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SUMMARY

Essential chaperones heat shock protein 70 (Hsp70) and heat shock protein 90 (Hsp90) collaborate in onco-

protein folding. Dual inhibition of these chaperones has shown synergy in preclinical studies but remains

challenging to achieve. Using a computational approach, we designed peptides mimicking the predicted

unfolding regions of Kinase CDK4, a client protein of both Hsp70 and Hsp90. Peptide Cdk4-2 is shown to

simultaneously bind Hsp70, Hsp90, and co-chaperone Cdc37. Cdk4-2 is membrane permeable, inhibits

CDK4-mediated retinoblastoma phosphorylation, and induces apoptosis in renal carcinoma cells. Struc-

ture-function studies identified a minimal pharmacophore for Hsp70 binding and critical interactions for pep-

tide affinity. These findings demonstrate the feasibility of rationally designing multi-target modulators of

chaperone networks. Cdk4-2 is a promising lead for therapeutic development, expanding the molecular

space of modulators of cancer-associated multiprotein machineries. While focused on chaperones, the

idea behind our strategy is general and immediately transferable to other multiprotein targets and networks.

INTRODUCTION

Protein quality control is maintained through the function of mo-

lecular chaperones, including Hsp70 and Hsp90.1 While Hsp70

and Hsp90 are important for cellular health under normal condi-

tions, they become especially critical during tumorigenesis by

playing roles in angiogenesis, metastasis, and cell survival.2–7

To exploit this susceptibility, chemical inhibitors of Hsp70 and

Hsp90 have been explored as potential anti-cancer agents.

Recently, an Hsp90 inhibitor, pimitespib (Jeselhy, TAS-116),

demonstrated positive outcomes in a randomized phase III clin-

ical trial and gained approval for treating advanced gastrointes-

tinal stromal tumor (GIST) in Japan.8 However, it is known that

many inhibitors of Hsp90 trigger an upregulation of Hsp70

expression, partially compensating for the loss of Hsp90 activity

and sustaining prosurvival signaling pathways.9,10 Indeed,

despite the promising results with pimitespib, most Hsp90 inhib-

itors have failed in the clinic,11 emphasizing the need for alterna-

tive therapeutic strategies.

One compelling idea is that targeting both Hsp70 and Hsp90

at the same time might enhance efficacy. In support of this

idea, many studies have shown synergy between combinations

of Hsp70 and Hsp90 inhibitors.2–7,12 While these findings are

motivational, clinical development of a cocktail of Hsp70 and

Hsp90 inhibitors is expected to be challenging. Here, we inves-

tigate the alternative possibility of simultaneously targeting
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both chaperones with a dual-targeting compound. Briefly, multi-

targeting compounds use rationally designed promiscuity to

bind and inhibit (at least) two targets, and select examples

have been approved in oncology.13 The challenge in the design

of these compounds is to identify a core pharmacophore that is

malleable enough to be adapted for both targets.

Hsp90 and Hsp70 directly bind to exposed sequences in the

unfolded or partially folded states of their ‘‘client’’ proteins. The

selection of these clients is often further supported by co-chap-

erones, such as Cdc37 and J-domain proteins.14 For example,

Cdc37 is required to recruit Hsp90 into complexes with ki-

nases,15 but not other clients. For a subset of clients, the

Hsp90 and Hsp70 complexes are known to work sequentially

on the same polypeptide. For example, pioneering work on ste-

roid hormone receptors has revealed that Hsp70 and its co-

chaperones generally bind the unfolded client first, followed by

recruitment of Hsp90 and its associated factors.16,17 These

sequential protein-protein interactions between chaperones,

co-chaperones and client proteins then prepare the client for

final folding.18,19 This process appears to be critical for folding

and stability, as treatment with chemical inhibitors of Hsp70 or

Hsp90 leads to destabilization and degradation of many

clients.20

Guided by these observations, we envisioned that one way to

simultaneously inhibit both Hsp90 and Hsp70 would be to iden-

tify shared binding sites on a client and then convert these se-

quences into peptide-based inhibitors. The challenge with this

idea is that, to date, no peptides have been shown to bind both

Hsp90 and Hsp70. Further, there are not tools for predicting

these shared sites based solely on sequence information.

Thus, we envisioned a different approach to this problem. Spe-

cifically, we previously demonstrated the capability of physics-

based computation21 to identify relatively unstable substruc-

tures in a client that are most likely to unfold. This ab initio

prediction returned substructures that were shown to corre-

spond to known, Hsp90-contacting regions of kinases and

glucocorticoid receptor. Moreover, we were able to use struc-

ture-based approaches to design peptides that mimic these

unfolding regions and found that they bound to Hsp90 and

limited Hsp90-mediated client stabilization.22 Because Hsp70

also binds to unstructured regions of proteins,23 we hypothe-

size here that a similar approach might identify peptides that

bind both Hsp70 and Hsp90, providing the starting point for

dual-targeting molecules.

To test this idea, we selected the cyclin-dependent kinase,

CDK4, as a model. CDK4 plays a pivotal role in oncogenesis

by regulating the cell cycle and promoting cell proliferation

through its involvement in G1 phase progression.24,25 Aberrant

activation or overexpression of CDK4 is commonly observed in

various cancers, contributing to uncontrolled cell division and tu-

mor development. Importantly, CDK4 is also a well characterized

client of both Hsp70 and Hsp90 and substantial structural infor-

mation for CDK4 in complex with Hsp90 is now available.26,27 To

identify shared binding sites for Hsp90 and Hsp70 on CDK4, we

used our physics-based approach21 to nominate four short pep-

tides (termed Cdk4-1 through Cdk4-4) that mimic the most un-

stable substructures in the kinase. Then, we synthesized the cor-

responding peptides and measured binding to Hsp90 and the

co-chaperone Cdc37. We find that two of these sequences

indeed bind both Hsp90 and Cdc37. Then, we show that one

of these CDK4-derived peptides, Cdk4-2, also binds to Hsp70,

with a tight affinity (Ki ∼100 nM). Using a biotinylated version of

Cdk4-2, we confirm that the peptide binds Hsp70 and Hsp90

in cell lysates. Finally, we find that Cdk4-2 is partially membrane

permeable, allowing us to show that treatment of renal cell car-

cinoma cells with Cdk4-2, but not a scrambled control, leads

to suppression of CDK4 phosphorylation of its substrate Retino-

blastoma (Rb) and activation of apoptosis. Thus, although further

development is needed, Cdk4-2 appears to be an exciting start-

ing point for development of rationally designed, multitargeted

molecules that inhibit interactions within the Hsp90 and Hsp70

chaperone complexes.

RESULTS

Design of peptides mimicking the unfolded regions

of Cdk4

Hsp90 and Hsp70 share a number of client proteins; however, a

peptide region that binds both chaperones has not yet been

identified. To predict these peptides we envisioned a computa-

tional approach to identify unstable and unfolding-prone sub-

structures in a client, with the hypothesis being that such regions

might be likely targets for chaperone binding. We selected CDK4

as a target client as it is implied in a number of cancer pro-

cesses.25 Our protocol to identify potentially unfolding regions

involves running a preliminary Molecular Dynamics (MD) simula-

tion on the selected protein to allow the structure to relax strain

and bad clashes that may be present in the initial crystal struc-

ture. In the present case, we used the trajectories of the simula-

tions previously described by Paladino et al.28 Next, on the

representative structure of the most populated conformational

cluster from such simulations, we computed pairwise interac-

tions between residues via the Matrix of Low Energy Coupling,

MLCE, approach,21,29 which decomposes the nonbonded part

of the potential (see STAR Methods): for a protein of N residues,

an N× N interaction matrix Mij is calculated. Eigenvalue decom-

position of this matrix returns the regions of strongest and weak-

est couplings, such that the fragments that are on the surface,

contiguous in sequence space and weakly coupled to the protein

core, defining the potential chaperone-interacting regions. This

approach identified four substructures, termed Cdk4-1,

Cdk4-2, Cdk4-3 and Cdk4-4, which are located on surface-

exposed regions of CDK4 (Figure 1). These regions vary in

sequence, except for Cdk4-2 and Cdk4-4, where Cdk4-4 is a

subset of the longer Cdk4-2 (Table 1). Table 1 presents the se-

quences of the identified peptides, their labels and the length

of the simulations we ran for each of them, described in the

next paragraph. These sequences were selected for successive

experimental investigations.

The conformational landscape of designed peptides and

their recognition of Hsp70 and Hsp90

As both Hsp90 and Hsp70 make contact with elongated, disor-

dered sequences, we first explored whether any of the four se-

quences might adopt these conformations using molecular dy-

namics (MD) simulations. To this end, we performed all-atom

molecular dynamics (MD) simulations for each sequence,

running 40 independent replicas of 600 nanoseconds each.
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This resulted in 24 microseconds of sampling per peptide, and a

combined total of 96 microseconds of simulation data. The

distinct trajectories were separately analyzed by comparing the

conformations populated by the peptides in solution to those

observed in the native protein or in the cryo-EM structure of

the Hsp90/CDK4/Cdc37 complex.26 However, given the intrinsic

flexibility of short peptides in solution, these simulations pro-

duced a large ensemble of structurally diverse conformations.

Traditional clustering methods are often insufficient to resolve

the complexity of such systems or to quantify the energetics

and relevance of individual conformations. Therefore, to obtain

a more energetically informed description of the peptide

behavior, we employed Markov State Models (MSMs) analysis

(details of MSMs construction and validation are provided in

the STAR Methods section and supplemental information).

MSMs resolved the thermodynamic and kinetic properties of

distinct conformational states, reconstructing the underlying

free energy landscapes (see Figure S1), and identifying the

most stable and long-lived conformations. Thus, the selected

states for subsequent docking studies are not only structurally

relevant, but also statistically and energetically significant (see

Figure S1). In this analysis, two of the sequences, Cdk4-2 and

Cdk4-4, showed a promising tendency to adopt extended,

marginally compact structures (Figure 2A). We also observed

‘‘folded-like’’ states of Cdk4-2 and Cdk4-4, which had Root-

Mean-Square Deviation (RMSD) values of as low as ∼1 Å (see

Figure S2), although transiently, when compared to the folded

CDK4 structure. To ask whether Cdk4-2 or Cdk4-4 might adopt

conformations commensurate with binding to Hsp70 or Hsp90,

two representative structures from the disordered ensemble

were docked to the substrate-binding domain of Hsp70 (SBD;

PDB: 1YUW) or the client binding cleft in the Hsp90-Cdc37 com-

plex (PDB: 5FWK). The overall orientation of the peptide was

then compared to the pose of benchmark, bound client. These

analyses supported the possible binding of the sequences to

both chaperones in a way that resembles known client peptides

(Figures 2B and 2C), with relatively low RMSD values of ∼1.2 Å

observed in some states (Figure S2). Taken together, we predict

that Cdk4-2 and Cdk4-4 efficaciously mimic unfolded regions of

CDK4 that might be capable of binding to the known client-inter-

action sites of both Hsp70 and Hsp90.

We note here that initial simulation results suggested that the

Cdk4-1 and Cdk4-3 peptides have limited resemblance to the

structures that are recognized by the two chaperones. More-

over, when synthesized and experimentally tested, these pep-

tides showed limited solubility, such that Cdk4-1 and Ckd4-3

were not pursued further.

Figure 1. Predicting minimal mimics of unfolding regions on CDK4

The folded 3D structure of CDK4 (PDB: 3G33) is shown both with a surface (left) and secondary structure (right) representation. The four subpanels indicate the

location and the structure of the regions predicted to be the minimal regions that are most prone to unfolding (red).

Table 1. Sequences and simulation times of peptide mimics of

CDK4 unfolding regions

Sequence

Simulation Length

(microseconds)

Cdk4-1 FATSRTDREGPN 24 μs

Cdk4-2 LPIST-GG-FQMALTPVV 24 μs

Cdk4-3 F-GVAEIGVGAYG 24 μs

Cdk4-4 GG-FQMALTPVV 24 μs

The table reports the names, the amino acid sequence, and the MD simu-

lation lengths of the peptides designed.
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CDK4-derived peptides bind to Hsp70 and Hsp90 in cell

lysates and cause apoptosis in kidney cancer cells

We first verified whether Cdk4-2 and Cdk4-4 could bind to

Hsp70 and Hsp90 in cell lysates. Accordingly, we synthesized

Cdk4-2 and Cdk4-4 peptides with a biotin moiety appended

on the N-termini from a short linker (see STAR Methods) and

used these probes in pulldown experiments from HEK293 cell ly-

sates. In these experiments, we systematically increased the

concentration of the probes added to lysates, performed pull-

down experiments and then performed Western blots for

Hsp70 and Hsp90 (see STAR Methods). We found that 0.1 μM

of biotinylated Cdk4-2 (Bio-Cdk4-2) pulled-down both Hsp70

and Hsp90 from lysate, while 1.0 μM of Bio-Cdk4-4 only bound

substantially to Hsp90 (Figure 3A). The identity of the bound

Hsp70 and Hsp90 was further confirmed by mass spectrometry

(Table S1; Figure S3A). These results suggest that Cdk4-2 binds

both Hsp70 and Hsp90, while Cdk4-4 binds Hsp90.

Previous work has shown that CDK4 plays a prosurvival role in

clear cell renal cell carcinoma (ccRCC) cells.25,30 Therefore, we

hypothesized that active peptides might limit CDK4 activity

and induce apoptosis in these cells. First, we tested the perme-

ability of our fluorescently labeled Cdk4-2 and Cdk4-4 peptides

A

B

C

Figure 2. Conformational characterization

and binding models of unfolding mimics

(A) Schematic representation of the 3 macrostates

mapped by the Markov State Model (MSM) built

on the 24 μs MD metatrajectory of Cdk4-2 (green)

or Cdk4-4 (red) together with their respective free

energies calculated by PyEMMA. The arrows in-

terconnecting each pair of macrostates represent

the kinetics of their interconversion, as deter-

mined by the mean first passage time method

(MFPT). For each macrostate, the five most

representative structures are shown.

(B) Models of the complexes formed by Cdk4-2

(green) and Cdk4-4 (red), with the client binding

site of Hsp90. In the left panel, the Hsp90 surface

is depicted with the two protomers colored gold

and light blue. The right panel shows the Hsp90

residues interacting with Cdk4-2 (green) and

Cdk4-4 (red).

(C) Models of the complexes formed by Cdk4-2

(green) and Cdk4-4 (red), with the substrate

binding site (SBD) of Hsp70 (blue).

in the ccRCC 786-O cells. While many

peptides are only weakly permeable,31

this feature is relatively hard to predict

and therefore, we tested it empirically

for these specific peptides. Fortunately,

in this case, we observed dose-depen-

dent accumulation of diffuse fluores-

cence in 786-O cells after 24 h treatment

(Figure 3B), consistent with at least partial

peptide uptake and a dispersed localiza-

tion in the cell. To determine if treatment

with Cdk4-2 or Cdk4-4 impacts CDK4

activity, we treated 786-O cells with unla-

beled Cdk4-2 and Cdk4-4 peptides for

24 h and assessed phosphorylation of

the CDK4 substrate Retinoblastoma (Rb) at sites S807/S811

by Western blot. Consistent with diminished CDK4 activity, we

observed a decrease in phosphorylated Rb in the presence of

both peptides, but not Cdk4-1 as a control (Figure 3C). Also,

treatment with Cdk4-2 or Cdk4-4 led to an induction of

apoptosis, as evident by cleavage of caspase-3 (Figures 3C,

3D, and S2B), consistent with the required role of CDK4 in these

cells. Importantly, Cdk4-2 and Cdk-4 were also permeable in a

normal kidney epithelium cell line, HK-2 (Figure 3E), but they did

not induce caspase cleavage (Figures 3F and S2C). Given that

Cdk4-2 and Cdk4-4 are not optimized for potency or perme-

ability, we did not expect dramatic activity in these cell-based

assays; yet, the results are encouraging and supportive of the

idea that they might serve as a useful starting point for future

development.

CDK4-derived peptides binding to Hsp90 and Cdc37

Motivated by the apparent binding of the peptides to chaperones

in cell lysate, we moved to biophysical studies using purified pro-

teins. In the initial experiments, we turned to solution state

NMR.32,33 Specifically, we used 19F-T2 filter experiments34,35 to

explore the interaction of Cdk4-2 and Cdk4-4 peptides with
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A

B

C D

E F

Figure 3. CDK4-derived peptides are partially membrane permeable and pro-apoptotic in clear cell renal cell carcinoma

(A) HEK293 cell lysates were incubated with biotinylated Cdk4-2 or Cdk4-4 peptides for 1 h prior to incubation with streptavidin-coated agarose beads. Pulldown

of Hsp70 and Hsp90 was assessed by immunoblotting and mass spectrometry (see supplemental information).

(B) Representative microscopy images of ccRCC 786-O cells treated with indicated amounts of Cdk4-2 or Cdk4-4 FAM peptides for 24 h. Scale bar is 100 μm.

(C) 786-O cells were treated with CDK4 peptides for 24 h. DMSO was used as control (NT). Inhibition of CDK4 was assessed by phosphorylation of its substrate

phospho S807/S811-retinoblastoma (Rb). Induction of apoptosis was evaluated by immunoblotting using cleaved caspase 3. GAPDH was used as a loading

control. Results are representative of experiments performed three times.

(legend continued on next page)
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purified, human Hsc70 (HSPA8), Hsp90 (HSP90AA) and Cdc37.

Hsc70 is the constitutively expressed isoform of the human

Hsp70 family member and we used it as a model target. The

transverse relaxation rate, R2 of 19F is an extremely sensitive

parameter for detecting binding events.33,34 Especially at high

magnetic field, R2 is predominantly influenced by the large ex-

change contribution, arising from the difference in isotropic

chemical shift (19F δ) between the free (δf) and bound (δb) states,

and the chemical shift anisotropy (CSA) of 19F. These properties

make 19F NMR particularly well-suited for identifying even very

weak binders, especially those in fast or fast-medium exchange

with the target. In other words, the 19F signal line broadens and

becomes less intense when the peptide binds to its target, thus

serving as a reliable indicator of binding interactions. To perform

these experiments, we synthesized Cdk4-2 and Cdk4-4 variants

with 19F labels on the shared Phe residue (Tables S2 and S3). We

then collected benchmark 19F-NMR spectra of the two peptides

at different concentrations (10, 50, and 100 μM) and different

time points (just after preparation t0 and after 48 h t1) in the

absence of protein to evaluate their solubility and stability under

NMR conditions. Both fluorinated peptides showed excellent

solubility and stability under these conditions (Figure S4). How-

ever, in initial experiments, we found that addition of either pep-

tide to purified Hsc70 led to aggregation, so we were unable to

use this approach to study binding to that chaperone (see

below). Turning to Hsp90, we used 19F T2-filter experiments

with Cdk4-2 and Cdk4-4, and a randomly scrambled version

of Cdk4-2 (sequence: Cdk4-2-scr, PGQLMAISVGPTTLFV) as

single peptides and in a mixture, with or without two different

concentrations (10.0 μM and 4.0 μM) of Hsp90. At the highest

Hsp90 concentration (10.0 μM), we observed binding. At the

lower Hsp90 concentration (4.0 μM), no binding was observed

for the scrambled peptide, while Cdk4-2 and Cdk4-4 still al-

lowed the observation of a clear binding effect (Figure 4A). To

confirm this interaction using a different experimental platform,

we determined the binding affinities of Cdk4-2 and Cdk4-4 pep-

tides to purified Hsp90 via microscale thermophoresis (MST)

(Figure S5), revealing weak affinities of ∼90 μM. Thus, both

Cdk4-2 and Cdk4-4 bound to Hsp90.

We next tested binding of the peptides to the co-chaperone

Cdc37. As mentioned above, Cdc37 is known to recruit kinases

to Hsp90; yet, the binding site(s) of this co-chaperone are not yet

clear. We reasoned that Cdc37 might also have a tendency to

bind unstable regions of clients, potentially allowing it to select

appropriate clients for the Hsp90 system. Indeed, we found

that the 19F signals of both Cdk4-2 and Cdk4-4 peptides disap-

peared in the presence of 5 μM Cdc37 (Figure 4B; red), suggest-

ing an interaction. We further explored this finding by conducting

a dose–response experiment. Titrating the 19F-peptides with

increasing Cdc37 concentrations confirmed the binding of

both peptides (Figure 4C). Importantly, when we replaced

Cdk4-2 with its scrambled version, no interaction was observed

(Figure S6). Taken together, these results suggest that Cdk4-2

and Cdk4-4 peptides bind to both Hsp90 and Cdc37. Cdk4-2,

which turned out to be the active lead in our studies (vide infra)

was finally tested for its binding to Cdc37 via MST, confirming

an affinity in the same micromolar range as for Hsp90 (Figure S5).

Cdk4-2 has a high affinity for Hsp70

Our pulldown experiment suggested that Cdk4-2, but notCdk4-4,

binds Hsp70 in cell lysates (Figure 3A). Because the NMR assay

was not suitable for this system, we turned to a widely used fluo-

rescence polarization (FP) assay36 as an alternative. In this exper-

iment, a fluorescent peptide (FAM-LVEAVY; termed the ‘‘tracer’’)

is bound to a truncated substrate-binding domain (SBD) of human

Hsc70 (HSPA8) and potential ligands are titrated into the system to

calculate an inhibition constant (Ki). We first confirmed that an un-

labeled, benchmark peptide, Ac-NRLLLTG. This peptide has been

extensively used in previous studies as a high affinity model of

Hsp70 substrates.23,37–39 NRLLLTG recapitulates the physico-

chemical requirements for an unfolded client stretch to be recog-

nized by the SBD of the chaperone and has the expected Ki value

(∼0.4 μM; Figure 5A).40–42 Then, we showed that Cdk4-2, but not

Cdk4-4, bound with surprisingly tight affinity (Ki ∼0.1 μM) to the

SBD of Hsc70. Because the FAM-LVEAVY tracer has an affinity

of approximately 0.1 μM,43–45 it cannot be used to accurately mea-

sure molecules with better affinity. Therefore, we synthesized a

fluorescent analog of Cdk4-2, in which FAM is appended to the

N-terminus with an Ahx linker, enabling more direct binding

studies by FP. Indeed, titration of this probe with Hsc70 SBD

confirmed a tight affinity (Kd = 0.029 ± 0.006 μM; Figure 5B), mak-

ing this one of the strongest binding Hsp70 tracers yet reported.

Using this tool, we performed competition studies with unlabeled

NRLLLTG, Cdk4-2 and Cdk4-4, showing that Cdk4-2 and Ac-

NRLLLTG displaced the tracer and that the control, Cdk4-4,

was inactive (Figure 5C). It is important to note that the competitors

were not able to fully displace the tracer (∼50% remaining at satu-

ration), suggesting that the FAM fluorophore makes an expected

contribution to the apparent affinity of this tracer. Regardless,

combined with the NMR studies, these studies show that

Cdk4-2 binds to Hsp70, as well as Hsp90 and Cdc37.

Identification the minimal CDK4-derived peptide for

Hsp70 binding

We were initially surprised that Cdk4-2, but not Cdk4-4, binds to

Hsc70, because the sequence of Cdk4-4 is subset of the longer

Cdk4-2 peptide (see Table 1). To better understand this result,

we systematically truncated Cdk4-2 from both ends to reveal

(D) Quantification of Western blot bands from panel C. Densitometry was performed using Photoshop v.23.5.1. Bars represent the mean signal intensity of cleaved

caspase 3 (CCP3):GAPDH for each treatment relative to that of DMSO for three independent measurements. Tukey’s multiple comparisons test was used to determine

statistical significance compared to DMSO (NS = p value >0.05, *p < 0.05, **p < 0.005, ***p < 0.0005). The error bars are standard deviation of three measurements.

(E) Representative microscopy images of HK-2 normal kidney epithelium cells treated with indicated amounts of Cdk4-2 and Cdk4-4 FAM peptides for 4 h. Scale

bar is 100 μm.

(F) HK-2 cells were treated with Cdk4 peptides or DMSO for 24 h. Apoptosis was evaluated by immunoblotting using CCP3 and GAPDH was used as a loading

control. Densitometry was performed using Photoshop v.23.5.1 to quantify Western blot band signal intensity. Bars represent the mean signal intensity values of

CCP3:GAPDH for each treatment relative to that of DMSO for three independent measurements. Tukey’s multiple comparisons test was used to determine

statistical significance compared to DMSO. The error bars are standard deviation of three measurements.
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the minimal sequence required for binding to the SBD of Hsc70.

Using competitive FP experiments, we found that the first six

residues of Cdk4-2 could be removed without a substantial

loss of affinity (Figure 6A). This indicates that Cdk4-4 does not

bind because this peptide lacks the seemingly required Thr

residue. We next systematically removed residues from the

C-terminus, revealing that the last three residues are

dispensable (Figure 6B). The resulting minimal pharmacophore,

Ac-TGGFQMALT, retained an affinity (Ki = 0.12 ± 0.01 μM) that

was approximately similar to the full length Cdk4-2 (Ki = 0.1 ±

0.01 μM) and at least 5-fold better than the previous benchmark

peptide, Ac-NRLLLTG (Ki 0.56 ± 0.05 μM). Furthermore, the

Figure 4. Biophysical characterization of CDK4-derived peptides binding to Hsp90 and Cdc37

(A) 19F T2 filter spectra of peptides Cdk4-2, Cdk4-4, the scrambled control Cdk4-2-scr (10 μM), and their mixture recorded in the absence (black) and in presence

of Hsp90 (4 μM light blue, 10 μM orange). Arrows indicate binding events.

(B) 19F T2 filter spectra of the two peptides Cdk4-2 and Cdk4-4 (20 μM) and their mixture in the absence (black) and in presence (dark red) of Cdc37 (5 μM). Arrows

indicate binding events.

(C) Titration series of 19F T2 filter NMR spectra for peptides Cdk4-2 and Cdk4-4 recorded in the absence (black) and in presence of increasing concentrations (red,

blue, green, violet) of Cdc37. Protein concentrations are indicated above each spectrum.
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minimal pharmacophore retained the ability to inhibit CDK4 ac-

tivity and induce apoptosis in 786-O ccRCC cells, as evidenced

by reduced Rb phosphorylation and elevated levels of cleaved

caspase-3, cleaved caspase-8, and cleaved PARP (Figure 6C).

Alanine scanning reveals potentially important contacts

between Cdk4-2 and Hsp70

The Ac-TGGFQMALT sequence is one of the tightest reported

Hsc70 ligands. Thus, we next wanted to perform an alanine

scan to understand the binding contributions of each residue.

Strikingly, most of the alanine substitutions had only a modest

impact on apparent affinity (Figure 7A), but mutation of the Met

or Leu residues significantly (>10-fold) weakened binding (Ki

∼1 to 1.7 μM). To build a structural basis for interpreting this

result, we docked the minimal peptide to Hsc70 SBD (PDB:

1YUW). Then, from the best docked pose, we performed eight in-

dependent simulations, each 1 microsecond long for a total of 8

microseconds of sampling. We clustered the resulting combined

trajectory and explored the three main representatives. From this

analysis, we first noticed that the overall position of the peptide

(Figure 7B) was largely consistent with that of other Hsp70-bound

ligands,41,46,47 with the peptide backbone making multiple

H-bond interactions in a narrow cleft. In addition, a few specific

side chain contacts were suggested; for example, the Phe side

chain of TGGFQMALT appeared to be buried relatively deeply

in the cleft, establishing a local contact network. Next, we

focused on the interactions with the Met and Leu sidechains,

which the alanine scan suggested are the most important.

Indeed, the Met residue was buried deep into a pocket formed

from Phe428, Gln426 and Thr411 on the ‘‘bottom’’ and Ser537

and Glu534 on the ‘‘top’’ (Figure 7C). Intriguingly, the sulfur of

the Met was placed within 5 Å of the Phe428 residue, such that

favorable stacking seemed possible. The Leu sidechain of Ac-

A

B C

Figure 5. Cdk4-2 peptide binds tightly to

Hsc70 SBD in vitro

(A) In competition FP experiments, Cdk4-2 binds

Hsc70 SBD (Ki = 0.09 ± 0.06 μM), while Cdk4-4

does not (Ki > 100 μM). Cdk4-2 binds even

tighter than the positive control, Ac-NRLLLTG (Ki =

0.42 ± 0.08 μm M; **p value 0.0075).

(B) Saturation binding curve of a Cdk4-2 tracer

(1 nM; FAM-Ahx-LPISTGGFQMALTPVV-OH) to

Hsc70 SBD (Kd = 0.029 ± 0.006 μM).

(C) In competition FP experiments using the

Cdk4-2 tracer, the Ki of unlabeled Cdk4-2 was

determined to be 0.04 ± 0.01 μM. Note that the

competition signal does not go to zero, indicating

a contribution of non-specific binding. In all of the

FP experiments, the results are the average of

experiments performed in independent triplicates

and error bars represent standard deviation (SD).

TGGFQMALT was positioned at the exit

from the cleft, projecting into a small

pocket formed from Tyr545, Gln612 and

Arg596, with especially close packing

with aromatic ring of the Tyr545

(Figure 7D). Side chain interactions are

relatively sparse in the structures of other

ligands bound to Hsp70 client-binding cleft,43,48,49 thus, we pro-

pose, based on the docking and alanine scan, that these contacts

might contribute to the unusually tight affinity of Cdk4-2 peptide.

DISCUSSION

In this study, we report the discovery of Cdk4-2, a multi-targeted

inhibitor of the Hsp70/Hsp90 chaperone machinery. The design

of this peptide was inspired by observations that chaperones

and co-chaperones normally collaborate in binding to clients17

and that they generally tend to prefer disordered sites.23 Using

computational methods, we selected four peptides predicted

to be unstable and prone to unfolding in the native structure of

the model client, CDK4. Then, using experimental methods, we

show that one of these peptides, Cdk4-2, binds Hsp70,

Hsp90, and the kinase-selective co-chaperone, Cdc37. This

compound was partially membrane permeable and even had ac-

tivity in renal cell carcinoma cells, suggesting that Cdk4-2 may

compete with multiple steps in the native activation mechanism

of CDK4. Consistent with this idea, found that treatment of

ccRCC cells with Cdk4-2 lowers levels of phospho-S807/

S811-Rb and induces caspase-3 cleavage. However, we want

to stress that more work is needed to develop the potency,

selectivity and drug-like properties of Cdk4-2. Yet, these results

suggest that Cdk4-2 is the first, fully rationally designed, multi-

targeting chaperone ligand and we predict that it could be a

promising starting point for therapeutic development.

There is great interest in predicting the binding sites of molecular

chaperones. There are multiple tools available for predicting the

binding sites of Hsp70 within a client primary sequence.50,51 How-

ever, these algorithms are based on limited experimental studies

and none of them were able to identify the Cdk4-2 sequence as

a putative Hsc70-binding site. Moreover, there are no equivalent
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tools for predicting the binding site of Hsp90 or Cdc37. Rather, we

envisioned a different way to think about this problem. Specif-

ically, we designed a computational approach that is based on

the idea that chaperones might be evolutionarily tuned to identify

sequences of a client that are prone to be unstable and/or undergo

unfolding, perhaps less confined by the exact sequence. Here, we

characterized the distribution of CDK4 stabilization energy in the

native state and then analyzed the nonbonded interactions that

each residue establishes with all other residues within the native

state ensemble. This strategy is designed to separate the strong

pair-interaction patterns that define the folding core (i.e.,

those that determine the overall 3D structure) from those weak

A

B

C

Figure 6. Truncation of the N- and C-termini reveals the minimal pharmacophore for cdk4-2 binding to Hsc70 SBD

(A) Systematic truncation of residues at the N-terminus points to a dramatic weakening of affinity upon removal of a Thr residue. Competition FP experiments were

performed with the Cdk4-2 tracer (1 nM).

(B) Systematic truncation of the C-terminus shows that the last three residues are not required for activity. Competition FP experiments were performed with the

Cdk4-2 tracer (1 nM). All results are shown as the average of three independent experiments performed in triplicate each. The error bars represent SD.

(C) 786-O cells were treated with the indicated amounts of the minimal pharmacophore peptide for 24 h. Apoptosis was evaluated by immunoblotting for cleaved

caspase-3, cleaved caspase-8, and cleaved PARP. Inhibition of CDK4 was assessed by phosphorylation of its substrate phospho-S807/S811-retinoblastoma

(Rb). GAPDH was used as a loading control.

ll
OPEN ACCESS Article

1952 Structure 33, 1944–1957, November 6, 2025



A

B

Figure 7. Alanine scanning and docking suggest that key contributions of the Met and Leu residues within the minimal cdk4-2 peptide

(A) Competition FP experiments performed using the Cdk4-2 tracer. Results are shown as the average of at least three experiments performed in triplicate. Error

bars are SD. ns = p value >0.05. **p value <0.01. ***p value <0.005. ****p value <0.001.

(B) Docking and molecular dynamics simulations suggest that Met and Leu side chains interact with side pockets Hsc70 SBD. See text for details.
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pair-interaction patterns that we predict would constitute unstable

substructures. Specifically, we reasoned that the weakly paired

regions might be poised to populate alternative conformations

and, moreover, be more prone to local and global unfolding. This

approach seemed promising to try because Hsp70 tends to

have tighter binding to disordered regions, based on the topology

of its client-binding cleft,23,47,52 and recent structures of Hsp90

bound to partially folded clients have suggested that it seeks out

similarly elongated substructures that are adjacent to folded do-

mains.26,27,53–55 In other words, the Hsp70/Hsp90 system ap-

pears to associate with substrates in which parts of the domains

can be already in their native conformation. On this basis, our

working hypothesis is that unstable regions of folded clients (a

concept reminiscent of local frustration56) could represent sites

preferred by Hsp70, Hsp90 and potentially other chaperones

and co-chaperones. This computational approach might supple-

ment experimental methods, such as phage display, proteomics

and peptide microarrays, which aim to identify and describe chap-

erone-binding peptides.

One of the unanticipated findings in this work is that Cdk4-2

and Cdk4-4 bind to Cdc37. This co-chaperone is dedicated to

recognizing and sorting kinases,19,26,57–59 but the direct binding

sites of Cdc37 are under-explored. Our results suggest that

Cdc37 may, in part, recognize short, disordered stretches within

CDK4, akin to what is typically thought for the main chaperones.

Importantly, a scrambled version of Cdk4-2 did not bind, indi-

cating that client sorting by this co-chaperone might involve a

degree of sequence selectivity (and not just physicochemical

properties), corroborating results by the Gelis group using

NMR.19,59 Thus, it seems possible that Cdc37 binds to specific

sequences in partially unfolded CDK4 during its recruitment of

Hsp90 into chaperone complexes. Because the same peptides

bound Hsp90 (see Figure 2), it is also possible that Hsp90 could

displace Cdc37 during complex maturation and assembly, but

this idea remains to be tested.

At this point, the different affinities demonstrated by Cdk4-2

for Hsp90/Cdc37 versus Hsp70 raise interesting mechanistic

questions. From the general point of view,60 one key character-

istic of the Hsp90 chaperone mechanisms is that binding to

clients is typically weak. This weak affinity allows chaperone–

client interactions to be readily outcompeted by the stronger, in-

tramolecular contacts that form in folded state of the client.61 In

other words, it is thought that the weak affinity of these interac-

tions provides directionality to the folding process, guiding it

towards the active state of the client.62 Weak interactions with

clients are also observed for co-chaperones: in the case of

Cdc37, weak interactions can be instrumental for the co-chap-

erone to rapidly sort the client and select it for engagement in

the complex with Hsp90 or release it, as suggested by the

models proposed by Gelis and coworkers.19,59

In this picture, Hsp90 binds to proteins late in the folding pro-

cess, specifically recognizing exposed hydrophobic residues

and/or disordered regions spanning a rather extended surface

area.42 Such features areshared by a number of proteins, and

this set of features is clearly captured by the Cdk4-2

peptide.26,27,63–65

Finally, in Hsp90 complexes, high affinity interactions would stall

the final stages of client maturation which might facilitate the dy-

namic exchange of proteins among different complexes.53–55

In contrast to Hsp90, Hsp70 binds earlier in the folding reac-

tion, capturing largely unfolded and disordered stretches that

need to be bound with high affinity to avoid aggregation.40–42

In this framework, Hsp70 generally shows a relatively tight affin-

ity for short stretches containing typically three or more large hy-

drophobic or aromatic residues.42,66 Such stretches may be hid-

den inside both folded states and late folding intermediates,67

and proteins thus need to (partially) unfold to expose Hsp70

binding sites, as confirmed for instance by the Hsp70–GR con-

tacts in the GR-maturation complex.55

The above discussed model is consistent with Hsp70 guarding

integral elements of the unfolding states of proteins, protecting

them from aggregation, which requires that the advancement

of the folding reaction is somewhat stalled. Hsp90, in contrast,

binds at a later, near native or native state, which would require

a more dynamic exchange of almost folded clients among

different complexes.40–42

Cdk4-2 appears to recapitulate the physicochemical proper-

ties of an unfolded protein element. The binding affinities of the

peptide for Hsp70 and Hsp90/Cdc37 reverberate the way these

machines interact with their substrates. Additionally, it is worth

noting here that Biotin-Cdk4-2 pulled down both Hsp70 and

Hsp90 from cell lysate suggesting the affinity is strong enough

to have a combinatorial impact in cells.

As a caveat, it is important to note that our experiments are

mostly conducted in vitro on isolated molecules, and may provide

a partial view of what may be happening in the intricate inside of

the cell. However, at least from a mechanistic point of view, our

design appears to capture the minimal necessary elements for

a sequence to be engaged by the chaperone machinery.

In conclusion, we hypothesize that Cdk4-2 mimics the

unfolded state of CDK4 and interferes with multiple, weak pro-

tein-protein interactions in the chaperone machinery. This varia-

tion on the concept of ‘‘dual targeting compounds’’ might allow

a single molecule/peptide to interact with multiple parts of the

chaperone network. Even if some of these inhibitory contacts

are weak, the amalgam might contribute to slowed CDK4 matura-

tion. It remains to be seen whether Cdk4-2 can be optimized as a

research probe or therapeutic, but it appears to be a first-in-class

Hsp70 and Hsp90 multitargeting agent able to perturb the activ-

ities of multiprotein chaperone complexes whose functions are

required for cancer development. Interestingly, the simulated

binding modes and the modeling experiments show that the pep-

tide-chaperone interactions are governed mainly by the side-

chain contacts, while peptide backbone elements are not

involved in key contacts. This observation opens the way to the

engineering of stable derivatives in the form of peptidomimetics

to improve the profiles of these reagents in future studies.

We anticipate that this multi-targeting strategy could have

benefits in leveraging chaperone networks in the development

of new therapeutics against cancer and other diseases where

chaperone-network malfunctions are central.68
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-HSP70 StressMarq Biosciences Cat#SPC-103; RRID:AB_2570584

Rat anti-HSP90 Enzo Life Sciences Cat# ADI-SPA-835-F, RRID:AB_11181205

Mouse anti-GAPDH (D4C6R) Cell Signaling Technology Cat# 97166, RRID:AB_2756824

Rabbit anti-Cdc37 StressMarq Biosciences Cat# SPC-142; RRID:AB_2570605

Rabbit anti-CDK4 Cell Signaling Technology Cat# 12790, RRID:AB_2631166

Rabbit anti-cleaved-caspase-3(Asp175) Cell Signaling Technology Cat# 9661, RRID:AB_2341188

Rabbit Phospho-Rb (Ser807/811) Cell Signaling Technology Cat# 8516, RRID:AB_11178658

Mouse anti-Rb Cell Signaling Technology Cat# 9309, RRID:AB_823629

Cleaved PARP Cell Signaling Technology Cat# 5625; RRID:AB_10699459

Rabbit anti-Cleaved Caspase-8 (Asp391) Cell Signaling Technology Cat# 9496, RRID:AB_561381

Anti-mouse secondary Cell Signaling Technology Cat# 7076; RRID:AB_330924

Anti-rabbit secondary Cell Signaling Technology Cat# 7074; RRID:AB_2099233

Anti-rat secondary Cell Signaling Technology Cat# 7077; RRID:AB_10694715

Chemicals, peptides, and recombinant proteins

Standard Fmoc-protected amino acids-L Novabiochem N/A

Standard Fmoc-protected amino acids-D Sigma-Aldrich N/A

Wang Resin Novabiochem 855121

N,N-dimethylformamide (DMF) Sigma-Aldrich 227056

acetic anhydride Sigma-Aldrich 320102

Trifluoroacetic acid (TFA) Carlo Erba P0082147

N,N-Diisopropylethylamine (DIPEA) TCI D1599

Piperidine Sigma-Aldrich 104094

Pyridine Sigma-Aldrich 360570

Ethanedithiol (EDT) Sigma-Aldrich 02390

Triisopropylsilane (TIS) Sigma-Aldrich 233781

N-hydroxybenzotriazole (HOBt) Sigma-Aldrich 157260

N,N′-Diisopropyl-carbodiimide (DIC) Sigma-Aldrich D125407

DMAP TCI D1450

HATU TCI A1797

PyBOP Fluorochem 009017

Biotin Novabiochem 851209

5-carboxyfluorescein Novabiochem 851025

DMSO Sigma-Aldrich 276855

Hsp90 Prodroumou Lab N/A

Cdc37 Prodromou Lab M/A

5-FAM-LVEALY GenScript N/A

5-FAM-Ahx-LPISTGGFQMALTPVV GenScript N/A

Ac-NRLLLTG GenScript N/A

Ac-LPISTGGFQMALTPVV GenScript N/A

Hsc70 SBD (395-509) this paper N/A

CDK4-1 This paper N/A

CDK4-2 This paper N/A

CDK4-4 This paper N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

HEK293 derived from human fetal tissue were obtained from the ATCC and were grown in Dulbecco’s Modified Eagle Medium

(DMEM, Sigma-Aldrich). 786-O, human kidney epithelial clear cell adenocarcinoma derived from a white, 58 year old male were ob-

tained from the ATCC and grown in RPMI-1640 (Sigma-Aldrich). All growth media was supplemented with 10% fetal bovine serum

(FBS, Sigma-Aldrich) and were maintained in a CellQ incubator (Panasonic Healthcare) at 37◦C in an atmosphere containing 5% CO2.

METHOD DETAILS

Computational methods

Identification of protein unfolding regions with the MLCE algorithm

MLCE (Matrix of Low Energy Couplings) is a technique based on the analysis of the interaction energies of all the amino acids in a

protein.70–74 In the case of the CDK4 kinase studied here, the representative structure of the most populated conformational cluster

obtained from the simulations previously described in Paladino et al.28 was used for energetic analysis. In particular, MLCE computes

the non-bonded part of the potential (van der Waals, electrostatic interactions, solvent effects) via a MM/GBSA calculation, obtaining,

for a protein composed by N residues, a N× N symmetric interaction matrix Mij. This matrix can be expressed in terms of its eigen-

values and eigenvectors as

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Biotinylated CDK4-2 This paper N/A

Biotinylated CDK4-4 This paper N/A

CDK4-2-FAM This paper N/A

CDK4-4-FAM This paper N/A

Minimal CDK4-2 peptide This paper N/A

Critical commercial assays

Strept agarose ThermoFisher Scientific Cat# 20349

Deposited data

Docking results data This paper https://doi.org/10.5281/zenodo.7912736

Experimental models: cell lines

HEK293 ATCC Cat# CRL-1573; RRID:CVCL_0045

HK-2 ATCC Cat# CRL-2190; RRID:CVCL_0302

786-O ATCC Cat# CRL-1932; RRID:CVCL_1051

Software and algorithms

MAESTRO - GLIDE Schrodinger Inc https://www.schrodinger.com

AMBER 18 Amber https://ambermd.org

Xmgrace Wis Plasma Lab https://plasma-gate.weizmann.ac.il/Grace/

INPUT FILES for SIMULATIONS of short

peptides

This paper https://doi.org/10.5281/zenodo.16089270

INPUT FILES for SIMULATIONS of Hsp70-

peptide Complex

This paper https://doi.org/10.5281/zenodo.16089407

Docking Data to Hsp70 This paper https://doi.org/10.5281/zenodo.16088779

Docking Data to Hsp90 This paper https://doi.org/10.5281/zenodo.16089216

Code for Analysis of Simulations This paper https://github.com/colombolab

MLCE code This paper https://github.com/colombolab

GraphPad Prism 10 GraphPad https://www.graphpad.com/scientific-

software/prism/

UCSF ChimeraX 1.8 University of California https://www.rbvi.ucsf.edu/chimerax/

MAESTRO - GLIDE Schrodinger Inc https://www.schrodinger.com

AMBER 18 Amber https://ambermd.org

Fiji (Image J) Schindelin et al.69 https://imagej.net/software/fiji/

Other

384-well Low Volume Black Round Bottom Corning N/A
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Mij =
∑N

α = 1

λαvα
i vα

j

where λα is the α-th eigenvalue and vα
i is the i-th component of the corresponding eigenvector. The eigenvector with the most negative

correspondent eigenvalue contains most of the interaction information for the stabilizing interaction of the system. In a complemen-

tary way, this provides information on the residues that contribute the least to the stabilization of the fold, and are thus most prone to

unfold.

An approximated interaction matrix ~Mij can thus be reconstructed as

~Mij = λ1v1
i v1

j

If the structure of the protein is known, one can estimate a contact matrix Cij by assuming two amino acids in contact if the distance

between two of their heavy atoms is smaller than a 6.5Å threshold. The Hadamard product of the two matrices gives us the matrix of

the local coupling energies

MLCEij = ~Mij⋅Cij

We select as possible unfolding/interacting zones, the sets of residues that are in contact and that show the weakest couplings to

the rest of the protein sequence. This analysis has been validated in several instances against known protein-protein complexes,21,75

in the design of ligands for Protein-Protein Interactions (PPIs),76 and in the design of epitope mimics.29,77,78

Molecular dynamics simulations of designed peptides mimicking unfolding regions on CDK4

Molecular dynamics were run using: Amber18 pmemd.CUDA, with the ff14SB force field under periodic boundary conditions.79 Pep-

tides were simulated starting from a fully extended conformation, leaving them free to explore conformational space with the minimal

possible bias. Before starting the simulations, preliminary steps were taken: the N-terminus was capped with an acetyl group and the

C-terminus was capped with an N-methyl group to neutralize their charge. The simulation box was filled with TIP3P water mole-

cules80 and rendered electroneutral by the addition of sodium or chlorine counterions (depending on the charge of the single peptide).

In order to remove any bad contacts between solute and solvent, every system was minimized with 10,000 steps of steepest descent

followed by 10,000 steps of conjugate gradient. Solvent equilibration was performed for 9 picoseconds without the use of the SHAKE

algorithm.81 This process was divided into 3 steps: up to step 3000 the temperature has gradually passed from 25 to 400 K, from step

3000 to 6000 has remained stable at 400 K and from step 6000 to 9000 is was cooled. The systems were then heated from 50 K to 300

K in NVP environment running 1.2 nanoseconds of MD with no restraints for C-, with the SHAKE algorithm. The Langevin barostat was

used to maintain the temperature constant, and each simulation is independent, as the velocities and coordinates of each simulation

were generated randomly.82 The last step before the start of dynamics was an equilibration step: using the Langevin thermostat the

temperature is kept constant at 300 K, while the pressure is maintained at 1 bar with the Berendsen barostat.83 Each peptide was

solvated in a cubic box and an 11 Å layer of solvent molecules surrounding the peptide was added. In total, 40 independent replicates

were run for 600 ns seconds each, yielding a total of 24 μs for each system.

In the case of the Hsp70-peptide complex described in the results section, the same preparation and equilibration protocol was

used. In this case, 8 independent replicas, each covering a timespan of 1 microsecond, were run. The resulting trajectories were then

combined into a single metatrajectory, which was then analyzed to identify the stable contacts between the peptide and the chap-

erone SBD.

Visual representation and analysis of the simulations were carried out using ChimeraX,84 Visual Molecular Dynamics (VMD) soft-

ware85 and Maestro (www.schrodinger.com).

MSM

Markov State Models (MSMs) to explore the energetics of Cdk4-2 and Cdk4-4 were carried out using the dedicated python package

PyEMMA for all steps (up to model validation and analysis).86 To begin with, the 40 MD production replicates for each variant were

combined into full 24 μs meta-trajectories, aligning structures on backbone heavy atoms of residues forming secondary structures,

as recognized by PyMOL. Such a long total simulation time was deemed necessary to explore sufficient conformational space.

We ranked eight different featurization by means of the VAMP2 score which measures the kinetic variance contained in the

collected features. We consistently founded that C-alpha distances + minimum side chain distance and C-alpha distances + resi-

dues-COM distances were performing the best for Cdk4-2 and Cdk4-4 respectively. Then, we performed a more detailed

VAMP2 score analysis for the chosen input features by varying the dimension parameter for several lag times. The lag time has

been chosen based on the best trade-off to simultaneously maximize the VAMP2 score and minimize the number of tICA components

to describe the system. We remapped our input features into time-independent components (tICs) using a lag time of 1.4 and 0.2 ns

for Cdk4-2 and Cdk4-4 respectively. We subsequently ascertained that a k-means clustering run with k = 800 and 600 cluster centers

(Cdk4-2 and Cdk4-4, respectively) was sufficient to crisply discretize the coordinate subspace spanned by the tICs into as many

conformational ‘‘microstates’’. We finally proceeded to build MSMs on these tIC-clustered trajectories, using a model lag time of

2.8 ns and 4 ns, and considering 3 and 2 kinetically accessible metastable macrostates (Cdk4-2 and Cdk4-4, respectively). Validity

of these criteria was confirmed as the deriving models passed the Chapman-Kolmogorov test for markovianity (see Figure S1). Ther-

modynamic and kinetic data pertaining to the macrostates of both peptides featured in these MSMs were derived, respectively,
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through Perron cluster–cluster analysis and calculation of mean first passage times. As a final validation criterion, we noted that

MSMs built with the same criteria but starting from different random seeds yielded comparable results.

Molecular docking

The Glide module of the Maestro software suite from Schrödinger was used for this analysis (www.schrodinger.com). Several mo-

lecular docking runs were carried out: a preliminary phase in which we performed an extra precision docking (XP) on the four most

representative cluster conformations of Hsp90 obtained from the MD simulations of the full length Hsp90/Cdc37/CDK4 complex,

previously described in D’Annessa et al.86 For Hsp70, we used the model described in Rinaldi et al.87 The four main representative

structures of Hsp70 on which docking was run were also selected from this simulation.

For docking designed peptides into both Hsp90 and Hsp70 client binding sites, a receptor grid was built to fit the pocket taken into

consideration, and 10,000 poses were calculated for the initial docking phase, of which the best 1,000 poses per peptide were saved

for energy minimization. The output in this first phase was of one pose per peptide. From this first study, the best poses were isolated.

Only one pose is shown in Figures 2 and 7, but similar patterns were observed in the others.

Experimental details

Cell lines

HEK293 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich) and 786-O cells were grown in RPMI-1640

(Sigma-Aldrich). All growth media was supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich) and were maintained in a

CellQ incubator (Panasonic Healthcare) at 37◦C in an atmosphere containing 5% CO2. All cells were acquired from (American

Type Culture Collection, ATCC).

Protein extraction from mammalian cells

Protein extraction from mammalian cells was carried out using methods previously described.88 Adherent cells were washed once

with ice cold PBS and lysed with 200 μl lysis buffer (20 mM Tris-HCl (pH 7.4), 100 mM NaCl, 1 mM MgCl2, 0.1% NP40, protease in-

hibitor cocktail (Roche), and PhosSTOP (Roche)). Cells were sonicated for 3 sec prior to being centrifuged at 4◦C, 14,000 rpm for

8 mins to pellet cell debris. The supernatant was transferred to a fresh tube and stored at -80◦C or used in downstream assays.

Pulldown and western blotting

Protein lysate was quantified using Bradford Assay (Bio-Rad). For Western Blotting, equal amounts of protein were run on SDS-PAGE

gel and separated proteins were transferred to nitrocellulose membrane using TransBlot Turbo (Bio-Rad). For pulldown, cell lysate

was incubated with indicated amounts of biotinylated-peptide 1 hr at 4◦C prior to incubation with streptavidin-agarose beads for 1 hr

at 4◦C. Proteins bound to beads were washed with lysis buffer 4 times and eluted in 5x Laemmli buffer. Precipitated proteins were

separated by SDS-PAGE and transferred to nitrocellulose membranes as above. Co-precipitated proteins and inputs were detected

by immunoblotting with antibodies recognizing cleaved-caspase 3, phospho-S807/S811-Rb, Rb, CDK4, GAPDH, Cdc37 (Cell Sig-

nalling Technology), Hsp70 (StressMarq Biosciences), and Hsp90 (Enzo Life Sciences). Secondary antibodies raised against mouse,

rabbit, and rat were purchased from Cell Signaling Technology.

Mass spectrometry analysis

Biotinylated-peptide pulldown was performed as above. Precipitated proteins were separated by SDS-PAGE and stained using Im-

perial Protein Stain (Thermo Scientific). Selected visible bands were manually cut into small pieces approximately 1 mm x 1 mm and

in-gel digested with chymotrypsin, desalted and subjected to LC-MS/MS. The mass spec data was processed by MaxQuant and

proteins were identified by database searching with Uniprot human database. Data are presented in Table S3.

Fluorescence microscopy

Cells were plated in 6-well plates and grown overnight to 50% confluency and then treated either with or without fluorescent peptides

37◦C for 4 hr. DMSO was used as a control Live cells visualized and imaged with ZOE Fluorescent Cell Imager (Bio-Rad) using trans-

well and FITC filters.
19F NMR binding experiments

All the NMR experiments were recorded at 25◦C with a Bruker FT NMR AvanceNeo 600-MHz spectrometer equipped with a 5-mm

CryoProbe QCI 1H/19F-13C/15N-D-Z quadruple resonance with shielded z-gradient coil, and the automatic sample changer

SampleJet™ with temperature control. The solubility, purity and stability of 19F-peptides in buffer solution was checked testing

them at different concentrations (10, 50 and 100 μM) by 1H and 19F NMR spectroscopy. The binding was evaluated by 19F T2 filter

NMR experiments testing the 19F-peptide (alone and in mixture at 10 or 20 μM) in the absence and in presence of Hsp90 (4 and

10 μM) and Cdc37 (5 μM) in 50 mM tris pH 7.4, 150 mM NaCl, 2mM DTT, DMSOd6 tot 1% (5ul tot), 10% D2O (for the lock signal);

the total amount of DMSOd6 in each sample was 1%. The titration experiments were conducted testing the 3 peptides (Cdk4-2,

Cdk4-4 and Cdk4-2-scr) at 20 μM in the absence and in presence of increasing concentration of Cdc37 (0.5, 1, 2, 4 μM). For all sam-

ples a 1D 1H spectrum with water suppression was obtained using the standard NOESY (nuclear Overhauser effect spectroscopy)

preset Bruker pulse sequence, with 64 k data points, a spectral width of 30 ppm, 64 scans, an acquisition time of 1.84 s, a

relaxation delay (d1) of 4 s and a mixing time of 100 μs. 19F T2 filter NMR experiments for the binding to Cdc37 and for the titration

assays, were recorded by spin-echo scheme (cpmg) with 128 scans, a d1 of 5 s, proton decoupling during the acquisition period a

total τ = 0, 0.20 s. The 19F T2 filter NMR experiments for the binding to Hsp90, were recorded by spin-echo scheme (cpmg) with 512

scans, a d1 of 5 s, proton decoupling during the acquisition period a total τ = 0, 0.12 s The data were multiplied by an exponential

function of 1 Hz prior to Fourier transformation. The reference standard in the 19F spectra was CFCl3.
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Hsc70 SBD protein

The Hsc70 SBD construct (residues 395–509) was expressed in E. coli BL21(DE3) Rosetta cells from a pMCSG7 vector with N-ter-

minal 6-His tag and TEV protease cleavable linker. Liter cultures of TB were grown at 37◦C until the A600 reached 0.7. Cultures were

then cooled to 20◦C, induced with 200 μM isopropyl beta-D-1-thiogalactopyranoside (IPTG), and grown overnight at 20◦C. Cell pel-

lets were resuspended in His-binding buffer (50 mM Tris pH 8.0, 10 mM imidazole, 500 mM NaCl) supplemented with cOmplete

EDTA-free protease inhibitor cocktail (Sigma-Aldrich). Cells were lysed by sonication and pelleted by centrifugation, and the super-

natant was then filtered with a 0.22 μm polyethersulfone (PES) membrane. Filtered supernatant was then applied to a 5-mL Ni-NTA

Superflow prepacked column (QIAGEN). The column was washed with His-binding buffer, followed by His-washing buffer (50 mM

Tris pH 8.0, 30 mM imidazole, 300 mM NaCl), and protein was then eluted off with His-eluting buffer (50 mM Tris pH 8.0, 300 mM

Imidazole, 300 mM NaCl). The protein was then further purified by size exclusion chromatography using an AKTA Pure chromatog-

raphy instrument (Cytiva) using Superdex 75 column (Cytiva) in HEPES buffer (25 mM HEPES pH 7.5, 5 mM MgCl2, 10 mM KCl).

Fluorescence polarization

All FP experiments were performed in 384-well, black, low-volume, round-bottom plates at a final assay volume of 18 μL (Corning

4511). Initial screens using FAM-LVEALY tracer were performed on a Spectramax M5 plate reader (Molecular Devices) measuring

at an excitation wavelength of 485 nm and an emission wavelength of 535 nm, with 100 flashes per read. Follow up screens using

FAM-Cdk4-2 tracer were performed on a Synergy H4 plate reader (BioTek) measuring excitation wavelength of 485/20 nm and emis-

sion wavelength of 528/20 nm. Polarization values reported as millipolarization units (mP). For direct binding, FAM-LVEALY (10 nM) or

FAM-Ahx-LPISTGGFQMALTPVV (1 nM) peptides were incubated with varying concentrations of Hsc70 SBD in assay buffer (25 mM

HEPES pH 7.4, 20 mM KCl, 6 mM MgCl2, 0.01% Tween-20). The plate was stored in the dark and incubated at room temperature for

at least 30 minutes before reading. For competition experiments with the FAM-LVEALY, a mixture of Hsc70 SBD (1 μM) and tracer

(10 nM), was incubated with 2X dilutions of peptide (starting at 100 μM). For the experiments using FAM-Cdk4-2 assays, a mixture of

300 nM Hsc70 SBD and 3 nM tracer was incubated with the same 2X dilutions of 100 μM peptide. Incubations occurred in FP Assay

buffer with a final 2% DMSO concentration.

Peptide synthesis: General procedures

Materials

N-α-Fmoc-L-amino acids, ethyl cyanoglyoxylate-2-oxime (Oxyma) and building blocks used during chain assembly were purchased

from Iris Biotech GmbH (Marktredwitz, Germany). N,N′-dimethylformamide (DMF) and trifluoroacetic acid (TFA) were from Carlo Erba

(Rodano, Italy). HMPB resin, N,N′-diisopropylcarbodiimide (DIC), dichloromethane (DCM) and all other organic reagents and sol-

vents, unless stated otherwise, were purchased in high purity from Sigma-Aldrich (Steinheim, Germany). All solvents for solid-phase

peptide synthesis (SPPS) were used without further purification. HPLC grade acetonitrile (ACN) and ultrapure 18.2 Ω water (Millipore-

MilliQ) were used for the preparation of all buffers for liquid chromatography. The chromatographic columns were from Phenomenex

(Torrance CA, USA). HPLC eluent A: 97.5% H2O, 2.5% ACN, 0.7%TFA; HPLC eluent B: 30% H2O, 70% ACN, 0.7%TFA.

Resin loading

Resin (0.5 mmol/g loading) was swollen in CH2Cl2 for 30 min then washed with DMF (3 × 3 mL). A solution of entering Fmoc-amino

acid, DIC and Oxyme (5:5, 5 eq over resin loading) and 5% of DMAP in DMF (3 mL) was added and the resin shaken at rt for 4 h. The

resin was washed with DMF (2× 3 mL) and capping was performed by treatment with acetic anhydride/DIEA in DCM (1 x 30 min). The

resin was then washed with DMF (2 × 3 mL), CH2Cl2 (2 × 3 mL), and DMF (2 × 3 mL). The resin was subsequently submitted to fully

automated iterative peptide assembly (Fmoc-SPPS).

Peptide assembly via iterative fully automated microwave assisted SPPS

Peptides were assembled by stepwise microwave-assisted Fmoc-SPPS on a Biotage ALSTRA Initiator+ peptide synthesizer, oper-

ating in a 0.1 mmol scale. Activation of entering Fmoc-protected amino acids (0.3M solution in DMF) was performed using 0.5M

Oxyma in DMF/0.5M DIC in DMF (1:1:1 molar ratio), with a 5-equivalent excess over the initial resin loading. Coupling steps were

performed for 10 minutes at 60◦C. Fmoc-deprotection steps were performed by treatment with a 20% piperidine solution in DMF

at room temperature (1 x 10 min). Following each coupling or deprotection step, peptidyl-resin was washed with DMF

(4 × 3.5 mL). Upon complete chain assembly, resin was washed with DCM (5 × 3.5 mL) and gently dried under a nitrogen flow.

Cleavage from the resin

Resin-bound peptide was treated with an ice-cold TFA, TIS, water, thioanisole mixture (90:5:2.5:2.5 v/v/v/v, 4mL). After gently

shaking the resin for 2 hours at room temperature, the resin was filtered and washed with neat TFA (2 × 4 mL). The combined cleav-

age solutions were worked-up as indicated below.

Work-up and purification

Cleavage mixture was concentrated under nitrogen stream and then added dropwise to ice-cold diethyl ether (40 mL) to precipitate

the crude peptide. The crude peptide was collected by centrifugation and washed with further cold diethyl ether to remove scaven-

gers. Residual diethyl ether was removed by a gentle nitrogen flow and the crude peptide was purified by RP-HPLC and lyophilized.

For additional experiments with Hsp70, Ala scanning experiments, and minimal sequence identification from Cdk4-2, peptides

were ordered from GenScript (95% purity by high-performance liquid chromatography). Fluorescence polarization tracer peptides

were designed with a 5-carboxyfluorescein (5-FAM) moiety linked to the peptide N terminus via a six-carbon spacer (aminohexanoic
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acid). Unlabeled peptides were N-terminally acetylated to enhance stability and solubility. Unless specified, peptides bore an unmod-

ified free carboxylate at the C terminus. Peptides were diluted in dimethyl sulfoxide (DMSO) to 5 mM stock solutions and stored

at − 20◦C.

QUANTIFICATION AND STATISTICAL ANALYSIS

Presented data are representative of three replicates (n=3), unless otherwise specified. Densitometry was performed using Photo-

shop v.23.5.1 to quantify Western blot band signal intensity. All statistical analysis were performed using Microsoft Excel. Statistical

significance was ascertained between individual samples using a parametric unpaired t-test or Tukey’s multiple comparisons test

where indicated. Significance is denoted by asterisks in each Fig.: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Error bars repre-

sent the standard deviation for three independent experiments, unless otherwise indicated.
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MSM 

To put conformational observations on a more quantitative ground and to elucidate the 

energetics of the distinctive states, we took advantage of the extensive MD sampling for the 

Cdk4-2 and Cdk4-4 peptide (24 μs each) to construct Markov state models (MSMs) 

interconnecting diverse conformational states of Cdk4-2 and Cdk4-4.  

 

Cdk4-2 

Starting from the entire 24 μs MD metatrajectory of Cdk4-2, we selected C-alpha distances 

+ minimum side chain distance as input features to build the MSM. The selection of these 

features was guided by the analysis of VAMP2 score and by the need to balance a detailed 

representation of conformational transitions with their direct physical interpretability. We 

identified the components (tICs) that capture the slowest collective motions of the system 

through time-lagged independent components analysis (tICA, lagtime 1.4 ns). On these tICs, 

we managed to construct a MSM that recognizes three macrostates (Figure S1; see 

Methods section). As the lowest energy state (0.40 ± 0.67 G/kBT), the MSM identifies the 

S3 microstate. There then follows other two macrostates S1 and S2 with energies of 1.39 ± 

0.25 and 2.53 ± 0.08 G/kBT respectively. For further reference, the reweighted free energy 

surface of our MSM, plotted along tICs 1 and 2, is illustrated in Figure S1.  

 

Cdk4-4 

Starting from molecular dynamics simulations of Cdk4-4, we analyzed its entire 24 μs 

metatrajectory using C-alpha distances + residues-COM (center of mass) distances as input 

features. The selection of these features was guided by the analysis of VAMP2 score (see 

Methods section) and by the need to balance a detailed representation of conformational 

transitions with their direct physical interpretability. Through time-lagged (0.2 ns lagtime) 

independent component analysis (tICA), we identified the components (tICs) that capture 

the slowest collective motions of the system. These tICs were subsequently employed to 

construct a Markov state model (MSM), which recognizes two macrostates (Figure S1; see 

Methods section), with the lowest-energy state (0.05 ± 0.95 G/kBT) corresponding to the S2 

microstate. Higher-energy macrostate includes S1 with an energy of 3.10 ± 0.05 G/kBT. To 

provide further insights, the reweighted free energy surface along tICs 1 and 2 is depicted 

in Figure S1.  

 
 
 



 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure S1. Validation of Markov State Models and Corresponding 
Free Energy Surfaces. Reweighted free energy surfaces and Chapman-Kolmogorov tests 
for the two peptide MSMs (Cdk4-2 above and Cdk4-4 below). In both cases, the models 
display consistent Markovian behavior, as indicated by the good agreement between 
predicted and estimated transition probabilities. 
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Supplementary Figure S2. Bound peptides resemble the conformation of known 
clients. Time dependent RMSD of designed peptides from bound client structures along 
MD simulation trajectories. 
 
 
  



 
 

 
 
 

 

 

 

 

 

 

 

Supplementary Figure S3. Identifying CDK4 peptide-binding proteins in cell lysates. 

A) HEK293 cell lysates were incubated with biotinylated Cck4-2 and Cdk4-4 peptides for 1 hr 

prior to incubation with streptavidin-coated agarose beads. Samples were separated by SDS-

PAGE and protein was detected by Coomassie staining. The indicated bands were isolated and 

subject to mass spectrometry.  

B) 786-O cells were treated with CDK4-derived peptides for 24 hrs. DMSO was used as 

control. Induction of apoptosis was evaluated by immunoblotting using cleaved caspase 3 (CCP3) 

and GAPDH was used as a loading control.  

C) HK-2 cells were treated with indicated amount of CDK4 peptides for 24 hrs. DMSO was 

used as control. Induction of apoptosis was evaluated by immunoblotting using cleaved caspase 3 

(CCP3) and GAPDH was used as a loading control.  

A) 

B) 

µM 
Cleaved caspase-3 17 

36 

10 1 NT 

GAPDH 

kDa 10 1 

CDK4-02 CDK4-04 

HK-2 (VHL WT, Normal Kidney Epithelium) 

µM 

Cleaved caspase-3 

36 

10 1 DMSO 

GAPDH 

kDa 10 1 

CDK4-02 CDK4-04 

786-O (VHL null ccRCC) 

17 

C) 



 

 
 
Supplementary Figure S4. NMR-investigation of peptide solubility and stability.   a) 

Superimposition of 1D 19F NMR spectra of cdk4-2 and CDK4-4  at 10, 50, 100 µM. b) 

Superimposition of 1D 19F NMR spectra of cdk4-2 and CDK4-4 at 50 µM recorded just after 

the samples preparation (t0) and after 48 hours (t1).   

 
  



 
 
Supplementary Figure S5. . Verification of Cdk4-2 binding to Hsp90 and Cdc37 by 
Microscale Thermophoresis (MST). Left Panel, filled dots: Analysis of the binding of 
Cdk4-2 to purified Hsp90. Average and error bars are calculated from experiments 
performed in triplicate. Right Panel, empty squares: Analysis of the binding of Cdk4-2 to 
purified Cdc37. Average and error bars are calculated from experiments performed in 
triplicate. The error bars are standard deviation of three measurements. 
 
Calculated Kd’s Hsp90: Kd = 95.4 +/- 20.6; Cdc37: Kd = 110.2 +/- 18.1, evaluated with 
Boltzmann Fit 
  



 
 

 
 
Supplementary Figure S6. Scrambled cdk4-2 does not bind to cdc37, as indicated by 

NMR. 19F T2 filter titration experiments of the 20 mM cdk4-2-scr peptide in the absence 

(black) and in presence of increasing concentrations (red, blue and green, violet) of cdc37. 

The spectra are shifted for a better comparison. 
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Table S1: Mass spectrometry results from Cdk4-2 pulldown experiments. 
 

Band Most Abundant Protein Gene Name 

S1  78 kDa glucose-regulated protein  HSPA5 

S2  Heat shock 70 kDa protein 1A  HSPA1A 

S3  Heat shock 70 kDa protein 1A  HSPA1A 

S4  Heat shock 70 kDa protein 1A  HSPA1A 

S5  78 kDa glucose-regulated protein  HSPA5 

S6  Heat shock 70 kDa protein 1A  HSPA1A 

S7  40S ribosomal protein S4  RPS4X 

S8  Ig kappa chain V-II region Cum  IGKV A18 

 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



PEPTIDE PURIFICATION AND CHARACTERIZATION 
 
 
RP-HPLC analysis and purification  

Analytical RP-HPLC was performed on a Shimadzu Prominence HPLC (Shimadzu) using a 

Shimadzu Shimpack GWS C18 column (5 micron, 4.6 mm i.d. x 150 mm). Analytes were 

eluted using a binary gradient of mobile phase A (97.5% H2O, 2.5% ACN, 0.7%TFA) and 

mobile phase B (30% H2O, 70% ACN, 0.7%TFA) using the following chromatographic 

method: 10% B to 100% B  in 14 min; flow rate, 1 ml/min. Preparative RP-HPLC was 

performed on a Shimadzu HPLC system using a Shimadzu C18 column (10 micron, 21.2 

mm i.d. x 250 mm) using the following chromatographic method: 0% B to 100% B in 45 min; 

flow rate, 14 ml/min. Pure RP-HPLC fractions (>95%) were combined and lyophilized. 

 
 
Electro-spray ionization mass spectrometry (ESI-MS) 

Electro-spray ionization mass spectrometry (ESI-MS) was performed using a Bruker Esquire 

3000+ instrument equipped with an electro-spray ionization source and a quadrupole ion 

trap detector (QITD).  

 

Table S2: List of 19F-labeled peptides. 
 

Code Sequence 

Cdk4_2  LPISTGGF(F)QMALTPVV 

Cdk4_4  GGF(F)QMALTPVV 

 
F(F) = 4-Fluoro-L-phenylalanine 
 
 
Table S3: Mass-spec analysis results for synthesized peptides. 
 

Code 
ESI-MS (m/z) 

found 

ESI-MS (m/z) 

calculated 
Rt 

Cdk4_2  1650 (M+), 825.7 (M2+) 1650 (M+), 825.5 (M2+) 11.7 min 

Cdk4_4 1138.0 (M+), 569.8 (M2+) 1138.3 (M+), 569.5 (M2+) 11.3 min 
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