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ABSTRACT: Protein−protein interactions (PPIs) intimately govern
various biological processes and disease states and therefore have
been identified as attractive therapeutic targets for small-molecule
drug discovery. However, the development of highly potent
inhibitors for PPIs has proven to be extremely challenging with
limited clinical success stories. Herein, we report irreversible
inhibitors of the human double minute 2 (HDM2)/p53 PPI,
which employ a reactive N-acyl-N-alkyl sulfonamide (NASA) group
as a warhead. Mass-based analysis successfully revealed the kinetics of
covalent inhibition and the modification sites on HDM2 to be the N-terminal α-amine and Tyr67, both rarely seen in traditional
covalent inhibitors. Finally, we demonstrated prolonged p53-pathway activation and more effective induction of the p53-mediated
cell death in comparison to a noncovalent inhibitor. This study highlights the potential of the NASA warhead as a versatile
electrophile for the covalent inhibition of PPIs and opens new avenues for the rational design of potent covalent PPI inhibitors.

■ INTRODUCTION

Protein−protein interactions (PPIs) are key to all signaling
pathways in cells. Thus, controlling PPIs with small molecules is
an attractive therapeutic strategy for a wide range of diseases.1,2

Although there are several successful examples such as Nutlin-
3a3 and its derivative Idasanutlin,4,5 reversible inhibitors of a
human double minute 2 (HDM2)/p53 PPI; the development of
highly potent inhibitors for PPIs has been recognized as one of
the most challenging tasks in drug discovery.1,2 This arises
because PPI interfaces are generally large (∼1000−2000 Å2 per
side) and shallow, making them less susceptible to high affinity
and selective competitive inhibition with small-molecule
ligands.1,6 To overcome the unfavorable thermodynamics in
blocking PPIs, the targeted covalent inhibition of PPIs has
recently been considered as a promising strategy.7 Targeted
covalent inhibitors (TCIs) contain weakly electrophilic war-
heads in the protein ligand scaffold.8 Upon ligand binding, TCIs
can typically react with an amino acid side chain of the target
protein as a consequence of the high effective molarity,
reinforcing the noncovalent affinity and resulting in irreversible
inhibition. Compared to noncovalent inhibitors, TCIs offer
several advantages, including increased potency and prolonged
duration of inhibition. To date, the design strategy for the
established TCIs has focused on targeting cysteine residues near
the ligand binding site because of its high reactivity toward
modest electrophiles, such as acrylamides and chloroaceta-
mides.8−13 Unfortunately, however, PPI interfaces rarely
contain free cysteine residues in an ideal position. Therefore,

appropriate warheads that covalently target residues other than
cysteine are highly desirable for the extension of the TCI
approach to PPI inhibition.
Although still challenging, recent efforts identified several

promising warheads for the rapid and selective covalent
modification of noncysteine amino acids.9−11,14 For example,
aryl sulfonyl fluorides have been used for the covalent inhibition
of PPIs targeting lysine, tyrosine, or histidine residues.15 Our
group also recently demonstrated that ligand-tetheredN-acyl-N-
alkyl sulfonamides (NASAs) efficiently react with the amino
group of a noncatalytic lysine residue of Hsp90 and are
applicable to the TCI approach.16−18 This encouraged us that
the NASA warhead would facilitate the development of effective
TCIs for PPIs exploiting distinct reactivity.
Here, we report NASA-based small-molecule covalent

inhibitors for the HDM2/p53 PPI, a promising therapeutic
target for several types of cancers (Figure 1a).3,19 While two
covalent inhibitors based on stapled peptides for the HDM2/
p53 PPI were recently reported, their modification sites,
mechanisms of action, and target selectivity in a cellular context
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were not fully evaluated.20,21 In this work, we clearly showed that
our optimal covalent inhibitor reacts with the N-terminal amino
group and Tyr67 of HDM2 with rapid kinetics and selectively
disrupts the HDM2/p53 interaction in an irreversible fashion in
cells.

■ RESULTS AND DISCUSSION

Design and Synthesis of Covalent Inhibitors for
HDM2. We employed (±)-Nutlin-3 (a mixture of Nutlin-3a

and -3b, Figure S1),3 a first-in-class reversible HDM2 inhibitor,
as a scaffold for our covalent inhibitor because of its abundant
information on structure−activity relationships and sufficient
affinity (Kd = 0.263 × 10−6 M for the racemic mixture)22

according to a guideline for the ligand-directed covalent
modification of proteins with NASA chemistry.16,17 The
reported cocrystal structure of HDM217−108 with Nutlin-3a
(the more potent enantiomer) (protein data bank (PDB):
4HG7) indicated to us that a targetable lysine (Lys51) for a

Figure 1. Irreversible inhibition of the HDM2/p53 PPI using NASA-appended Nutlin-3. (a) Schematic illustration of the reaction mechanism of the
NASA-based covalent inhibitor. (b) Molecular structures of NASA-based covalent inhibitors 1−3 and acrylamide-based compound 4.

Figure 2. Synthesis scheme of covalent HDM2 inhibitor 1.
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NASA warhead is located at a distance of approximately 11 Å
from the 2-oxopiperazine moiety of Nutlin-3a (Figure S1).
Therefore, we designed covalent HDM2 inhibitor 1 appended
with a NASA group and an ∼12 Å linker (Figure 1b). The 2-
oxopiperazine moiety of (±)-Nutlin-3 was replaced with a
piperazine moiety to connect the NASA warhead. To examine
structure−activity relationships, we also prepared inhibitors 2
and 3 containing a shorter (∼6 Å) and a longer (∼17 Å) linker,
respectively, relative to 1 (Figure 1b). Acrylamide-type inhibitor
4was also synthesized as a control compound that is mostly used
for targeting cysteine. The synthesis of 1 was carried out as
shown in Figure 2. The detailed procedures and synthesis of
other compounds are described in the Supporting Information
(SI). All of the final compounds were fully characterized by
NMR and high-resolution mass spectrometry.
Characterization of the Covalent Modification of

HDM2. We initially tested the covalent modification of
HDM2 with 1−4 in vitro. Recombinant HDM2 N-terminal
domain (1−125 a.a.) with an L33E mutation, for the
improvement of protein stability, was obtained by a standard
bacterial expression protocol (Figure S2). This protein (here-
after referred to as HDM21−125, 1 μM) was incubated with each

covalent inhibitor (3 μM) at 37 °C in PBS buffer (pH 7.4). The
matrix-assisted desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) analysis of HDM21−125 treated
with 1 and 3 gave a new peak corresponding to the addition of
one molecule of the ligand moiety coupled with the loss of N-
cyanomethylbenzenesulfonamide, and 2 afforded negligible
conversion under this reaction condition (Figure 3a and Figure
S3). It was also found that control compound 4 failed to modify
the recombinant HDM21−125 (Figure S3). The time course
analysis showed that the reaction with 1 and 3 is completed
within 2 h, and the covalent modification was significantly
suppressed in the presence of (±)-Nutlin-3 as a competitive
ligand, indicating that the reaction was based on an affinity-
mediated proximity effect (Figure S3).
As for compound 1, we determined the affinity (Kd) and the

rate constant of covalent modification (kinact) using a previously
reported MS-based method (Figure 3b and Figure S4).16 The
obtained Kd value of 1 was 5.7 × 10−7 M, which indicated that
the incorporation of the linker and NASA warhead into the
parent scaffold of (±)-Nutlin-3 (Kd = 0.263 × 10−6 M for a
racemic mixture)22 slightly reduced the binding affinity. The
kinact value of 1 was determined to be 4.8 × 10−4 s−1. Then, the

Figure 3. In vitro characterization of covalent HDM2 inhibition by 1. (a) MALDI-TOF MS analysis of the covalent modification of the recombinant
N-terminal domain of HDM2 (HDM21−125). Reaction conditions: 1 μMHDM21−125, 3 μM 1, PBS buffer, pH 7.4, 37 °C.○, native HDM21−125 (Mw =
14 955);●, covalent adduct of the HDM21−125 with 1 (Mw = 15 703). (b) Kinetic analysis of the covalent modification of HDM21−125 with increasing
concentrations of 1. kapp was determined by the plots shown in Figure S4. Error bars represent the standard deviation, n = 3. (c) Superimposedmodel of
the HDM2 (17−108 a.a.) (gray)−Nutlin-3a (cyan) complex (PDB: 4HG7) with HDM2 (1−118 a.a.) (orange; PDB: 1Z1M). (d) Fluorescence
anisotropy changes in FL-labeled p53 peptide28 (100 nM) upon addition of reversibly or irreversibly inhibited HDM21−125 (M1G) (0.2 to 2000 nM).
Red ●, 1-treated HDM21−125 (M1G) after SEC; blue ■, (±)-Nutlin-3-treated HDM21−125 (M1G) after SEC; green ⧫, (±)-Nutlin-3-treated
HDM21−125 (M1G) without SEC; ▲, nontreated HDM21−125 (M1G). Error bars represent the standard deviation, n = 3.
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second-order rate constant kinact/Kd value for 1 was estimated to
be 8.4 × 102 M−1 s−1, indicating that compound 1would possess
sufficient reactivity for effective covalent inhibition.
The modification sites on HDM21−125 after reaction with

NASA-based covalent inhibitors were identified by MS-based
peptide mapping analysis (Figure S5). Although 1 was designed
to target Lys51, to our surprise the modification reaction
occurred on the α-amino group of the N-terminus and Tyr67 of
HDM21−125 (Figure S6). The N-terminal modification was also
verified by top-down sequencing of HDM21−125 with in-source
decay MALDI-TOF/TOF MS analysis (Figure S8). We also
confirmed that 3 reacts with the N-terminal amine and Tyr67 as
well as with 1 (Figures S5, S7, and S8). A Y67F mutation in
HDM21−125 resulted in the disappearance of the corresponding
Y67-labeled peptide with the remainder of the N-terminally
labeled peptide in the peptide mapping analysis (Figures S9 and
S10), which clearly indicated the modification of Tyr67.23

The N-terminal region of HDM2 is an intrinsically disordered
region that modulates the function of HDM2, and it was
truncated in the cocrystal structural analysis of the HDM2 (17−
108 a.a.)/Nutlin-3 complex.19 Indeed, the N-terminal region of
HDM2 has rarely been observed24 in cocrystal structures, and
the first five residues were never crystallographically resolved.19

We thus made a superimposed model of the HDM2 (17−108
a.a.)/Nutlin-3a complex (PDB: 4HG7) with HDM2 (1−118
a.a.) (PDB: 1Z1M) determined by an NMR study and
confirmed that the N-terminal amino group is likely located in
the vicinity of Nutlin-3a (within ∼12 Å) (Figure 3c). While

Lys51 is also positioned in proximity to the ligand, the lower pKa
value of the N-terminal α-amino group (pKa ≈ 8) compared to
the ε-amino group of a Lys side chain (pKa≈ 10)may contribute
to the regioselectivity of the reaction with the NASA
warhead.25,26 The modification on Tyr67 is also reasonable,
given its distance from Nutlin-3a (∼10 Å) (Figure 3c) and our
recent study on the amino acid selectivity of the NASA
warhead.27

The reaction of NASA-tethered covalent inhibitors toward
the N-terminus and Tyr67 was also evaluated in live HEK293T
cells transiently expressing HDM21−125 or its variants with
probes 5−7 equipped with a clickable alkyne tag in the
(±)-Nutlin-3 scaffold of 1−3, respectively. (See Figure S11 for
their molecular structures and reaction profiles with
HDM21−125.) The cell-based evaluation of modification sites
with 5 and 7was consistent with in vitro experiments using 1 and
3, respectively, that is, these modified the N-terminus and Tyr67
(Figure S12). On the other hand, unlike the case of in vitro
reaction, short linker type compound 6 (an analog of 2) can
covalently bind to the HDM2N-terminal domain in the live cell
context, and the modification site is exclusively the N-terminus.
(See the Figure S12 caption for a more detailed discussion.)
Although these results suggest that 2 and 3 are also promising for
the covalent inhibition of HDM2, they showed serious p53-
independent cytotoxicity (Figure S13) while 1 did not. Since
this study focuses on the development of covalent inhibitors
capable of blocking HDM2−p53 interaction and the evaluation
of how efficient these are for selectively activating the p53

Figure 4. Evaluation of p53 activation in cells by irreversible HDM2 inhibition after compound washout. (a) Illustration of the HDM2/p53 pathway.
(b) Western blotting analysis of p53 activation and up-regulation of HDM2 and p21. Cells were treated with (±)-Nutlin-3 or 1 for 1 h, followed by
washing with media and further incubation for 1.5 or 3 h. Normalized band intensities of (c) p53, (d) HDM2, and (e) p21. Error bars represent the
standard deviation, n = 3.
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pathway in live cells, we determined to use 1 for a more detailed
investigation in the following study.
Inhibition of HDM2/p53 Interaction In Vitro. Next, we

attempted to confirm whether 1 can irreversibly inhibit the
HDM2/p53 interaction with size exclusion chromatography
(SEC)-based fluorescence anisotropy analysis. In this study, we
used a more stable HDM21−125 M1G mutant since the original
HDM21−125 is too unstable to be used for this analysis (See
Figures S2 and S14−S17 for the primary structure of
HDM21−125 (M1G), the reaction with 1, and the modification
sites.) 1- and (±)-Nutlin-3-treated HDM21−125 (M1G) were
subjected to SEC and subsequently used in fluorescence
anisotropy measurements with the fluorescently labeled p53
peptide.28 The addition of 1-modified HDM21−125 (M1G)
(∼90% modification yield) to the peptide did not change the
anisotropy, indicating that the p53 peptide was incapable of
binding to the p53 binding cleft on HDM21−125 (M1G) due to
occupancy by the covalently bound 1 on the interaction surface
even after the purification by SEC (red line in Figure 3d).
Similarly, no anisotropy change was observed in the mixture of
HDM21−125 (M1G) and (±)-Nutlin-3 without SEC purification
(green line). In sharp contrast, after SEC purification of the
mixture of HDM21−125 (M1G) and (±)-Nutlin-3, a concen-
tration-dependent response of the anisotropy was observed
similar to that which was observed using apo-HDM21−125
(M1G), indicating that (±)-Nutlin-3 was removed from the
ligand-binding site of HDM21−125 (M1G) by dilution during
SEC purification (blue and black lines). Taken together, these
results clearly indicated that covalent inhibitor 1 has a prolonged

residence time on HDM2 and thereby shows increased HDM2/
p53 inhibitory potency under dilute conditions, in comparison
to noncovalent inhibitor (±)-Nutlin-3.

Activation of the p53 Pathway by Covalent HDM2
Inhibitor 1 in Living Cells.The cellular potency and durability
of 1 were examined with osteosarcoma SJSA1 cells expressing
wild-type p53.29 Ubiquitin E3 ligase HDM2 is overexpressed in
many different cancer cell lines and promotes the degradation of
tumor suppressor p53 through binding its transactivation
domain. Inhibition of the HDM2/p53 PPI can restore p53
expression levels, leading to the transcriptional induction of p53-
regulated proteins (including HDM2 and p21), cell cycle arrest,
and apoptosis (Figure 4a).3,19,30We first assessed the impact of 1
on the expression levels of p53, HDM2, and p21 by Western
blotting analysis. SJSA1 cells were incubated with (±)-Nutlin-3
or 1 for 1 h and then washed and incubated for another 1.5 or 3
h. (±)-Nutlin-3 and 1 caused an increase in the levels of p53
before washing the cells (Figures 4b,c, S18, and S19), indicating
the inhibition of theHDM2/p53 PPI in both cases. On the other
hand, 1.5 h after washing, the p53 signal had almost disappeared
in (±)-Nutlin-3-treated cells due to washout of the reversibly
bound inhibitor, whereas it was still clearly detected in 1-treated
cells (Figure 4c). This explicitly indicates the irreversible and
sustained inhibition of the HDM2/p53 PPI with 1. Three hours
after washing, the p53 signal was significantly reduced even in
cells treated with 1. Presumably this arises because the
expression of nascent HDM2 was induced by the activated
p53 pathway.3 Indeed, we confirmed the up-regulation of
HDM2 and p21 in the cells treated with both (±)-Nutlin-3 and

Figure 5. Evaluation of intracellular selectivity of NASA-based HDM2 covalent inhibitor. (a) Molecular structure of compound 5. (b) Western
blotting analysis of the labeling reaction with 5 (0.3 μM, 1 h) in live SJSA1 cells. After labeling, the labeled proteins were modified with fluorescein-
azide via click chemistry, followed by Western blotting using antifluorescein antibody (also see the Supporting Information). Volcano plots display
proteins enriched with neutravidin beads after clicking a desthiobiotin tag for proteins labeled with 5 relative to (c) DMSO control or (d) a competitive
condition with (±)-Nutlin-3. The protein groups with P < 0.0001 and log2(5/DMSO) > 4 or log2(5/5+(±)-Nutlin-3) > 2 are highlighted in blue in (c)
and (d), respectively. A plot indicating HDM2 is colored red. n = 3; P is the Benjamini−Hochberg adjusted P value. All proteins identified in this study
are listed in Supporting Information Supplementary Data 1.
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1 at the 1.5 and 3 h time points (Figure 4d,e). Note that 1 caused
a longer-term and more potent elevation in the level of HDM2
and p21 proteins, compared to (±)-Nutlin-3,31 highlighting the
potential advantages of covalent inhibitor 1 under washout
conditions.
Evaluation of the Target Selectivity of the NASA-

Based Covalent HDM2 Inhibitor. We subsequently
evaluated the cellular target engagement of the NASA-based
covalent inhibitor using probe 5 (Figure 5a; the reaction with
recombinant HDM21−125 is shown in Figure S11). SJSA1 cells
were incubated with 5 (0.3 μM, 1 h), and probe-labeled proteins
were detected by Western blotting with an antifluorescein
antibody after the copper-catalyzed conjugation of fluorescein-
azide.32 A 90 kDa band was clearly observed in the blotting
analysis (Figure 5b) and identified as the labeled HDM2 by a
pull-down assay (Figure S20), revealing the selective labeling of
endogenous HDM2 with 5. Coincubation of 1 in the reaction
with 5 prohibited the labeling of HDM2, which demonstrated
that 1 binds to the p53 binding pocket of HDM2 inside cells
(Figure S21). The proteome-wide targets of 5 in SJSA1 cells
were also evaluated by a SILAC (stable isotope labeling by
amino acids in cell culture)-based quantitative chemoproteo-
mics method (Figure S22).33 Ten proteins including HDM2

were identified as proteins significantly reacting with 5 (log2(5/
DMSO) > 4, P < 0.0001), and HDM2 was characterized as the
protein strongly competing by (±)-Nutlin-3 (Figure 5c,d,
Supporting Information Supplementary Data 1). Thus, both
Western blotting analysis and chemoproteomic data clearly
revealed that the NASA-based HDM2 inhibitor reacts with
intracellular HDM2 with sufficient selectivity to irreversibly
inhibit its activity.

Cytotoxic Effect of the Covalent HDM2 Inhibitor
under Washout Conditions. Finally, the effect of covalent
inhibitor 1 on cell viability was examined. Four cell lines, two
with wild-type (SJSA1 and MCF7) and two with mutant p53
(HeLa and A431), were tested.34 In this experiment, cells were
transiently incubated with inhibitors for 1 h, followed by
washing and further incubation for 23 h without inhibitors. This
procedure was repeated five times, and then the cell viability was
evaluated with a WST-8 assay (Figure 6a).35 Covalent inhibitor
1 clearly showed antiproliferative and cytotoxic activity for p53
wild-type SJSA1 andMCF7 cells at a concentration of 1−10 μM
(red circle plot in Figure 6b,c), whereas the treatment of
(±)-Nutlin-3 was less efficient under this rigorous washout
condition (black squares in plot). Unlike cells expressing wild-
type p53 (SJSA1 and MCF7), HeLa and A431 cells bearing

Figure 6. Effect of covalent inhibitor 1 on the growth and viability of cultured cancer cells. (a) Schematic workflow of the cell viability assay under a
repetitive washout condition. (b−d) Viability of (b) SJSA1, (c) MCF7, and (d) HeLa or A431 cells after repetitive treatments of (±)-Nutlin-3 or 1
under the washout condition. Error bars represent the standard error of the mean, n = 4.
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inactive mutant p53 were not susceptible to 1 (blue and green
plots in Figure 6d, respectively). These results revealed that 1
selectively induced p53 pathway-dependent cell apoptosis via
the covalent inhibition of HDM2 without nonspecific
cytotoxicity arising from the NASA warhead.

■ CONCLUSIONS
We have demonstrated that an HDM2 inhibitor equipped with a
NASA warhead (compound 1) irreversibly suppresses the
HDM2/p53 PPI both in vitro and in living cells. To our
knowledge, the present study is the first report of a small-
molecule-based covalent inhibitor of HDM2. Notably, in
addition to lysine, which we identified previously,16 an N-
terminal α-amine and tyrosine in the protein were identified to
be targetable with the NASAwarhead for the first time.27 TheN-
terminal modification may offer a unique advantage that is
unlikely affected by point-mutation-mediated drug resistance,
often reported in recent covalent drug development programs.36

Furthermore, the tyrosine on the protein surface is still
challenging to rationally target using current TCI chemistries
in spite of a few examples of tyrosine-targeting covalent
inhibitors with sulfur−fluoride or −triazole exchange (SuFEx/
SuTEx) chemistry;15,37−39 therefore, our results expand the
breadth of labeling chemistry that can be exploited in TCI. Thus,
the results of this study not only demonstrate the high potential
of the NASA warhead as a versatile electrophile for the covalent
inhibition of PPIs but also provide valuable insights for the
design strategy of new TCIs.
In general, it may be considered that proteins which undergo

rapid turnover, such as HDM2 (<30 min), are not suitable
targets for irreversible inhibition. Nevertheless, this work has
demonstrated that the irreversible inhibition of HDM2, in
comparison to reversible inhibition, results in prolonged
activation of p53 and stronger induction of its transcriptional
targets. The role of HDM2 as a negative regulator of p53
presents challenges in terms of a therapeutic window,19,30 hence
these results uncover an approach to address this challenge.
More broadly, the results highlight that opportunities for
intervention in biological systems might arise through greater
understanding and control over the time frame of the biological
process as evidenced by the differential effects on protein levels
that are observed for covalent and noncovalent inhibitors.
Although further mechanistic investigation is required, this
suggests to us that a covalent inhibition strategy may represent a
powerful approach to enhancing drug efficacy for short-lived
proteins and will broaden the scope of the TCI approach
targeting PPIs.

■ EXPERIMENTAL SECTION
Synthesis. All synthesis procedures and compound character-

izations are described in the Supporting Information.
Preparation of the Recombinant HDM2 N-Terminal Domain.

The recombinant HDM2N-terminal domain was obtained by bacterial
expression as a fusion protein with a His10 tag and a TEV protease
cleavage site at its N- or C-terminus (also see Figure S2). The pET28a-
HDM2 plasmid encoding HDM2 (17−125 a.a., with an L33Emutation
to improve the protein stability) was amplified by PCR with the 5′-
primer (5′-aaccgatggcgcagtgaccacctcacagattccagcttcg-3′) and the 3′-
primer (5′-ggaactgacatgttggtgttgcatccctggaagtacag-3′) to insert the 1−
16 sequence of HDM2 with a TEV site and ligated with the KLD
enzyme mixture (New England Biolabs) to yield pET28a-HDM21−125
(M1G). pET28a-HDM21−125 was constructed by a two-step procedure.
First, the N-terminal His10 tag−TEV site of the pET28a-HDM21−125
(M1G) was deleted and N-terminal methionine was introduced by

PCR with the 5′-primer (5′- tgcaacaccaacatgtcag-3′) and the 3′-primer
(5′-catggtatatctccttcttaaag-3′), and then the tag sequence was inserted
into the C-terminal region by PCR with the 5′-primer (5′-
tcatcatcatcatcatcatcatcactagctcgagcaccaccac-3′) and the 3′-primer (5′-
tgatgtccctggaagtacaggttttcgttctcactcacagatgtacctg-3′). Using the
pET28a-HDM21−125 as a template, a Y67F mutation was introduced
with aQ5 site-directedmutagenesis kit (NewEngland Biolabs) with the
5′-primer (5′-taaacgattattcgatgagaagcaacaac-3′) and the 3′-primer (5′-
gtcataatatactggccaag-3′). The PCR amplified sequences were verified
by DNA sequencing. The expression vectors were transformed into
Escherichia coli BL21 (DE3) or Rosetta (DE3) (Merck). The cells were
grown in LB media containing kanamycin at 37 °C to an optical density
(600 nm) of 0.6, at which time the expression of the fusion protein was
induced by the addition of 1 mM IPTG. After growth for an additional
23 h at 18 °C, the cells were harvested by centrifugation. The cell pellets
were resuspended in a mixture of 50 mMTris-HCl, 500 mMNaCl, and
10% glycerol at pH 7.5 and were then lysed by sonication. The proteins
were purified from the soluble fraction of the lysate using a TALON
metal affinity resin (Clontech) and dialyzed against a mixture of 50 mM
HEPES, 0.5 mM EDTA, and 1 mM DTT at pH 7.0. The His tag in the
fusion protein was cleaved with ProTEV plus (Promega) at 30 °C for
2−8 h and then dialyzed against phosphate-buffered saline (PBS). The
resulting (tag-free) protein was purified by passing it through a TALON
metal affinity resin. The concentrations of the obtained HDM2 N-
terminal domain were determined with a BCA assay (Pierce).

Modification of HDM2 In Vitro. Purified HDM21−125 (1 μM) was
incubated with reagent (3 μM) in PBS buffer (pH 7.4) at 37 °C.
Aliquots at different time points were taken and then desalted using a
Ziptip-C4 (Merck), and the modification yields were determined by
MALDI-TOF MS (matrix: CHCA).

Peptide Mapping of the Modified N-Terminal Domain of
HDM2. The modified HDM21−125 (2.7−5 μM) was mixed with
ProteaseMAX (Promega, at a final concentration of 0.05%) and
Trypsin/Lys-Cmix (Promega, 2 μg). After incubation at 37 °C for 16 h,
the digested peptides were desalted with a Ziptip-C18 and analyzed by
MALDI-TOF/TOF MS (Bruker Daltonics, UltrafleXtreme) (matrix:
CHCA). The mass scan range was m/z 500−5000 or 1000−5000, and
the laser intensity was set to be 50−60%. The raw MS data files were
analyzed by FlexAnalysis 3.4 (Bruker) to create peak lists based on the
recorded spectra. Themass peaks assigned as themodified peptide were
selected and subjected to MS/MS analysis in LIFT mode with a
precursor mass tolerance and a fragment ion mass tolerance of 0.5 Da.
Cysteine carbamidomethylation was set as a fixed modification.
Methionine oxidation was allowed as a variable modification. The
MS/MS spectra were analyzed by the Biotools and Sequence editor
(Bruker).

In-Source Decay MALDI-TOF/TOF MS Analysis. The modified
HDM21−125 (1−5 μM) was desalted by a Ziptip-C4 and spotted on a
MALDI-TOF MS plate. The protein sample was subjected to strong
laser irradiation (∼100% laser intensity) with UltrafleXtreme, and the
m/z range of 100−2000 was measured. The raw MS data files were
analyzed by FlexAnalysis 3.4 to create peak lists based on the recorded
spectra. For MS/MS analysis, the mass peaks corresponding to the
modified Met or Met-Cys were selected and analyzed by the LIFT
mode.

Fluorescence Anisotropy Measurement to Evaluate the
HDM2/p53 Interaction. The 1-modified or (±)-Nutlin3-treated
HDM21−125 (M1G) was subjected to size exclusion chromatography
(TOYOPEARL HW-40F column) with PBS buffer (pH 7.4). To a
solution of fluorescein-labeled p53 peptide (100 nM) (Ac-SQETFS-
DLWKLLPENNVC(Flu)-NH2)

28 in PBS buffer (pH 7.4, 0.02 mg/mL
BSA), the protein solution was added. The fluorescence anisotropy
measurements were performed by using a PerkinElmer LS-55
luminescence spectrometer.

Western Blotting Analysis of p53 Activation by Covalent
Inhibition. SJSA1 cells (2 × 105 cells) were seeded on a six-well plate
(Corning) and incubated in RPMI-1640 supplemented with 10% fetal
bovine serum (FBS, Gibco), penicillin (100 units/mL), streptomycin
(100 mg/mL), and amphotericin B (250 ng/mL) for 48 h at 37 °C
under 5% CO2. After washing twice with HEPES-modified RPMI-1640
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(FBS-free) medium, the cells were incubated in the medium containing
(±)-Nutlin-3 (10 μM) or 1 (10 μM) for 1 h at 37 °C. The cells were
washed twice with RPMI-1640 supplemented with 10% FBS and
further incubated for 1.5 or 3 h. The cells were washed with PBS and
lysed with RIPA buffer (pH 7.4, 25 mM Tris−HCl, 150 mM NaCl,
0.1% SDS, 1% Nonidet P-40, 0.25% deoxycholic acid) containing 1%
protease inhibitor cocktail set III (Calbiochem). The lysed samples
were centrifuged (15 200g, 10 min at 4 °C). The protein concentrations
of the supernatant were analyzed by BCA assay, and the normalized
lysates were mixed with 1/4 volume of 5× sample buffer (pH 6.8, 312.5
mM Tris−HCl, 25% sucrose, 10% SDS, 0.025% bromophenol blue)
containing 250 mM DTT and vortex mixed for 1 h at room
temperature. The samples were subjected to Western blotting analysis
using anti-p53 (CST, no. 2527), MDM2/HDM2 (CST, no. 86934),
p21 (CST, no. 2947), beta actin (Abcam, ab8226), antirabbit IgG-HRP
conjugate (CST, no. 7074S), and antimouse IgG-HRP conjugate
(CST, no. 7076S) antibodies.
Cell Viability Assay. SJSA1 cells (4 × 104 cells), MCF7 cells (4 ×

104 cells), HeLa cells (2 × 104 cells), or A431 cells (2 × 104 cells) were
seeded on a 24-well plate and incubated in RPMI-1640 (for SJSA1) or
DMEM (for MCF7, HeLa and A431) supplemented with 10% FBS,
penicillin (100 units/mL), streptomycin (100 mg/mL), and
amphotericin B (250 ng/mL) for 24−48 h at 37 °C under 5% CO2.
After washing twice with HEPES-modified RPMI-1640 or DMEM
(FBS-free) medium, the cells were incubated in the medium containing
(±)-Nutlin-3 or covalent inhibitor (0.3−10 μM) for 1 h at 37 °C. The
cells were washed twice with culture medium and further incubated for
23 h. This procedure was repeated five times. The cell viability was
assessed using Cell Counting Kit-8 (Dojin). The absorbance of each
well was measured at 450 nm with infinite M200 (TECAN).
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