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ABSTRACT: Dynamic monitoring of intracellular ubiquitin (Ub)
conjugates is instrumental to understanding the Ub regulatory
machinery. Although many biochemical approaches have been
developed to characterize protein ubiquitination, chemical tools
capable of temporal resolution probing of ubiquitination events
remain to be developed. Here, we report the development of the
first cell-permeable and stimuli-responsive Ub probe and its
application for the temporal resolution profiling of ubiquitinated
substrates in live cells. The probe carrying the photolabile group N-
(2-nitrobenzyl)-Gly (Nbg) on the amide bond between Ub Gly75
and Gly76 is readily prepared through chemical synthesis and can
be delivered to live cells by conjugation via a disulfide bond with
the cyclic cell-penetrating peptide cR10D (i.e., 4-((4-
(dimethylamino)phenyl)-azo)-benzoic acid-modified cyclic deca-arginine). Both in vitro and in vivo experiments showed that
Ub-modifying enzymes (E1, E2s, and E3s) could not install the Ub probe onto substrate proteins prior to removal of the nitrobenzyl
group, which was easily accomplished via photoirradiation. The utility and practicality of this probe were exemplified by the time-
resolved biochemical and proteomic investigation of ubiquitination events in live cells during a H2O2-mediated oxidative stress
response. This work shows a conceptually new family of chemical Ub tools for the time-resolved studies on dynamic protein
ubiquitination in different biological processes and highlights the utility of modern chemical protein synthesis in obtaining custom-
designed tools for biological studies.
KEYWORDS: protein ubiquitination, chemical protein synthesis, Ub probes, photocaged probes, proteomic profiling

■ INTRODUCTION
Post-translational modifications of proteins greatly expand
their structural and functional diversity.1−4 As a complex post-
translational modification, protein ubiquitination is orches-
trated by ubiquitin (Ub)-modifying enzymes including Ub
activation enzymes (E1s), conjugating enzymes (E2s), and
ligases (E3s),5 and it is antagonized by deubiquitinases
(DUBs).6 Ubiquitination on substrate proteins and its removal
are highly spatiotemporal in nature,7 and the intracellular
processes they influence, such as cell cycle,8,9 DNA damage
repair,10,11 and protein quality control,12,13 are finely tuned.
Dysregulation of ubiquitination and deubiquitination is
implicated in a variety of diseases14 including Fanconi
anemia,15,16 neurodegenerative diseases,17 and cancers.18

To decipher the cellular roles of protein ubiquitination,
many biochemical approaches have been developed to monitor
and characterize protein ubiquitination, including the screen-
ing of ubiquitinated substrates and the determination of
ubiquitination sites. Affinity-based tools such as antibod-
ies,19−21 antigen-binding fragments (Fabs),22 affimers,23 and
tandem ubiquitin-binding entities (TUBEs)24−27 enable

enrichment of Ub-modified proteins. Meanwhile, the incorpo-
ration of tagged Ub into the cellular Ub pool by ectopic or
stable expression allows specific affinity purification of
ubiquitinated protein conjugates for global mapping of protein
ubiquitination.28−30 Despite these advances, chemical tools
capable of temporal resolution probing of ubiquitination events
remain to be developed.
Here, we describe the development of the first stimuli-

responsive Ub probe capable of profiling intracellular changes
in ubiquitination on substrates in a time-resolved manner
(Scheme 1). The practicality of this tool was demonstrated by
the temporal resolution probing of ubiquitination events in live
cells during the H2O2-stimulated oxidative stress response,
suggesting that the probe constitutes a conceptually new family
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of chemical tools for investigations on the dynamic
coordinated processes of substrate ubiquitination in live cells.

■ RESULTS AND DISCUSSION

Chemical Synthesis and Characterization of the New
Probe
The design of our tool is based on a key finding from a
structural study of Ub-activating enzyme (UBA1),31,32 which
revealed that during Ub activation the last residue of Ub,

Gly76, accepts adenosine only after passing through the
crossover loop (yellow) into a narrow chamber (named “Ub
cavity”, colored in red) of UBA1 (Figure 1a,b). We were
curious to know whether the installation of a photosensitive
group at the amide bond between Ub Gly75 and Gly76 would
block Ub activation (Figure 1c), the initial step of
ubiquitination. To this end, we chose canonical N-(2-
nitobenzyl)-Gly (Nbg) as the photocaging group,33−39 which
has been used recently in many chemical biology studies such

Scheme 1. Development of Stimuli-Responsive Ub Probe to Study Intracellular Dynamic Ubiquitination Processes with
Temporal Resolution

Figure 1. Chemical synthesis and characterization of the Ub probe (1). (a) E1 activates Ub to sequentially form Ub-AMP and E1−Ub thioester.
(b) Structure of UBA1−Ub complex during Ub activation (PDB: 3CMM). Ub C terminus (Gly75, Gly76) inserts into “Ub cavity”. The “Ub
cavity” is colored in pink, and the “crossover loop” is colored in yellow. (c) Photocaging of Ub by installing a bulky photosensitive group at the Ub
C-terminus. (d) Amino acid sequence of the synthetic Ub probe. Gly76 was replaced by Nbg, dimethoxybenzyl D52-G53, and pseudoproline
dipeptides L56−S57 were introduced during the synthesis to improve the yield. (e) Synthesis of 1 using hydrazine-loaded 2-Cl resin. (f) Analytical
HPLC (214 nm), deconvoluted, and high-resolution ESI-MS of 1. (g) SDS-PAGE characterization (Coomassie staining) of 1. (h) HPLC
monitoring of 1 under 365 nm photoirradiation.
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as control of protein activity40,41 and PROTAC-induced
protein degradation.42

We used microwave-assisted solid-phase peptide synthesis
(SPPS) to make Nbg-modified Ub, i.e., Ub probe (1), which
also incorporated biotin on the N-terminal for immunoblotting
(Figure 1d). Unfortunately, the use of Wang resin gave only
the truncated byproduct Ub(1−74)-COOH, perhaps due to
the bulky group on the backbone amide of Gly75-Gly76,
triggering the formation of diketopiperazines (DKP) (Scheme

S1).43,44 However, using hydrazine-loaded 2-Cl trityl resin,
which recently enabled the synthesis of challenging peptides,
each bearing a C-terminal carboxylate,45 Ub76Nbg-NHNH2 (2)
was expediently synthesized without any observable DKP
formation (Figures 1e and S1a−c). Conversion of Ub76Nbg-
NHNH2 into 1 was accomplished using acetylacetone and β-
mercaptoethanol without prepurification (Figures 1e and
S1d,e). The identity and purity of 1 were confirmed by high-
performance liquid chromatography (HPLC), electrospray

Figure 2. Ub probe (1) can react with E1, E2s, and E3s in vitro if exposed to photoirradiation. (a) Sequence of reactions that leads to in vitro
ubiquitination, i.e., E1 activation, E2 conjugation, and E3 ligation. Wild-type Ub was used for comparison. (b) HPLC and ESI-MS analysis of
adenylation by 1 via E1 enzyme UBA1. (c) HPLC and ESI-MS analysis of adenylation by 1 via E1 enzyme UBA1 with irradiation. (d) SDS-PAGE
analysis (Coomassie staining) of photo-dependent activation of 1 by UBA1 to form a thioester adduct. (e) SDS-PAGE analysis (Coomassie
staining) of conjugation of 1 by E2s. The star represents the E2-Ub thioester conjugate. (f) Quantitation of the conjugation efficacy. The
conjugation efficacy was calculated by (band intensity of E2 − Ub conjugate)/(band intensity of E2 − Ub conjugate + band intensity of E2). Data
were plotted as mean ± SEM of three independent biological replicates. (g) SDS-PAGE analysis (Coomassie staining) of ligation of 1 by E3s to
substrate proteins. (h) Quantitation of the ligation efficacy. The ligation efficacy was calculated similar to that in Figure 2f. Data were plotted as
mean ± SEM of three independent biological replicates. (i) Immunoblotting analysis of utilization of 1 by Ub-modifying enzymes in cell lysate
using anti-biotin antibody.
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ionization mass spectrometry (ESI-MS), and sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
(Figure 1f,g). About 25 mg of purified 1 was obtained from
0.125 mmol of resin, for an overall isolated yield of 2.5%.
Next, we examined whether the photosensitive group in 1

could be removed by photoirradiation. To this end, 1 was
irradiated with 365 nm UV light (10 mW/cm2) for 3, 5, 10, 15,
and 20 min, and the reaction was monitored by HPLC coupled
with ESI-MS. After 3 min, a new peak corresponding to a
product with a molecular weight of 9210.0 Da was observed
(Figures 1h and S2), consistent with the formation of decaged
product 3. The decaging yield gradually increased with an
increasing irradiation time, from approximately 50% at 3 min
to a maximum of 90% (quantified by HPLC) at 20 min. These
results demonstrate that the caging group in 1 can be readily
removed to produce wild-type Ub by 365 nm UV light.
Ub Probe (1) Cannot React with E1, E2s, and E3s In Vitro
without Photoirradiation

With 1 in hand, we examined its activity in in vitro
ubiquitination reactions (Figure 2a). First, 1 (40 μM) was
incubated with E1 UBA1 (20 μM) in HEPES buffer (pH 7.5)
containing 10 mM ATP, and the reaction was monitored by
HPLC coupled with ESI-MS. Without photoirradiation, only

one peak at 9345.0 Da corresponding to unreacted 1 was
detected, even after the incubation time was extended to 60
min (Figures 2b and S3a). This shows that 1 is inert under the
reaction conditions in the absence of photoirradiation. In
contrast, when the reaction was photoirradiated for 15 min, we
were pleased to find a major peak at 9540.0 Da corresponding
to the adduct of decaged product 3 with adenosine 5′-
monophosphate (AMP), i.e., 3-AMP, suggesting that 1 can be
effectively adenylated by UBA1 after irradiation (Figures 2c
and S3b,c). SDS-PAGE analysis of the activation reaction
revealed that although almost no new adduct band was
detected after 20 min of incubation in the absence of
irradiation, a band with a molecular weight of UBA1-Ub
adduct was formed upon irradiation of the reaction, further
demonstrating that 1 can only be activated by UBA1 after
photoirradiation (Figure 2d).
The conjugation of 1 by E2s was examined using both Ub

chain-specific E2s (including UBE2S, UBE2K, UBE2R1, and
UBE2N/UBE2V2) and nonspecific E2s (including UBE2B,
UBE2D2, UBE2D3, and UBE2L3).46 Probe 1 (40 μM) was
incubated with E1 (0.5 μM) and one of the aforementioned
E2s (5 μM) in HEPES buffer (pH 7.5) for 15 min; the reaction
was analyzed by SDS-PAGE. Once again, almost no product

Figure 3. Delivery of a stimuli-responsive Ub probe into live cells. (a) Chemical synthesis of RhB-UbNbg (6). (b, c) Synthesis of cell-permeable
photocaged Ub probes 7 and 8. (d−g) Analytical HPLC (214 nm), deconvoluted and high-resolution ESI-MS, and SDS-PAGE characterization
(Coomassie staining) of 7 and 8. (h) Living cell fluorescence imaging of HeLa cells treated with 5 μM 7 and 8. 7 and 8 were visualized by TER
fluorescence (red channel), and Hoechst was used for nuclear staining (blue channel). (i) Quantification of whole cell and nuclear RhB intensity of
the cell images after delivery of 7 and 8. Data were plotted as mean ± SEM of three independent biological replicates. (j) MTT assay analysis of cell
viability treated with 5 μM 8 for 1 h. Treatment with 0.64% phenol was used as a positive control. Data were plotted as mean ± SEM of three
independent biological replicates.
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band corresponding to the conjugated product was detected
for any of E2s. Only after the reaction was irradiated for 15
min could the expected E2-Ub conjugation bands be seen
(Figure 2e). To assess the conjugation efficiency of 1 by E2
after photoirradiation, we calculated the (band intensity of E2
− Ub conjugate)/(band intensity of E2 − Ub conjugate +
band intensity of E2), which showed that the efficiency was
comparable with the wild-type Ub by UBE2B, UBE2K,
UBE2L3, UBE2N, and UBE2R1 and slightly lower than
wild-type Ub by UBE2D2, UBE2D3, and UBE2S (Figure 2f).
Next, we examined the activity of 1 toward an E3-mediated

Ub ligation involving the RING (really interesting new gene)
family E3s, Cullin-Rbx1 and RNF168, and the HECT
(homologous to the E6AP carboxyl terminus) family E3s,
UBE3C and Nedd4.47 Probe 1 was incubated with E1 (0.5
μM), E2 (5 μM), and E3 (1 μM) in HEPES buffer (pH 7.5)
for 30 min. SDS-PAGE analysis revealed that 1 was largely
inert until irradiation, after which it was effectively ligated by
the E3s to generate either free Ub chains (for RING-type E3s)
or ubiquitinated substrates (ubiquitinated E3s for HECT
family E3s) (Figure 2g). We also quantitatively evaluated the
ligation efficiency of 1 by E3 after photoirradiation, which
revealed that the efficiency was comparable with wild-type Ub

(Figure 2h). Finally, we tested the utilization of 1 in a more
complex biological environment containing various Ub-
modifying enzymes. Then, probe 1 was incubated for 15 min
in HeLa cell lysate which was then analyzed by immunoblot-
ting with an antibiotin antibody. The obvious band
corresponding to Ub-modified substrates appeared only after
photoirradiation of the cell lysate (Figure 2i).
It should be noted that Ub75Nbg (5) bearing an Nbg group at

the backbone amide of Arg74-Gly75 can also be readily
synthesized and efficiently converted to 3 after photo-
irradiation (Figure S4). In vitro ubiquitination reaction
revealed that, like 1, 5 can only be activated by UBA1 and
conjugated by E2s after photoirradiation (Figure S5).
Collectively, the above results suggested that the stimuli-
responsive Ub probe can be attached to the substrate proteins
by E1, E2s, and E3s in a photoirradiation-controlled manner.
Delivery of Ub Probe into Live Cells Using
Cell-Penetrating Peptides

We next investigated the delivery of stimuli-responsive Ub
probe into live cells to examine whether it could be conjugated
by endogenous E1, E2s, and E3s in a photoinduced manner.
Our strategy to accomplish the cellular delivery was based on
the recently developed cell-penetrating peptide (CPP) cyclic

Figure 4. Time-resolved probing of newly occurred ubiquitination events using cell-permeable Ub probe (9) under H2O2-mediated oxidative stress.
(a) Schematic presentation of the investigation of newly occurred ubiquitination events using 9. (b) Immunoblotting analysis of the protein
ubiquitination level at different times after H2O2 treatment using 9. (c) Volcano plot of pairwise comparison proteins captured by 9 with/without
photoirradiation. Significantly enriched proteins are colored cyan. (d) Venn diagram of proteins captured by 9 under H2O2-mediated oxidative
stress and captured by TUBEs under arsenite-mediated oxidative stress. (e) DAVID functional clustering of biological pathways targeted by
enriched proteins. Bold: proteins that were also enriched in arsenite-mediated oxidative stress; underline: proteins that were also identified as
components of stress granules. (f) Venn diagram of proteins captured by 9 under H2O2-mediated oxidative stress and proteins reported to be the
components of stress granules.
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deca-arginine (cR10) and 4-((4-(dimethylamino)phenyl)azo)-
benzoic acid (DABCYL)-modified cR10, cR10DABCYL
(cR10D).48−51 cR10 and cR10D containing a cysteine were
prepared and activated using 5, 5′-dithion-bis-2-nitrobenzoic
acid (DTNB) (Figures S6 and S7). Rhodamine B (RhB)-
labeled UbNbg (6), synthesized by appending cysteine and RhB
to the N-terminal of Ub (Figures 3a and S8), where the RhB
label serves as a fluorophore for intracellular imaging, was
reacted with DTNB-activated cR10 (Figure 3b) or cR10D
(Figure 3c) in 6 M GnHCl to give cR10-RhB-UbNbg (7) (in
45% isolated yield) and cR10D-RhB-UbNbg (8) (in 40%
isolated yield), respectively (Figures 3d−g, S9, and S10).
With fluorescently labeled CPP-Ub conjugates 7 and 8 in

hand, we tested their cellular uptake. HeLa cells were
separately incubated with a medium containing 7 and 8 (5
μM) at 37 °C for 1 h, washed with phosphate buffer saline
(PBS), and stained with the Hoechst nuclei dye. The cell
permeability of 7 and 8 was analyzed by confocal laser
scanning microscopy (CLSM), which showed that the cytosol
and nuclei of cells treated with 8 exhibited a higher intensity of
red fluorescence compared with those treated with 7 (Figures
3h and S11), indicating that 8 was more efficiently delivered
into the cells. We further quantified the absolute RhB intensity
of 7 and 8 in over 200 whole cells and their nuclei. Our results
showed that the fluorescence intensity of 8 increased about
twofold compared to that of 7 (Figure 3i), confirming that
cR10D improved the cellular uptake of Ub probe, consistent
with the reported results.50 We also found that the morphology
of Hoechst-stained nuclei was normal, suggesting that the
cellular uptake of 8 does not cause significant toxicity. The
effect of 8 on cell proliferation was measured using the MTT
assay, which showed that the treatment of 8 at 5 μM had a
minimal effect on cell viability (Figure 3j)
Time-Resolved Probing of Ubiquitination in Live Cells
Using Cell-Permeable Ub Probe

We next assessed whether stimuli-responsive Ub probes can be
installed onto substrate proteins, activated by irradiation, and
thereafter used to probe the proteome-wide dynamic cellular
ubiquitination processes under different conditions (Figure
4a). For this purpose, we synthesized a cell-permeable cR10D-
biotin-UbNbg (9) for the proteomic profiling of newly
ubiquitinated proteins by immunoblotting or enrichment
(Figures S12 and S13). Compound (9) was similar to
cR10D-RhB-UbNbg (8), where RhB was replaced with biotin
for enrichment. After cellular incubation of 9 (5 μM) at 37 °C
for 1 h, cells were irradiated with 365 nm light (10 mW/cm2),
then stimulated with 1 mM H2O2 for 15 min, and subsequently
cultured in a medium without H2O2 (recovery) for 0, 30, 60,
and 120 min, respectively. The cells were lysed and analyzed
with immunoblotting using anti-biotin antibody.
Almost no bands were observed in lanes of the nonirradiated

sample, whereas the UV-treated samples displayed significant
biotinylated protein bands (i.e., ubiquitinated proteins) from
low to high molecular regions (Figure 4b). These results
suggested that 9 could not react with Ub-modifying enzymes
unless first exposed to photo-irradiation, after which it could be
activated and attached to cellular substrate proteins. We
further found that the intensity of the band corresponding to
ubiquitinated proteins first increased within 30 min and then
began to decrease (Figure 4b), indicating that the level of
global protein ubiquitination rose upon exposure to H2O2,
which might be required for the clearance of damaged/

misfolded proteins by proteasome,52 and then returned to
baseline within 2 h during the recovery phase in fresh medium.
The dynamic fluctuations of global ubiquitination level in
response to oxidative stress were also demonstrated in recent
studies using an anti-Ub antibody.53 Collectively, these
experiments indicated that 9 can be photoactivated on demand
and used to monitor the dynamic processes of ubiquitination
in live cells in a time-resolved manner.
Next, we sought to identify the proteins ubiquitinated during

H2O2-mediated oxidative stress response, via the intracellular
proteome-wide profiling of HeLa cells using 9. HeLa cells were
incubated with 9 (5 μM) for 1 h, irradiated with 365 nm light
(10 mW/cm2) for 15 min, and then treated with 1 mM H2O2
and cultured for 30 min; cells without irradiation were used as
a control. Each assay was replicated three times. Cells were
collected and lysed, and the ubiquitinated proteins were
enriched by streptavidin beads, separated by SDS-PAGE, and
analyzed by label-free quantitative (LFQ) mass spectrometry.
A volcano plot was generated by plotting -log10(P-value)
against the fold enrichment ([log2(+UV/−UV)]) of the LFQ
intensities of the paired samples (Figure 4c). With a threshold
of [log2(+UV/−UV)]>1 (twofold enrichment), -log10(p
Value)>1.3 (p Value <0.05), a total of 264 proteins were
found to be significantly enriched (colored cyan, Figure 4c).
Our results showed that the number of proteins (264)
enriched by 9 was comparable to the reported number of
ubiquitinated substrates (315) captured by TUBEs under
arsenite-mediated oxidative stress.54 The enriched proteins
captured with 9 included 78 proteins, also identified by TUBEs
to be ubiquitinated under arsenite-mediated oxidative stress,
including proteins involved in translation initiation (EEF1G,
EEF2, and EIF4A1), mRNA splicing (DDX17, HNRNPD,
HNRNPK, HNRNPL, PCBP1, and PCBP2), and DNA
replication (MCM2, MCM6, and MCM7), indicating that
ubiquitination might regulate these processes during the
oxidative stress response (Figures 4d and S14). Gene ontology
(GO) analysis using the DAVID bioinformatics resources55

revealed that 264 enriched proteins are involved in protein
translation, mRNA splicing, RNA/protein transport, ion
transport, cell cycle, cytoskeleton, and metabolism (Figures
4e and S15). Additionally, 67 enriched proteins were reported
to be stress granule (SG) proteins (Figures 4f and S16),54

including the components of translation preinitiation complex
(EEF2, EIF3F, EIF4A1, and ETF1), RNA helicases (DDX17,
DDX19B, DDX5, DDX6, DHX15, and DHX9), heterogeneous
nuclear ribonucleoproteins (HNRNPA3, HNRNPD,
HNRNPH1, HNRNPK, and HNRNPL), and mRNA-binding
protein PABPC1 (Figure 4e). This is consistent with a recent
finding that stress granule-associated Ub chains are primarily
conjugated with substrates,56 suggesting the participation of
ubiquitination in the assembly of stress granules under
oxidative stress. Notably, the enriched proteins also include
15 mitochondrial proteins implicated in the transport of amino
acids, nucleotides, and ions, suggesting that ubiquitination
might also play a role in regulating mitochondrial homeostasis
under H2O2-stimulated oxidative stress. Taken together, these
results indicate that our stimuli-responsive Ub probe can be
used with proteomic identification tools to better understand
the conditional ubiquitination of proteins in different biological
contexts.
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■ CONCLUSIONS
A cell-permeable stimuli-responsive Ub probe capable of a
time-resolved study of substrate ubiquitination in live cells has
been developed. The design of our probe is based on the
insight that the installation of a photolabile group (e.g., Nbg)
on the C-terminal of Ub can effectively impede the attachment
of Ub to substrate proteins by Ub-modifying enzymes. Using
our probe, along with the state-of-the-art cell-penetrating
peptide cR10D, we were able to carry out a time-resolved
study of ubiquitination events under different cellular
processes, as exemplified by H2O2-mediated oxidative stress
response in this work. Because our Ub probe can be activated
on demand, it enables the direct profiling of newly occurring
ubiquitination events in the presence of existing Ub-modified
proteins under different biological contexts when combined
with modern proteomic technologies. In contrast, conventional
biological methods such as TUBEs capture both pre-existing
and newly Ub-modified proteins in a single profiling workflow,
so that they require examination of Ub modifications in the
presence and absence of the indicated stress separately, which
may complicate the identification of newly occurring
ubiquitination processes.
Taken together, our results establish a conceptually new

family of chemical tools for time-resolved studies on protein
ubiquitination in live cells and further exemplify the utility of
chemically synthesized customized probes that are more
readily synthesizable and are of different structural designs
for the study of Ub modifications.57−66 It should be mentioned
that although the current photocaging group, Nbg, requires
365 nm of UV light and may cause cytotoxicity in some
experiments, our probe can be easily extended to use more
benign photosensitive groups67 that would meet the require-
ments for specific biological conditions.

■ METHODS

Fmoc-Based Peptide Synthesis
All peptides or proteins in this work were obtained from the 9-
fluorenyl-methoxycarbonyl (Fmoc)-based solid-phase peptide syn-
thesis (SPPS). For manual Fmoc-SPPS, both coupling and
deprotection were performed at 35 °C. The coupling reactions were
performed with 4.0 equiv of amino acids, 4.0 equiv of HCTU, and 8.0
equiv of DIEA in DMF solution for 30 min. The deprotection
reactions were performed with 20% (v/v) piperidine in a DMF
solution for 10 min. For automatic Fmoc-SPPS, the synthesis was
conducted on an automated microwave peptide synthesizer (Liberty
BlueTM, CEM Corp., U.S.A.). Typically, peptide or protein synthesis
began with the resin swelling in DMF for 5−10 min. Each coupling
cycle includes Fmoc deprotection using 20% piperidine (containing
0.1 M Oxyma) in DMF (1 min at 90 °C) and amino acid coupling
using protected amino acids (4 equiv), DIC (8 equiv), and Oxyma (4
equiv) in DMF (10 min at 50 °C for His and Cys and 1.5 min at 89
°C for other residues). After every reaction, DMF was added to wash
the resin three times. After the completion of the synthesis, the resin
was washed with DMF, DCM three times, and dried over a high
vacuum. Twenty milliliters of the cleavage reagent (TFA: phenol:
H2O: thioanisole: 1,2-ethanedithiol (EDT) = 82.5:5:5:5:2.5) was then
added to the resin and shaken for 2.5 h at 37 °C to cleave the peptides
from the resin. The resin was filtered, and the combined filtrate was
blown to about 6 mL by nitrogen bubbling; then, 40 mL of cold ether
was added to the filtrate to precipitate the crude peptide. Finally, the
crude peptide was washed with 40 mL of cold ether for two times.

In Vitro Photodecaging Assay
To examine the decaging efficiency of 1 under photoirradiation, 100
μM folded 1 (∼1 mg/mL in PBS 7.4) was irradiated using a photo-

cross-linker (Scientz, Ningbo) with 365 nm UV for 3, 5, 10, 15, and
20 min, and the reaction was monitored by HPLC and analyzed with
ESI-MS.
In Vitro Ubiquitination Assay
In the E1 activating assay, for HPLC analysis of the activating
reaction, 20 μM HUBA1 and 40 μM 1 were mixed in buffer
containing 50 mM HEPES, pH 7.5, 10 mM ATP, and 10 mM MgCl2.
The reaction was incubated for indicated times with/without
photoirradiation (for 15 min). The reaction was analyzed by RP-
HPLC coupled with ESI-MS. For SDS-PAGE analysis of the ubiquitin
activation process, 1 μM HUBA1 and 10 μM of 1 or 5 were mixed in
buffer containing 50 mM HEPES, pH 7.5, 10 mM ATP, and 10 mM
MgCl2. The reaction was incubated for indicated times with/without
photoirradiation. The reaction was stopped by the addition of an
equal volume of LDS loading buffer and analyzed by SDS-PAGE.
For Ub conjugating assay, 0.5 μM E1, 5 μM E2, and 40 μM 1 or 5

were mixed in buffer containing 50 mM HEPES, pH 7.5, 10 mM
ATP, and 10 mM MgCl2. The reaction was incubated for 15 min
with/without photoirradiation (for 15 min). The reaction was
stopped by the addition of equal volume of LDS loading buffer and
analyzed by SDS-PAGE.
For the Ub ligating assay, 0.5 μM E1, 5 μM E2, 1 μM E3, and 40

μM of 1 were mixed in buffer containing 50 mM HEPES, pH 7.5, 10
mM ATP, and 10 mM MgCl2. The reaction was incubated for 30 min
with/without photoirradiation (for 15 min). The reaction was
stopped by the addition of equal volume of LDS loading buffer and
analyzed by SDS-PAGE.
For the cell lysate-based ubiquitination assay, 40 μM of 1 was

added into the HeLa cell lysate. The reaction was incubated for 30
min with/without photoirradiation (for 15 min). The reaction was
stopped by the addition of equal volume of LDS loading buffer and
analyzed by immunoblotting using anti-biotin antibody.
Protein Cell Delivery, Confocal Microscopy, and Image
Analysis
HeLa cells were plated onto sterile 35 mm glass-bottom dishes
(biosharp BS-20-GJM) for 24 h at 37 °C and 5% CO2 in DMEM
(Gibco C11965500BT) supplemented with 10% FBS (Lonsera
S711−001S), 100 units/mL penicillin, and 0.1 mg/mL streptomycin
(HyClone SV30010); then, cells were treated with fresh DMEM (no
phenol red, Gibco 21063029) containing 5 μM of 7 or 8, respectively,
at 37 °C. After 1 h, cells were washed with cold phosphate-buffered
saline (PBS) solution with calcium and magnesium (Hyclone
SH30256.01) three times and then stained with the dye Hoechst
33258 according to the manufacturer’s instructions for live cell
imaging.
The cells were imaged using an argon laser (405 nm) and argon

laser (543 nm) for visualizing Hoechst 33258 (blue nuclear staining)
and RhoB (red emission), respectively, with a Plan-Apochromat 63X/
1.4 Oil DIC M27 lens on a Zeiss LSM 880 AxioObserver confocal
laser scanning microscope. All treatments were performed in three
separate experiments.
Images were analyzed by using FiJi software. Quantification of the

percentage of cells having cytosol-delivered probes was achieved by
calculating the total number of cells and the number of cells having
the RhB signal. The absolute RhB intensity inside the nucleus was
clarified using a cell-masking algorithm based on Hoechst 33258.
Immunoblotting Analysis of the Protein Ubiquitination
Level at Different Times after H2O2 Treatment
HeLa cells were treated with 5 μM of 9 for 1 h at 37 °C; then, the
cells were washed with cold PBS. Subsequently, HeLa cells were
irradiated with 365 nm UV light for 15 min in PBS buffer or without
UV treatment, followed by incubation with DMEM containing 1 mM
H2O2 for 15 min. Then, the cells were incubated with fresh DMEM
for 0.5, 1, and 2 h, respectively. HeLa cells were lysed at a specific
time point with RIPA lysis buffer containing 1 mM 2-iodoacetamide
and allowed to incubate on ice for 30 min and then centrifuged at
11,000 rpm at 4 °C for 10 min to remove cell debris. Total protein
concentration was determined using a Bradford assay (Sangon
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Biotech). 100 μg cell lysates were used immediately for immunoblot-
ting using an antibiotin antibody.
Pulldown and Mass Spectrometry Analysis
For intracellular proteome-wide protein profiling using label-free
quantitative (LFQ) mass spectrometry analysis, the cell lysate
generated from 9 and H2O2-treated HeLa cells, as described above,
was incubated with streptavidin agarose beads (Promega) at 4 °C for
2 h. Next, the beads were washed sequentially with 1 × binding buffer
(25 mM tris,150 mM NaCl, 1 mM DTT, 0.5% v/v NP-40, pH 7.6), 2
× of 0.5% SDS in PBS, 2 × 1 M NaCl in PBS, 2 × Tris-buffered
saline, and 10 × 50 mM NH4HCO3 at pH 8.0. The enriched proteins
were eluted from beads with LDS loading buffer at 95 °C for 10 min.
Then, the samples were resolved by SDS-PAGE and analyzed by LFQ
mass spectrometry. Each pulldown experiment was performed in three
replicates. LC-MS/MS analysis was conducted as described
previously.68
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