UCHL5, USP28, USP3, USP36, and USP7 are
predominantly located in the nucleus. Meanwhile, OTUB1, OTUD4, OTUD5, USP14,
USP15, and USP9X are located predominantly in the cytoplasm. OTUD6B, USP10, USP16,
USP24, USP48, and USP5 are found in both cytoplasm and nucleus, while USP32, USP33,
USP8, and VCPIP1 reside predominantly in the Golgi apparatus. USP47 is mainly located
within the cytoskeleton (intermediate filaments), and USP19 is predominantly found within
the membrane of the endoplasmic reticulum. Cellular locations of DUBs were determined
using the Human Protein Atlas. To confirm probe 2 can label DUBs in both cytoplasm and
nucleus, we separated the cytoplasmic and nuclear fractions after lysing the probe-treated
cells. Western blotting using anti-GAPDH and Lamin A/C showed effective separation of
cytoplasmic and nuclear fractions (Figure S13). Using label-free quantitative (LFQ) mass
spectrometry, we identified DUBs predominantly in cytoplasm (OTUD4, OTUD6B, USP15,
USP24) and nucleus (BAP1, USP36, USP7) in the respective cytoplasmic and nuclear
fractions (Tables S7 and S8). Collectively, our results demonstrate the robustness and
advantage of intracellular DUB profiling using the cell-permeable Ub-based DUB ABPs.

CONCLUSIONS

A better understanding of DUB cellular functions and regulations require cell-permeable
activity-based DUB probes. We report the development and implementation of cell-
permeable ubiquitin-based DUB ABPs to investigate DUB activity in intact cells. This was
made feasible through the usage of CPPs. While TAT was expressed as a linear fusion to the
N-terminus of Ub, a cyclic polyarginine CPP was linked to Ub via a disulfide bond. The
advantage of using disulfide tethering is the release of the cR1g peptide upon cellular entry.
Using live-cell imaging, we demonstrated efficient cellular uptake of fluorescently labeled
cell-permeable DUB ABPs. We also observed higher cellular uptake for the cR1g-containing
DUB ABPs than for the TAT-tagged DUB ABPs. Immunaoblotting analysis using an anti-HA
antibody demonstrated intracellular labeling of DUBs by probes 1, 2, and 3 in human HelLa
cells. Our results indicate that the cR1g-containing probes 2 and 3 are more efficient ABPs in
intracellular DUB profiling than the TAT-containing probe 1. This was evidenced by a larger
number of bands detected and an overall higher intensity of the labeled DUB bands. We
attributed this to the more efficient cellular transduction of the probes. Additionally,
intracellular labeling of the specific DUBs, USP15 and USP7, by the cell-permeable Ub-
based DUB ABPs was also observed. Using a pan-DUB inhibitor PR-619, we demonstrated
that the cell-permeable DUB ABPs are amenable for assessing the inhibition of DUBs in
live cells by small-molecule inhibitors. Moreover, our novel cell-permeable DUB ABP can
be used in conjunction with MS-based LFQ analysis to achieve proteome-wide DUB
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profiling in intact cells. In comparison to our cell lysate-based DUB profiling experiment, a
larger number of DUBs was significantly enriched in the intracellular DUB profiling, and
the identified DUBs are associated with different cell organelles. Collectively, our study
suggests an advantage of carrying out DUB profiling in live, intact cells.

The cell-permeable DUB ABPs described in this work will allow a thorough investigation
into the activity of DUBSs located within intact cellular organelles. This will greatly advance
our understanding of DUB function and regulation under physiological conditions.
Additionally, these new ABPs can be used to interrogate DUB activities within live cells in
response to intracellular and extracellular stimuli in a range of cellular pathways including
cell cycle regulation, DNA damage repair, TGF-g signaling, and antiviral response. This will
advance our knowledge of the dynamic regulation of DUB activity in cells. Also, the cell-
permeable DUB ABP can be combined with the AlphaLISA DUB assay that we previously
developed!4 to achieve a cell-based DUB assay amenable for high-throughput screening and
DUB inhibitor discovery. We expect that this strategy could be readily expanded to enable
cellular profiling of delSGylases, deNeddylases, deSUMOylases, and a subset of ubiquitin
ligases and ubiquitin-conjugating enzymes. Adding to the fast-expanding toolbox of DUB
research, our cell-permeable Ub-based DUB ABPs will help to shed new light on the diverse
biological roles that DUBs play in cells and propel the future development of DUB
inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 3.

Generation of cRyg containing cell-permeable fluorescent probes and ESI-

characterization of HA-Cys(cR1p)-Ub-MAL-TER (5). (2) Scheme illustra
of HA-Cys(cR1g)-Ub-MAL-TER (5). (b) ESI-MS characterization of cell
fluorescent probe HA-Cys(cR1g)-Ub-MAL-TER (5). (c) Structure of cell
fluorescent probes HA-Cys(cR1g)-Ub-NRL-TER (6), TAT-HA-Ub-MAL-
Ub-NRL-TER (8), and HA-Ub-MAL-TER (9).
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Figure 4.
Live-cell fluorescence imaging of HeLa cells treated with the cell-permeable fluorescent Ub-

based DUB ABPs. Comparison of HeL a cells treated with indicated probes 5, 6, 7, 8, and 9
(15 1M, 4 h). DUB ABPs are visualized using TER fluorescence (red channel), and NucBlue
Live Readyprobes Reagent was utilized for nuclear staining (blue channel).
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Intracellular DUB profiling using cell-permeable DUB ABPs. (a) DUB profiling in HeLa
cells using HA-Cys(cR1g)-Ub-PA (2) or HA-Ub-PA at 15 1M for 1 and 4 h. Profiling of
DUBs in HeLa cell lysate using HA-Cys(cR1g)-Ub-PA (2) and HA-Ub-PA (4 h, 15 t/M) is
also shown for comparison. (b) Intracellular labeling of USP15 and USP7 using HA-
Cys(cR1g)-Ub-PA (2) or HA-Ub-PA for 4 h at 15 £M. (c) Comparison of intracellular DUB
labeling by Ub-based DUB ABPs. Immunoblotting was performed using indicated
antibodies, and GAPDH was used as a loading control.
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Inhibition of intracellular and cell lysate DUB profiling by 15 M HA-Cys(cR1g)-Ub-PA (2)
using PR-619. Labeled DUBs were detected using anti-HA antibody. GAPDH was utilized

as a loading control detected with anti-GAPDH antibody.
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Identification of pulled-down DUBs from HeLa cells treated with 15 4/M HA-Cys(cR1g)-Ub-
PA (2) for 4 h analyzed using MS-based LFQ. (a) Heat map representing the LFQ intensity
scores of 1114 identified protein groups from samples corresponding to the control, cellular
treatment of 15 xM HA-Ub-PA, or cellular treatment of 15 x/M HA-Cys(cR1g)-Ub-PA (2).
Each subcolumn contains repeats for each of the pulldown. Asterisks (**) denote the region
corresponding to the DUBs. Inset shows a zoomed-in view of the DUBs within the heat
map. Red represents enrichment (higher LFQ intensity (logy)), where lack of enrichment
(lower LFQ intensity (logy)) is shown in blue. (b) Volcano plot of pairwise comparison of
protein groups pulled down with HA-Cys (cR1g)-Ub-PA (2) relative to HA-Ub-PA.

JAm Chem Soc. Author manuscript; available in PMC 2021 March 31.



	Abstract
	Graphical Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	Generation of Cell-Permeable Ub-Based DUB ABPs.
	In Vitro Labeling of DUBs Using Cell-Permeable Ub-Based DUB ABPs.
	Generation of Cell-Permeable Fluorescent Ub-Based DUB ABPs.
	Delivery of Ub-Based DUB ABPs into Cells.
	Cell-Permeable Ub-Based DUB ABPs Label DUBs in Live Intact Cells.
	Cell-Permeable Ub-Based DUB ABPs in Evaluating Intracellular Activity of DUB Inhibitors.
	Proteome-Wide DUB Profiling Using Cell-Permeable Probes.

	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

