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Abstract

Photocaged cell-permeable ubiquitin probe holds promise in profiling the activity of cellular 

deubiquitinating enzymes (DUBs) with the much needed temporal control. Here we report a 

new photocaged cell-permeable ubiquitin probe that undergoes photoactivation upon 365 nm UV 

treatment and enables intracellular deubiquitinating enzyme profiling. We used a semisynthetic 

approach to generate modular ubiquitin-based probe containing a tetrazole-derived warhead 

at the C-terminus of ubiquitin and employed a cyclic polyarginine cell-penetrating peptide 

(cR10) conjugated to the N-terminus of ubiquitin via a disulfide linkage to deliver the probe 

into live cells. Upon 365 nm UV irradiation, the tetrazole group is converted to a nitrilimine 

intermediate in situ, which reacts with nearby nucleophilic cysteine residue from the DUB 

active site. The new photocaged cell-permeable probe showed good reactivity toward purified 

DUBs, including USP2, UCHL1, and UCHL3, upon photoirradiation. The Ub-tetrazole probe 

was also assessed in HeLa cell lysate and showed robust labeling only upon photoactivation. We 

further carried out protein profiling in intact HeLa cells using the new photocaged cell-permeable 

ubiquitin probe and identified DUBs captured by the probe using label-free quantitative (LFQ) 

mass spectrometry. Importantly, the photocaged cell-permeable ubiquitin probe captured DUBs 

specifically in respective G1/S and G2/M phases in synchronized HeLa cells. Moreover, using this 

probe DUBs were profiled at different time points following the release of HeLa cells from G1/S 

phase. Our results showed that photocaged cell-permeable probe represents a valuable new tool for 

achieving a better understanding of the cellular functions of DUBs.
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INTRODUCTION

Ubiquitination, a reversible post-translational modification (PTM), is important for the 

normal cellular function of eukaryotes. Ubiquitin (Ub), a 76-amino acid protein, can be 

covalently attached to the ε-amino group of a lysine residue in the acceptor protein via 

an isopeptide bond by a three-enzyme cascade (E1–E2–E3).1 Since its discovery, protein 

ubiquitination has emerged as a crucial regulatory mechanism in almost every aspect of 

eukaryotic biological processes, including cell signaling, protein degradation, trafficking.2-4 

Ubiquitination is also known to modulate enzyme catalytic activity and protein–protein 

interaction.5 One of the best-studied ubiquitination pathways is proteasomal protein 

degradation in eukaryotes.6 Recently, by exploiting the ubiquitin–proteasome system, a 

PROTAC (proteolysis targeting chimera) strategy was developed to degrade targeted cellular 

proteins by hijacking the activities of E3 ubiquitin ligases and the 26S proteasome.7-9

Deubiquitinating enzymes (DUBs) oppose ubiquitination by removing ubiquitin or 

polyubiquitin chains from proteins in various cellular processes. Over the past decades, 

DUBs have attracted increasing attention as promising new targets for treating cancer, 

neurodegeneration, and other human diseases.10 Activity-based probes (ABPs) are 

instrumental in the development of DUB inhibitors by allowing profiling of DUB activities 

in cell lysates.11 A comprehensive understanding of the activities and functions of DUBs 

in intact cells is required for the development of new therapeutics for treating a wide 

range of human diseases. We and others recently reported cell-permeable activity-based 

ubiquitin probes that enabled intracellular profiling of human DUBs.12-14 To obtain a 

deeper understanding of the dynamic control of cellular DUB activities with desired 

temporal precision, we set out to develop a photocaged cell-permeable ubiquitin probe. 

Precise control of probe activity with high specificity and temporal resolution through 

photoirradiation provides an attractive route to profile cellular protein activity under 

different biological contexts, providing information that cannot be obtained by gene 

knockout or knockdown.15-20
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Huisgen and co-workers reported a photoactivated cycloaddition reaction between 2,5­

diphenyltetrazole and methyl crotonate more than 50 years ago.21 A reaction mechanism 

was proposed. Upon photoirradiation, the diaryl tetrazole can release N2 and generate a 

nitrilimine dipole in situ, which undergoes a facile cyclization reaction with an alkene 

dipolarophile to afford a pyrazoline cycloadduct. The nitrilimine–alkene cycloaddition is 

an ultra rapid reaction and has been used in photoinduced protein labeling.22-29 Moreover, 

Huisgen et al. also reported that the nitrilimine dipole can react with thiophenol through 

nucleophilic addition.30 Recently, several studies reported that the nitrilimine intermediate 

generated from UV irradiation of tetrazole can react with nearby nucleophilic groups.31-37 

Inspired by these findings, we decided to develop a Ub probe containing a C-terminal 

tetrazole as a photocaged warhead. Upon 365 nm UV irradiation, the probe can be activated 

to trap nearby nucleophilic residues in the DUB active site. We demonstrated that the DUB 

catalytic cysteine indeed forms a covalent adduct with the nitrilimine group in the probe 

and the labeling of DUBs can be triggered efficiently by 365 nm UV irradiation. With 

the cR10 conjugated to the N-terminal region of the Ub through a disulfide bond,12 we 

were able to carry out light-induced profiling of DUBs in live HeLa cells. As a proof of 

concept, we showed that the new photocaged cell-permeable ubiquitin probe can capture 

specific DUBs in G1/S and G2/M phases when synchronized HeLa cells were treated with 

the probe. Moreover, the probe allowed intracellular temporal profiling of DUBs at different 

time points (0 h, 1 h, 4 h) following the release of HeLa cells from the G1/S phase.

RESULTS AND DISCUSSION

Generation of Photocaged Cell-Permeable Ubiquitin Probe.

In order to introduce the tetrazole functional group at the C-terminus of ubiquitin, 

we designed and synthesized molecule 5 (2-(1-methyl-1H-pyrrol-2-yl)-2H-tetrazol-5-yl)­

methanamine (Figure 1A, Scheme S1). The tetrazole-containing molecule 5 was generated 

starting from 1, which was synthesized from ethyl 2-(1-methyl-1H-pyrrol-2-yl)-2H­

tetrazole-5-carboxylate following a previous publication.37 Then, LiAlH4 was used to reduce 

the ester in 1 to hydroxyl group to generate 2. CBr4 and PPh3 were next used to substitute 

the hydroxyl group in 2 with bromide to obtain molecule 3. The sodium azide was used 

to substitute the bromide in 3 with azide, leading to 4. Finally, 5 was obtained by traceless 

Staudinger reduction to reduce the azide in 4 to amine. All synthesized compounds were 

characterized by NMR and mass spectrometry (ESI).

To generate photocaged cell-permeable probe HA-Cys-(cR10)-Ub-TZ (Figure 1A), site­

directed mutagenesis was first used to introduce a cysteine residue between the HA-tag 

and the N-terminus of Ub1–75, which we named as HA-Cys-Ub. By use of an intein-based 

expression strategy, HA-Cys-Ub-MESNA was obtained. 12,38-41 The cysteine residue was 

then reacted with 5,5′- dithiobis(2-nitrobenzoic acid) (DTNB) to generate HA-Cys(TNB)­

Ub-MESNA. Excess amount of 5 was then reacted with HA-Cys(TNB)-Ub-MESNA to 

generate HA-Cys(TNB)-Ub-TZ. HA-Cys(TNB)-Ub-TZ was subsequently reacted with a 

thiol-containing cR10 through disulfide bond exchange reaction to yield HA-Cys(cR10)-Ub­

TZ as the final product. cR10 was generated using solid phase peptide synthesis according 

to a previous publication.42 Following HPLC purification, lyophilization, and refolding in 
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MES buffer (50 mM MES, 100 mM NaCl, pH 6.5), the identity of HA-Cys(cR10)-Ub-TZ 

was confirmed by ESI-MS. The observed mass of 12 062 Da agrees well with the expected 

molecular weight of 12 063 Da (Figure 1B). cR10 will be released from ubiquitin probe upon 

entry into cells through reductive cleavage facilitated by the reducing environment in cells 

to generate HA-Cys-Ub-TZ. We thus generated HA-Cys-Ub-TZ by treating HA-Cys(TNB)­

Ub-TZ with 100 mM DTT. The identity of HA-Cys-Ub-TZ was confirmed by ESI-MS. The 

observed mass of 9855 Da agrees well with the expected molecular weight of 9855 Da 

(Figure 1B).

UV Activation of Photocaged Probe.

With the probes in hand, we assessed the decaging of HA-Cys-Ub-TZ upon UV irradiation 

using ESI-MS. First, we carried out a time-dependent UV irradiation of 15 μM HA-Cys-Ub­

TZ probe for 1, 3, 5, 10, 15 min using 365 nm UV light. The ESI-MS result showed that 

upon irradiation of HA-Cys-Ub-TZ at 365 nm for 15 min, the tetrazole can be fully decaged 

as the peak of HA-Cys-Ub-TZ disappeared in mass spectrometry (Figures 2A and S1). 

One major peak of 9827 Da, with a decrease of 28 Da from the original Ub probe, was 

detected. This agrees with the formation of a nitrilimine intermediate HA-Cys-Ub-NM, as 

the expected mass is identical to the detected mass. Two other peaks at 9845 (or 9846) Da 

and 9695 Da were also detected in the mass spectrometry. We assigned 9845 (or 9846) Da as 

the hydroxylation product of nitrilimine (HA-Cys-Ub-NM-OH) as it was previously found 

to slowly react with H2O.27 The 9695 Da corresponds to the Ub species HA-Cys-Ub-COOH 

that was carried over from the previous ligation reaction of HA-Cys(TNB)-Ub-MESNA with 

5.

We next assessed the reactivity of HA-Cys-Ub-TZ toward recombinantly purified USP2 

catalytic domain (USP2-CD) upon 365 nm UV irradiation using ESI-MS (Figure 2B). A 

major peak of 44 458 Da and a minor peak of 44 498 Da were detected for the untreated 

USP2-CD. We then incubated 15 μM USP2-CD with 15 μM HA-Cys-Ub-TZ in MES 

buffer (pH 6.5). In the absence of UV irradiation, no USP2-CD-Ub adduct was detected 

in the ESI-MS (Figure S2). Upon 365 nm UV irradiation for 15 min, we detected two 

new peaks at 54 286 Da and 54 325 Da, respectively. Notably, the molecular weight of 54 

286 Da represents a 9828 Da increase of 44 458 Da while 54 325 Da represents a 9827 

Da increase of 44 498 Da. The expected molecular weight of HA-Cys-Ub-NM is 9827 

Da and agrees well with the detected molecular weight increase of USP2-CD. Thus, the 

HA-Cys-Ub-TZ probe forms a covalent adduct with USP2-CD upon 365 nm UV irradiation 

through the generation of nitrilimine intermediate. To identify the residue that reacts with 

HA-Cys-Ub-NM, we subjected the labeling band of USP2-CD by HA-Cys-Ub-TZ probe 

to in-gel trypsin digestion followed by LC–MS/MS analysis. We were able to identify the 

active site cysteine-containing peptide fragment with the modification by the nitrilimine 

warhead as shown in Figure S3. We propose a reaction mechanism of HA-Cys-Ub-TZ with 

USP2-CD under 365 nm UV irradiation as shown in Figure 2C. Upon irradiation of HA­

Cys-Ub-TZ with 365 nm UV light for 15 min, the nitrilimine intermediate HA-Cys-Ub-NM 

is formed, which reacts with the active site cysteine of USP2-CD and forms a stable covalent 

adduct. At the same time, nitrilimine intermediate can also undergo hydroxylation and form 

HA-Cys-Ub-NM-OH.27

Gui et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2021 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In Vitro Labeling of Purified DUBs Using Photocaged Cell-Permeable Ubiquitin Probe.

Next, we assessed the probe activity toward USP2-CD using a 20% SDS–PAGE gel. As 

shown in Figure 3, with 365 nm UV irradiation for 15 min, the USP2-CD can be efficiently 

labeled by tetrazole probes (HA-Cys-Ub-TZ and HA-Cys(cR10)-Ub-TZ). Without UV 

irradiation, no discernible labeling band was detected for HA-Cys-Ub-TZ or HA-Cys(cR10)­

Ub-TZ. HA-Ub-VME and HA-Ub-PA were used as positive control. Structures of the 

ubiquitin probes used are shown in Figure S4. By comparison of the labeling efficiency 

of the Ub-TZ probes with HA-Ub-VME and HA-Ub-PA, the tetrazole warhead-containing 

probes showed lower labeling efficiency toward USP2-CD. We also observed a slight 

smearing of USP2-CD labeling band by HA-Cys(cR10)-Ub-TZ upon 365 nm UV irradiation 

for 15 min. We attributed this to partial DTT-induced cleavage of the cR10, due to DTT 

carried over from the USP2-CD stock solution.

Moreover, we assessed the reactivity of HA-Cys-Ub-TZ probe toward USP2-CD active site 

cysteine mutants (USP2-CD C276S, USP2-CD C276A).43,44 While HA-Cys-Ub-TZ can 

label wild type USP2-CD efficiently upon 365 nm UV irradiation for 15 min, a very faint 

labeling band was detected for active site cysteine mutant USP2-CD C276S and USP2-CD 

C276A as shown in Figure S5. We speculate that the faint labeling band may be due to the 

labeling of nucleophilic residue close to the catalytic cysteine of USP2-CD,45 as previous 

studies showed that nitrilimine can react with aspartate and histidine.35-37 This result 

indicates that the active site cysteine of USP2-CD contributes to the labeling by tetrazole 

probes. The reactivity of the tetrazole probes was also evaluated using ubiquitin C-terminal 

hydrolase 3 (UCHL3) and ubiquitin C-terminal hydrolase 1 (UCHL1) that belong to the 

ubiquitin C-terminal hydrolase DUB family, different from USP2.46 The tetrazole probes 

showed good labeling reactivity toward UCHL3 (Figure S6) and UCHL1 (Figure S7) only 

upon 365 nm UV irradiation. Interestingly, compared with HA-Ub-VME and HA-Ub-PA 

probe, Ub-TZ probes showed varied reactivity toward DUBs. While Ub-TZ probes showed 

decreased reactivity toward USP2-CD than HA-Ub-VME and HA-Ub-PA probes, similar 

reactivity toward UCHL3 was observed for all probes. Moreover, Ub-TZ and HA-Ub-VME 

probes showed higher reactivity toward UCHL1 than HA-Ub-PA.

To rule out that the labeling bands of DUBs by Ub-TZ probes are due to nonspecific 

cross-linking, BSA was used in a similar labeling reaction. With 365 nm UV irradiation 

for 15 min, no discernible labeling band of BSA was detected (Figure S8). Next, we tested 

the reactivity of HA-Cys-Ub-TZ toward thiol-containing small molecules, glutathione and 

DTT, upon 365 nm UV irradiation. No glutathione adduct was detected with or without UV 

irradiation according to the ESI-MS results (Figure S9). However, the more reactive thiol 

containing reagent DTT can form covalent adduct with the HA-Cys-Ub-TZ probe upon 365 

nm UV treatment for 15 min as shown in Figure S10. Since 5 mM DTT can react with HA­

Cys-Ub-TZ upon 365 nm UV irradiation according to the ESI-MS result, we tested whether 

DTT can interfere with the labeling activity of tetrazole probe toward DUBs. Different 

concentrations of DTT were incubated with the mixture of USP2-CD and the probe. After 

365 nm UV irradiation for 15 min, a 20% SDS–PAGE gel was used to evaluate the labeling 

efficiency of USP2-CD by HA-Cys-Ub-TZ probe. As high as 100 mM DTT did not prevent 

the labeling of USP2-CD by HA-Cys-Ub-TZ upon 365 nm UV irradiation for 15 min as 
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shown in Figure S11. Also, we used different concentrations of probe HA-Cys-Ub-TZ (5 

μM, 15 μM, 30 μM, 45 μM, 60 μM) to label USP2-CD and UCHL3. As shown in Figure 

S12, 15 μM or higher concentrations of the probe showed similar labeling efficiency. We 

thus chose 15 μM probe concentration in the following studies.

Cell Lysate and In-Cell Labeling Using Photocaged Cell-Permeable Ubiquitin Probe.

We next carried out HeLa cell lysate labeling using the photocaged HA-Cys-Ub-TZ and 

HA-Cys(cR10)-Ub-TZ probe detected by immunoblotting using an anti-HA antibody. We 

observed a number of labeling bands by HA-Cys-Ub-TZ and HA-Cys(cR10)-Ub-TZ probe 

upon 365 nm UV irradiation and similar labeling efficiency comparing the HA-Cys-Ub-TZ 

with HA-Cys(cR10)-Ub-TZ as shown in Figure 4A, indicating that the addition of cR10 did 

not affect the labeling efficiency in HeLa cell lysate. As expected, without UV irradiation 

few labeling bands were detected for cell lysate labeling using tetrazole probes HA-Cys-Ub­

TZ and HA-Cys(cR10)-Ub-TZ. Notably, we observed a quite different labeling profile by 

Ub-TZ probes compared to those using HA-Ub-VME and HA-Ub-PA probes, suggesting 

different reactivities of these probes toward the cellular DUBs.

Next, we investigated intracellular protein profiling using the photocaged cell-permeable 

probe HA-Cys(cR10)-Ub-TZ detected by immunoblotting using an anti-HA antibody. 

Previous studies demonstrated efficient cellular uptake of cR10 cell-permeable ubiquitin 

probes.12,14 HeLa cells were treated with 15 μM HA-Cys(cR10)-Ub-TZ for 4 h at 37 °C 

with 5% CO2. After probe treatment, cells were rinsed with a trypsin–EDTA solution 

followed by several cold DPBS washes to remove residual probe not taken up by the cells. 

Then HeLa cells were irradiated with 365 nm UV for 15 min in cold DPBS buffer or 

without UV treatment. Cell pellet was harvested, and cells were lysed by RIPA lysis buffer. 

Immunoblotting using an anti-HA antibody revealed a number of labeling bands upon 

cellular treatment of HA-Cys(cR10)-Ub-TZ with 365 nm UV irradiation for 15 min (Figure 

4B). No discernible band was observed in the cellular treatment of HA-Cys(cR10)-Ub-TZ 

without UV irradiation.

Proteome-Wide DUB Profiling Using Photocaged Cell-Permeable Ubiquitin Probe.

To identify the proteins captured by the photocaged cell-permeable probe, we performed 

intracellular proteome-wide protein profiling using label-free quantitative (LFQ) mass 

spectrometry. HeLa cells were incubated with 15 μM HA-Cys(cR10)-Ub-TZ probe at 37 

°C with 5% CO2 for 4 h. Cells were then rinsed with a trypsin–EDTA solution followed by 

several cold DPBS washes to remove untransduced probe. Then HeLa cells were irradiated 

with 365 nm UV for 15 min in cold DPBS buffer or without any UV treatment. Cell pellet 

was harvested and cells were lysed by RIPA lysis buffer. Anti-HA beads were used to 

enrich the proteins captured by the photocaged cell-permeable probe. After elution with a 50 

mM NaOH solution and neutralization with 1 M NH4HCO3 buffer, proteins were reduced 

by DTT and alkylated by iodoacetamide. The samples were then digested by trypsin and 

cleaned with C18 ZipTip and subjected to LC–MS/MS Orbitrap analysis.

Raw MS data sets were processed with MaxQuant to search against the human proteome 

using the built-in Andromeda peptide search engine.47-50 The MaxLFQ module within 
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MaxQuant was used for label-free quantification of protein intensities comparing the 

pulldown experiments, i.e., cellular treatment of HA-Cys(cR10)-Ub-TZ probe in the 

presence or absence of 365 nm UV irradiation, respectively. Identified DUBs and their 

corresponding LFQ intensity scores are listed in Table S1. Twenty-three DUBs were 

identified at least once in any of the pulldowns, while others are largely housekeeping 

proteins.

A two-sample t test was next performed in Perseus to obtain P-values of fold difference 

comparing LFQ intensity scores of two paired pulldown experiments. A volcano plot 

was generated by plotting the −log10(P-value) against log2(fold difference) of the LFQ 

intensities of the paired samples. Protein groups with a fold difference of 4 or greater 

and a P-value of <0.01 are considered significant in this experiment. These cutoffs were 

commonly used in similar studies.51-53 Comparison of HeLa cell pulldown samples by 

HA-Cys(cR10)-Ub-TZ treated with 365 nm UV to samples without UV treatment revealed 

15 DUBs, labeled and colored as red in Figure 5A (USP5, UCHL5, OTUB1, USP15, 

USP14, USP7, USP47, USP9X;USP9Y, OTUD6B, USP19, UCHL3, USP4, USP8, USP11, 

OTUD7B), as significantly enriched. Notably, 39 protein groups other than DUBs were 

also enriched. The LFQ intensities of these proteins are listed in Table S2. Among the 

39 protein groups, many are proteasome related proteins (PSMD1, PSMD11, PSMD12, 

PSMD2, PSMD3, PSMD5, PSMC1, PSMC2, PSMC3, PSMC4, PSMC5, PSMC6). This is 

likely due to co-pulldown with the proteasome DUB USP14 by the HA-Cys(cR10)-Ub-TZ 

probe. The MaxQuant output was also visualized using a heat map. Significantly enriched 

DUBs are shown as Figure 5B. A heat map of other significantly enriched protein groups 

is shown similarly in Figure S13. Red indicates that the protein group is highly enriched 

(higher LFQ intensity), while purple indicates a weak enrichment (lower LFQ intensity). 

Also, in a comparison of HeLa cells pulldown sample by HA-Cys(cR10)-Ub-TZ without 

UV irradiation to the control pulldown (no probe and no UV treatment), only UCHL3 was 

significantly enriched by HA-Cys(cR10)-Ub-TZ (Figure S14). This demonstrated the lack of 

activity of the photocaged probe in the absence of photoirradiation.

Proteome-Wide DUB Profiling in G1/S and G2/M Phase Cells Using Photocaged Cell­
Permeable Ubiquitin Probe.

Lastly, as a proof of concept, we carried out cell cycle dependent (G1/S phase and G2/M 

phase) DUB profiling using the photocaged cell-permeable ubiquitin probe HA-Cys(cR10)­

Ub-TZ. We used double thymidine treatment to arrest the HeLa cells in the G1/S phase. The 

cyclin A level as detected by anti-cyclin A antibody upon release confirmed the effective 

synchronization of HeLa cells at the G1/S phase (Figure S15A). Then, double thymidine 

block synchronized HeLa cells were incubated with 15 μM HA-Cys(cR10)-Ub-TZ probe in 

cell culture media containing 2 mM thymidine at 37 °C and 5% CO2 for 4 h. Cells were 

then rinsed with a trypsin–EDTA solution followed by several cold DPBS wash to remove 

untransduced probe. Then HeLa cells were irradiated with 365 nm UV for 15 min in cold 

DPBS buffer or without UV treatment. The HeLa cells were next harvested, and pulldown 

was carried out using anti-HA magnetic beads as described above. A total of 22 DUBs 

were significanly enriched (USP9X, USP8, USP7, USP5, USP47, USP4, USP19, USP15, 

USP14, USP11, UCHL5, UCHL3, OTUD7B, OTUD6B, OTUB1, USP48, USP3, USP24, 
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USP10, BAP1, USP36, USP16) by HA-Cys(cR10)-Ub-TZ with 365 nm UV irradiation at the 

G1/S phase (Figure S16). The heat map of significantly enriched DUBs at the G1/S phase is 

shown in Figure S17.

In another experiment, 0.5 μg/mL nocodazole was used to arrest HeLa cells at the G2/M 

phase, as confirmed by the cyclin B1 level of the released cells (Figure S15B). The 

G2/M phase HeLa cells were incubated with 15 μM HA-Cys(cR10)-Ub-TZ probe in media 

containing 0.5 μg/mL nocodazole at 37 °C and 5% CO2 for 4 h. Cells were then rinsed with 

a trypsin–EDTA solution followed by several cold DPBS washes to remove untransduced 

probe. Then HeLa cells were irradiated with 365 nm UV for 15 min in cold DPBS buffer 

or without any UV treatment. The HeLa cells were harvested, and pulldown was carried out 

using anti-HA magnetic beads. As shown in the volcano plot (Figure S18) and heat map 

(Figure S19), 18 DUBs were significantly enriched by HA-Cys(cR10)-Ub-TZ with 365 nm 

UV irradiation at the G2/M phase, including USP9X, USP8, USP7, USP5, USP47, USP4, 

USP36, USP19, USP16, USP15, USP14, USP11, UCHL5, UCHL3, OTUD7B, OTUD6B, 

OTUD5, OTUB1. A comparison of DUBs significantly enriched at the respective G1/S 

and G2/M phases and the unsynchronized HeLa cells revealed 5 DUBs (BAP1, USP48, 

USP3, USP24, USP10) were exclusively enriched at the G1/S phase, 1 DUB (OTUD5) was 

exclusively enriched at the G2/M phase, and 2 DUBs (USP16, USP36) were enriched at 

both G1/S and G2/M phases but not in unsynchronized HeLa cells (Figure S20). Notably, 

previous studies showed that BAP1 regulates G1/S transition by inhibition of HCF-1 

ubiquitination,54 and USP36 stabilizes c-Myc in G1/S phase.55 Moreover, USP16 regulates 

kinetochore localization of Plk1 in G2/M phase to promote proper chromosome alignment 

and segregation.56

We also carried out intracellular DUBs profiling at different time points (0 h, 1 h, 4 h) 

controlled by UV-induced activation of the probe following the release of HeLa cells from 

G1/S phase. Double thymidine block synchronized HeLa cells were incubated with 15 μM 

HA-Cys(cR10)-Ub-TZ probe in media containing 2 mM thymidine at 37 °C and 5% CO2 for 

4 h. Cells were then rinsed with a trypsin–EDTA solution followed by several cold DPBS 

washes to remove untransduced probe. For the 0 h time point treatment, the HeLa cells were 

irradiated immediately with 365 nm UV for 15 min in cold DPBS buffer. For the 1 and 

4 h treatments, the HeLa cells were incubated with fresh media without thymidine for 1 

and 4 h, respectively. Then the cells were rinsed with cold DPBS buffer before irradiation 

with 365 nm UV for 15 min in cold DPBS buffer. The HeLa cells were next harvested, and 

pulldown was carried out using anti-HA magnetic beads as described above. Our proteomic 

data revealed 24 DUBs were detected in total considering all three time points. The LFQ 

intensities of the DUBs were determined from five repeats for each time point. We observed 

DUBs being specifically detected at different time points, particularly USP16 was detected 

in 0 h and 1 h but not in 4 h. Through a pairwise comparison of DUBs captured at different 

time points following the release from G1/S phase using MaxQuant analysis (Table S3), 

we also identified several other DUBs with reliable fold difference in LFQ intensity. These 

include USP19 with a respective 4.2- and 2.4-fold higher activity-based capture at 1 and 4 h 

than 0 h and USP10 with a 3.0- and 3.7-fold lower capture at 4 h than that of 0 h and 1 h, 

respectively. This result supports the feasibility of temporally profiling DUB activities in live 

cells.
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CONCLUSIONS

A better understanding of DUBs’ cellular function and regulation requires profiling of 

their activities in a temporally controlled manner. We herein report the development and 

implementation of a tetrazole photocaged cell-permeable ubiquitin probe to profile DUB 

activities in live cells. This was made feasible through the usage of a cyclic polyarginine 

cell penetrating peptide, linked to the N-terminus of Ub via a disulfide bond, released 

upon cellular entry due to the reducing environment. We chose tetrazole as a photocaged 

warhead for DUBs. The tetrazole warhead can be activated through the generation of an 

active nitriliamine intermediate upon 365 nm UV irradiation. Immunoblotting analysis using 

an anti-HA antibody demonstrated the photocaged tetrazole-warhead DUB probe can label 

proteins in live HeLa cells upon 365 nm UV irradiation. Using MS-based LFQ proteome­

wide analysis, we identified DUBs from unsynchronized cells and cells synchronized to 

either G1/S phase or G2/M phase. In addition to some common DUBs, specific DUBs 

were identified using the photoactivated cell-permeable probe at G1/S or G2/M phase, 

respectively. Moreover, we profiled cellular DUB activities at different time points following 

the release of HeLa cells from G1/S phase.

The photocaged cell-permeable probe HA-Cys(cR10)-Ub-TZ described in this work allows 

the interrogation of DUB activities in live cells with temporal control. During the revision 

of this manuscript, Taylor et al. reported a photoinitiated ubiquitin probe allowing the 

labeling of DUBs in cell lysate through thiol–ene chemistry.57 Cellular pathways such as 

cell cycle progression, DNA damage repair and tolerance, and antiviral immune response 

can be conviniently studied following the treatment of human cells by extracellular stimuli. 

As a result, important information on the dynamic regulation of DUB activities can be 

garnered in live cells. This strategy can also be adapted to cellular profiling of deISGylases, 

deNeddylases, deSUMOylases, and other ubiquitin pathway enzymes. Our photocaged cell­

permeable Ub-based DUB ABPs will enable future studies into the diverse cellular roles of 

human DUBs and facilitate the DUB inhibitor development.
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Figure 1. 
Generation and characterization of HA-Cys(cR10)-Ub-TZ and HA-Cys-Ub-TZ probes: (A) 

chemical steps of generating photocaged cell-permeable HA-Cys(cR10)-Ub-TZ and HA­

Cys-Ub-TZ probes; (B) ESI-MS characterization of HA-Cys(cR10)-Ub-TZ and HA-Cys-Ub­

TZ probes.
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Figure 2. 
Photoactivation of HA-Cys-Ub-TZ probe and labeling of deubiquitinating enzyme: (A) 

ESI-MS characterization of HA-Cys-Ub-TZ probe with 365 nm UV treatment for 15 

min; (B) ESI-MS characterization of USP2-CD incubated with HA-Cys-Ub-TZ under 365 

nm UV treatment for 15 min; (C) proposed reaction mechanism of HA-Cys-Ub-TZ with 

deubiquitinating enzyme USP2-CD under 365 nm UV treatment.
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Figure 3. 
Labeling of USP2-CD by photocaged tetrazole probes. HA-Ub-VME and HA-Ub-PA were 

used as comparison. The labeling reaction products were resolved on a 20% SDS–PAGE gel 

and stained using Coomassie brilliant blue.
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Figure 4. 
Lysate and cell-based profiling using HA-Cys(cR10)-Ub-TZ. (A) HeLa cell lysate-based 

profiling using 15 μM probes. Labeled proteins were resolved using 12% SDS–PAGE gel 

and analyzed by immunoblotting using an anti-HA antibody. GAPDH was utilized as a 

loading control. (B) HeLa cell-based profiling using 15 μM HA-Cys(cR10)-Ub-TZ. Labeled 

proteins were resolved using 12% SDS–PAGE gel and analyzed by immunoblotting using an 

anti-HA antibody. GAPDH was utilized as a loading control.
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Figure 5. 
Comparison of HeLa cell-based pulldown by 15 μM HA-Cys(cR10)-Ub-TZ in the presence 

and absence of 365 nm UV irradiation analyzed using MS-based LFQ. (A) Volcano plot of 

pairwise comparison of protein groups pulled down by HA-Cys(cR10)-Ub-TZ with 365 nm 

UV irradiation relative to no UV irradiation. Significantly enriched DUBs are colored as 

red and labeled. (B) Heat map representing the LFQ intensity scores of protein groups 

significantly enriched by HA-Cys(cR10)-Ub-TZ with 365 nm UV irradiation. Red and 

purple represent high and low enrichment, respectively.
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