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ABSTRACT: The enzymatic cascades for ubiquitin transfer regulate key cellular
processes and are the intense focus of drug development for treating cancer and
neurodegenerative diseases. E1 is at the apex of the UB transfer cascade, and molecules
inhibiting E1 have shown promising activities against cancer cell proliferation.
Compared to small molecules, peptidomimetics have emerged as powerful tools to
disrupt the protein−protein interactions (PPI) with less drug resistance and high
stability in the cell. Herein, we harnessed the D-sulfono-γ-AA peptide to mimic the N-
terminal helix of E2 and thereby inhibit E1−E2 interaction. Two stapled
peptidomimetics, M1−S1 and M1−S2, were identified as effective inhibitors to block
UB transfer from E1 to E2, as shown by in vitro and cellular assays. Our work suggested
that PPIs with the N-terminal helix of E2 at the E1−E2 and E2−E3 interfaces could be a
promising target for designing inhibitors against protein ubiquitination pathways in the
cell.

■ INTRODUCTION
Ubiquitin (UB) is a 76-residue protein, and it rides on the UB
transfer cascades constituted by the E1, E2, and E3 enzymes for
its delivery to a broad spectrum of cellular targets to control their
stability, localization, movement, and biological activities in the
cell.1,2 The ubiquitin−proteasome system (UPS), consisting of
the UB transferring enzymes for conjugating UB to the cellular
targets, the deubiquitinating enzymes for removing the UB
modification, and the proteasome for proteolytic processing of
ubiquitinated proteins, regulates key processes in the cell,
including cell cycle, DNA repair, protein quality control,
autophagy, and programed cell death.3−6 Various components
of the UPS have emerged as promising targets of the drug
discovery pipeline, and the development of bortezomib, a
proteasome inhibitor for the treatment of multiple myeloma,
substantiates the premise of targeting UPS for the treatment of
challenging diseases such as cancer and neurodegeneration.7−12

Still, the extensive protein−protein interactions (PPIs) that
mediate UB transfer through the E1−E2−E3 cascade create a
significant hurdle for designing small molecules to block UB
transfer through specific cascades to achieve the desired
therapeutic effects.13−15 Here, we demonstrated that the E1−
E2 interface relying on the binding of an N-terminal helix of E2
with the E1 enzyme could be effectively targeted by synthetic
peptidic foldamers composed of theD-sulfono-γ-amino acids (γ-
AA) building blocks. The designed sulfono-γ-AA peptides have a
strong tendency to adopt an α-helical fold and can compete with
E2 for occupying the binging site on E1. This enables the γ-AA

peptide to block UB transfer through the E1−E2−E3 enzymatic
cascade and inhibit substrate ubiquitination in the cell.
The human genome encodes two homologous E1 enzymes

known as Uba1 and Uba6 to activate the C-terminal carboxylate
of UB accompanied by ATP hydrolysis for the formation of
E1∼UB thioester conjugates between the catalytic Cys residue
of E1 and the C-terminal Gly residue of UB.16,17 Subsequently,
UB is transferred by E1 to a catalytic Cys residue of E2 that
carries UB to the E3 enzymes for further transfer of UB to the
target proteins recruited by the E3. The N-terminal helix of E2 is
a major element of recognition at both the E1−E2 and E2−E3
interfaces.18−20 On the E1 side, the N-terminal helix of E2 would
bind to the ubiquitin fold domain (UFD) of Uba1 and Uba6
through a series of salt bridges (Figure 1a),21 and on the E3 side,
the N-terminal helix of E2 would dock to E3s of varies classes
such as HECT, Ring, and U-box at their unique binding
sites.22−25 The essential roles of the N-terminal helix of E2 in
engaging E1 and E3 have been manifested in the recent
engineering of orthogonal ubiquitin transfer (OUT) cascades to
generate exclusive interactions within the xE1−xE2 and xE2−
xE3 pairs to enable the transfer of an engineered xUB to cellular
targets of a specific E3.26,27 We rationalize that a synthetic
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peptide mimic of the E2 N-terminal helix can potentially
compete with E2 for binding to the upstream E1 and
downstream E3 of the UB transfer cascade, and such modality
could be a competent inhibitor counteracting the substantial
PPIs at the native E1−E2 and E2−E3 interfaces.
Our design harnessed the strong α-helix-like forming

potential of the sulfono-γ-AA peptide that was introduced as a
class of unnatural peptidomimetic foldamers that offers unique
advantages such as robust helical folding propensity, stability,
diversity, and bioavailability.28−32 The crystal structures of
homogeneous L-sulfono-γ-AA peptides reveal that they adopt
414 left-handed helices with a helical pitch of 5.1 Å

33 (Figure 1b),
highly analogous to that of the α-helix (5.4 Å). To this end, we
have successfully employed them as potential therapeutic agents
to mimic a plethora of essential protein domains and modulate
medicinally relevant PPIs such as VEGF,34 BLC9,35 p53,36−38

and GLP-1.39 However, the opposite helical handedness of L-
sulfono-γ-AA peptides, in contrast to that of the α-helix, may
potentially complicate the design of PPI inhibitors, particularly
when residues on the multiple faces of the α-helix are involved at
the protein−protein interfaces. Therefore, we recently replaced
L-sulfono-γ-AA building blocks with D-sulfono-γ-AA building
blocks in the homogeneous D-sulfono-γ-AA peptides, leading to
the formation of right-handed helices from their mirror-imaged
left-handed helices (Figure 1c).37 Since the helicity of D-
sulfono-γ-AA peptides is the same as that of the α-helix, the
design of the γ-AA peptides mimicking the α-helix would be
much simplified based on their similar distribution of side chains
on the helical wheel (Figure S1).

■ RESULTS
Rational Design of the D-Sulfono-γ-AA Peptide to

Mimic the N-Terminal Helix of E2. The E1−E2 interface of
the UB transfer cascade was first revealed by a modeled
structural complex between the two yeast enzymes Uba1 and
Ubc1 that shows the N-terminal helix of Ubc1 engaging the
UFD domain of Uba1 through salt bridge interactions between
positively charged E2 helical residues K5 and K9 and negatively
charged E1 UFD residues E1004, D1014, and E1016.21 The
importance of K5 and K9 in bridging Ubc1 binding with Uba1
was confirmed by phage selection of a Ubc1 library with
randomized sequence in the N-terminal helix for its recognition
by a Uba1 mutant with charge-reversed mutations E1004K,
D1014K, and E1016K in the UFD region.27 The selection based
on UB transfer from the Uba1 mutant to the Ubc1 library
displayed on the phage surface enriched sequences, with D and E
replacing K5 and K9 in the N-terminal helical region so that the
mutant Ubc1 could reestablish the interaction with the charge-
reversed Uba1 mutant. Such a result corroborates with the
structural model of the Uba1−Ubc1 complex and suggests that
the interaction of K5 and K9 of the N-terminal helix of E2
represented by Ubc1 could be a promising target to design γ-AA
peptide inhibitors to block E1−E2 interactions. Furthermore,
the recent elucidation of the crystal structures of yeast Uba1 in
complex with Ubc4, Ubc15, and Cdc34 all suggest that E2 N-
terminal helical residues aligned with K5 and K9 in Ubc1 would
play critical roles for interacting with the UFD domain of Uba1
(Figure 1d).40−43

The N-terminal helix of yeast E2 Ubc1 is highly homologous
to the human E2 UbcH5B with K4 and K8 occupying the
positions of K5 and K9 in Ubc1 (Figure 1d). The yeast E1 Uba1

Figure 1. Structural information for designing peptide foldamers mimicking the N-terminal helix of E2 enzymes. (a) Structures of the UFD domain of
Uba1 (E1) binding to the N-terminal helix of Ubc1 (E2). The model was created by using Pymol, starting from a reported crystal structure of the
Uba1−UB complex (PBD ID: 3CMM) andUbc1 (PBD ID: 1TTE). Electrostatic surface represents the negatively charged surface of the UFD domain
of Uba1 for interacting with the N-terminal helix of the E2 enzyme Ubc1 (Left) and residues involved in the interaction between the UFD of Uba1 and
the N-terminal helix of Ubc1 (Right). (b) Chemical structures of the homogeneous L-sulfono-γ-AA peptide and the crystal structure of the L-sulfono-
γ-AA peptide. “a” and “b” denote the chiral side chain and sulfono side chain, respectively. (c) Chemical structures of the homogeneous D-sulfono-γ-
AA peptide and the three-dimensional structure of the D-sulfono-γ-AA peptide. (d)Multiple sequence alignment of several E2 enzymes. Residues that
are conserved at the E1−E2 interface are highlighted with a red frame. The alignment only includes residues in the N-terminal helix of E2 and adjacent
residues.
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is also homologous to human Uba1.21 We thus selected the N-
terminal helix of Ubc1 as our initial template for designing the γ-
AA peptides. Since D-sulfono-γ-AA peptides form a right-
handed helix as natural α-peptides (Figures 1c and S1), the
chiral side chains 1a, 3a, 5a, and 7a should align on the same side
of the helical scaffold of the folded peptide. We thus have Lys
side chains at 3a and 5a, so they would be in the similar positions
as that of K5 and K9 in Ubc1. We initially designed two γ-AA

peptide sequencesM1 andM2 to mimic the N-terminal helix of
Ubc1. Since the stapled helical peptides have a more α-helical
folding propensity and exhibit improved membrane perme-
ability and proteolytic stability,44 we also designed M1 and M2
derivatives with staples crosslinking various AA peptide residues
that are anchored to the opposite side of the binding interface
with the UFD domain of Uba1 (Table 1). An overlay of peptide
M1 or M1−S1 (Figure S2) with the alpha-1 helix of Ubc1

Table 1. Structures of the D-Sulfono-γ-AA Peptide and Ubc1 Alpha-1-Helixa

aResidues involved in the interaction with the UFD domain of E1 are shown in red.

Figure 2. Effect of linear sulfono γ-AA peptides and stapled sulfono γ-AA peptides on the self-ubiquitination of CHIP. (a) Assaying the effects of linear
peptides on ubiquitin transfer based on the self-ubiquitination of CHIP. CHIP self-ubiquitination was measured by western blotting probed with an
anti-Flag antibody that binds to the Flag−tagged CHIP.M1 andM2 are γ-AA peptides mimicking the sequence of the N-terminal helix of Ubc1, and
N1 is the native peptide with the same sequence as the N-terminal helix of Ubc1. None of these peptides showed an inhibitory effect on the CHIP
polyubiquitination. CHIP-(UB)n, polyubiquitinated CHIP. (b,c), Assaying the effects of stapled peptidomimetics on the UB transfer based on the
polyubiquitination of CHIP. Ubiquitination of CHIP was measured by western blotting probed with an anti-Flag antibody that binds to the Flag-
tagged CHIP. All stapled peptidomimetics derived fromM1 had an inhibitory effect on the polyubiquitination of CHIP, while other peptidomimetics
derived from M2 did not inhibit the polyubiquitination of CHIP, and some may enhance CHIP ubiquitination.
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suggested a good overlap between the designed side chains on
the γ-AA peptide and the native sides chains of the E2 N-
terminal helix, especially, side chains 3a and 5a of the γ-AA
peptide are well positioned to replace residues Lys5 and Lsy9 of
the E2 helix to bind to E1.
Activities of the Designed γ-AA Peptides to Inhibit the

UB Transfer Cascade in the Reconstituted Ubiquitina-
tion Reaction.We assayed the potential inhibitory activities of
the designed γ-AA peptides in inhibiting the self-ubiquitination
of U-box E3 CHIP through the Uba1-UbcH5B-CHIP cascade.
We found that the liner peptides M1 and M2 did not inhibit
CHIP self-ubiquitination at either 10 or 50 μM of the peptide
concentration (Figure 2a). However, the stapled peptides
derived from the M1 peptide can significantly inhibit CHIP
self-ubiquitination at a concentration of 50 μMbased on the less
formation of polyubiquitinated species in the high molecular
range of the western blot (Figure 2b). CHIP itself was still
ubiquitinated in the reactions with the peptide inhibitors, so the
unmodified CHIP was consumed. However, CHIP polyubiqui-
tination was significantly suppressed by the peptide inhibitors,
suggesting the inhibitory effects of the peptides on UB transfer
from Uba1 and UbcH5B to CHIP. In contrast, the stapled
version of M2 peptides did not show significant inhibition of
CHIP polyubiquitination at the same peptide concentration
(Figure 2c). We thus further characterize the activity of the
stapled sulfono-γ-AA peptides to inhibit CHIP-mediated
ubiquitination of cyclin-dependent kinase 4 (CDK4) in vitro
and in the cell. CDK4 was previously identified as a CHIP

substrate with the OUT cascade of the E3 constructed by
engineering specific interactions between theN-terminal helix of
UbcH5B with the UFD domain of Uba1 and the U-box domain
of CHIP.45

Activities of the Designed Stapled Peptides in
Inhibiting CHIP-Mediated Ubiquitination of CDK4 In
Vitro and in the Cell. To determine whether stapled mimetics
could regulate the ubiquitination of CDK4, we incubated all
stapled peptides at a concentration of 10 or 50 μM in a
reconstituted reaction with Uba1, UbcH5B, CHIP, CDK4, and
HA-tagged UB. As shown in Figure 3a,M1−S1 andM1−S2 are
highly effective at inhibiting ubiquitin transfer to substrate
protein CDK4 by blocking its monoubiquitination catalyzed by
CHIP, whereas other peptides showed no inhibitory activity of
CDK4 monoubiquitination compared to the control reaction
without adding the peptides. We then assayed if the two stapled
peptides would affect the ubiquitination of CDK4 in the cell. We
incubated HEK293T cells with 10 or 50 μMM1−S1 orM1−S2
for 14 h, respectively. Then, we added MG132, a proteasome
inhibitor, to suppress the degradation of ubiquitinated proteins
in the cell and collected the total cell lysate to analyze the
ubiquitination levels of substrate proteins by western blotting
probed with an anti-UB antibody. Consistently, both stapled
peptides could significantly inhibit the ubiquitination of CDK4
in the cell compared to the control reaction with no peptides
added (Figure 3b). These results suggest that the designed
peptide can function as an inhibitor of the UB transfer cascade to
block the ubiquitination of E3 substrates.

Figure 3. Effect of stapled sulfono γ-AA peptides on the monoubiquitination of CHIP substrate CDK4 in vitro and in the cell. (a)Measuring the effects
of stapled peptides on CDK4 ubiquitination in vitro. The ubiquitination reaction contains 10 or 50 μM peptides incubating with the Uba1-UbcH5B-
CHIP cascade and CDK4 as the CHIP substrate.M1−S1 andM1−S2 showed significant inhibition of the CDK4 ubiquitination in the reconstituted
reaction. CDK4-UB, monoubiquitinated CDK4. CDK4-(UB)n, polyubiquitinated CDK4. (b)Measuring the effects ofM1−S1 andM1−S2 on CDK4
ubiquitination in HEK293 cells.M1−S1 andM2−S2 inhibited the ubiquitination of CHIP substrate CDK4 in HEK293T cells. Each peptide of 0, 10,
and 50 μM concentration was incubated with HEK293T cells for 14 h, and cells were treated with the proteasome inhibitor MD132 for another 12 h.
The cells were harvested, and CDK4 was immunoprecipitated with an anti-CDK4 antibody from the cell lysate. The ubiquitination levels of CDK4
weremeasured by western blots probed with an anti-UB antibody. The images for the immunoblotting of CDK4 andCHIP indicated the equal input of
total proteins. β-Actin was used an internal reference to confirm the equal loading of the cell lysate in each well.
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Binding Affinities of the Stapled Peptides with Uba1.
We conducted a fluorescence polarization (FP) assay tomeasure

the binding affinity of stapled peptides with Uba1 (E1),
UbcH5B (E2), and CHIP (E3), respectively. We also include

Figure 4. Specific binding ofM1−S1 andM1−S2with Uba1. (a) C-terminally FITCylatedM1−S1 andM1−S2 bound to Uba1 withKd values of 0.72
± 0.17 and 0.63 ± 0.21 μM, respectively. Binding affinity was assessed by FP assays. Error bars = standard deviation from three independent
experiments. (b) Fluorescent bead binding assay showed that FITCylatedM1−S1 andM1−S2 exhibited no non-specific binding to Ni-NTA beads
(first row), selective binding to His-tagged Uba1-coated beads (second row), and no non-specific binding to beads coated with His-tagged UbcH5B or
His-tagged CHIP (third and fourth row). TLM, transmission light microscopy. (c) No inhibitory activity of the M1−S1 and M1−S2 peptides was
found when pre-ubiquitinated E2 was used to support CHIP self-ubiquitination. The ubiquitination reaction contains 0, 10, or 50 μMconcentration of
peptides incubating with UB-UbaH5B and CHIP. CHIP-UB, monoubiquitinated CHIP. CHIP-(UB)n, polyubiquitinated CHIP. (d) Measuring the
effects ofM1−S1 andM1−S2 on CDK4 ubiquitination in HEK293 cells with overexpressed CHIP.M1−S1 andM1−S2 inhibited the ubiquitination
of CHIP substrate CDK4 despite the enhanced levels of CHIP.
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linear peptideM1 as a control. As shown in Figures 4a and S3a,
M1−S1 and M1−S2 have Kd values of 0.72 and 0.63 μM,
respectively, for binding to Uba1, while no binding of the
peptides with UbcH5B and CHIP was detected. Besides, in a
fluorescence microscopy-based qualitative binding assay,46

fluorescein isothiocyanate (FITC)-labeled peptides were
incubated with Ni-NTA beads preloaded with His-tagged
Uba1, His-tagged Ubch5B, or His-tagged CHIP, respectively,
and then, the beads were isolated by centrifugation and
visualized. Consistently, Uba1-coated beads showed robust
green fluorescence, suggesting a strong binding with the FITC-
labeled peptides, whereas no binding was found between the
peptide and beads immobilized with UbcH5B or CHIP or
between linear peptideM1 and Uba1-coated beads (Figures 4b
and S3b).
To further confirm that the peptides targeted E1 specifically,

we tested in vitroUB transfer to CHIP from UbcH5B preloaded
with UBwhile free UB or Uba1 were excluded from the reaction.
As expected, no inhibition on self-ubiquitination of CHIP was
observed in the presence of various concentration of D-sulfono-
γ-AA peptides since the E2 enzyme UbcH5B is preloaded with
UB and UB is no longer dependent on Uba1 for transferring to
CHIP (Figure 4c). Moreover, while assaying CDK4 ubiquiti-
nation in HEK293 cells, we found a strong inhibitory effect of
the M1−S1 and M1−S2 peptides on the ubiquitination of
CDK4, despite the overexpression of CHIP in the cell. This
suggests that the UB transfer cascade was blocked at the E1−E2
interface before UB could reach CHIP and its substrate proteins
(Figure 4d). All these results demonstrated that stapled peptides
M1−S1 and M1−S2 were effective in inhibiting the protein
ubiquitination cascade by binding with Uba1, the E1 enzyme,
and blocking UB transfer from E1 to E2.
Inhibition of UB Transfer to Different Types of E2

Enzymes. To assess the generalized inhibitory capacity of our
peptides, we performed UB transfer assays in vitro with different
types of E2 enzymes, including UbcH5B and UbcH7. As shown
in Figure 5, M1−S1 and M1−S2 could significantly inhibit the
formation of E2∼UB conjugates at 50 μM concentration of the
peptide. This proves that the stapled peptides would dock to E1
and disrupt E1−E2 interaction.
Circular Dichroism Measurements. To assess the

conformational advantage of our sulfono-γ-AA peptide-based
peptidomimetics, circular dichroism (CD) studies were then
conducted to analyze the helical propensity of the peptides. The
studies were carried out in PBS buffer, and the spectra were
recorded between 190 and 260 nm. For comparison, the natural
peptide N1 was included as a control. As shown in Figure 6, N1
exhibited double minima at 204 and 222 nm, indicating that it
adopted the α-helical conformation. In contrast, all our D-
sulfono-γ-AA peptides showed a single minimumof∼210 to 215
nm, revealing their right-handed helical conformation (it should
be noted that the CD signatures of the helical α-peptide and D-
sulfono-γ-AA peptides are completely different due to their
distinct molecular scaffolds), which demonstrated their ability to
mimic the E2 α-1 helix. Besides, a more pronounced minimum
ofM1−S1 at 215 nm compared to that of the linear peptideM1
or stapled peptide M1−S2 suggested that M1−S1 adopted a
more well-defined helical structure in solution.
Peptide Aggregation Propensity. The aggregation of

peptides could be a hurdle for developing peptides with
therapeutic activities. We thus first evaluated the peptide
aggregation propensity of M1−S1 and M1−S2 by 1H NMR.
As shown in Figure S4, the spectra ofM1−S1 orM1−S2 showed

a practically unchanged general appearance within 24 h. A
significant signal shift happened only after 10 days, which
indicates that although our peptide aggregation increased with
the time, it is insignificant at the experimental condition.We also
tested the effect of the detergent or salt on the peptide
aggregation. When we incubated the FITC-labeled peptide
M1−S1 orM1−S2 in PBS buffer with 1% F68, the fluorescence
intensities of the peptides were stable with the increasing time,
while the fluorescence intensities of the peptides diminished
dramatically when they were in PBS buffer without 1% F68
(Figure S4c). This suggests that the aggregation of the peptides
was insignificant in the presence of the detergent. Since our
binding and functional assays were carried out in the presence of
the detergent, we concluded that the designed γ-AA peptides
were not prone to aggregation.

Non-specific Membrane Disruption Assays. We per-
formed a hemolytic assay of peptidesM1−S1 orM1−S2 against
human red blood cells (hRBCs) to rule out the potential side
effect of the peptides in disrupting cell membranes. As shown in
Figure S5a, our peptides did not disrupt the red blood cell

Figure 5. PeptidesM1−S1 andM1−S2 inhibit UB transfer from E1 to
E2 enzymes, UbcH5B and UbcH7. HA-UB was used for UB transfer
between E1 and E2 and the formation of the E2−UB conjugate was
probed using an anti-HA antibody. di-UB, UB dimer formed by the E1
and E2 enzymes.

Figure 6. CD spectra of the linear D-sulfono γ-AA peptideM1, stapled
D-sulfono γ-AA peptidesM1−S1 andM1−S2, and control peptideN1,
as measured at 100 μM, room temperature in PBS buffer.
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membrane up to a concentration of 400 μM.We then conducted
a membrane disruption assay on HEK 293 cells by imaging the
cells using confocal microscopy. We incubated the peptides with
HEK293 cells for 24 h and then stained the cells with 4′,6-
diamidino-2-phenylindole (DAPI) and propidium iodide (PI).
DAPI is a cell-permeable blue dye regardless of cell viability, and
PI is a red dye that only gets into cells when the cell membranes
are disrupted. We found no red fluorescence in the PI channel
after treating the cells with up to a 100 μM concentration of the
peptides (Figure S5b), suggesting the peptides would not
disrupt the mammalian cell membranes.
Cell Permeability Assays. In order to evaluate cell uptake,

we incubated HEK 293 cells with different concentrations of
each FITC-labeled peptide, followed by confocal imaging. The
peptides we designed showed an excellent cell uptake under all
tested concentrations. The results are shown in Figure S6.
Enzymatic Stability and Serum Stability Study. A

distinctive characteristic of our peptidomimetics compared with
canonical peptides is their remarkable resistance to enzymatic
degradation. To assay the stability of the γ-AA peptides in the
presence of a protease, we incubated them with 0.1 mg/mL
pronase at 37 °C for 24 h. High-performance liquid
chromatography (HPLC) and mass spectrometry (MS) of the
peptides before and after the exposure to pronase showed that
the peptides are resistant to protease cleavage (Figure S7). We
also incubated the γ-AA peptides in the human serum for 24 h
and confirmed their stability (Figure S8). The superior stability
of our sulfono-γ-AA peptide-based peptidomimetics potentiates
their use as therapeutic agents.

■ DISCUSSION
This work demonstrated that α-helical γ-AA peptides with
strategically positioned side chains can compete with the native
N-terminal helix of the E2 enzyme as an essential component of
E1−E2 interaction. By blocking the PPIs between E1 and E2,
the designed γ-AA peptides with staples for enforcing an α-
helical confirmation can inhibit UB transfer through the cascade
enzymes and suppress protein ubiquitination in the cell. So far,
several E1 inhibitors targeting UB activation by Uba1 have been
developed, including TAK-243, largazole, and PYR-41.11 TAK-
243 is a mechanism-based inhibitor that reacts with the C-
terminal Gly of UB while it is bound to the catalytic Cys residue
of E1 through a thioester bond. The resulting UB-TAK-243
conjugate would occupy the UB and ATP-binding site of Uba1
and inhibit its activation of more UBmolecules.47,48 Largozole is
a macrocyclic marine natural product that inhibits UB
condensation with ATP at the E1 active site to form UB−
adenylate conjugates so that UB cannot be activated to form a
thioester conjugate with the E1.49,50 PYR-41 forms a covalent
adduct with the catalytic Cys residue of Uba1 to block the
formation of the E1−UB conjugate.51 These inhibitors all target
UB activation and formation of E1−UB thioester conjugates,
and there is less development of inhibitors targeting the E1−E2
interface to block UB transfer through the cascade enzymes. It
was found that short peptides identified by phage selection to
mimic the interaction of UB with Uba1 can be activated by Uba1
for the formation of thioester conjugates with E2 andHECTE3s
to block UB transfer to the cascade enzymes.52 Recently,
Walensky’s group reported a stapled peptide that would mimic
the binding of N-terminal helix of E2 with Uba1.46 The study
demonstrated the activity of the stapled peptide inhibiting
protein ubiquitination in reconstituted reactions in vitro.

However, unnatural peptidic foldamers targeting the same PPI
interface have not been reported before.
The sulfono-γ-AA peptide, as a new class of helical foldamers,

was successfully employed to mimic the protein helical domain
and modulate a series of medicinally relevant PPIs. In this study,
we employed the strategy of right-handed D-sulfono-γ-AA
peptide helical foldamers tomimic theN-terminal α1-helix of E2
on the basis of the modeled structure of E2 bound to the UFD
domain of E1. As the most critical residues of the E2 α1 helix
were involved in binding with E1, a fewD-sulfono-γ-AA peptides
with Lys side chains at 3a and 5a were designed to reproduce the
interaction of the K5 and K9 residues in the native N-terminal
helix of E2 with the binding interface of E1. For side chains of D-
sulfono-γ-AA peptides not directly involved in the interaction
with E1, we designed residues to facilitate the corresponding
interactions and contribute to the stability and cell permeability
of the designed peptides. The design was considerably successful
as the stapled peptidomimetics, M1−S1 and M1−S2, were
discovered and demonstrated excellent inhibitory activity
toward the ubiquitination cascade.
Overall, our work designed a few stapled sulfono-γ-AA

peptides to block the PPI at the E1−E2 interface and verified the
activities of designed foldameric inhibitors in suppressing the
ubiquitination of E3 substrate proteins in the cell. We have thus
developed a new peptidomimetic scaffold with proven cellular
activities to expand the drug discovery platform targeting UB
transfer for the treatment of various diseases, including cancer
and neurodevelopment and degenerative diseases. Since the
cascade enzyme for the transfer of UB and UB-like (UBL)
proteins such as SUMO and Nedd8 share similar E1−E2
interfaces, we envision that the γ-AA peptides can be further
developed to target the transfer of UBL proteins in the cell.53−56

■ CONCLUSIONS
We have successfully designed D-sulfono-γ-AA peptide-based
helical foldamer mimetics of the N-terminal α-helix of E2.
Applying an activity screening and structure optimization
workflow, we identified stapled peptidomimetics M1−S1 and
M1−S2 as the most potent inhibitors of Uba1. In a panel of
complemental assays, we confirmed that they compete with E2s
in binding with Uba1 to disrupt the UB transfer reaction.
Furthermore, the CD measurements and stability study also
suggested that our peptidomimetics adopt stable right-handed
helical conformations with a remarkable enzymatic resistance.
Thus, our design of sulfono-γ-AA peptides has provided a useful
strategy for the development of peptidomimetics to inhibit UB
transfer cascades in the cell.

■ EXPERIMENTAL SECTION
Reagents. Fmoc-protected amino acids were purchased from

Chem-Impex (Wood Dale, IL). Rink amide MBHA resin (loading 0.4
mmoL/g) was used for the solid-phase synthesis of D-sulfono-γ-AA
peptides and was purchased fro GL Biochem. All solvents and other
chemical reagents used for building blocks synthesis were obtained
from commercial suppliers and used without purification unless
otherwise indicated. The D-sulfono-γ-AA peptides were purified and
analyzed on a Waters Breeze 2 HPLC system installed with both an
analytic module (1 mL/min) and a preparative module (16 mL/min)
by employing a method using a 5−100% linear gradient of solvent B
[0.1% trifluoroacetic acid (TFA) in MeCN] in solvent A (0.1% TFA in
H2O) over 45 min, followed by 100% solvent B over 5 min. All
compounds are >95% pure according to analytical HPLC. The
molecular weight of each peptide was confirmed by high-resolution
mass spectrometry (HRMS) obtained from an Agilent 6220 using
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electrospray ionization time-of-flight (ESI-TOF). 1H NMR and 13C
NMR spectra were recorded at 150 MHz using TMS as the internal
standard. CDCl3 or DMSO-d6 was used as the solvent. The following
abbreviations are used to describe peak pattens where appropriate: br =
broad, s = singlet, d = doublet, t = triplet, q = quartet, andm =multiplet.
Coupling constants (J) are reported in Hertz (Hz).

XL1 Blue cells were obtained from Agilent Technologies (Santa
Clara, CA, USA). BL21 (DE3) pLysS chemical competent cells were
obtained from Invitrogen for protein expression. pET-15b and pET-28a
plasmids for protein expression were from Novagen (Madison, WI,
USA). Uba1, UbcH5b, the full-length proteins of CHIP, UB, and
CDK4 were expressed from pET28a-Uba1, pET15b-UbcH5b, full-
length pET28a-Flag-CHIP, pET15b-UB, and pET28a-CDK4 plasmids,
respectively. HEK 293T cells and HEK 293 cells were purchased from
American Tissue Culture Collection (ATCC) and cultured in high-
glucose Dulbecco’s modified Eagle medium (DMEM) (Life Tech-
nologies, Carlsbad, CA, USA, 11965092) with 10% (v/v) fetal bovine
serum (FBS) (Life Technologies, 11965092). The anti-CHIP antibody
(sc-133066), anti-UB antibody (sc-8017), anti-CDK4 antibody (sc-
23896), and anti-β-actin (sc-47778) were obtained from Santa Cruz
Biotechnology. These antibodies were diluted between 500- and 1000-
fold to probe the western blots. The anti-Flag M2 antibody was
purchased from Sigma-Aldrich and was diluted 2000-fold for western
blotting. The DAPI and PI were also purchased from Sigma-Aldrich.
hRBCs were obtained from the Moffitt Cancer Center in Tampa.
Synthesis of D-Sulfono-γ-AA Building Blocks. The sulfono-γ-

AA building blocks were synthesized based on a previous report, as
shown in Figure S9.37 Among them, building blocks 1−3 and 6 were
synthesized based on route A, building blocks 4 and 5 were synthesized
based on route B, and building block 7 was synthesized based on route
C.
(R)-N-(2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-5-(tert-

butoxy)-5-oxopentyl)-N-(isobutylsulfonyl)glycine (2). 1H NMR (600
MHz, CDCl3): δ 7.75 (d, J = 8.0 Hz, 2H), 7.60 (t, J = 6.8 Hz, 2H), 7.39
(t, J = 7.3 Hz, 2H), 7.32 (d, J = 7.4 Hz, 2H), 5.37 (d, J = 8.6 Hz, 1H),
4.77−4.51 (m, 1H), 4.53−4.37 (m, 1H), 4.37−4.18 (m, 3H), 4.12−
4.01 (m, 1H), 3.95−3.77 (m, 1H), 3.39 (dd, J = 14.7, 9.1 Hz, 1H), 3.29
(dd, J = 14.7, 5.2 Hz, 1H), 3.07−2.90 (m, 2H), 2.42−2.23 (m, 3H),
1.96−1.82 (m, 1H), 1.74−1.58 (m, 1H), 1.44 (s, 9H), 1.08 (dd, J = 6.7,
3.3 Hz, 6H). 13C NMR (151 MHz, CDCl3): δ 173.2, 172.2, 157.2,
143.9, 141.4, 127.8, 127.2, 125.4, 120.1, 81.2, 67.3, 60.5, 51.0, 48.7,
47.5, 47.2, 31.9, 28.2, 24.9, 22.7, 22.7. HRMS (ESI) ([M + H]+) calcd
for C30H41N2O8S, 589.2584; found, 589.2590.
(S)-N-(2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(tert-

butoxy)propyl)-N-(isobutylsulfonyl)glycine (6). 1H NMR (600 MHz,
CDCl3): δ 7.76 (d, J = 7.5 Hz, 1H), 7.67−7.56 (m, 1H), 7.47−7.35 (m,
2H), 7.35−7.28 (m, 1H), 5.54 (d, J = 8.3 Hz, 1H), 4.46−4.36 (m, 1H),
4.35−4.28 (m, 1H), 4.27−4.20 (m, 1H), 4.17−4.08 (m, 1H), 3.99−
3.86 (m, 1H), 3.60−3.47 (m, 1H), 3.47−3.36 (m, 1H), 2.99 (d, J = 6.6
Hz, 1H), 2.37−2.23 (m, 1H), 1.19 (s, 6H), 1.09 (d, J = 6.0 Hz, 5H). 13C
NMR (151 MHz, CDCl3): δ 172.7, 156.8, 143.9, 141.4, 127.8, 127.3,
125.4, 120.1, 73.8, 67.3, 61.3, 60.3, 49.3, 48.9, 48.1, 47.2, 27.6, 24.9,
22.8. HRMS (ESI) ([M + H]+) calcd for C28H39N2O7S, 547.2478;
found, 547.6481.
(R)-N-(2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-6-((2-

nitrophenyl)sulfonamido)hexyl)-N-(methylsulfonyl)glycine (7). 1H
NMR (600 MHz, DMSO): δ 12.85 (s, 1H), 8.06 (t, J = 5.7 Hz, 1H),
8.02−7.93 (m, 2H), 7.91−7.81 (m, 4H), 7.67 (t, J = 6.9 Hz, 2H), 7.47−
7.35 (m, 2H), 7.31 (t, J = 7.4 Hz, 2H), 7.11 (d, J = 9.1 Hz, 1H), 4.37−
4.28 (m, 2H), 4.20 (t, J = 6.8Hz, 1H), 3.95 (s, 2H), 3.63−3.50 (m, 1H),
3.22 (dd, J = 14.5, 5.3 Hz, 1H), 3.08 (dd, J = 14.5, 8.7 Hz, 1H), 2.91 (s,
3H), 2.89−2.79 (m, 2H), 1.46−1.29 (m, 3H), 1.26−1.19 (m, 2H). 13C
NMR (151 MHz, DMSO): δ 170.8, 155.9, 147.8, 143.9, 140.7, 133.9,
132.8, 132.6, 129.4, 127.6, 127.0, 125.1, 124.3, 120.1, 65.1, 51.1, 49.5,
48.3, 46.8, 42.6, 31.2, 29.0, 22.4, 20.8. HRMS (ESI) ([M + H]+) calcd
for C30H35N4O10S2, 675.1795; found, 675.1793.

Others are characterized in our previous work.37

Preparation of the E2 Alpha-1 Helix. The synthesis of the E2
alpha-1 helix was carried out on 200 mg of Rink amide resin (0.4
mmoL/g) at room temperature. A scheme could be found in Figure

S10. Specifically, the resin was soaked in dimethylformamide (DMF)
for 10 min, and then, the Fmoc group was removed by 20% piperidine
in DMF solution (15 min ×2). After a thorough wash with dimethyl
carbonate (DMC) andDMF, the Fmoc-protected amino acid (2 equiv)
was coupled to the resin under the condition of DIC (4 equiv) and
HOBt (4 equiv) in DMF for 4 h. Then, the resin was washed with DMF
and dichloromethane (DCM) and treated with 20% piperidine in DMF
solution again, followed by coupling with the next amino acid. This
reaction cycle was repeated until the desired peptides were synthesized.
After removing the last Fmoc group, the N-terminus of the sequence
was capped with acetic anhydride (2 mL) in pyridine (4mL) two times.
Then, the peptides were cleaved from the resin by the solution of TFA/
DCM (4 mL, 1:1, v/v) and purified using the Waters HPLC system.

Preparation of Linear D-Sulfono-γ-AA Peptides. The synthesis
of linear D-sulfono-γ-AA peptides was carried out on 200 mg of Rink
amide resin (0.4 mmoL/g) at room temperature. A scheme could be
found in Figure S10. Specifically, the resin was soaked in DMF for 10
min, and then, the Fmoc group was removed by 20% piperidine in DMF
solution (15 min ×2). After a thorough wash with DMC and DMF, the
sulfono-γ-AA building block (2 equiv) was coupled to the resin under
the condition of DIC (4 equiv) and HOBt (4 equiv) in DMF for 4 h.
Then, the resin was washed with DMF and DCM and treated with 20%
piperidine in DMF solution again, followed by coupling with the next
sulfono-γ-AA building block. These cycles were repeated until the
desired sulfono-γ-AA peptides were synthesized. After removing the last
Fmoc group, the N-terminus of the sequence was capped with acetic
anhydride (2 mL) in pyridine (4 mL) two times. Then, the peptides
were cleaved from the resin by the solution of TFA/DCM (4 mL, 1:1,
v/v) and purified using the Waters HPLC system.

Preparation of Stapled D-Sulfono-γ-AA Peptides. The syn-
thesis of stapled D-sulfono-γ-AA peptides was carried out on 250 mg of
Rink amide resin (0.4 mmoL/g) at room temperature. As shown in
Figure S10, after capping the N-terminus of the sequence with acetic
anhydride, the ο-NBS was removed by DBU (10 equiv) and 2-
mercaptoethanol (5 equiv) in DMF for 30 min, followed by the
addition of a solution of terephthaloyl chloride (1 equiv) and N,N-
diisopropylethylamine (DIPEA) (10 equiv) in DCM, and after the
mixture was shaken for 1 h, the stapled peptides were cleaved from the
resin by the solution of TFA/DCM (4 mL, 1:1, v/v) and purified using
the Waters HPLC system.

Preparation of the FITC-Labeled E2 Alpha-1 Helix and D-
Sulfono-γ-AA Peptides. After attaching the last amino acid or
sulfono-γ-AA building block, the Fmoc protecting group was then
removed, and Fmoc-protected β-Ala-OH (2 equiv), DIC (4 equiv), and
HOBt (4 equiv) were added. The mixture was shaken for 2 h, and then,
the Fmoc group was removed, and FITC (1.2 equiv) in 3 mL of DMF
andDIPEA (10 equiv) were added to the resin. After shaking overnight,
the resin was washed with DMF and DCM, and then, the FITC-labeled
peptide was cleaved by 1:1 (v/v) DCM/TFA. The crude was purified
using the Waters HPLC system, and the detailed structures can be
found in Table S1.

FP Assays to Measure the Binding Affinity of the E2 Alpha-1
Helix or D-Sulfono-γ-AA Peptides to Uba1, UbcH5A, and CHIP.
The binding affinity (Kd) of the peptides were measured by FP. Briefly,
a constant amount of the 50 nM FITC-labeled peptide was incubated
with a serial dilution of protein in binding buffer [20 mM HEPES pH
7.4, 50 mMNaCl, 5 mM dithiothreitol (DTT), 1% F68]. The Kd values
was calculated using the following equation, in which the Lst and x refer
to the concentrations of the peptide and protein, respectively.

Fluorescent Bead Binding Assay. Each His-tagged protein (10
μg) was incubated with Ni-NTA agarose beads (50 μL) (Invitrogen,
catalog no. R90110) in PBS (1% F68) for 30 min, respectively. The
beads were then incubated with the FITC-labeled peptide (10 μM) for
30 min, isolated by benchtop centrifugation (2000g), resuspended in
PBS for plating in a 96-well plate format, and imaged using an Olympus
FV1000 MPE multiphoton laser scanning microscope.

In Vitro UB Transfer Assays with Different E2 Enzymes. UB
transfer assays were conducted in a 50 μL reaction buffer supplemented
with 50 mM Tris, 5 mMMgCl2, 5 mM ATP, and 1 mM DTT. A 10 or
50 μM concentration of each peptide was incubated with 0.5 μM wt
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Uba1, 0.5 μMwt UbcH5b, or UbcH7 at 37 °C for 30 min before 1 μM
wt UB was added to initiate the UB transfer reaction. The reactions
were incubated for another 30 min h at 37 °C and then quenched by
boiling in the sample loading buffer of sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS-PAGE) without DTT for 5
min and analyzed by SDS-PAGE and western blotting probed with the
anti-HA antibody.
Circular Dichroism. The CD spectra of peptides were measured in

PBS at a concentration of 100 μM by using an Aviv 215 CD
spectrometer with a 1 mm path length quartz cuvette. Ten scans were
averaged for each sample, and three independent experiments were
conducted. The final spectra were normalized by subtracting the
average blank spectra. Molar ellipticity [θ] (deg cm2 dmol−1) was
calculated using the following equation

n c/( I 10)obs[ ] = × × ×

where θobs is the measured ellipticity in millidegree, n is the number of
side groups, I is the path length in centimeters (0.1 cm), and c is the
centration of the peptide in molar units.
Peptide Aggregation Assay. 1H NMR experiments were

performed at 25 °C on a Varian Unity Inova 600 MHz spectrometer
with the peptide concentration of 1 mM in D2O. The samples were
gently agitated, by manual swirling, until the solution appeared visually
homogeneous, and 450 μL of each sample was transferred to disposable
5 mm NMR tubes. The spectra were then acquired at different times.

For the detergent assays, we dissolved the peptides in 1× PBS buffer
with or without 1% F68 as a detergent to a final concentration of 1 mM,
and then, the fluorescence intensities of the peptides were obtained by
using a microplate reader.
Cell Permeability Assay. HEK 293 cells were cultured in 6-well

plates and allowed to attach to the bottom of the plate overnight. Then,
appropriate amounts of FITC-labeled peptides dissolved in DMEM
were added to the cells to final concentrations of 1, 10, and 20 μM. The
cells were incubated with the peptides for 4 h at 37 °C and 5% CO2.
After incubation, cells were washed three times with PBS and stained
with DAPI (10 μg/mL) for 10 min, and then, it was washed with PBS
twice and fixed with methanol for 5 min. They are then washed two
times with PBS and imaged using an Olympus FV1000 MPE
multiphoton laser scanning microscope.
Hemolytic Assay. Hemolytic activity was determined by

incubating suspensions of hRBCs with serial dilutions of each peptide.
hRBCs were rinsed several times in PBS, followed by centrifugation at 4
°C/700g for 10 min. Then the supernatants were removed, and the
remaining hRBCs were diluted with PBS buffer in a 1:20 ratio. Then, 50
μL of the diluted hRBC was added to the prepared 96-well microplate,
which contains different concentrations of each peptide. The PBS-
treated hRBC is the negative control, and hRBC treated with 1% Triton
was the positive control. Then, the 96-well microplate was incubated at
37 °C for 1 h and centrifuged at 4 °C/3500 rpm for 10 min. 100 μL of
PBS buffer was added to a new 96-well microplate, and 30 μL of the
supernatant from the centrifuged solution was transferred to the new
96-well microplate. The absorbance was measured at 540 nm. The
hemolysis percentage was calculated as (AbbsSample − Abbsbuffer)/
(AbbsTriton − Abbsbuffer) × 100%, where Abbs is the absorbance
detection at 540 nm. The experiment was performed in duplicate and
repeated independently three times.
Membrane Disruption Assay.HEK 293 cells were cultured in six-

well plates and allowed to attach to the bottom of the plate overnight.
Then, it was digested with 0.25%Trypsin and transferred to a centrifuge
tube, followed by the centrifugation at 800 rpm for 5 min. The
supernatant was removed, and the cells were washed with PBS twice.
Then, the appropriate amounts of peptides dissolved in DMEM were
added to the cells to final concentrations of 10, 50, and 100 μM. The
cells were incubated with the peptides for 1 h at 37°. After the
incubation, the tube was centrifuged, and the supernatant was removed.
The cells were washed three times with PBS and stained with PI (10 μg/
mL) for 10 min. After centrifugation and removing the supernatant, the
cells were washed with PBS twice and fixed with methanol for 5 min.
Then, it was stained with DAPI (10 μg/mL) for 10 min, followed by
washing with PBS twice, and transferred to a new six-well plates. They

are then washed twice with PBS and imaged using an Olympus FV1000
MPE multiphoton laser scanning microscope.

Enzymatic Stability Study. A 0.1 mg/mL concentration of the
peptide was incubated with 0.1 mg/mL pronase in 100mM ammonium
bicarbonate buffer (pH 7.8) at 37 °C for 24 h. The reaction mixture was
concentrated in a speed vacuum to remove the water and ammonium
bicarbonate. The remains were dissolved in 100 μL of H2O/CH3CN
(1:1, v/v) and analyzed using aWaters analytical HPLC system with a 1
mL/min flow rate and a 5−100% linear gradient of solvent B (0.1%
TFA in acetonitrile) in A (0.1% TFA in water) over the duration of 50
min. The UV detector was set to 215 nm.

Serum Stability Assay. The serum stabilities of peptides were
determined in 50% (v/v) aqueous pooled serum from human male AB
plasma (Sigma-Aldrich, Milan, Italy). 1 mg of the peptide was dissolved
in 50 μL of H2O and then diluted in serum and incubated at 37 °C for
24 h. Then, 100 μL of the solution was added to 100 μL of CH3CN on
ice for 15 min and was centrifuged at 4 °C for 10 min. The supernatant
was then analyzed using aWaters analytical HPLC system with a 1 mL/
min flow rate and a 5−100% linear gradient of solvent B (0.1% TFA in
acetonitrile) in A (0.1%TFA in water) over the duration of 50min. The
UV detector was set to 215 nm.

Proteins Expression from Recombinant pET Plasmids.
Recombinant pET plasmids for the expression of Uba1, UbcH5B,
CHIP full length, UB, and CDK4 were transformed into BL21 cells and
cultured in 2XYT broth with kanamycin (70 mg/mL) at 37 °C until the
OD600 value of the media is within the range of 0.6−0.8. 1 mM IPTG
was added to the cell culture to induce the expression, and the cell
culture was incubated overnight under 15 °C with agitation before the
cells were harvested by centrifugation (5000 rpm, 4 °C, 30 min). Cells
were resuspended in 5−10 mL of lysis buffer (50 mM NaH2PO4, 300
mM NaCl, 10 mM imidazole, pH 8.0) with the addition of 2 mg/mL
lysozyme (Alfa Aesar), and themixture was incubated on ice for 30min.
The cell resuspension was sonicated on ice, the resulting cell lysate was
centrifuged (10,000 rpm, 4 °C, 25 min), and the supernatant was
collected to bind with Ni-NTA beads (BioVision, cat. 6562-100)
overnight at 4 °C. The protein was purified using a gravity-flow column
with washes by 20mL of lysis buffer (50mMNaH2PO4, 300mMNaCl,
5 mM imidazole, pH 8.0) once and 20 mL of wash buffer (50 mM
NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0) twice, followed
by an elution with 5 mL of elution buffer (50 mM NaH2PO4, 300 mM
NaCl, 250 mM imidazole, pH 8.0). The eluted protein solution was
further dialyzed overnight at 4 °C in a dialysis buffer (50 mM Tris, 150
mM NaCl, 1 mM DTT, pH 7.5) and concentrated. Then, the
concentration was measured using a Bradford assay according to the
vendor’s protocol (Bio-Rad). The success of the expression was
confirmed via western blotting and Coomassie staining of the SDS gel,
and the yield of the purified protein was assessed using a standard
Bradford assay and taken as the total protein concentration.

In Vitro Assay to Measure the Effect of the D-Sulfono-γ-AA
Peptides on CHIP Self-Ubiquitination and CDK4 Ubiquitina-
tion. All assays were set up in 50 μL of reaction buffer supplemented
with 50 mM Tris, 5 mMMgCl2, 5 mM ATP, and 1 mM DTT. A 10 or
50 μM concentration of each peptide was incubated with 1.0 μM wt
Uba1, 1.0 μMwt UbcH5B, and 0.5 μMwt N-terminal Flag-tagged full-
length CHIP at 37 °C for 30 min before 5 μMwt UB was added to start
the UB transfer reaction. The reactions were incubated for another 1 h
at 37 °C and then quenched by boiling in the sample loading buffer of
SDS-PAGE with DTT for 5 min and analyzed by SDS-PAGE and
western blotting probed with the anti-Flag antibody. In the CDK4
ubiquitination assay, CDK4 was added to the reaction mixture (Uba1,
UbcH5B, CHIP, andUB) for a 2 h reaction at 37 °C and then quenched
by boiling in the sample loading buffer of SDS-PAGE with DTT for 5
min and analyzed by SDS-PAGE and western blotting probed with anti-
CDK4.

In Cell-Based Assay to Measure the Inhibitory Effect of M1−
S1 and M1−S2 on CDK4 Ubiquitination. HEK293T cells were
preincubated with each peptide at 0, 10, and 50 μM for 14 h and with
0.5 μM MG132 for an additional 12 h. Cells were then washed twice
with ice-cold PBS, pH 7.4, and 1 mL of ice-cold RIPA buffer was added
and incubated with the cells at 4 °C for 10min. The cells were disrupted
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by repeated aspiration through a 21-gauge needle to induce cell lysis,
and the cell lysate was transferred to a 1.5 mL tube. The cell debris was
pelleted by centrifugation at 13,000 rpm for 20 min at 4 °C, and the
supernatant was transferred to a new tube and precleared by adding 1.0
μg of the appropriate control IgG (normal mouse or rabbit IgG
corresponding to the host species of the primary antibody). 20 μL of
suspended Protein A/G PLUS-agarose was added to the supernatant,
and the incubation was continued for 30 min at 4 °C. After this, the cell
lysate containing 2mg of the total protein was transferred to a new tube,
and 30 μL (i.e., 6 μg) of the primary antibody specific for CDK4 was
added. The incubation was continued for 1 h at 4 °C, and 40 μL of
resuspended Protein A/G PLUS-Agarose was added. The tubes were
capped and incubated at 4 °Con a rocking platform overnight. The next
day, the agarose beads were pelleted by centrifugation at 350g for 5 min
at 4 °C. The beads were then washed three times, each time with 1.0 mL
of PBS. After the final wash, the beads were resuspended in 40 μL of 1×
Laemmli buffer with β-mercaptoethanol. The samples were boiled for 5
min and analyzed by SDS-PAGE and western blotting probed with an
anti-UB antibody.
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