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As an attractive anticancer target, Hsp90 chaperone machine regulates a wide range of oncoproteins. Most
of Hsp90 inhibitors in clinical trials employ the same ATP blockage mechanism while little progress has been
achieved in Hsp90-cochaperone complex. Numerous protein kinases associate with Hsp90-Cdc37 PPIL, a
potential target for treatment of cancers, to implement folding and maturation. In order to explore the key
residues of Hsp90-Cdc37 binding interface for further design of peptide inhibitors, a combined strategy of
molecular dynamics simulation and MM-PBSA analysis was performed. Subsequent design and identification
of an eleven-residue peptide (Pep-1) directly derived from Cdc37 binding interface was achieved to exhibit
6.9 uM binding capacity and 3.0 uM ATPase inhibitory rate. This is the first evidence that a peptide inhibitor
not only interferes with Hsp90 ATPase ability but also disrupts Cdc37-Hsp90 PPI.

1. Introduction

90-kDa heat-shock proteins (Hsp90) is a well-known target to
interact with diverse client proteins including kinases, transcription
factors and other structurally unrelated proteins. Over the past
several years, global analysis of Hsp90 had made it a crucial target
associated with more than 200 proteins.' The traditional pattern for
Hsp90 inhibition is the blockade of ATP binding site, leading to
many kinds of inhibitors in clinical trials such as geldanamycin
analogues, purine-scaffold inhibitors, resorcinol derivatives and
benzamides analogues.> However, as a weak ATPase, Hsp90’s
function relies on the ATP binding and hydrolyzing to produce
energy. Most of the known Hsp90 inhibitors, targeting N-terminal
ATP binding domain with similar binding capacity, show poor
specificity leading to overt toxicity.” Up to now, none of them has
reached the market.

Hsp90 works not only depending on ATP cycle but also requiring
a complicated co-chaperones system.* Halting the formation of
Hsp90 and its co-chaperones complex at various stages is also likely
to achieve Hsp90 inhibition. Cell cycle division protein 37 (Cdc37),
also known as p50, is one of the most important co-chaperones.’
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Most client proteins of Hsp90 need Cdc37 to mediate their
maturation. A lot of protein kinases (such as BRAF, P380,” SGK3,}
PKC,” KIT,"* IKKB,!" Rho,'” CDK4,"* ERKS5,'* ¢-Src,”® IRElq,'®
CDK2,'” TDP43,'8 IRAK1," Tau,®® AKT,” UIK1,2 LKB1%) whose
biological function relies on the protein-protein interaction (PPI) of
Hsp90-Cdc37 complex have been widely reported in recent years.
Silencing of Cdc37 disrupts the association between Hsp90 and
kinase clients, thus inducing proteasome dependent degradation.’* A
natural product, celastrol, has been identified to disrupt the Hsp90-
Cdc37 complex in cancer cells. This discovery supported that the
strategy targeting the PPI of Hsp90-Cdc37 was feasible.”> As there is
no cocrystal structure available, the binding site of celastrol to
Hsp90-Cdc37 complex is still unclear so far. However, three
potential binding sites have been discussed, including Hsp90 N-

terminal,” Hsp90 C-terminal®®

or covalently bound to Cdc37 middle
domain®’. Although celastrol shows moderate inhibitory effect on
Hsp90-Cdc37 complex, lack of selectivity, poor binding capacity
further

development. Contrast to having deep pockets like kinase enzymes,

and difficulty in structural modification restrict its

a large surface areas and shallow interacting sites are observed in
PPI working surface. Complicated signaling pathways involve
multiple connectivity through some key points. These key points,
known as hot-spots, contribute to the most binding energy of the
complex. Development of peptides and small molecules that interact
with hot-spots tend to exhibit high-affinity and selectivity.?® In order
to obtain specific inhibitors targeting Hsp90-Cdc37 complex
interface, hot-spots was analyzed to discover potential high affinity
peptides, which may avoid the drawbacks of natural product. In PPI
cases, high affinity and selectivity modulators are usually based on
oligopeptide, a series of famous small molecule PPI modulators
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became successful starting from oligopeptides with moderate
binding affinity.

In order to explore the hot-spots of the Hsp90-Cdc37 PPI
interface, we presented a work flow (Fig. 1) based on molecular
dynamics (MD) calculation. Molecular mechanics/poisson-
boltzmann surface area (MM-PBSA) binding energy and energy
decomposition scheme were combined to give the quantitative per-
residue contribution for binding which revealed hot-spots Argl67 as
a most important binding determinant. Following these implications,
a series of Cdc37-derived peptides were designed and evaluated. An
eleven-residue peptide (Pep-1), which exhibited the most potency,
was identified and confirmed by isothermal titration calorimetry
(ITC) and biolayer interferometry (BLI) assays to show low
micromolar binding affinity (6.9 + 0.9 uM) to Hsp90-Cdc37 PPl in a
competitive manner. Subsequent detailed binding analysis of Pep-1
was performed comparing with the structure of Hsp90-Cdc37
(2K5B). Binding mode of Pep-1 to Hsp90-Cdc37 complex by
molecular docking revealed that it not only occupied the Cdc37
binding site but also disrupted the ATP binding of Hsp90. The result
was supported by ATPase inhibition assay (ICso = 3.0 £ 0.07 uM ).
Pep-1 is the first small peptide that directly disrupts Hsp90-Cdc37
PPL It provides a starting point for further structural simplification
and optimization. The hot-spots we revealed may lead to the
breakthrough in identifying small molecule inhibitors targeting
Hsp90-Cdc37 PPL

PDB Crystal Structure

2KS5B/1US7 Structure Preparation

MD Program AMBER 12
II‘I, " I i\)l,l 6"

:“ Peptide Design and Synthesis

Per-Residue Energy Decompositio

1Solid-Phxse Peptide Synthesis ‘

7 Biological Evaluation of Peptide
-

Docking Evaluation

" Peptide Binding Mode Analysis

Fig. 1 Workflow of peptide discovery from computational start to biological
evaluation

2. Materials and methods

2.1 Computational Methods

2.1.1 Protein preparation

The NMR structure (2K5B) and crystal structure (1US7) of
Hsp90-Cdc37 complex were obtained from protein data bank
(PDB). Clean protein tool in Discovery Studio (DS) 3.0
package (Accelrys Inc., San Diego, CA, USA) was used to
correct the structure. Crystallographic water molecules were
removed from the coordinate set. All calculations were
conducted using Dawning TC2600 cluster.

2.1.2 MD Simulations
MD simulations of 2K5B and 1US7 was performed by
PMEMD module of AMBER 12 program. The ff99SB force
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field was applied to the complex.?’"*' TIP3P water molecules
were utilized to solvate the complex, extending at least 10 A
from the protein. System was kept neutral by adding
counterions. Before MD simulation, two steps of minimization
were applied to the system. Firstly, the water molecules were
refined through 2,500 steps of steepest descent followed by
2,500 steps of conjugate gradient, keeping the protein fixed
with a constraint of 2.0 kcal mol' A. Secondly, the complex
was relaxed by 10,000 cycles of minimization procedure which
contained 5,000 cycles of steepest descent and 5,000 cycles of
conjugate gradient minimization. During the simulation, the
particle mesh Ewald (PME) method was employed to calculate
the long-range electrostatic interaction. SHAKE method was
applied to constrain all covalent bonds involving hydrogen
atoms to allow the time step of 2 fs. The whole system was
heated from 0 to 300K running 50 ps molecular dynamics with
position restraints under constant volume. 500 ps of the
isothermal isobaric ensemble (NPT)-MD was conducted to
adjust the solvent density for pressure relaxation with a time
constant of 1.0 ps. In this step, all protein atoms were restraint
by force constants of 2 kcal mol”' A Harmonic restraints. To
relax the system without constraints, an extra 500 ps of
unconstrained NPT-MD at 300K with a time a constant of 2.0
ps was performed. Finally, a length of 10 ns production
dynamics at constant pressure was obtained. Snapshots of the
trajectory were saved at 20 ps intervals for further analysis.

2.1.3 Analysis of MD trajectories and binding energy calculation

In order to explore the stability of the complex, the time-
dependence of the RMSD of the backbone atoms was analyzed by
‘ptraj’ tool in AMBER12. Free energy calculation was performed by
the MM-PBSA method. For MM-PBSA analysis, snapshots at 20 ps
intervals were extracted from the 10 ns of the MD trajectory. The
binding energy was averaged over the ensemble of conformers. MM-
PBSA energy decomposition was conducted to explore the hot-spots
residues.’” In this procedure, the effective binding energies were
decomposed into contributions of individual residues.

2.1.4 Docking

The Libdock tool in DS 3.0 was utilized to evaluate the designed
small peptide. Peptide and protein were prepared using prepare
ligands and prepare protein tool before docking. The docking site
was derived from Cdc37 binding site of Hsp90 in crystal structure.
The docking results were evaluated through comparison of the best
docked poses. The RMSD was used to compare differences between
the docked poses and the real crystal structure to measure docking
reliability.

2.2 Peptide synthesis and protein purification

2.2.1 Chemical synthesis of peptide

300mg of 0.ImM Fmoc-Asp (OtBu)-RinkAmid MBHA Resin
(sub = 0.33) was poured into a 250mL composite column, then DMF
was added to swell for 3 hours. After DBLK solution was added, the
whole system was performed under the protection of nitrogen for 30
minutes. Afterwards, DBLK solution was filtrated off and the filter
cake was washed by DMF for 6 times. Three equivalents of amino
acid and HBTU were added into the composite column and double
resin volume of DMF was added subsequently. In addition, three
equivalents of N-methyl morpholine was added before the reaction
began. The endpoint was determined by negative ninhydrin reaction.
The amino acids coupling liquid was filtered off and the resin was
washed with DMF for 6 times and methanol for 3 times after the
reaction finished. Deprotection was applied for all amino acids in

This journal is © The Royal Society of Chemistry 20xx
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turns and then sealed N-terminal amino by acetic acid sealing
solution (DMF: acetic oxide: N-methyl morpholine = 87: 6: 7).
600mg peptide-resin was obtained. 15mL lysis buffer (TFA: TIS:
H20 = 95: 2.5: 2.5) was added into a round-bottom flask containing
the peptide resin. The reaction was performed in the dark for 3 hours
under the protection of nitrogen. Then the solution and resin were
separated by sand core filtration and the resin was washed by TFA.
The filtrate was poured into cold ether and centrifuged for
precipitation. Then the crude product was precipitated with diethyl
ether followed by HPLC purification using a C18 reversed phase
column. Purity of the final peptides were analyzed by RP-HPLC and
the characterization of the peptides was evaluated by electrospray
ionization mass spectroscopy (ESI-MS). Detailed information was
performed in Supporting Information.
2.2.2 Expression and purification of Hsp90N and Cdc37M

The region encoding N-terminal Hsp90 and Middle-domain
Cdc37 were cloned into pET28a separately. 0.5 mM IPTG was used
to induce the protein expression in E. coli cells. After 12 h growth at
17 °C, E. coli cells were harvested and sonicated. Then the clarified
liquid solution was obtained by centrifugation. AKTA-pure (GE
healthcare) was utilized to purify the soluble lysate. Equilibration
buffer contained 25 mM Tris-Cl, 150 mM NaCl while elution buffer
was consisted of 50 mM Tris-Cl and 10 mM reduced glutathione.
Hsp90N and Cdc37M was identified by SDS-PAGE and dialyzed in
20% 0.1 mM PBS buffer, stored at -80 °C.

2.3 Biological Evaluation

2.3.1 Isothermal Titration Calorimetry (ITC)

An ITC200 calorimeter (Malvern) was used to carry out the
ITC experiment. 300 puL of purified Hsp90N was fulfilled into
the sample cell at a concentration of 100 uM in 0.01M PBS, pH
7.4. The syringe was filled with peptide in the same buffer
condition. Two microliter aliquots of a 1 mM solution was

titrated into the sample cell at 25 °C .

stirring speed of 1000 rpm were used for the whole procedure
of the injection. In addition, a first 0.5 pL of ligand solution
was titrated to prevent from initial interfering. All the data
obtained from the experiment including association constant
(K, = 1/Ky), enthalpy value (AH) and entropy value (AS) were
analyzed by the Origin software package.

180 s intervals and a

2.3.2 Biolayer Interferometry (BLI)

The interaction between the peptide and the Hsp90 N-
terminal protein was determined by biolayer interferometry
using an OctetRed 96 instrument (ForteBio Inc.).
Aminopropylsilane (APS) biosensors tips (ForteBio Inc., Menlo
Park, CA) were selected to carry out the experiment. Before the
protein was immobilized onto the APS biosensors, all the tips
were placed in the buffer of 0.1 M PBS. Then the experiments
were performed by following steps: (1) baseline. Sensors
immersed in the 0.1M PBS buffer for 120 s to obtain
equilibration; (2) protein loading to sensors. Sensor tips moved
to Hsp90N protein plates to make protein immobilized for 600 s;
(3) second baseline. Sensors moved to plates contained 0.1M
PBST for 120 s to reach equilibration; (4) association. Sensors
moved to ligand buffer for 300 s to obtain K,,; (5) dissociation.
Sensors moved to 0.1 M PBST buffer for 300 s to obtain K.
Four concentrations of ligands were utilized to obtain the final
curve. All the data were analyzed by ForteBio data analysis
software. Equilibrium dissociation constant (Kp) were carried
out by the equation (Kp = K/ Kop)-

This journal is © The Royal Society of Chemistry 20xx

2.3.3 Pep-1 competitive binding experiment

To characterize the disruption of Hsp90-Cdc37 complex by
Pep-1, BLI assay was utilized. In this section, protein Cdc37
was immobilized onto the APS sensors. Positive control was
performed using pure Hsp90N with a constant concentration 4
uM. Reference control contained only 0.1 M PBST buffer.
Different concentrations of Pep-1 (ranging from 20 uM to 2.2
uM with three times dilution) were mixed with Hsp9ON
(constant concentration 4 pM) to give a dose-dependent
inhibition in a competitive manner. The experiment procedures
were same as 2.3.2.

2.3.4 Hsp90 ATP Hydrolysis Assay

Following the instructions of the Discover RX ADP
Hunter™ Plus Assay Kit (Discovery, Fremont. CA), the
ATPase reactions were performed at 37 ©°C. Different
concentrations of Cdc37-derived peptides and positive
compound AT13387 were tested in 384-well black plate.
Varioskan multimode microplate spectrophotometer (Thermo
Scientific Varioskan Flash, 540 nm excitation and 620 nm
emission) was used to determine the ADP generation.
Background value was measured in a solution lacking protein
and ligand, while negative control was determined in a reaction
lacking ligand and recognized as 100 % protein activity.

3. Results and discussion

3.1 MD Simulations and MM-PBSA calculation.

In order to explore the hot-spots of the Hsp90-Cdc37
complex binding interface, we applied a systematic peptide
discovery workflow based on MD Simulations. After the
crystal structure (PDB ID: 2K5B, 1US7) was prepared, long-
range simulation trajectory (10 ns) was obtained for further
binding energy calculation and per-residue decomposition
analysis. System stability was examined through the RMSD of
backbone atoms with respect to the structures obtained at the
end of the production procedure (Fig. 2). According to the
RMSD analysis, it was observed that 2K5B was more stable
than 1US7 during the long-range trajectory, which
demonstrated that the results of 2K5B might be more suitable
for further analysis. It has been reported that MM-PBSA
exhibited better in calculating the absolute binding free energies
while MM-GBSA performed better in calculating relative
binding free energies.>> Through the binding free energy
analysis, we expected to focus on the main driving force for the
complex binding. Thus the MM-PBSA method was chosen to
calculate the absolute binding free energies. Overall, the
calculation results exhibited negative values of the complex
effective binding energies, indicating a favorable PPI case. As
shown in Fig. 2, 2K5B energy decomposition exhibited that
nonpolar contribution were the major part of the total binding
energy, indicating a large hydrophobic surface in Hsp90-Cdc37
binding. However, due to the large contact surface of the
Hsp90-Cdc37 complex, the desolvation penalties (EPB)
associated with the binding was huge which made the total
electrostatic contribution of binding unfavorable. Finally, the
AGy Was calculated as -5.4965 kcal/mol by the equation.

(AGtotal = AGgas + AGsolv)

J. Name., 2013, 00, 1-3 | 3
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A
2K5B Energy Decomposition
VDWAALS -64.91
EEL -462.61
EPB 477.38
ENPOLAR -45.98
AGgas -527.52
AGsolv -522.02
AGtotal -5.50

tins

Fig. 2 MD simulation results. (A) 2K5B energy decomposition
analysis. Mean energies are in kcal/mol, calculated from trajectory
range 0-10 ns. VDWAALS = van der Waals contribution from MM.
EEL = electrostatic energy as calculated by the MM force field. EPB =
the electrostatic contribution to the solvation free energy calculated by
PB. ENPOLAR = nonpolar contribution to the solvation free energy
calculated by an empirical model. AGioar = AGgas + AGgoly. (B) Stability
analysis for MD simulations. RMSD of 1US7 is shown in red while
2K 5B shown in green.

3.2 Hot-spots identification for Hsp90-Cdc37 PPI

The per-residue contribution to the effective binding energy of
the Cdc37 are listed in the Table 1. According to the per-residue
decomposition of Cdc37 binding interface, it has been recognized
that Lys160, His161, Met164, Leul65, Argl66 and Argl67 might
contribute to the most binding free energy of the complex.
Especially Argl67 (AGy = -2.50 kcal/mol) contributes to nearly
half of the complex binding energy which is consistent with the
previously reported mutation results.** This result indicated that
polar interactions such as hydrogen bond and salt bridge mediated by
Argl67 may be one of the determinant for Hsp90-Cdc37 binding,
therefore, Argl67 could be recognized as one of the most important
hot-spots. In the case of Lys160, His161 and Argl66, though their
AGy,q are less than Argl67, electrostatic interactions of them are
huge as well. According to the results, a series of peptides including
all the residues mentioned above, was designed and synthesized to
examine their binding capacity to Hsp90. Besides, peptides
containing potential key residue mutations (R166A, R167A) were
also designed and evaluated to determine the results from the hot-
spots identification.

4| J. Name., 2012, 00, 1-3

Table 1 Per-residue energy decomposition by MM-PBSA

Per-residue energy decomposition (kcal mol™)

Page 4 of 8

Residues Van der . Polar
electrostatic . total
waals solvation

Lys160 -0.06 -23.07 22.86 -0.27
Hisl61 -0.19 -22.43 21.84 -0.78
Phel62 -0.03 -0.02 0.02 -0.03
Glyl63 -0.04 -0.11 0.10 -0.05
Met164 -0.82 -0.22 0.83 -0.21
Leul65 -0.52 -0.23 0.35 -0.42
Argl66 -0.78 -20.83 20.86 -0.75
Argl67 -0.65 -23.15 21.30 -2.50
Trp168 -0.04 -0.08 0.08 -0.04
Aspl69 -0.09 16.25 -16.13 0.04
Aspl70 -0.26 16.87 -16.15 0.46

3.3 Cdc37-derived peptides bound to Hsp90N and inhibited
Hsp90 ATPase

In order to determine the binding capacity of the peptides,
ITC was applied to evaluate thermodynamics properties of the
binding interaction. It was observed that Pep-1 exhibited a huge
energy release for the first three injections (about 9.0 pcal-s™)
while bound to Hsp90N, indicating a favorable binding course.
According to the curve-fitting analysis, a reversible 1:1 binding
stoichiometry was obtained, hence it was demonstrated that one
peptide molecule bound to one molecule of Hsp90N. Through
all the parameters obtained, Pep-1 exhibited the binding
affinity with K, of 6.9 uM to Hsp90N. Many researches have
demonstrated that enthalpy of ligand binding (AH), which is
composed of polar interactions such as hydrogen bonds, salt
bridges and van der Waals energy, might play a significant role
in specific binding.*> While entropy-driven binding force (AS)
mainly aimed at lipophilic interactions.>® It is beneficial that a
large negative value of AH might reflect a favorable force for
non-covalent interactions changing from the free-state to the
bound state. It is unfavorable to achieve large negative value of
-TAS for a certain compound because it might result in
nonspecific hydrophobic interactions, leading to poor target
selectivity.>” According to the ITC results, a favorable enthalpy
component to binding (AH = -18.93 kcal/mol) and a moderate
entropy (-TAS = 12.90 kcal/mol) were observed which
illustrated hydrophilic contacts might be a determinant
contribution to the binding. Hydrophobic interactions derived
from entropy contribution might be an unfavorable driven force
for complex binding while enthalpy contribution of specific
binding interaction might be the determinants of the Hsp90-
Cdc37 complex binding. Finally, the results of AG (-5.5
kcal/mol) calculated from MM-PBSA had a commendable
coherence with the peptide binding results determined by ITC
(AG = -7.0 kcal/mol) which illustrated that Pep-1 contributed
to the most binding energy of Cdc37.

This journal is © The Royal Society of Chemistry 20xx




Page 5 of 8

RSC Advances

Table 2 Cdc37-derived peptides binding capacity and inhibition rate of Hsp90 ATPase

Pep Sequence N Ky (uM) AG (kcal~mol_1) ICso (uM) ATPase inhibition

1 Ac-KHFGMLRRWDD-NH, 0.9+0.3 6.90+0.9 -7.00+0.1 3.0+0.1
2 Ac-KHFGMLRRWD-NH, 1.0+£0.2 21.00+£2.8 -5.59+0.2 48+0.9
3 Ac-KHFGMLRRW-NH, 0.8+0.2 10.07 £1.9 -6.37+0.2 3.7+0.7
4 Ac-FGMLRRWDD-NH, 1.1 +£0.1 15.62+1.8 -6.50+0.2 369+3.3
5 Ac-MLRRWDD-NH, 1.1+£0.3 18.55+3.9 -6.47+0.3 458 +£2.7
6 Ac-MLRR-NH, N/A? N/A? N/A? N/A?

7-mut Ac-KHFGMLRAWDD-NH, 1.1+04 518.1+79 -4.50+0.4 > 100

8-mut Ac-KHFGMLARWDD-NH, 1.3+£0.2 1143 +64 -542+0.3 > 100

#No Activity

To determine the effectiveness of Pep-1 binding affinity
results and make furthersome compare, more Cdc37-derived
peptides were designed and synthesized (Table 2). All of them
were evaluated by ITC and Hsp90 ATPase inhibition assay
(Table 2). Pep-2 and Pep-3 were used to explore the function
of Aspl69 and Aspl70 in C-terminal of the Pep-1, which
exhibited a two to three times binding affinity loss (Pep-2:
21.00 + 2.8 uM, Pep-3: 10.07 = 1.9 uM) compared with Pep-1
(6. 90 + 0.9 uM). While ATPase inhibition ability (Pep-2: 4.8 +
0.9 uM, Pep-3: 3.7 + 0.7 uM) was not seriously affected by the
reduction of Aspl69 and Aspl70. Pep-4 and Pep-5 were
utilized to test the effectiveness of Lys160, His161, Phe162 and
Gly163, which showed a nearly three times binding affinity loss
(Pep-4: 15.62 = 1.8 uM, Pep-5: 18.55 £ 3.9 uM) and ten times
ATPase inhibition ability loss (Pep-4: 36.9 = 3.3 uM, Pep-5:
45.8 £ 2.7 pM). With the decrease of binding affinity, AG
dropped as well. Pep-6 only contained four potential key
residues (Metl64, Leul65, Argl66 and Argl67) had lost its
binding capacity and ATPase inhibition ability totally. These
results illustrated that Lys160, His161, Phel62 and Glyl63
might have a huge effect on ATPase inhibition while Asp169
and Asp170 might have a slightly contribution to Pep-1 binding
capacity. Potential key residues Argl66 and Argl67 were
mutated to obtain Pep-7-mut and Pep-8-mut. Both of them
exhibited a significant binding affinity loss, especially mutation
of R167A, and ATPase inhibition ability loss. This results

A

Time (min) B
0 L)

commendably proved the Hot-spots and key residue of Argl67
we mentioned above.

In order to demonstrate the effectiveness of Pep-1, the BLI
assay was utilized to determine its binding capacity. BLI is one
of the most common ways to quantify the binding affinity of
peptide-protein interaction.’® The measured Kp, value of Pep-1
was 6.01 uM with proper fitting curves. A dose-dependently
inhibitory manner was also observed according to the curves.
Both K, and K¢ value show tolerant extent for peptide-protein
binding. K value was calculated as following equation: Kp =
Kofr / Kon. This is the first evidence that a small peptide derived
from co-chaperone protein can effectively bind to Hsp90.

Hsp90 ATPase inhibition determination by Cdc37-derived
peptides was performed using an assay of Discover RX ADP
Hunter™ Plus Assay Kit The final data showed that Pep-1
inhibited Hsp90 ATPase with ICsy 3.0 £ 0.07 uM by a dose-
dependent manner. Meanwhile, AT13387 was used as positive
control giving ICsy 0.5 £ 0.15 pM. All the data was shown in
Table 2. This result kindly proved our following binding mode.
Pep-1 showed a moderate activity of Hsp90 ATPase inhibition
compared with the positive control AT13387. In addition, Pep-
1 might locate on Hsp90 ATPase site nearby and interfere with
Cdc37 binding to Hsp90 through an allosteric regulation.

Binding constants determined by BLI

Ligand [ koo
AcKHFGMLRRWDD-NH, | 6.01E-06

Kon(1/Ms)
1.90E+03

i

keal mol” of injectant

1

Molar Ratio

Koff(ls) |
LI4E-02 |

Dose-dependent inhibition of Hsp90 ATPase by peptides
1.0
ATI13387
Pep-1
Pep-2
Pep-3
Pep-4
Pep-5
Pep-6
Pep-7-mut
Pep-8-mut

ke

0.5

Inhibition rate (%)

ot ¢4

0.0

-9 -8 7 6 5 4 3

logM]

Fig. 3 (A) The ITC fitting curve clearly fits a 1 : 1 reversible binding mode with a K4 of 6.7 uM. (B) BLI dose-response curves of the Pep-1
reflecting the direct binding to Hsp90N. Concentrations ranged from 3.2 uM to 0.0256 uM with 5 times dilution of each curve. (C) Dose dependent

inhibition of Hsp90 ATPase by peptides.

This journal is © The Royal Society of Chemistry 20xx
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Sequence 160-170 of Cdc37 in 2K5B

Potential binidng mode of Pep-1

Fig .4 Potential binding mode analysis of Pep-1. Structure of Hsp90-Cdc37 complex (Cdc37 only exhibited sequence 160-170)

compared with potential binding mode of Pep-1, Pl

3.4 Potential binding mode of the Pep-1

Hsp90-Cdc37 PPI is a case with moderate binding affinity
probably because there is no obvious and deep cavity in both
Hsp90 and Cdc37 binding interface. The structure of Hsp90-
Cdc37 formed through several key residues, Argl67 of Cdc37
and Glu47 of Hsp90 are considered to be one of the most
important interactions. It has been reported that the side chain
of Argl67 could insert into the mouth of ATPase nucleotide
binding pocket, forming significant hydrogen bond with Glu47
of Hsp90N, to moderately interfere with ATPase ability of
Hsp90.* However, according to the cocrystal structure of
Hsp90-Cdc37 (Fig. 4 left), Argl67 can not insert deeply into P1
to bind tightly with Hsp90, this could be one of the reasons that
Cdc37 can not effectively inhibit the ATPase of Hsp9ON.
However, our results showed that Pep-1 can not only bind to
Hsp90, but also inhibit the ATPase activity of Hsp90N.
Therefore, we inferred that Pep-1 might form different binding
mode to Cdc37 when bound to Hsp90N. To explain the result,
molecular docking was performed to analyze the binding mode
of Hsp90N-Pep-1. Compared to Cdc37, Pep-1 had improved
structural flexibility to form different binding mode and
orientation in the groove of Hsp90N, leading to a simultaneous
occupation of P1 and P2 of Hsp90N (Fig.4, right). P1 is
occupied by residue Lysl160 and His161 of Pep-1, which
deeply inserted into the ATP binding pocket of Hsp90ON. The
mode indicated that the two residues were important for the
activity of Pep-1. The results were consistent with the per-
residue decomposition analysis mentioned above (contributed
nearly 20% to complex binding). P2 of Hsp90N was well
occupied by Metl64, Leul65, Argl66 and Argl67 of Pep-1,
supplying the main binding affinity to Hsp90N.

3.5 Pep-1 interfered with Hsp90-Cdc37 PPI

To characterize the disruption of Hsp90-Cdc37 complex by
Pep-1, BLI assay was utilized. In this section, protein Cdc37
was loaded onto the sensors. Different plates (one fulfilled with
protein Hsp90N, others included Hsp90N and Pep-1 mixture)
were used simultaneously to evaluate the binding capacity of
Hsp90N. Red curve represents the direct binding of Cdc37 to

6 | J. Name., 2012, 00, 1-3

is ATP binding pocket. P2 is potential Cdc37 binding cleft.

Hsp90N while others stands for Cdc37 binding to the mixture
of Hsp90ON and Pep-1 (Hsp90N stays in the constant
concentration, 4 pM, in all plates). Pep-1 concentrations
changed from 20 uM to 2.2 uM with three times dilution. It is
obvious that after Pep-1 was added, the binding capacity of
Hsp90N decreased a lot. The signal declined following dose-
dependent of the Pep-1. This results illustrate that Hsp90-
Cdc37 binding complex might be interfered by Pep-1.

Fitting View
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Fig. 5 BLI association and disassociation curves in two different
conditions. Red curve stands for Cdc37 directly binding to Hsp90.
Other curves stand for Cdc37 binding to the mixture of Hsp90 and Pep-
1. Hsp90 was kept in constant concentration at 4 uM while
concentration of Pep-1 ranging from 20 uM to 2.2 uM with three times
dilution. (Pep-1 concentration: red curve 0 uM, sky blue curve 2.2 uM,
green curve 6.7 pM, orange curve 20 uM). A significant signal decline
could be obtained after different concentrations of Pep-1 was added. It
is obvious that with rising concentrations of the Pep-1, the Hsp90
binding signal decreased. All the groups were performed with 800s
association part and 600s dissociation part.

4. Discussions

Although there are several co-crystal structures of Hsp90-Cdc37
PPI reported, it is still not clear that which region of Cdc37 is the
most important part for its binding to Hsp90. The affinity of Hsp90-
Cdc37 complex is at low pM which make it more difficult to
discover disruptors beginning with peptide. Taking a briefly
observation of the Hsp90-Cdc37 binding interface, a loop-region
(sequence 160-170) and a very short helix (sequence 200-210) of
Cdc37 were reported being significant for Hsp90-Cdc37 complex
binding. However, these two parts were far away from each other,
making the whole binding interface of the complex very large, thus it
is very difficult to design small molecule inhibitor without revealing

This journal is © The Royal Society of Chemistry 20xx
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the hotspots of this PPI. According to the crystal structure of the
complex, the loop-region (sequence 160-170) of Cdc37 might be
more likely to become peptide inhibitors comparing with the short
helix (sequence 200-210), because it might occupy the deep-long
cavity of Hsp90 next to ATP pocket. By comparison, it seems that
the short helix only binds to a shallow and narrow groove, which
cannot supplies stable binding pocket for Hsp90-Cdc37 PPL To
reveal which part contains important hotspots for this PPL, in this
study, molecular dynamics simulation accompanied by MM-PBSA
analysis, which is commonly used to evaluate the binding free
energy of PPI interface and identify hotspots of the intermolecular
interaction, is applied to achieve our goal. According to the results,
the loop part, especially Argl66 and Argl67, contribute the most
binding energy to the PPI, therefore, they can be recognized as the
hotspots of Hsp90-Cdc37 interaction.

Discovering highly efficient modulators targeting PPI is one of the
most challenge task in medicinal chemistry. The large binding
domain make it very difficult to design the modulators directly from
small molecules. From this point of view, an active oligopeptide can
provide ideal template to reveal the chemical space of the PPI and
guide the compound design, because it can not only occupy the
binding interface to the utmost, but also provide a scaffold which is
easily to be modified to obtain druggable small molecules. Therefore,
an active oligopeptide targeting the PPI is urgently needed to act as
the starting point of the research. Actually, many successful
inhibitors targeting PPI are initiated from the discovery of peptides
with moderate activity, such as AT-406 in XIAP,* MI-888 in
MDM2-P53,* MM-410 in MLLI-WRDS5,* MCP-1 in MLLI-
Menin.*

Although it is a common strategy to discover potent peptides
directly from PPI binding interface, different PPI cases have
different challenges. Most of the initial PPI oligopeptides were
derived from the alpha-helix part at the binding interface of the two
proteins. Short peptides were designed to maintain the conformation
of alpha-helix which containing potential key residues on PPI
binding interface. It is easier to obtain higher affinity because of the
settled conformation and deep interaction cavity. While in the case
of Hsp90-Cdc37, the binding interface is shallow and flat, no stable
and typical alpha-helix was observed at the binding interface. Instead,
a loop region comprised of residues 160-170 of Cdc37, is most
likely to occupy the cleft next to the ATP pocket in Hsp90. In such
condition, it is more difficult to discover active peptides compared to
the cases that the alpha-helix acts as the binding part, because loop
region is highly flexible without stable conformation, it is not easy to
know which residues act as hotspots.

Pep-1, which directly binds to Hsp90 with Ky in low micromolar
range and blocks Cdc37-Hsp90 PPI, has provided us a good template
for designing small molecule inhibitor of Cdc37-Hsp90 PPIL.
Although previously some natural products, such as celastrol, have
been inferred to affect Cdc37-Hsp90 PPI, the target selectivity as
well as the activity are not satisfactory. Besides, it is hard to
chemically modify the scaffold of these complicated natural product.
Pep-1, however, is directly obtained from Cdc37, it can act as a
more ideal template to design of small molecule inhibitor directly
targeting Hsp90-Cdc37 PPI. Therefore, it can serve as the starting
point for further structural optimization.

5. Conclusions

In summary, a combined strategy of MD simulation and
MM-PBSA analysis was performed to give a quantitative per-
residue contribution. Based on the calculation results and whole
binding interface observation as well as interaction properties,
Cdc37-derived peptides were designed and synthesized. ITC

This journal is © The Royal Society of Chemistry 20xx

and BLI assays were carried out to evaluate the binding
capacity of peptides which revealed Pep-1 with highest binding
affinity and ATPase inhibition ability. Pep-1 is the first
evidence that a non-natural inhibitor could bind to Hsp90 not
only inhibit the ATPase ability but also disrupt Cdc37 binding.
In this study, the combined strategy of molecular dynamic
simulation and MM-PBSA approach showed its value in
exploring the PPI binding interface as well as peptide design.
Further studies may focus on the effectiveness of the peptide to
reveal the key residues and the minimized sequence of the
potent peptide.
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