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trategy for intrinsically disordered
protein ligand design leads to the discovery of p53
transactivation domain I binding compounds that
activate the p53 pathway†

Hao Ruan,a Chen Yu,a Xiaogang Niu,bc Weilin Zhang,a Hanzhong Liu,d Limin Chen,e

Ruoyao Xiong,a Qi Sun,a Changwen Jin,bc Ying Liu*ad and Luhua Lai *ade

Intrinsically disordered proteins or intrinsically disordered regions (IDPs) have gained much attention in

recent years due to their vital roles in biology and prevalence in various human diseases. Although IDPs

are perceived as attractive therapeutic targets, rational drug design targeting IDPs remains challenging

because of their conformational heterogeneity. Here, we propose a hierarchical computational strategy

for IDP drug virtual screening (IDPDVS) and applied it in the discovery of p53 transactivation domain I

(TAD1) binding compounds. IDPDVS starts from conformation sampling of the IDP target, then it

combines stepwise conformational clustering with druggability evaluation to identify potential ligand

binding pockets, followed by multiple docking screening runs and selection of compounds that can bind

multi-conformations. p53 is an important tumor suppressor and restoration of its function provides an

opportunity to inhibit cancer cell growth. TAD1 locates at the N-terminus of p53 and plays key roles in

regulating p53 function. No compounds that directly bind to TAD1 have been reported due to its highly

disordered structure. We successfully used IDPDVS to identify two compounds that bind p53 TAD1 and

restore wild-type p53 function in cancer cells. Our study demonstrates that IDPDVS is an efficient

strategy for IDP drug discovery and p53 TAD1 can be directly targeted by small molecules.
Introduction

Intrinsically disordered proteins or intrinsically disordered
regions (IDPs) play central roles in transcription, signaling,
important cellular processes and cellular assembly.1 Given their
prevalence in many diseases, IDPs are considered as potential
drug targets.2,3 However, designing small molecules by directly
targeting IDPs is still in its infancy.4–7 Despite difficulties in
ligand discovery for directly targeting IDPs, a number of
compounds binding to IDPs were reported. For example,
compound YK-4-479 was reported to inhibit EWS-FLI1 and RNA
helicase interaction by binding to the disordered oncogenic
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fusion protein EWS-FLI1, thus leading to tumor cell growth
inhibition.8 Based on NMR screening, several compounds were
discovered to bind to the p27 kinase inhibitory domain.9 A
recent study screened FDA-approved drugs using the uores-
cence thermal denaturation strategy and several small molecule
drugs were observed to bind to nuclear protein 1.10 In addition,
other small molecule ligands targeting disordered proteins,
including c-Myc, AF9, a-synuclein, tau, androgen receptor and
MBD2 have been reported.11–18 In these investigations, rational
drug design and discovery for direct IDP targeting are emerging.

Tóth et al. utilized a fragment-based mapping strategy to
identify potential binding pockets and found an active
compound (ELN484228) targeting a-synuclein.13,19 Baggett et al.
discovered small molecules targeting tau by coupling computa-
tional docking and machine learning-based screening.17

Recently, we used molecular docking to screen cMyc370–409
binding compounds based on NMR derived multiple conforma-
tions and found several active compounds.15 We found that these
active compounds bound to different conformations with similar
affinity, while the non-active compounds only bound to a small
fraction of conformations, implying that IDP drugs should
simultaneously bind to multiple conformations of the IDP.

The tumor suppressor p53 is a transcription factor that
induces cell cycle arrest, senescence or apoptosis in response to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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cellular stresses.20 For approximately 50% human tumors, the
TP53 gene is disabled bymutation or deletion.21,22 A recent study
suggests that TP53 gene missense mutations do not lead to gain
of function in myeloid malignancies but instead exert a domi-
nant-negative effect, leading to impairment of the remaining
wild-type allele.23 Wild-type p53 inactivationmostly results from
elevated expression of its cellular inhibitors, MDM2 and/or
MDMX, which has motivated extensive efforts to develop drugs
to activate p53 function.24–30 Several MDM2 inhibitors are now
under clinical evaluation. However, as MDM2 is involved in
normal hematopoiesis, MDM2 inhibitors cause dose dependent
adverse events including gastrointestinal and hematological
adverse events that cannot be well controlled by simple
adjustment of schedule treatment.31,32 Therefore, the quest for
new pharmacological strategies to target the MDM2/X-p53 axis
remains one of the main challenges in the MDM2/X-p53 axis
drug discovery. Instead of targeting MDM2/X, we intended to
take an alternative approach—directly targeting p53 to release it
from MDM2/X—to reactivate p53 function.

The full-length p53 comprises an N-terminal transactivation
domain (TAD), followed by the central DNA-binding core
domain (DBD), the tetramerization domain (TET) and the C-
terminal regulatory domain. The free TAD is disordered and
consists of two subdomains TAD1 (residues 1–40) and TAD2
(residues 40–61).33,34 Both MDM2 and MDMX inhibit p53
transactivation function by engaging with its TAD1.35–37 We
Fig. 1 Illustration of the virtual screening strategy for IDP drug discove
mational ensemble should be generated first usingMD simulations. After p
multiple docking runs will be performed for all the druggable conformati
are selected for further experimental testing.

© 2021 The Author(s). Published by the Royal Society of Chemistry
hypothesize that p53 TAD1 ligands that disrupt p53 binding to
both MDM2 and MDMX should be able to restore wild-type p53
activity. In fact, activating wild-type p53 by directly targeting p53
has been shown challenging. Although compound RITA has
been reported to activate p53 function in tumors by targeting
p53, there is no strong evidence supporting the direct binding
between RITA and the N-terminus of p53.38,39 Therefore, it
remains an open question whether compounds directly binding
to the N-terminus of p53 can be found.

Here we developed a hierarchical computational strategy for
IDP drug virtual screening (IDPDVS) and applied it to discover
ligands that can bind to p53 TAD1 to inhibit p53-MDM2/X
interaction. This led to the identication of several small
molecules that can bind to p53 TAD1 and activate wild-type p53
function in living cells, suggesting the feasibility of IDPDVS and
the new pharmacological strategy of targeting p53 to inhibit
p53-MDM2/X interaction.
Results
The virtual screening strategy for IDP drug discovery

Due to the highly exible nature of IDPs, generally applicable
rational design methods for IDP drug discovery are lacking. We
developed a virtual screening strategy for IDP drug discovery
(IDPDVS) and tested it in p53 TAD1 binding compound
discovery (Fig. 1). IDPDVS contains four major steps. In the rst
ry (IDPDVS). The p53 TAD1 system was used as an example. Confor-
erforming local and global clustering and ligand binding site detection,
ons. Top-ranking compounds that can bind to multiple conformations

Chem. Sci., 2021, 12, 3004–3016 | 3005
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step, conformation sampling is performed to generate possible
conformations for the IDP target. In the second step, a stepwise
conformation clustering procedure is performed, which
includes local clustering based on the knowledge of the func-
tional region within the IDP and subsequent global clustering.
In the third step, representative druggable conformations are
selected according to the availability of druggable binding sites.
In the fourth step, multiple virtual screening runs are per-
formed for all the druggable conformations, and compounds
that can bind to multiple conformations with high docking
scores are selected for further experimental validation.
Conformation analysis of p53 TAD1 and virtual screening of
binding compounds

Since IDPs generally have lower energy barriers, conformation
sampling of IDPs remains challenging.40,41 For p53 TAD1, we
performed two types of MD simulations, including (i) classical
all-atom molecular dynamics (cMD) simulations in an explicit
solvent with initial structure from the p53 TAD1-MDMX complex
structure,42 (ii) replica exchange molecular dynamics (REMD)
simulations using an implicit water model with the random coil
conformation as the initial state. For cMD and REMD, simula-
tions were performed for 900 ns and 8.5 ms, respectively. The
trajectory at 298 K was used in the further analysis for REMD. The
two independent simulations starting from different initial
structures, either the highly helical structure extracted from the
p53 TAD1-MDMX complex or the highly extended random coil
structure gave conformation ensembles with similar secondary
structure content, indicating the convergence of simulations. In
addition, residues 19–25 take interchangeable disordered and
partially helical conformations, which is consistent with the NMR
results (Fig. S1A and B†).43

These trajectories were then analyzed to identify druggable
conformations and binding sites. Locating potential small
molecule binding sites in IDPs is difficult due to their high
exibility. Direct conformational clustering based on backbone
RMSD values oen gives too many small clusters, which makes
subsequent ligand discovery study unapproachable. Given that
residues 19–26 play essential roles in p53 TAD1-MDM2
binding,35,44 we rst performed a local clustering based on this
functional region of p53 TAD1. We then carried out the second-
round clustering for each cluster from the primary clustering
results with the full-length TAD1 backbone RMSD values as
clustering metrics. This procedure gave 215 and 1091 clusters
for cMD and REMD trajectories, respectively (Fig. S1C and D†).
The representative structure, which has the minimal sum of the
squared displacements with other structures in the cluster, was
selected from each cluster. To detect potential binding sites for
all the representative structures, the ligand-binding site detec-
tion program, CAVITY,45,46 was applied. Subsequently, struc-
tures containing pockets that include the functional region,
have large cluster population and a high CAVITY druggability
score (average pKd > 6, volume > 300 Å3) were considered as
potential druggable conformations. Accordingly, eight potential
druggable conformations of p53 TAD1 were identied from this
analysis for further docking study (Fig. S1E†).
3006 | Chem. Sci., 2021, 12, 3004–3016
We then used all the eight conformations to carry out eight
parallel virtual screening runs against the SPECS library con-
taining �20,000 compounds (see Methods). To balance
computational cost and docking precision, we applied a two-
step dock protocol. As docking scores depend on the sizes and
chemical features of the binding pockets, the distributions of
the docking scores of the eight conformations are quite
different (Fig. S2†). Thus we compared the docking score
rankings rather than the absolute docking scores to select
possible binding compounds. Specically, all molecules were
docked and scored using the Glide HTVS mode rst; then the
top 50% molecules from the HTVS step were redocked and
scored using the Glide SP mode. Aer performing the two-step
docking procedure, we selected the 1% top-ranking compounds
in the second step (the 0.5% top-ranking compounds of all the
compounds) from each of the eight conformations. We then
analyzed and compared all the top-ranking compounds from
the eight docking runs and selected molecules that are among
the top 1% in at least three different conformations as potential
p53 TAD1 binding compounds. These potential p53 TAD1
binding compounds were then visually inspected, and 244
compounds were selected for further experimental testing.
p53 TAD1 binding and cell-growth inhibition activities of the
selected compounds

We purchased the 244 selected molecules and tested their
binding ability with the p53 TAD1 peptide using surface plas-
mon resonance (SPR). For primary screening, the N-terminal
biotinylated p53 TAD1 peptide was immobilized onto an SA
chip and molecules were injected at 50 and 100 mM concen-
trations onto the surface of the chip. Molecules with dose-
dependent responses above 0.5 RU were selected. This initial
screening identied 10 binding compounds (Table S1†). We
then evaluated their effects on cancer cell viability using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay in the p53 wild-type MCF-7 cell line. All the 10
compounds showed modest activities in the cell viability assay
(Table S1†). The most potent compound, PKUMDL-RH-1047
(1047), demonstrated an IC50 (the concentration that inhibits
the survival of cells by 50%) of 36.8 � 13.1 mM (Fig. S3A†). We
then measured the binding strength of 1047 to the p53 TAD1
peptide using SPR, and the equilibrium dissociation constant
(KD) was 13.8 � 4.8 mM (Fig. 2A, B and S4A†).

We further tested whether 1047 can inhibit p53-MDM2
interaction aer binding to p53 TAD1. To this end, an SPR
competitive binding assay was conducted, where the biotin–p53
TAD1 peptide was immobilized onto an SA chip and serial
concentrations of 1047 pre-incubated with MDM2 were injected
onto the surface of the chip. The competition assay data showed
that 1047 reduced MDM2 binding to p53 TAD1 peptide in
a concentration-dependent manner (Fig. 2C). To verify the
selectivity of 1047, we tested its activity using cancer cell lines
with different p53 genetic backgrounds, including cell lines
with wild type p53 (MCF-7, overexpressing MDMX; HCT116,
overexpressing MDM2), mutant p53 (MDA-MB-231), and de-
cient p53 (H1299). Treatment with 1047 led to dose-dependent
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Discovery of p53 TAD1 binding compounds 1047 and 1050. (A and D) Chemical structure of the compound 1047 and 1050. (B and E) SPR
results of the binding affinity measurements between p53 TAD1 ligands and the p53 TAD1 peptide on an SA chip. (C and F) Competitive binding
assay results by SPR.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

12
:3

6:
15

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
growth inhibition of HCT116 and MCF-7, with IC50 values of
23.6 � 1.8 mM and 36.8 � 13.1 mM, whereas IC50 values were
beyond 50 mM in H1299 and MDA-MB-231 cell lines (Fig. S3A†).
In comparison, 1047 caused less toxicity in p53 mutation/de-
ciency cell lines, demonstrating selectivity toward cell lines with
wild-type p53 to a certain extent.

We then performed a two-dimensional chemical similarity
search using binary ngerprint and selected 70 analogs of 1047 for
experimental testing. Similar to the rst-round experimental
studies, we tested their p53 TAD1 binding using SPR and their
effects on cancer cell viability. Five compounds were active in
p53WT cell lines with IC50 values less than 50 mM (Table S2†).
Among them, compound PKUMDL-RH-1050 (1050) showed
selectivity toward p53WT cell lines (Fig. S3B†). We then deter-
mined the binding strength of 1050 to p53 TAD1 (KD ¼ 8.9 � 3.7
mM) by SPR (Fig. 2D, E and S4B†) and tested its ability to break p53
TAD1 and MDM2 binding using the SPR competitive binding
assay as mentioned above. Compound 1050 signicantly reduced
the binding of MDM2 to the p53 TAD1 peptide (Fig. 2F). To rule
out the possibility that p53 TAD1 ligandsmight bind toMDM2, we
immobilized MDM2 to a CM5 sensor chip and planned to
measure compound binding by SPR. However, as the MDM2
protein immobilized on the CM5 sensor chip via amine coupling
could not bind to the p53 TAD1 peptide (data not shown), we
switched to using microscale thermophoresis (MST) to measure
binding. TheMST experiments showed that the p53 TAD1 peptide
strongly bound to MDM2, consistent with previous reports.43,47 In
contrast, 1047 and 1050 showed no detectable binding to MDM2
with concentrations up to 200 mM (Fig. S6†), thus ruling out the
possibility that these compounds might also bind to MDM2.
© 2021 The Author(s). Published by the Royal Society of Chemistry
p53 TAD1 binding compounds activate the p53 pathway in
cells

We used a cellular protein interaction assay, termed nanoBRET
(bioluminescence resonance energy transfer), to verify whether
our p53 TAD1 binding compounds can disrupt p53 and MDM2
interaction in living cells. In this assay, MDM2 was designed as
an energy donor, expressed as a fusion to NanoLuc luciferase,
and p53 as an energy acceptor, expressed and uorescently
labelled as a fusion to HaloTag. As shown in Fig. 3A, treatment
of cells with p53 TAD1 ligands 1047 or 1050 results in specic
reduction of the BRET signal, indicating reduced interaction
between p53 and MDM2.

According to the model of p53 regulation by its negative
regulator MDM2 and MDMX, inhibition of p53-MDM2/MDMX
interaction would activate the p53 pathway in cells with wild-type
p53.33,35 The on-target effect of p53 TAD1 ligands in a biological
context of a living cell was evaluated by assessing the expression
level of p53 and other p53-regulating genes. As shown in Fig. 3B–
D, treatment with 1047 or 1050 induced accumulations of the p53
protein, whereas transcription of the p53 gene was unaffected,
suggesting that treatment of p53 TAD1 ligands elevated the p53
protein levels by reducing its degradation by MDM2. Further-
more, accumulation of the p53 protein induced the transcription
of the p53 target genes p21, puma andMDM2 in a dose-dependent
manner (Fig. 3C and D). Up-regulation of p21, puma, and MDM2
proteins was also observed with 1050 treatment (Fig. 3B).We note
that 1047 treatment did not induce signicant accumulations of
p21 and MDM2, which may result from other unknown effects.

Accumulation of p21 upon activation of p53 is expected to
trigger cell cycle arrest in p53 wild-type cells. We tested the
Chem. Sci., 2021, 12, 3004–3016 | 3007

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc04670a


Fig. 3 p53 TAD1 binders inhibit p53-MDM2 interaction in cells and activate the p53 pathway in cancer cells in MCF-7. (A) Compounds 1047 and
1050 inhibit p53-MDM2 interaction in the nanoBRET cellular assay. Data presented as mean (n ¼ 3). *P < 0.03, **P < 0.002, ***P < 0.0002
(unpaired two-tailed t-test). (B) Compound 1050 stabilizes p53 and elevates protein levels of p53 target p21 and puma. (C and D) Compound
1047 and 1050 treatment induces dose-dependent expression of p53 target genes in MCF-7 cell line by quantitative PCR. (E and F) Compounds
1047 and 1050 induce cell cycle arrest in MCF-7 cells. Data presented as mean (n ¼ 3). ***P < 0.0002, ****P < 0.0001 (unpaired two-tailed t-
test).
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effect of 1047 and 1050 treatment on the cell cycle progression
in MCF-7 cells. Both molecules showed effective cell-cycle arrest
in G1 and G2/M phases, which led to depletion of the S phase
compartment (Fig. 3E and F). Taken together, these data indi-
cated that 1047 and 1050 treatment activated the p53 pathway
in cancer cells with wild-type p53.
Binding mode analysis of the p53 TAD1 ligands

To locate the primary binding site within p53 TAD1, we tested
the interaction between p53 TAD1 ligands and the p53 TAD1
peptide using NMR spectroscopy. We recorded two-dimen-
sional 1H–1H total correlation spectroscopy (TOCSY) of p53
TAD1 and p53 TAD1 with active ligands. Signicant chemical
shi perturbations (CSPs) were observed for aromatic hydrogen
atoms in TOCSY spectra of the p53 TAD1 peptide aer addition
of 1047 and 1050 (Fig. 4A). Aer resonance assignment with
COSY and NOESY spectra, residueW23 was identied with large
CSPs (Fig. 4A). To further analyze the specicity of binding
between the active ligands and the p53 TAD1 peptide, we
shuffled the p53 TAD1 peptide sequence and then acquired
TOCSY spectra under the same experimental conditions. For
wild-type p53 TAD1 peptide, p53 TAD1 ligands 1047 and 1050
treatment induced 0.011 ppm and 0.015 ppm (F1) CSPs,
respectively, while only 0.005 ppm and 0.008 ppm (F1) CSPs
were observed for the shuffled p53 TAD1 peptide (Fig. 4B, S7
and Table S3†). Collectively, these results demonstrated that the
3008 | Chem. Sci., 2021, 12, 3004–3016
interaction between the p53 TAD1 ligands and p53 TAD1 was
specic and sequence-dependent.

We further performed MD simulations to gain insight into
the binding features of p53 TAD1 and 1047. Given that force
elds originally developed for ordered proteins are insufficient
in sampling IDPs,48,49 we rstly tested the newly developed force
elds and water models parameterized for IDPs to better sample
the disordered p53 TAD1 ensemble. RSFF2 was developed by
modifying the Amber ff99SB force eld based on conforma-
tional free-energy distribution of the 20 amino acid residues
from a protein coil library.50 The new water model TIP4P-D
corrects deciencies in modeling water dispersion interactions,
thus it greatly improves the description of disordered protein
states.51 The previous study illustrates that combination of
RSFF2 and TIP4P-D turns out to achieve better balance between
different protein secondary structures.52 Therefore, RSFF2/
TIP4P-D combination was employed for p53 TAD1 ensemble
sampling. Strikingly, this combination led to a more extended
protein structure and more reasonable helix content in p53
TAD1 ensemble trajectories compared to NMR experiment
results (Fig. S8†).43

According to our docking results from the rst-round virtual
screening, 1047 was predicted to bind to four conformations
among the eight representative ones (Fig. S9, Table S4†). The
four starting complex structures were subject to four 300
nanosecond MD simulations, respectively. To evaluate
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 p53 TAD1 ligands bind to the p53 TAD1 peptide specifically. (A) Overlay of TOCSY spectra of free p53 TAD1 peptide (black, 100 mM) and the
p53 TAD1 peptide–p53 TAD1 ligand complex (1047 red, 1050 green, 200 mM). (B) CSPs induced by 1047 and 1050 treatment for the p53 TAD1
peptide and the shuffled p53 TAD1 peptide. (C) Contact probabilities between p53 TAD1 and 1047. (D) Contact probability differences between
p53 TAD1 residues for apo (free p53 TAD1 state) and holo (binding with active compound 1047) p53 TAD1 ensemble. Red/blue indicates
increased contact probability and reduced contact probability after binding to 1047, respectively.
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simulation convergence of p53 TAD1-ligand complexes, we
analyzed time-dependent changes of secondary structure
content with a time interval of 50 ns starting from 0 ns, as
shown in Fig. S10.† In the late stages of simulations (from�200
ns), secondary structure content tends to be stable, indicating
convergence of simulations. To characterize the binding site,
the interactions between hydrogen atoms in 1047 and different
protein residues (d < 4.5 Å) were analyzed. Compound 1047
interacted with the p53 TAD1 peptide throughout three inde-
pendent 300 nanosecond trajectories except the one in which
no interactions were observed between 261 and 300 ns
(Fig. S11†). Subsequently, detailed analyses were performed
based on the three independent 300 nanosecond trajectories.
Compound 1047 binding reduced the radius of gyration (Rg)
and increased the helix content (Fig. S12†). It seems that 1047
binding narrows the radius of gyration distribution of p53
TAD1. To characterize the binding features between p53 TAD1
and 1047, we calculated the contact probability of p53 TAD1 and
1047. Fig. 4C shows that 1047 comes into contact primarily with
the p53 TAD1 functional region, especially W23, which is
consistent with the TOCSY spectra results. Difference in contact
© 2021 The Author(s). Published by the Royal Society of Chemistry
probability between protein residues revealed the impact of
1047 binding on p53 TAD1 conformation ensemble. As in
Fig. 4D, 1047 binding increased helical contacts in residues 15
to 26 and decreased helical contacts in residues 27 to 29.
Discussion

There is an increasing interest in discovering IDP binding
compounds using rational drug design approaches. However,
due to the heterogeneous nature of the IDP conformation
ensemble, conventional structure-based drug design methods
cannot be applied directly. We developed a novel virtual
screening strategy for IDP drug discovery (IDPDVS) and
successfully used it to discover two compounds that bind to p53
TAD1, break p53-MDM2 binding and activate p53 in living cells.
IDPDVS should be generally applicable in IDP drug discovery,
which can be further optimized based on more application
cases.

Insights into the dynamic and ensemble nature of the IDP
structure have revealed unprecedented challenges for drug
discovery targeting IDPs via rational drug design approaches.
Chem. Sci., 2021, 12, 3004–3016 | 3009
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To surmount these challenges, several key issues need to be
solved. First, a comprehensive conformational library has to be
generated. We used classical MD and enhanced sampling
REMD with different initial structures, and then combined with
the latest force eld, ff14SB, to acquire conformation space.53

Aer identifying the active compound 1047, we further used the
newly developed force eld RSFF2 and water model TIP4P-D
parameterized for IDPs to investigate the interaction between
p53 TAD1 and 1047. Although several force elds have been
released to model IDPs,50,54–57 they should be assessed on the
protein of interest and compared with experimental results. Our
data showed that the p53 TAD1 ensemble-structures generated
by applying the newly developed force eld RSFF2 combined
with the TIP4P-D water model are consistent with NMR exper-
imental results. In addition, drug design targeting IDP would
benet from extensive simulations. For example, high
throughput MD simulations coupled with Markov State Models
towards p53 TAD1 revealed the macrostate interconversion,58

which is helpful for designing small molecules that more effi-
ciently trap IDP in nonfunctional conformations.

Second, potential binding sites need to be predicted. Deli-
cate conformation analyses are needed because interactions
between IDPs and their ligands are also dynamic, which leads to
dynamic binding sites within IDPs.59–61 We used the local
segment clustering method followed by full-length clustering to
group conformations. The pocket detection and analysis
program CAVITY was used to predict potential binding pockets
and assess their druggability. Coincidentally, Baggett et al.
developed a segmented clustering method to identify well-
populated local conformations as potential binding sites.17

Third, ensemble docking has to be used to consider the exi-
bility of IDPs. Stelzer et al. successfully identied experimen-
tally validated RNA-targeting compounds via ensemble
docking.62

Furthermore, due to the dynamic binding modes between
IDPs and their ligands, we prefer molecules being able to bind
to multiple conformations according to docking scores. Our
previous studies in c-Myc ligand discovery revealed that active
compounds tend to bind multiple conformations simulta-
neously and compounds that only strongly bind to one
conformation are usually not active. Therefore, we selected
eight conformations for p53 TAD1 and applied the “multi-
conformational-affinity” strategy in compound selection. The
novel IDP drug discovery strategy developed here provides
a general approach for IDP ligand discovery, especially for IDPs
without known active small-molecule ligands.

Our multi-conformational-affinity compound selection rule
reects the dynamic interaction nature of IDPs with their
ligands. It has been found that IDPs remain disordered even
aer ligand binding and ligands bind to IDPs at multiple
binding sites, exhibiting “ligand cloud” or “specic diffuse”
binding mechanisms.7,59–61,63 To further test our computational
strategy, we performed negative control experiments. We
purchased ten single conformation binding compounds and
tested their binding strength with p53 TAD1. Each of these ten
compounds only binds one p53 TAD1 conformation with
docking score among top 1% and other conformations with low
3010 | Chem. Sci., 2021, 12, 3004–3016
scores that rank outside of top 1% (Table S4†). In the SPR
binding test, none of them showed binding to p53 TAD1,
further validating the rationale of our screening strategy (Table
S5†). All the active and the negative control compounds have
distinct chemical structures with Tanimoto coefficients less
than 0.25 (Tables S6 and S7†).

Our NMR studies showed that the two active compounds we
identied interacted with the functional site of p53 TAD1. MD
simulations revealed that 1047 made dynamic and extensive
hydrophobic interactions with p53 TAD1. Furthermore, CSPs of
WT p53 TAD1 induced by p53 TAD1 ligand treatment were
signicantly larger than the shuffled p53 TAD1 control peptide,
demonstrating the specicity and sequence dependence of the
interaction between p53 TAD1 and small-molecule ligands. We
also plotted the hydropathy of p53 TAD1 along with residue
number, calculated according to the hydrophilicity scale of
Kyte–Doolittle.64 As can be seen from Fig. S13,† the binding site
in p53 TAD1 not only displays high hydrophobicity, but also
contains aromatic residues. Together, these ndings highlight
that hydrophobic contacts and p–p interactions play critical
roles in p53 TAD1–ligand interaction. Furthermore, by
comparison of the physicochemical properties of all the active
and the negative control compounds, we found that the active
compounds tend to possess higher molecular weight and more
ring structures compared to the negative control compounds
(Fig. S14†), which is consistent with our analysis that hydro-
phobic interactions play important roles between p53 TAD1 and
the active compounds. We suggest that hydrophobic residue
clusters containing aromatic residues can be used as an indi-
cator of potential IDP-ligand binding site.

To eliminate possible assay interference of the compounds,
we analyzed the two active compounds using the PAINS server65

and searched the literature for their reported biological activi-
ties. Both compounds 1047 and 1050 do not belong to PAINS
and none of them has reported biological activity so far. We also
performed the Similarity Ensemble Approach (SEA) analysis for
these two compounds to evaluate off-target probabilities.66 Only
one protein (MYLK_human, Myosin light chain kinase) was
marginally predicted as possible 1047 target and none was
predicted for 1050, suggesting low off-target possibilities of the
active ligands 1047 and 1050 (Fig. S15†). As these two
compounds activate the p53 pathway by directly binding to p53
rather than MDM2, they should be able to avoid the gastroin-
testinal and hematological adverse events caused by MDM2
inhibitors. These compounds can be further optimized in
future studies.

IDPs are closely associated with many diseases. Recent
advances have shown that IDPs are key drivers of membraneless
bodies formed by phase separation.67–69 Targeting IDPs to
regulate liquid–liquid phase separation will open up new
avenues for therapeutic intervention.70,71 Given that virtual
screening can be scaled up to include millions of compounds,
the IDPDVS strategy that we developed can be applied to screen
compounds to modulate IDP-mediated pathologies and
diseases. Although our strategy is generally applicable, special
concerns should be considered before applying it. Since IDPs
are typically rich in polar and charged amino acid residues and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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lack bulk hydrophobic residues, druggability of the IDP of
interest should be evaluated before using the IDPDVS strategy.
We suggest that the existence of a high average hydrophobicity
region enriched with aromatic residues is one good indicator of
druggability. In addition, some IDPs have signicant long-range
intrachain contacts, and active small molecules may function by
inhibiting the long-range intrachain contact. In this case,
although conformations with non-long range intrachain
contacts have low population in molecular simulations of the
free state, these conformations may be highly druggable. With
the improvement of IDP conformation ensemble characteriza-
tion methods and our understanding of IDP and ligand inter-
actions, we are expecting that better strategies of rational drug
design targeting IDP emerge ahead.
Materials and methods
MD simulations and analysis

To sample p53 TAD1 conformations, classical all-atom MD and
REMD simulations were performed with AMBER14SB force
elds and AMBER14 soware package.53,72 For classical all-atom
MD simulations, the conformation of the p531–39 peptide (p53
TAD1) within the p300 Taz1–p53 TAD1 structure (PBD ID, 2K8F)
was used as the starting structure and the peptide termini were
amidated.42 The TIP4P-EW water molecules were added as the
solvent and the solute atoms were at least 15 Å away from the
boundary of the cubic box. The net charge of the system was
neutralized with counterions. The system was minimized using
the steepest descent approaches, followed by conjugate
gradient minimization. Heat and density equilibration were
performed on the system for 100 ps. Three 300 ns simulations
were conducted in the NPT (P¼ 1 atm and T¼ 298 K) ensemble.
The particle mesh Ewald (PME) algorithm was used to handle
long-range electrostatic interactions and the nonbonded cutoff
was set to 8 Å. The SHAKE algorithm was used to restrict the
covalent bonds between heavy atoms and hydrogen atoms. For
the REMD simulation, the initial structure was random coil and
the peptide termini were also amidated. A total of 36 replicas
were adopted with temperature ranging from 279 K to 600 K.
Replica exchanges were attempted every 10 ps. Each replica
started from the same structure but with different random
number seeds for the initial velocity assignment and at different
temperatures. The REMD was performed with a generalized
Born/surface area (GB/SA) implicit solvent model. The cutoff for
non-bonded interactions and for the GB pairwise summations
involved in calculating Born radii was 999 Å. Each replica was
simulated for 238 ns.

To explore suitable force elds for p53 TAD1, all-atom MD
simulations were conducted with the GROMCS 5.0.7
package.73,74 The RSFF2 force eld with the TIP4P-D water
model was used.50,51 The initial structure was also from the p300
Taz1–p53 TAD1 structure with termini amidated. Electrostatics
was treated using the PME method, and Van der Waals inter-
actions were cut off at 10 Å. All bonds involving hydrogen were
restrained using LINCS. For molecular dynamics simulations of
p53 TAD1 complexes with compounds, the RSFF2 force eld
© 2021 The Author(s). Published by the Royal Society of Chemistry
and the general amber force eld (gaff) were used for p53
peptide and ligands, respectively.

Druggable conformation selection and virtual screening

Structural clustering was conducted with AmberTools14 using
the average-linkage algorithm. Preliminary clustering was per-
formed on the p53 backbone atoms of residues 19–26, stopping
when minimum distance between clusters is 1.5 Å, followed by
secondary clustering on the p53 backbone atoms of residues 1–
39 for every cluster from preliminary clustering, stopping when
the minimum distance between clusters is 6 Å. Binding site
detection and druggability prediction of various conformations
were performed using the CAVITY program.45,46 We selected
structures satisfying the following three rules: (i) pockets are
located in the functional site; (ii) high druggability score from
CAVITY (average pKd > 6, volume > 300 Å3); (iii) large cluster
population. Finally, eight conformations were selected as
potential druggable conformations.

High-throughput docking was performed using Glide.75,76

We chose two docking modes with different precisions from
Glide: high throughput virtual screening (HTVS) and standard
precision (SP), to screen SPECS libraries. Top 50% molecules
with the best scoring function from the HTVS mode were
redocked using the SP mode to obtain top 1% molecules (the
0.5% top-ranking compounds for all compounds). Ensemble-
based docking was conducted using the selected eight
conformations.

MDM2 expression and purication

Samples of human MDM2, corresponding to residues 17–125,
were expressed in Escherichia coli strain BL21 (DE3), using
recombinant plasmid pGEX6P2-MDM2 (17–125) (Addgene
plasmid #62063).43 Recombinant cells were cultivated at 37 �C
in LB medium. At an OD600 of 0.6–0.8, expression was induced
by the addition of 0.5 mM IPTG and cultures were grown at 25
�C for 6 h. E. coli cells were resuspended in binding buffer (50
mMTris–HCl, 300mMNaCl, 2.5 mMEDTA, 2 mMDTT, pH 7.4),
lysed by sonication supplemented with 1 mM PMSF and sedi-
mented at 17 000 rpm for 30 min. The supernatant lysates were
chromatographed on a GSTrap column and the MDM2 was
cleaved from the column using 1 : 100 ratio of HRV3C protease
with the cleavage buffer containing 50 mM Tris–HCl, 150 mM
NaCl, 1 mM EDTA, and 1 mM DTT, pH 7.3. Protein fractions
were eluted with the cleavage buffer with three column volumes
and then were buffer exchanged into 50 mM sodium phosphate,
pH 6.6. Fractions were concentrated and further puried on a 5
ml HiTrap SP HP column. Proteins were washed with buffer 50
mM sodium phosphate, 500 mM NaCl, pH 6.6 and the protein
peaks were collected and concentrated. The Sephacryl S-200 gel-
ltration column was applied for nal purication with buffer
containing 50 mM sodium phosphate, and 300 mM NaCl, at pH
7.0 (Fig. S5†).

Surface plasmon resonance (SPR)

A Biacore T200 (GE Healthcare) system was used for all experi-
ments. For preliminary compound screening, N-terminal
Chem. Sci., 2021, 12, 3004–3016 | 3011
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biotinylated p531–39 peptide (synthesized by GL Biochem Ltd,
purity $ 95%) was captured on a Sensor Chip SA (GE Health-
care) at a density of about 500 RU. We performed initial
screening of compounds at 50 mM and 100 mM in 1� PBS-P (GE
Healthcare) with 5% DMSO. Samples were injected for 120 s at
a ow rate of 10 mL min�1 and dissociation time was 240 s. In
the direct binding assay, serial dilution of molecules was made
in the running buffer. For competitive binding assay, serial
dilutions of molecules with the MDM2 protein at a 1.9 mM
concentration were injected. Regeneration was achieved with 10
mM glycine-HCl, pH 3.0 for 5 s aer the disassociation stage to
remove residual MDM2 proteins on the chip. Biacore T200
Evaluation was used for data analysis.

Microscale thermophoresis (MST) measurements

MDM2 was labeled using the RED-NHS Labeling Kit (Nano-
Temper Technologies). The labeling reaction was performed at
RT for 30 min and then the unreacted dye was removed with the
supplied dye removal columns equilibrated with buffer (50 mM
PB, 150 mM NaCl, pH 6.8). A volume of 10 mL of labeled protein
was mixed with 10 mL of ligand in 50 mM PB, 150 mM NaCl, pH
6.8, 0.1% Tween-20, 2 mg ml�1 BSA, 5% DMSO. Thermopho-
resis was measured using a Monolith NT.115 instrument and
instrument parameters were adjusted to 50% LED power and
medium MST power. The thermophoresis + T-Jump signal was
employed for data analysis.

NMR experiments

NMR experiments were performed at 25 �C using a Bruker
Advanced 600 MHz spectrometer equipped with cryo probes.
For 2D 1H–1H TOCSY, COSY and NOESY spectra, NMR samples
contained 100 mMp53 TAD1 peptide in 5 mMNa phosphate, pH
6.3, 200 mM NaCl, 5% DMSO-D6, and 95% D2O. Samples of 200
mM p53 TAD1 binder treatment for 100 mM p53 TAD1 peptide,
shuffled peptide and amino acid L-tryptophan in 5 mM Na
phosphate, pH 6.3, 200 mM NaCl, 5% DMSO-D6, and 95% D2O
were prepared for 2D 1H–1H TOCSY spectra, respectively.
Shuffled p53 TAD1 peptide sequence: MSPPSEDNWE
SKSQPQELVP PVDSLQLESL PFTLNEPLA. TOCSY spectra were
acquired with a relaxation delay between scans of 1.5 s, 60 ms
TOCSY mixing time. NOESY spectra were acquired with
a relaxation delay between scans of 2 s, 150 ms NOESY mixing
time. All experiments used shaped pulses for water suppression,
and the 2D spectra were processed using Bruker® Topspin
soware to 2048 � 1024 points and analyzed using CcpNmr
soware.77 The wild type and shuffled p53 TAD1 peptide were
synthesized by GL Biochem Ltd (purity $ 95%).

Cell culture and MTT assay

MCF-7 and HCT116 from the China Infrastructure of Cell Line
Resources were cultured in DMEM and IMDM (Gibco), respec-
tively. H1299 from the American Type Culture Collection
(ATCC) was cultured in RMPI-1640 culture medium (Gibco). All
cell culture media contained 10% PBS, 100 U ml�1 penicillin,
and 100 mg ml�1 streptomycin. Cells in exponential growth were
seeded at 2000–3000 cells per well in 96-well culture plates and
3012 | Chem. Sci., 2021, 12, 3004–3016
allowed to grow for 24 h before treatment. Culture media were
added to stock molecular solutions and nal molecular
formulations contained 0.2% DMSO (v/v) and 0.01% Tween 80
(v/v). Spectroscopic reading was taken 72 h aer treatment, and
the cell survival percentage was calculated as the percentage
absorbance of treated wells versus reference wells.

Bioluminescence resonance energy transfer (BRET) assays

HEK293T cells (800 000 cells per well) were plated in a 6-well
plate 4–6 h prior to treatment and co-transfected with the
NanoLuc-MDM2 fusion vector and p53-HaloTag fusion vector
using FuGENE HD transfection reagent (PROMEGA). Aer a 20
h overnight incubation period post-transfection cells were
collected, washed with PBS, and exchanged into DMEM media
with 4% FBS. Cell density was adjusted to 20 000 cells per ml
and then divided into two pools where either HaloTag Nano-
BRET 618 ligand was added or DMSO. Subsequently, cells were
re-plated in a 96-well assay white plate and p53 TAD1 ligands
were then added directly to media. Aer incubation for 4–6 h,
Nano-Glo substrate was added to each control and experimental
sample. The donor emission (460 nm) and acceptor emission
(618 nm) were measured within 10 minutes of substrate addi-
tion using the GloMax Discover Systemwith preloaded lters for
donor 450 nm/8 nm bandpass and acceptor 600 nm long pass
lters.

Western-blot analysis

Cells were exposed to various concentrations of testing
compounds for 24 h, and then lysed using RIPA buffer supple-
mented with cocktails of protease inhibitors. The following
primary antibodies were used in this study: p53 (#Sc-126, Santa
Cruz Biotechnology, 1 : 10), PUMA (#12450, Cell Signaling
Technology, 1 : 10), MDM2 (#Sc-5304, Santa Cruz Biotech-
nology, 1 : 10), b-actin (#3700S, Cell Signaling Technology,
1 : 100). Protein separation and detection were performed using
an automated capillary electrophoresis system (Simple Western
system and Compass soware; Protein Simple). In short, aer
performing capillary electrophoresis in a Wes Simple Western
System, sample proteins were analyzed based on the chem-
iluminescence signal peaks generated, which were transformed
into digital images depicting bands observed in the western blot
analysis. Western-blot results were analyzed using the Protein
Simple soware Compass.

Quantitative real-time PCR

Cells were seeded in 6 well plates (30 000 cells per well) 24 hours
prior to treatment. Cells were treated with testing compounds
for 12 h and control cells were treated with an equivalent
concentration of the solvent DMSO. Total RNA was extracted
from culture cells using the Eastep Super Total RNA Extraction
Kit (Promega). Aer converting total RNA to cDNA using the
PrimeScript RT reagent Kit (TaKaRa), the relative quantity of
p53, p21, puma and MDM2 transcripts was determined using
SYBR Select Master Mix (Life Technologies) and b-actin as
a normalization control. The sequence of the primers was as
follows: p53 (F: CTGGGACGGAACAGCTTTGA; R:
© 2021 The Author(s). Published by the Royal Society of Chemistry
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CCTTTCTTGCGGAGATTCTCTTC), p21 (F: CTGGA-
GACTCTCAGGGTCGAA; R: CGGCGTTTGGAGTGGTAGAA),
PUMA (F: GACCTCAACGCACAGTACGAG; R: AGGAGTCCCAT-
GATGAGATTGT), MDM2 (F: AATCATCGGACTCAGGTACAT C; R:
CTGTCTCACTAATTGCTCTCCT).
Flow cytometric analysis of the cell cycle

HCT116 and MCF-7 cells in exponential growth were seeded at
300 000 cells per well in 6-well plates and incubated for 36 h
before treatment. Aer being incubated with testing
compounds for 24 h, cells were detached with trypsin and
collected by centrifugation at 1000g for 5 min. Then cells were
washed twice with PBS and xed in 70% (v/v) ethanol at 4 �C for
2 h, followed by incubation with RNase and staining with pro-
pidium iodide at 37 �C for 30 min. The suspensions were then
analyzed using a Becton Dichinson FACScan (BD Biosciences,
San Jose, CA).
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