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Abstract

Herein we examine the determinants of the allosteric inhibition of the mitochondrial chaperone TRAP1 by
a small molecule ligand. The knowledge generated is harnessed into the design of novel derivatives with
interesting biological properties. TRAP1 is a member of the Hsp90 family of proteins, which work
through sequential steps of ATP processing coupled to client-protein remodeling. Isoform selective inhi-
bition of TRAP1 can provide novel information on the biomolecular mechanisms of molecular chaperones,
as well as new insights into the development of small molecules with therapeutic potential. Our analysis
of the interactions between an active first-generation allosteric ligand and TRAP1 shows how the small
molecule induces long-range perturbations that influence the attainment of reactive poses in the active
site. At the same time, the dynamic adaptation of the allosteric binding pocket to the presence of the
first-generation compound sets the stage for the design of a set of second-generation ligands: the char-
acterization of the formation/disappearance of pockets around the allosteric site that is used to guide opti-
mize the ligands’ fit for the allosteric site and improve inhibitory activities. The effects of the newly
designed molecules are validated experimentally in vitro and in vivo. We discuss the implications of our
approach as a promising strategy towards understanding the molecular determinants of allosteric regula-
tion in chemical and molecular biology, and towards speeding up the design of allosteric small molecule
modulators.

� 2022 Elsevier Ltd. All rights reserved.
Introduction

Allostery in all its aspects plays fundamental roles
in biological function and dysfunction.
Allostery at large can be defined as the property

of biomolecules to undergo a modulation of
activity or affinity at a primary active site caused
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by an “effector” at a different distant position,
called the allosteric site.1,2 The effector can be a
covalent modification, a mutation, or a ligand. The
end result is a perturbation of the biomolecule’s
functionally-oriented structural dynamics, causing
increase or decrease of its activity and, eventually,
downstream effects in the cell. Allostery is thus
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one of the most powerful means to regulate biolog-
ical systems.3–5

As a consequence, our ability to understand and
control allostery can have profound implications in
both fundamental and applicative research. From
the fundamental point of view, the investigation of
allostery at different levels, from protein structure
and dynamics to interaction networks and systems
regulation, can help in understanding how
complex biosystems control the mechanisms of
intricate biochemical pathways.4,6 These efforts
can further our knowledge of the molecular basis
of cell-life.
From the practical point of view, understanding

allostery can provide new opportunities in the
biotechnological realm, from the regulation of
enzyme activity for industrial applications to the
development of biomedical solutions, such as
allosteric therapeutics.7,8

The integration of computational/theoretical
methods with chemical design and molecular
biology has the potential to advance atomic level
mechanistic understanding of the role of protein
structure and dynamics into new design rules for
the development of modulators of signaling
pathways.4,9–13 In this framework, the validity of
computational models describing how an allosteric
signal is wired through a protein can be assessed
by our ability to design molecules able to induce
desired perturbations in the protein activity and, at
larger scale, at the cellular level. This would open
the possibility to develop optimized allosteric
ligands, expanding the arsenal of functional
modulators.
The key challenge consists in identifying

privileged structures capable of selectively
interfering with key functional allosteric residues
and sub-states of the target protein. If the target
represents a central regulator of networks
underlying important signaling pathways, the
effect of the allosteric ligand would expectedly
reverberate on entire signaling cascades
important for cell life.13–22

To progress along this path, here we investigate
computationally the dynamic cross-talk between
an active first-generation allosteric lead and its
intended target protein and use this information for
the evolution of second-generation ligands. The
design is integrated with biochemical and cell
biology activity tests. Our goal is to harness our
understanding of biomolecular interactions and
dynamics to increase the efficiency with which
appropriate chemical modulators of signaling
pathways can be identified.
As a test system, we focus on the chaperone

protein TRAP1, the mitochondrial isoform of the
Hsp90 family of molecular chaperones. Hsp90 in
humans consists of four ATPase driven isoforms
(TRAP1 in mitochondria, Hsp90a and Hsp90b in
the cytosol, Grp94 in the endoplasmic
reticulum).23,24 They all share a homodimeric
2

organization, with each protomer consisting of three
structural domains: an N-terminal regulatory
Domain (NTD), responsible for ATP binding, a Mid-
dle Domain (M�domain) which completes the
ATPase site necessary for ATP hydrolysis and
hosts the binding site for client proteins, and a C-
terminal Domain (CTD) involved in
dimerization.23,25,26

Biochemical and structural studies have led to a
general mechanistic model in which global
conformational modulations are triggered by ATP:
ATP binding at the N-terminal Domain27 shifts the
chaperone to a partially closed, and then into an
asymmetric closed conformation that is significantly
strained at the Middle:CTD interface, the region
involved in client binding.28 Upon ATP hydrolysis,
strain is relieved through rearrangement of the cli-
ent binding-site residues, driving structural changes
in the client. In this framework, ATP hydrolysis is
coupled to client remodeling. Specific to TRAP1
3D structure is the peculiar structural asymmetry
consisting of a straight and a buckled protomer
(Figure 1(a)). The asymmetry is indeed due to buck-
ling of a helix in the M�Domain largely coinciding
with the client binding site. Data from the Agard
Lab show that this asymmetry sets up differential
hydrolysis rates for each protomer, such that the
buckled conformation favors ATP hydrolysis, defin-
ing a direct coupling of ATP hydrolysis and the
client-binding site.29

The chaperoning roles of different Hsp90
paralogs are non-overlapping.30 As a consequence,
the development of molecules that permit the selec-
tive perturbation of a specific-isoform activity are of
crucial interest for pharmacology, with the discovery
of new potential drugs, but also for chemical biology
at large, with specific ligands acting as chemical
tools to address the functions of the protein in its
unmodified environment.31,32

In this context, the investigation of allosteric
mechanisms provides a solid basis for
innovation.33–39 In contrast to orthosteric Hsp90-
family inhibitors, allosteric ligands do not need to
overcome competition with the abundant endoge-
nous ATP, thus potentially permitting lower
dosages than the ones known to determine detri-
mental effects in classic Hsp90 active site directed
drugs. Moreover, allosteric sites tend to be under
lower conservation pressure, which can facilitate
the design of more specific isoform-targeting drugs
and potentially reduce the risks of toxicity or side-
effects.37–49 Sequence variations can influence
structural and conformational dynamics traits that
are markedly different among paralogs.
This is particularly relevant in the case of TRAP1,

a key regulator of mitochondrial homeostasis with
roles in diverse pathologic states. TRAP1
regulates proteins such as succinate
dehydrogenase (SDH), ERK kinases, Cyclophilin-
D (CyP-D), and F-ATP synthase,50 all of which are
involved in tumor cell development and survival.



Figure 1. Structures of TRAP1 and Allosteric Compound 5. A. Three dimensional structure of TRAP1 with 2 ATP
molecules bound at the N-terminal domain, and compound 5 bound at the Middle domain of the straight protomer.
The two protomers are colored differently: blue, buckled; orange, straight. The buckled region is highlighted with a
circle. B. The molecular structure of compound 5 and of the derivatives designed starting from 5.
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TRAP1 overexpression is associated with several
tumor types, including prostate, breast and neurofi-
bromatosis NF1 cancer.51–53 In spite of these
observations, induction of TRAP1 levels is some-
what disputed in certain tumor settings, such as kid-
ney cancer.54,55

These data highlight the complex and only
partially understood role of TRAP1 in cancer
progression and underline the necessity for
specific targeting of its activities. Up to now,
TRAP1 studies have largely relied on cell models
where TRAP1 expression was ablated. While
informative, this approach is limited, as observed
effects originate from engineered cells where non-
natural biochemical responses linked to protein
ablation could also be induced.
Building on these considerations, we previously

developed computational approaches to
investigate long-range allosteric communication
mechanisms in TRAP1. We identified specific
TRAP1 substructures, different from the ones in
Hsp90 homologues, that are allosterically
connected to the ATP-site.56 In particular, the pres-
ence of ATP in the N-terminal domains resulted in a
buildup of strain only in the TRAP1 substructure of
the straight protomer which is reconfigured at the
Middle:CTD interface,36 and not in Hsp90. The
characterization of the steric and electrostatic prop-
erties was used to develop complementary pharma-
cophore models for drug-screening. The resulting
identified small molecules proved able to inhibit
TRAP1 ATPase while leaving Hsp90 unscathed
and revert TRAP1-dependent downregulation of
SDH activity in cancer cells. Interestingly, this iso-
form selectivity could not be achieved by targeting
the ATPase binding site, which is highly conserved
3

among paralogs. One inhibitor in particular, named
compound 5 in36 and shown in Figure 1(b),
besides acting as a genuine allosteric inhibitor of
ATPase, turned out to show interesting anticancer
activities in vivo.
In this paper, we set out to combine the

characterization of the structural dynamic cross-
talk between TRAP1 and the lead compound 5,36

with the design and experimental validation of
second-generation allosteric ligands that can selec-
tively perturb the functional mechanisms of TRAP1.
Results

In our previous paper,36 we characterized the sali-
ent structural traits of TRAP1 binding and the bio-
logical effects of 5. The lead was modeled to bind
the pocket in the M�Domain of the straight pro-
tomer characterized by the presence of residues
that are highly coordinated to the ATP-binding site
as described in.36,56

The effects of the allosteric ligand on the
global and internal dynamics of TRAP1. To
characterize the effects of 5 on the functionally-
oriented motions of TRAP1, we systematically
analyzed the outcome molecular dynamics
simulations (MD) of the chaperone in the absence
(henceforth [2 ATP]) versus presence of 5
(henceforth [2ATP + 5]): five independent MD
replicas were carried out for each of the two
systems (see Methods section). Namely, we
combined principal components analysis of MD
trajectories with the analysis of internal
coordination patterns, in the presence and
absence of the allosteric ligand.
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To characterize the effects of 5 on the
functionally-oriented motions of TRAP1, we
combined Principal Components Analysis of MD
trajectories,57 which allows to emphasize the ampli-
tude and directions of dominant protein motions,
with the analysis of internal coordination patterns,
in the presence and absence of the allosteric ligand.
Figure 2(a) and (b) illustrates the outcome of

principal component analysis on our concatenated
MD trajectories (metatrajectories, 2.5 ms per
system) of [2 ATP] and [2 ATP + 5] (see Methods
section): in the top left and right panels, we plot
the projection of [2 ATP] and [2 ATP + 5]
metatrajectories, respectively, onto the first (PC 1)
and second (PC 2) principal components obtained
from trajectory [2 ATP]. Conversely, plots in the
bottom panel show metatrajectories of [2 ATP]
and [2 ATP + 5] projected onto the PC 1 and PC 2
of [2 ATP + 5].
At identical scales, it is clear that binding of 5 to

TRAP1 has significant repercussions on the
nature of its slower conformational motions. First,
the main principal components are different.
Moreover, when projected onto PC 1 and PC 2 of
[2 ATP] trajectories, [2 ATP + 5] (top right) is seen
to span a more compact and restricted space
compared to [2 ATP] (top left), indicating that
Figure 2. The Slow Motions of TRAP1 Are Influenced by C
MD simulations of [2 ATP] (blue plots) and [2 ATP + 5] (cya
two principal components (PC 1 and PC 2) of [2 ATP] (top pl
PC 1 (grey) and PC 2 (red) superimposed on the average
bottom two panels), viewed from similar perspectives. The
orange. ATP molecules (and 5, where present) are rendered
structures is described in “Methods”; plots are generated
bioinformatics/article/27/11/1575/217006).
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comparable motions are less prominent. On the
other hand, [2 ATP + 5]’s movement is seen to be
more prominent along its own two principal
components compared to [2 ATP], again
confirming, from a different perspective, that
removal of 5 significantly alters the nature of
TRAP10s slower conformational motions.
Next, to address in more detail how the binding of

5 can influence the relevant traits of internal
dynamics that eventually result in different large-
scale motions, we characterized the common and
differential patterns in the fluctuations of pairwise
amino acid distances from the comparative
analysis of [2 ATP] and [2 ATP + 5]
metatrajectories. For each metatrajectory, the
pairwise mean-square distance fluctuations are
shown in the color-coded matrices of Figure 3(a).
The parameter reported in the matrices is called
Distance Fluctuation, DF (See Methods).58–61

From a general point of view, the two DFmatrices
exhibit a similar “block” character, reflecting the
alternation of regions with small and large
fluctuations of inter-residue distances in line with
the tripartite domain organization of each protomer
(N-terminal, Middle, C-terminal; Figure 3(a)).
However, in depth analysis of the matrices shows
that the DFs of residues belonging to different
ompound 5. A. Principal component analysis. Combined
n plots) are projected frame-by-frame both onto the first
ots) and [2 ATP + 5] (bottom plots). B. Porcupine plots of
structures of [2 ATP] (top two panels) and [2 ATP + 5]
buckled protomer is rendered in blue, the straight in

as sticks, Mg2+ as green spheres. Generation of average
with Normal Mode Wizard (https://academic.oup.com/

https://academic.oup.com/bioinformatics/article/27/11/1575/217006
https://academic.oup.com/bioinformatics/article/27/11/1575/217006


Figure 3. Distance fluctuation matrices for TRAP1 protomers in different ligand states, without and with bound
compound 5. A. Single residue representation: the magnitude of pairwise distance fluctuations is color coded from
white (small fluctuations) to black (large fluctuations). B. Representation of distance fluctuations in terms of blocks
corresponding to structural domains: N-terminal domain (NTD) from residue 101 to 308, Middle domain 311–571, C-
terminal domain (CTD) residues 587–719 of both monomers.
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domains and protomers alike is differentially
modulated by the presence/absence of ligand 5.
First, we calculated the distance fluctuations at

the domain level: this calculation is carried out by
subdividing the original residue-based matrix in
blocks corresponding to the various domains and
reporting only the average fluctuation of residues
belonging to a certain domain with respect to the
others. This block-representation of fluctuations
shows that, in the presence of 5, the NTD of the
buckled protomer is less coordinated to the Middle
and C-terminal domains of the other protomer
compared to the [2 ATP] case. Furthermore, the
fluctuations of the buckled protomer NTD with
respect to the Middle and C-terminal domains of
the same protomer are also slightly increased in
the presence of 5. The NTD of the straight
protomer, in contrast, decreases its distance
fluctuations (and thus increases its coordination)
with the Middle and C-terminal domains of the
other protomer (cf. lighter squares on the left).
Interestingly, while 5 targets a binding pocket in
the Middle domain of the straight protomer, its
effects on the internal dynamics of the protein
appear to diffuse to other regions of the protein
important for function (Figure 3(b)): the correct
positioning of the Middle domain with respect to
the NTD is in fact strictly required to warrant the
correct stereoelectronic organization of the active
site to perform ATP hydrolysis. Interestingly, 5
perturbs this fine balance particularly in TRAP1
buckled protomer, which is the one where the first
ATP hydrolysis takes place in the absence of
allosteric ligands.
Next, to expose the aminoacids whose

coordination patterns are most responsive (in a
quantitative and statistically significant way) to the
presence of 5, we used a statistical approach
based on F-tests, which we recently
implemented.62 In summary, the two distance fluc-
tuation matrices appearing on the left-hand side of
5

Figure 3 report variances in residue-pair distances,
which are ameasure of the dispersion of data points
around a mean value. F-statistic is the ratio of these
two variances, i.e. fluctuations in [2 ATP] versus [2
ATP + 5]. The F-ratio is the ratio between two mean
sum of squares (i.e. the sum of square deviations of
a set of samples with respect to their average or
with respect to a predicted value, divided by the
number of degrees of freedom, v). The F-
distribution is the cumulative distribution function
of the F-ratio Fv1,v2 for the case that both sets of
samples come from distributions with the same vari-
ance. Usually, the ratio is taken as the largest value,
divided by the smallest value. If Fv1,v2 exceeds the
99% level, the probability that both sets of samples
come from the same distribution is less than 1 per-
cent. In the present case, the reference distribution
is that generated by the [2 ATP] metatrajectory. If a
fluctuation value in the [2 ATP + 5] metatrajectory
for a residue pair is significantly different according
to F-statistic from the fluctuation value of the same
residue pair in the [2 ATP] system, we give a score
(F-score) of 1 to the difference. In case the differ-
ence is not significant, we give that difference a
value of 0. For each residue i, this procedure is
repeated for all pairs i,j where j are all the other resi-
dues in the sequence. Next, all scores for a certain
residue (i) are summed up. The maximum value
obtainable for the sum of each residue is N, where
N is the total number of residues in the protein
(here, the sum of the number of residues for each
protomer). The results reported in Figure 4(a) show
that a number of residues approaches the limit of N,
which implies statistically significant differences
between the matrix of pairwise distance fluctuation
calculated for [2 ATP + 5] versus [2 ATP].
To obtain a qualitative indication of the residues

that change their dynamics upon binding of 5, we
processed the calculated F-scores to isolate those
with significantly high values: we first calculated
the mean and the standard deviation for the F-



Figure 4. Identification of residues that modify their dynamics in response to compound 5 binding. A. The F-Score
calculated for each residue of TRAP1 (ATP only state is the reference) reports on the statistical significance of the
difference in fluctuations for each residue from the two DF matrices from figure 3a. The F-score is calculated
according to the methodology described in the paper. B. Structural representation of the residues displaying the most
significant differences in dynamics when compound 5 is bound with respect to the [2 ATP] case: residues that modify
their dynamics are depicted as dark-green CPK models. Two orientations for TRAP1 are shown.
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scores (Figure 4(a)) and filtered out the residues
with an F-score smaller than the average plus one
standard deviation. The remaining residues,
deemed as the ones with the most significantly
different dynamic profile, are projected on the
structure in Figure 4(b). While this indication is
qualitative, interestingly, identified residues are
located, besides the vicinity of 5, mainly around
the ATP binding site (Figure 4(b)) and at the
interface between the Middle and C-terminal
domains. Interestingly, this region largely overlaps
with the client binding site. Remodeling of the
structures and dynamics of this interaction region
may have a profound impact on TRAP1 protein–
protein interactions: indeed, in our previous paper,
we demonstrated that treatment with 5 inhibits
TRAP1 interaction with its client protein Succinate
Dehydrogenase (SDH).36

In summary, evident shifts in dynamics are
observed when introducing 5. They range from the
perturbation of the local dynamics of residues
important for regulating ATP processing and
reactivity (as we also explain in the next
subsection) and residues important for client
recognition, to the relative fluctuations of domains
in the closed state, up to modulation (of the initial
stages) of the slow motions that may be
associated with the large scale rearrangements
required to TRAP1 to progress through the
chaperone cycle. Overall, our results are an
important indication that 5 can indeed to interfere
with allosteric communication pathways across
different areas of TRAP1.
6

Characterizing the impact of the allosteric
ligand on chaperone reactive configurations.
To better understand how the presence of 5 in the
straight protomer impacts ATPase at the
molecular and atomic level, we first set out to use
our previously established model for TRAP10s
reactivity63 to compare and contrast the series of
MD simulations of [2 ATP] and [2 ATP + 5] carried
out in this work. More specifically, using the same
criteria as in our previous work,63 we systematically
quantify, for each system (cf. Methods), the fre-
quency with which catalytically competent ‘reactive
poses’ of ATP arise in the active site of each pro-
tomer. One such reactive pose is depicted in Fig-
ure 5(a), whereby the nucleophilic water WatNuc
(N), on top of having its oxygen in line to attack
ATP:Pc and being in a favorable orientation for
deprotonation by Glu130:Oe, is only loosely
sequestered by Tyr121 and its associated WatTyr
(Y), 2.50 �A away.
Our simulations point to an (expected),63,64 gen-

eral predominance of unreactive poses in both pro-
tomers (on average 17.2% and in general never
exceeding 26% in either protomer in any individual
replica; Figure S1) and in all cases, in line with
experiment29 and previous simulations,63 the buck-
led protomer remains more reactive than the
straight one in all cases, with more catalytically
competent poses systematically found in the former
(Figure S2). Nonetheless, bearing in mind these
overarching conditions, some interesting patterns
do emerge from our data when assessing possible
effects of compound 5 on TRAP10s reactivity. We



Figure 5. Organization of the Catalytic Site of TRAP1 and the Influence of compound 5. A. Catalytically competent
‘reactive pose’ as defined by our previous reactivity model for TRAP1: the nucleophilic waterWatNuc (denoted by N) is
in line to attack ATP:Pc; prone to deprotonation by the general base Glu130; and only loosely sequestered by a
WatTyr (Y) that is interposed between it and Tyr121. B. Distinctive catalytically incompetent configuration prevalently
occurring in the straight protomer during [2 ATP + 5] MD run number 5 (and still only predominantly observed in that
protomer and only in other [2 ATP + 5] MD runs): here, WatTyr is absent, and WatNuc is directly hydrogen-bonded to
Tyr121, hindering nucleophilic attack. Both scenes are rendered from similar perspectives, focusing on the active site
of the straight protomer of zebrafish TRAP1 (A. is taken from a [2 ATP] run; B. from a [2 ATP + 5] run). Key:
catalytically relevant residue sidechains, ATP, and the Mg2+-coordinating Asn134 are rendered as sticks and labeled
in A.; salientWatNuc andWatTyr are rendered as ball-and-stick; other waters as lines; Mg2+ as a sphere; the rest of the
protein is rendered as cartoon; Na+ ions are omitted for clarity. O: red; C: lighter blue; P: orange; N: darker blue; H: off-
white; Mg: green. Hydrogen bonds relevant for WatNuc sequestration/release by Tyr121 are shown in magenta; other
catalytically relevant hydrogen bonds as dark blue dotted lines; the line of nucleophilic attack in dark yellow dotted.
Solid black lines denote Mg2+’s coordination sphere. C. Drop in reactivity observed in the presence of 5, in the buckled
protomer (Buc; black) and in the straight protomer (Str; red) assessed both throughout all MD simulations (empty
bars), and throughout the first 50 ns of each replica only (filled bars). On the right, for the reasons explained in the
main text, statistics are recalculated excluding replica 5 for [2 ATP] and replica 5 for [2 ATP + 5]. Errors are calculated
using the leave-one-out procedure.
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present these over the next few paragraphs and
elaborate on their general significance later on in
the paper.
Changes in protomers’ reactivity upon introducing

5 are plotted on the left-hand side of Figure 5(c):
they are assessed across all 5 MD replicas of [2
ATP] versus all 5 MD replicas of [2 ATP + 5], both
over replicas’ initial 50 ns—which should suffice to
monitor reactivity63,64—as well as over their entire
duration (530 ns), as a control. In this situation,
and particularly over the first 50 ns (left-hand side,
filled bars), we see that once 5 binds to the straight
protomer, reactivity (i.e., frequency of reactive
poses) drops in both protomers: notably, however,
this drop is significantly more prominent in the
straight protomer than in the buckled (red versus
black filled bars on the left). If replicas are consid-
ered in their entirety, differences between pro-
tomers mitigate, but a generalized drop in
reactivity remains in both (left-hand side; black
and red empty bars, respectively).
Our MD simulations point to the non-uniform

emergence (vide infra) of a distinctive active site
configuration (Figure 5(b)) in which the interposed
water between Tyr121 and WatNuc is displaced,
leaving WatNuc (N) directly hydrogen-bonded to
Tyr121 (cf. 2.22 �A bond in Figure 5(b)). Were a
hydrogen bond of this length to be found between
WatNuc and an interposed WatTyr, our criteria
7

would identify the pose as ‘reactive’; however,
since chemical intuition suggests that a direct
hydrogen bond between Tyr121:Hg and WatNuc:O
should sequester the latter more strongly, we
defined all such poses as catalytically
incompetent. On the one hand, these peculiar
poses were fleetingly observed in our previous
work63 and remain so in the present work insofar
as both [2 ATP] protomers and [2 ATP + 5]’s buck-
led protomer are concerned (with frequencies never
exceeding 1%; Table S1). On the other hand, in
replicas 3 and 5 of [2 ATP + 5] direct sequestration
of WatNuc by Tyr121 in the (5-bound) straight pro-
tomer is much more frequent, at 6.55% and
70.37% of the total poses, respectively (Figure 5
(c)).
The conspicuously unequal distribution of this

distinctive ‘unreactive pose’, in which the
nucleophile is directly sequestered by Tyr121, has
inevitable repercussions on the general reactivity
statistics (perhaps best recognizable in
Figure S1). Ultimately, given this significant
imbalance, we cannot confidently establish to
what extent the predominance of this situation in
[2 ATP + 5]’s MD replica 5 is indeed a rare event,
as this would require more replicas and is beyond
the scope of this work: for this reason, on the
right-hand side of Figure 5(c) we have chosen to
present a revisited set of statistics in which [2
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ATP + 5]’s MD replica 5 is excluded and, to make
the comparison fair, the same is arbitrarily done
with [2 ATP]’s replica 5. This revisited set of
statistics confirms a general drop in reactivity in
both protomers upon binding of 5.
In general, despite complex trends that reflect the

complexity of the hydrolysis mechanism involved,
results from these analyses help define a
mechanistic model consistent with the
experimentally observed inhibition of TRAP1
ATPase induced by compound 5.
Finally, further to the role of asymmetry and 5 in

shaping protomers’ reactivity, it is interesting to
note that differences in water distribution in the
two protomers’ active sites emerge most
prominently when viewed with respect to Tyr121
and with respect to ATP, even when [2 ATP + 5]’s
atypical configuration from its replica number 5 is
taken into account (Figure 5(b)). Indeed, radial
distribution functions of water around key catalytic
residues and ATP:Pc over the first 50 ns of [2
ATP] and [2 ATP + 5] replicas (Figure S3) clearly
show the greatest differences between protomers
(and, though less so, when 5 is present or absent)
when measured around Tyr121:Hg and ATP:Pc
for the WatNuc and WatTyr peaks. On the other
hand, virtually no differences are observed in the
distribution of WatNuc around the catalytically
crucial general base (Glu130); and only a slightly
greater accumulation of WatNuc in the buckled
protomer around the stabilizing Arg417 finger
(also observed in our previous work).63 These
observations suggest that 5 too, like protomer
asymmetry, should principally alter reactivity by
‘acting’ allosterically on Tyr121 and WatTyr.
Design of second generation allosteric

ligands. The results reported in the previous
paragraphs support a model in which small
molecule 5 allosterically perturbs the functionally-
oriented dynamics of TRAP1 at different levels.
Computational data are consistent with the
experimentally observed inhibitory effects of 5.
We next asked ourselves whether we could

exploit dynamics-based data on the crosstalk
between 5 and TRAP1 to discover ligands with
better activities. Our reasoning is the fact that
protein dynamics and flexibility determine ligand
poses and, additionally, ligand poses influence
pocket conformations.31,46,65,66 This represents
the structural basis for further ligand development.
To start exploring the validity of this hypothesis,
we characterized the potentially druggable pockets
formed during MD around ligand 5 in the most rep-
resentative structures obtained from clustering
analysis of the [2 ATP + 5] metatrajectory (see
Methods). To this end we used the SiteMap tool of
the Maestro Software.67 SiteMap returns a visual
representation of the physicochemical properties
of the binding site, combined to a druggability score.
In general, binding sites are pictorially characterized
by: i) white balls to indicate the available volume; ii)
8

yellow clouds to outline hydrophobic regions; iii)
blue and red clouds to highlight H-bond donor and
H-bond acceptor, respectively. We applied this type
of analysis in the region comprising compound 5
and around it.
In Figure 6(a), we report the structure of TRAP1

bound to 5, with a zoom into the 3 main
conformations of the pocket around 5 explored
during the simulation. Interestingly, all pockets
share one common trait, i.e. a wide hydrophobic
region (occupied almost entirely by 5). Cluster
analysis of the metatrajectory shows that 5 forms
p-interactions (see Figure 6(b) for an example with
Arg895 or Arg957). Furthermore, the data show
different available volumes not occupied by the
ligand, and an unexploited region where forming
H-bonds may prove beneficial to ligand binding.
To design new derivatives, we used as structural
targets the 3 representatives of the most
populated structural clusters emerging from the
cluster analyses described in Methods.
Furthermore, we analyzed the pocket in
conformations extracted every 100 ns from the
metatrajectory.
On this basis, we used the Ligand Designer and

Interactive Pose Prediction tools from the Maestro
Software Suite to design modifications on the
initial lead. The lead was modified looking for
additional/better interactions within the different
conformations of the pocket. This design stage
was in fact carried out with the goal of designing
compounds that would maintain the main
interactions (p-cation interaction with Arg residues
or p-p interactions with aromatic side-chains)
displayed by 5, while improving the ligand–protein
interaction score (through the possible exploitation
of additional stabilizing interactions such as H-
bonds) (Figure 7). The interaction score is
calculated simply as a Glide score, which is a
drug-optimized docking energy function
implemented in Maestro (www.schrodinger.com,
Table S2). The minimum energy value observed
for each design in any conformation of the pockets
described above (and in Methods) was annotated
and used to guide subsequent synthetic efforts.
No additional docking of the designs was used at
this stage.
The designed compounds 51–57 are reported in

Figure 1(b). This series was next synthesized and
characterized (see Supplementary Material) and
experimentally probed in biochemical and cell tests.
Experimental validation of the designs in
biochemical and cell experiments

Compound 5 derivatives inhibit TRAP1
ATPase cycle. We used an ATP-regenerating
system68 to determine whether the seven com-
pound 5 derivatives (51–57) could act as TRAP1
inhibitors. It has to be noted that compounds 54
and 56 are biotinylated derivatives which will be

http://www.schrodinger.com/


Figure 6. TRAP1 bound to compound 5 and the formation of pockets around it. A. The complex TRAP1-compound
5 (colored according to atom type) and the zoom in on three representative pockets around compound 5 from three
different clustering methods described in the Methods section. B. A representative p-cation interaction, green dotted
line, between tetrazole of compound 5 and Arg895, in this case, of TRAP1.

Figure 7. Ligand Interactions and Design. A. A schematic representation of the main interactions made by
compound 5 used to drive the design of second-generation ligands. B. The ligand interaction map of newly designed
compound 51 in different representative conformations of the protein, visited during the dynamics in the presence of
compound 5.
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used in the future for pull-down experiments. Here,
we aim to test only that the introduction of the
appendage does not influence biochemical and cel-
lular activities. We found that all molecules were
able to inhibit TRAP1 ATPase activity (Figure 8),
9

with some of them displaying a degree of inhibition
similar to that of the lead compound 5.36 Com-
pounds 51, 52, 56 and 57 were highly selective
TRAP1 inhibitors, as they could not inhibit Hsp90
ATPase activity (Figure 8(a)). Then, we chose the



Figure 8. Effects of a set of compound 5 derivatives on TRAP1 and Hsp90 ATPase activities. A. Spectropho-
tometric quantification of the effects of second-generation TRAP1 inhibitors (50 mM each) on the ATPase activity of
purified human TRAP1 and Hsp90a proteins (blue and red bars, respectively). Mean ± standard error of the mean
(SEM) data (n = 3 independent experiments) are shown as normalized values with respect to vehicle-treated protein
samples. ***p < 0.001; **p < 0.01; *p < 0.05 with an unpaired two-tailed Student’s t test. B. Dose-response analysis of
the effects of compounds 51 and 52 (blue and green traces, respectively) on the ATPase activity of human
recombinant TRAP1. Data are shown as mean ± SEM (n = 3 independent experiments).
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most active and selective molecules, 51 and 52, for
further characterization. A dose–response analysis
showed that both compounds induced a
concentration-dependent inhibition of TRAP1
ATPase activity (Figure 8(b)) with half-maximal inhi-
bitory concentrations (IC50) in the range of 2 lM,
lower than those estimated for first-generation
TRAP1 ligands, which were around 10 lM.
Second-generation molecules revert TRAP1-

dependent SDH inhibition. We have previously
reported that TRAP1 downregulates the
enzymatic activity of SDH in various tumor cell
types,33,36,53,69–72 and that this inhibition can be
overturned by allosteric TRAP1 inhibition.33,36,72

We have also shown that SDH inhibition is favored
by ERK-dependent TRAP1 phosphorylation in
tumor cells endowed with hyperactivation of the
10
Ras/ERK signaling pathway, such as cellular mod-
els of malignant peripheral nerve sheath tumors
(MPNST), where TRAP1 has been identified as
an important determinant of their pro-neoplastic
features.52 Therefore, we measured the succinate-
coenzyme Q reductase (SQR) activity of SDH as
a read out to determine the efficacy of the selected
second-generation inhibitors in cells. As expected,
knocking-out TRAP1 expression by CRISPR/Cas9
technology enhanced the SQR activity of SDH in
a mouse MPNST cell model, sMPNST cells
(Figure 9(a)). Treatment with compounds 51 and
52 increased enzymatic SDH activity to the same
extent reached by TRAP1 knockout cells, which
were completely insensitive to the compounds
(Figure 9(a)). Notably, compound 51 was able to
revert SDH inhibition faster than compound 52. This



Figure 9. Allosteric TRAP1 inhibition induced by compounds 51 and 52 increases SDH enzymatic activity. A.
Spectrophotometric assessment of the succinate:coenzyme Q reductase (SQR) activity of SDH on TRAP1-
expressing (scrambled, SCR) and TRAP1 knockout (sgTRAP1) sMPNST cells treated with compounds 51 and 52
(25 mM each) for the indicated times. B. Kinetic analysis of the effect of compound 51 on SQR activity. C. Dose-
response analysis of a 2-h cell exposure to the reported concentrations of compound 51. Data are reported as
mean ± SEM (n = 3 independent experiments). ***p < 0.001; **p < 0.01; *p < 0.05 with one-way ANOVA with post-hoc
Bonferroni’s test against SQR activity values in vehicle-treated scrambled cells. D. TRAP1 and SDHA expression
levels in sMPNST cells treated with compound 51 for 24 h. Beta-actin and TOM20 were used as cytosol and
mitochondria loading controls, respectively. TRAP1 expression was previously knocked-out using the CRISPR/Cas9
technology.
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effect of compound 51 was stable over time (Fig-
ure 9(b)), occurred in a concentration-dependent
way (Figure 9(c)) and did not change either TRAP1
or SDHA protein expression levels (Figure 9(d)).
Compound 51 abolishes tumorigenic features

of TRAP1-expressing neoplastic cells. We have
previously demonstrated that TRAP1-mediated
inhibition of SDH activity is increased when
neoplastic cells are placed under stress conditions
that mimic those found during tumor
progression,69 and that TRAP1 activity is required
for in vitro tumorigenic growth of various tumor cell
models.52,69 Thus, we assessed whether allosteric
inhibition of TRAP1 induced by compound 51might
alter tumorigenic properties of sMPNST cells, eval-
uated by a focus forming assay. As expected,
TRAP1-expressing tumor cells overcame contact
inhibition and formed foci. Treatment with com-
pound 51 dramatically reduced foci formation,
11
phenocopying the effect of knocking out TRAP1
expression (Figure 10).
Discussion

The design of isoform selective ligands is an
active subject of research, with important
implications in chemical biology, medicinal
chemistry, and biomedicine. While previous
research work focused on the design of Grp9431

and Hsp90a/b32,66,73–76 specific inhibitors, scarcer
information is available on TRAP1 selective
inhibitors.77,78 We were among the first ones to
devise a successful strategy for selective TRAP1
targeting.36

The difficulty in characterizing allosteric ligand
effects is that the Structure-Activity-Relationships
(SARs) of these compounds are often very



Figure 10. Effects of compound 51 on in vitro tumorigenesis. A. Representative pictures of foci formed by TRAP1-
expressing (scrambled, SCR) and TRAP1 knockout (sgTRAP1) sMPNST cells treated with compound 51 for 9 days.
B. Quantification of the effect of TRAP1 inhibition, either by treatment with compound 51 or by its genetic ablation, on
focus growth. Data are presented as mean ± SEM (n = 3 independent experiments). ***p < 0.001 with one-way
ANOVA with post-hoc Bonferroni’s test against integrated density values in vehicle-treated scrambled cells.
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complex. Allosteric ligands are in fact intended to
bind to a dynamic site that does not overlap with,
and is far removed from, the active site where the
actual enzymatic function takes place. In many
cases, no direct correlations between the binding
affinity values (calculated or experimental) and
effects on protein (chaperone) functions or cellular
activities could be observed. These considerations
are general and reflect the unique challenges
posed by allosteric modulators to drug-design as
well as the need to develop innovative models to
predict ligand activities.43,79,80 Indeed, experimental
tests generally measure orthosteric function and not
what actually happens in terms of binding affinity
and kinetics at the allosteric site. In this context,
the Gestwicki lab reported for instance that allos-
teric inhibitors of Hsp70 with a somewhat low affinity
for the protein in vitro could still show relevant activ-
ity in client refolding tests and cell-based aggrega-
tion assays.81 In contrast, compounds with a
superior affinity for Hsp70 featured reduced activi-
ties in cells when compared to the parent lead.
Optimizing allosteric modes of action requires

methods that may substantially different from
those used in orthosteric drug discovery, where
improving affinity for a binding site is the major
objective.
These considerations underline the need for

simple and general methods that allow to identify
functionally relevant allosteric sites and help
evolve molecular entities that engage the target,
determining an efficient modulation of its activity.
To answer this question, in this work we have
presented a general strategy that reconnects
basic studies of allostery in large proteins, through
atomistic simulations, with the discovery of ligands
with interesting biochemical and cellular activities.
12
Here, we started from the detailed computational
characterization of the impact of a recently
designed active TRAP1 allosteric inhibitor on the
functionally-oriented aspects of the chaperone’s
structural dynamics. The results and trends
observed, though mostly qualitative, are in general
agreement with experimental observations, and
provide a detailed mechanistic understanding of
the effects of allosteric ligand binding. Combining
the considerations emerging from the analysis of
large scale dynamics, internal coordination
patterns, and organization of the active site upon
introduction of 5, three mutually exclusive
scenarios can be formulated: (1) that 5 widens the
gap in reactivity between the buckled and straight
protomer even further—making the latter
comparably even less reactive than observed29 in
[2 ATP]; (2) that 5 induces a generalized drop in
reactivity in both protomers—such that ATPase
rates drop overall but the buckled protomer remains
more reactive by a similar amount; or (3) that, as
observed without replicas number 5 of [2 ATP]
and [2 ATP + 5] over longer timescales (Figure 5,
right-hand side; empty bars), 5 mainly quenches
reactivity in the buckled protomer from its allosteric
site on the straight protomer, influencing its dynam-
ics and coordination relative to the Middle and C-
terminal domains. Though none of these scenarios
may be categorically ruled out by our simulations, in
any one of them the presence of 5 clearly reshapes
the structural dynamics of the client binding region,
thus affecting recognition of client proteins, as
proved by Sanchez-Martin et al.36

More specifically, the presence of 5 results in a
clear perturbation of the functional motions of the
closed, active state of the protein, which translate
to a drop in reactivity in at least one of the two
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protomers. In other words, 5 has the potential of
perturbing TRAP10s conformational cycle in at
least one of its stages: this is a very significant
finding that further validates our in silico model,
and is entirely in line with our biological data,
which pinpoints 5 as an inhibitor of TRAP1
biochemical and cellular activities.
With regards to the theme of structural

asymmetry, though this aspect was not central to
the present study, we should also stress that our
simulations once again correctly capture the
buckled protomer’s greater reactivity compared to
the straight one, regardless of the presence of 5 in
the latter, i.e., in [2 ATP] and [2 ATP + 5] alike.
Besides being in line with experimental data for [2
ATP],29 this suggests that 50s allosteric effects on
reactivity should be more subtle and/or articulated
compared to those brought about by sheer pro-
tomer asymmetry.
One important advancement of our study is

represented by the possibility to design second-
generation derivatives based on the
characterization of the dynamic crosstalk between
the protein and a first generation ligand. Here, we
propose a simple and straightforward approach
that proves to deliver a compound with a better
drug-like profile and improved biochemical and
cellular activities. In this context, perturbation of
TRAP1 enzymatic reactivity and dynamics
reverberates in the modulation of the chaperone’s
client interaction profiles, in particular with client
SDH. Since the designed compounds are
selective for TRAP1 (and do not have significant
activity on the paralog Hsp90), these new
molecules may represent fundamental starting
points for the development of inhibitors TRAP1-
centered pathways. Considering the importance of
TRAP1 in different types of diseases, these new
molecules have the potential to be developed into
inhibitors with unique therapeutic potential.
While based on the particular case of TRAP1, this

methodology is completely general and can be
extended to other targets where allosteric
modulation represents an interesting therapeutic
option.

Methods

Computational approaches
System preparation. The reference TRAP1
structure for all simulations is crystal structure
4IPE.pdb,82 with missing fragments modeled based
on previous simulations36,56; both protomers were
thus reconstructed without gaps from Thr85 to
His719.
To reconstruct ATP, the Nb atom of the

adenylyl-imidodiphosphate molecule that is
present in each protomer’s active site is replaced
by oxygen, and its bound hydrogen atom
deleted; all cations are also removed, except for
13
the Mg2+ present in each active site. N- and C-
termini are capped with acetyl and N-methyl
moieties, respectively: in the latter case, this is
to avoid open –NH3

+ caps disrupting a
functionally crucial inter-protomer interaction
between His87 and Glu157.82

All hydrogens are added (or replaced post-
docking) using AmberTools’ tleap utility (version
19),83 with residues calculated to be in their stan-
dard protonation states at physiological pH. Both
protomers’ histidines 103, 144, 525, 553, and 719,
as well as (buckled) protomer A’s histidines 573
and 635, are modeled with Nd protonation; con-
versely, Ne protonation is introduced on the remain-
ing 20 histidines.
Retaining 18 crystallographic water molecules in

each protomer’s active site, tleap is also employed
to solvate our structures in an isometric truncated
octahedral box of water, ensuring a distance of at
least 10 �A between every protein atom and the
closest edge.
Docking

Briefly, compound 5 is docked into the allosteric
binding site as already described in.36 The GLIDE
docking program (Glide, version 6.9, Schrödinger,
LLC, New York, NY, 2015) was used to target the
binding site defined in.36 Rigid receptor and flexible
ligand docking calculations were performed in stan-
dard precision mode (SP) with the OPLS_2005
force field, nonplanar conformations of amide
bonds were penalized, van der Waals radii were
scaled by 0.80, and the partial charge cutoff was
fixed to 0.15. No further modifications were applied
to the default settings. The best docking pose
according to the docking score function was
selected as a starting point for further MD
simulations.
Forcefield parameters for molecular dynamics
simulations and parametrization of 5

During Molecular Dynamics simulations (MD),
protein residues are modeled using ff14SB
forcefield parameters.84 Parameters adopted for
ATP are those published by Meagher and cowork-
ers,85 whereas those for Mg2+ are the ones reported
by Allnér et al.86 The chosen water model is
TIP3P87 which is compatible with parameters by
Joung and Cheatham88 chosen to treat Na+ cations.
Compound 5 parametrization is carried out with

the aid of AmberTools’ antechamber and
parmchk2 utilities.83 GAFF parameters89 are intro-
duced to model Lennard-Jones interactions and
bonded interactions (dihedrals, angles, bonds).
Derivation of point charges is carried out using the
Gaussian09 program90in conjunction with an-
techamber: first, compound 5 is structurally opti-
mized at the B3LYP/6-31G(d) level of density
functional theory (DFT); subsequently, ESP
charges91 around each atom are calculated based
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on the electrostatic potential, calculated at the
Hartree-Fock/6-31G(d) level, and sampled over 10
shells per atom at a density of 17 grid points per
square Bohr; final atomic point charges are
assigned after RESP fitting92 performed by
antechamber.
Molecular dynamics simulations

MD simulations are carried out using the Amber
suite (version 18)93 with the sander MD engine
employed in the early preproduction stages (min-
imization) of each MD run, and the GPU-
accelerated pmemd.cuda utility94 thereafter. Five
independent MD replicas (atomic velocities
assigned from different random seeds) are car-
ried out for each system, comprising minimiza-
tion, preproduction, and production (vide infra):
after minimization, temperature control is
enforced throughout via the Langevin ther-
mostat;18 the integration timestep employed
throughout is 2 fs; and bonds containing hydro-
gens are constrained using the SHAKE and SET-
TLE algorithms.95

Minimization in each replica consists of two
(identical) rounds. The first (500 steepest
descent + 500 conjugate gradient steps) excludes
Mg2+, and all protein and ATP heavy atoms (plus
those of the ligand, if present): these are
positionally restrained by a 500 kcal mol�1 �A�2

harmonic constant. The second round
(1000 + 1500 steps) involves the entire system.
Minimization is followed by assignment of atomic
velocities, and a rapid heating step from 0 to
300 K (20 ps; NVT ensemble) in which positions
of protein, ATP, and ligand heavy atoms when
present are gently restrained with a 5 kcal mol�1

�A�2 constant. At this stage, coupling to the
thermostat is weak (0.75 ps�1 collision frequency),
and the cut-off for the calculation of Lennard-
Jones and Coulomb interactions is 10 �A, beyond
which only the latter are computed, but switching
to the particle mesh Ewald method.96 There follows
an equilibration step (4 ns; NpT), wherein restraints
are released, coupling to the thermostat is tightened
at 2 ps�1, and a constant pressure of 1 bar is intro-
duced via Berendsen’s barostat (2 ps relaxation
time).97

Production runs (530 ns; NpT) are run under the
same conditions as the equilibration step, except
that the cutoff to directly compute Lennard-Jones
and Coulomb interactions is shortened to 8 �A.
Quantification of reactive poses

Quantification of ‘reactive poses’—i.e., MD
snapshots in which the nucleophilic water
WatNuc is in a catalytically favorable position to
kickstart ATP hydrolysis—and derivation of the
associated radial distribution functions (RDFs)
was performed using AmberTools’ cpptraj
utility93 using the same criteria (vide infra) that
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some of us derived and adopted in a previous
study.63 All reactivity statistics are considered
both individually, over each system’s five inde-
pendent replicas, and collectively, i.e., with indi-
vidual replicas concatenated into a single
2.65 ls metatrajectory.
We consider a pose ‘prone to react’ if: (1)WatNuc:

O is � 3.40 �A away from ATP:Pc and attacks ‘in-
line’ (i.e., the angle WatNuc:O --- ATP:Oc – ATP:
Ob is comprised between 150� and 180�); (2) one
of WatNuc:H is � 2.25 �A away from the general
base Glu130:Oe(1/2) (Glu115 in TRAP1); (3)
WatNuc:O is more loosely sequestered (hydrogen
bond: � 1.87 �A) by a second water interposed
between Tyr121 (Tyr 106 in TRAP1); (4) Mg2+

retains sixfold coordination to ATP:O(a,b,c),
Asn134:Od1 (Asn119 in TRAP1); and 2 H2O (all
six � 2.30 �A); and (5) both WatNuc and one ATP:
Oc retain hydrogen bonds to Arg417 (Arg 402)
(at � 2.85 �A and � 3.00 �A, respectively).
A peculiar situation predominantly arising in one

MD replica of the Compound 5-bound system,
whereby WatNuc in the straight protomer is directly
sequestered by Tyr121 (Tyr106) rather than by
the interposed water, is considered to be
‘unreactive’.
Errors in cumulative reactivity statistics are

calculated using the “leave-one-out” approach, in
which statistics for each system are
systematically recalculated by excluding a
different replica each time. The standard
deviation of these recalculated values (one per
protomer per system) represents the error. When
assessing reactivity differences between two
protomers X and Y (within the same system or
with versus without compound 5), the resulting
error ED is determined from the original errors
EX and EY as (EX

2 + EY
2)0.5.
Principal component analysis

PCA for both systems is entirely carried out using
several functions in the cpptraj tool, only taking into
account heavy protein atoms (henceforth
“reference atoms”)—i.e., protein hydrogens,
solvent molecules, ATP molecules, cations, and, if
present, the ligand are all excluded.
First, each system’s individual MD replicas are

again concatenated into a 2.65 ls metatrajectory
but, this time, structures are also aligned on
reference atoms of the first frame in the first
replica. From each aligned metatrajectory we
eliminate everything but the reference atoms and
derive an artificial average structure: this then
serves as a reference for the calculation of the
covariance matrix of our reference atoms
throughout the metatrajectory itself.
Eigendecomposition of each system’s covariance
matrix yields its principal components (as
eigenvectors).
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Distance fluctuation analysis

To understand the impact of the ligand on the
internal dynamics of TRAP1 we conducted the
distance fluctuation analysis.
We used the same 2.65 ls metatrajectory,

obtained concatenated the MD replicas of both
systems to compute the matrix of distance
fluctuations in which each element of the matrix
corresponds to the CP parameters:

DF ij ¼ hðd ij � hd ij iÞ2i
where dij is the time-dependent distance of the C a atoms
of amino acids i and j and the brackets indicate the time-
average over the trajectory. In this case the DF matrix
has been used to assess not only the intrinsic flexibility
of proteins but also to understand its changes upon
ligand binding.
The DF was calculated for any pair of residues

during the trajectory. This parameter characterizes
residues that move in a highly coordinated
fashion, and it is able to reflect the presence of
specific coordination patterns and quasi-rigid
domains motion in the protein of interest. In
particular, pairs of amino acids belonging to the
same quasi-rigid domain are associated with small
distance fluctuations and vice versa.
Statistical quantification of differences among
DF matrices

We implemented a statistical analysis based on
F-tests (F-statistic) to quantitate the significance of
the differences observed among DF matrices.
DF matrices substantially report the variances in

the distances between every residue pair in the
protein. In general, variances measure the
dispersion of data points (different measures)
around their respective means. An F-statistic is
the ratio of two variances and an F-ratio is the
ratio between two mean sum of squares (i.e. the
sum of square deviations of a set of samples with
respect to their average or with respect to a
predicted value, divided by the number of degrees
of freedom, v). The F-distribution is the cumulative
distribution function of the F-ratio Fv1, v2 for the
case that both sets of samples come from
distributions with the same variance. It is usual to
take the ratio as the largest value, divided by the
smallest value. If Fv1,v2 exceeds the 99% level, the
probability that both sets of samples come from
the same distribution is less than 1 percent.
With this statistic, we compared the respective

values of DF for all residue pairs across the
various simulations. As a reference, in comparing
different matrices, we selected the DF matrix of
the double ATP state. If a DF value for a residue
pair in a certain simulation is significantly different
according to F-statistic from the DF value of the
same residue pair in the reference system, we
give a score of 1 to the difference. In case the
difference is not significant, we give that difference
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a value of 0. Given a residue i, we repeat this
procedure for all pairs i,j where j are all the other
residues in the sequence. At the end, all scores
for a certain residue are summed up. The
maximum value obtainable for the sum of each
residue is N, where N is the total number of
residues in the sequence. Summing up all the
scores for all residue pairs, one can obtain a
maximum value of N2.

Clustering

Four different clustering methods were
implemented to analyze pocket formation.
After running the MD simulations, structural

cluster analysis was run on each metatrajectory to
obtain the most representative conformations of
the systems under study.
For the analysis of TRAP1 bound to compound 5,

we used the hierarchical agglomeration algorithm
described in98 with the following parameters: we
set an Epsilon of 10.0, while the maximum number
of clusters obtainable by the algorithm was set to 6.
Three different metrics were used to define the

differences between structures, all based on
RMSD:

1. The first method includes all residues of the Straight
protomer (containing compound 5) and loops not
organized in secondary structures of the Buckled pro-
tomer. RMSD was calculated on the backbone
atoms.

2. In the second approach, an average structure based
on the whole metatrajectory of the TRAP1-compound
5 complex was calculated, and the residues within

6 �A from compound 5 were retained for clustering.
The clustering was run on heavy atoms of the side
chain of selected amino acid residues.

3. In the third approach, the heavy atoms of compound
5 (C, S, O, N) were used as reference.

Additionally, a time-dependent “control” approach
was used: we isolated the frames every 250 ns, and
we replicated all the aforementioned analyses on
these structures.
The results of each clustering analysis yielded

approximately 80% representativity with the top 3
most populated clusters, on which we searched
for druggable pockets around the location of 5.

Pocket analysis

Analysis of pockets was carried out on the
representative structures of the most populated
clusters described above.
The search for possible pockets on MD-selected

structured of the complexes was carried out with
the use of Sitemap,99 a tool of the Maestro Suite
(www.schrodinger.com), specifically developed for
the identification of drug/lead binding pockets on
the surfaces of the proteins of interest. In this case,
we searched the pockets around the region of
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compound 5. The tool allows to select a mask
around which to search: we selected compound 5
as reference and researched all pockets within
10 �A. Using the default setting, we retain the five
best pockets in this site.
Experimental Approaches

Compounds

Seven second generation TRAP1 inhibitors
(compounds 51–57) were used in in vitro and in
cellulo assays. The synthesis and characterization
of the compounds is described in the Supporting
Information. These compounds were dissolved in
dimethylsulfoxide (DMSO, Sigma-Aldrich) and
added at the indicated concentrations. An equal
quantity of DMSO (lower than 0.1%) was added to
control samples.
Protein purification and production

Full-length recombinant human TRAP1 (without
mitochondrial signal sequence) was cloned into
the pET151/D-TOPO bacterial expression plasmid
(Thermo Fisher Scientific) as a TEV-cleavable N-
terminal His-tagged fusion protein.29 TRAP1
expression was induced in BL21-AI E. coli cells
(Thermo Fisher Scientific) grown in LB media
(Sigma-Aldrich) by addition of 1 mM isopropyl 1-
thio-b-D-galactopyranoside (Promega) and 0.2%
arabinose (Sigma-Aldrich) at OD600 � 0.7–0.8
and then incubated under shaking for 20 h at 16 �
C. Purification followed a standard protocol for Ni-
NTA chromatography using a buffer composed by
50 mM KH2PO4 (Merck), pH 8.0, 300 mM NaCl
(Sigma-Aldrich), 500 mM imidazole (Sigma-
Aldrich) and 3 mM b-mercaptoethanol (Sigma-
Aldrich). Samples containing recombinant TRAP1
were then dialyzed overnight and stored at �80 �C.
TRAP1 and Hsp90 ATPase activity
measurements

TRAP1 and Hsp90 activities were determined
using the previously described ATP-regenerating
system.100 All experiments were performed in an
assay buffer containing 50 mM Tris-HCl, pH 7.4
(Sigma-Aldrich), 50 mM Sucrose (Sigma-Aldrich),
50 mM potassium chloride (Sigma-Aldrich), 4 mM
magnesium chloride (Sigma-Aldrich), 2 mM EGTA
(Sigma-Aldrich), 300 lM NADH (Sigma-Aldrich),
2 mM phosphoenolpyruvate (Sigma-Aldrich),
1.5 mU/mL L-lactate dehydrogenase (Sigma-
Aldrich), 0.8 mU/mL pyruvate kinase (Sigma-
Aldrich) and 450 ng human recombinant TRAP1
or Hsp90a (Enzo Life Sciences). Kinetic assays
were started after addition of ATP and activity was
measured by monitoring NADH oxidation at
340 nm (e = 6.22 mM�1 cm�1) for 1 h at 37 �C.
Second-generation TRAP1 ligands were added
immediately before starting recordings.
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Cell culture

Mouse sMPNST cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM;
Thermo Fisher Scientific) supplemented with 10%
v/v fetal bovine serum (FBS; Thermo Fisher
Scientific), 1% v/v L-glutamine (Thermo Fisher
Scientific), 1% v/v sodium pyruvate (Thermo
Fisher Scientific) and 1% v/v penicillin and
streptomycin (Thermo Fisher Scientific) and kept
in a 5% CO2 humidified atmosphere at 37 �C.
sMPNST cells were established from Nf1�/�;
P53�/� skin precursors (SKP)101 and provided by
Dr. Lu Q. Le, University of Texas Southwestern
Medical Center, Dallas, TX. Cells were routinely
tested for mycoplasma contamination using the
MycoAlert� Kit (Lonza).
Generation of TRAP1-knockout cells

TRAP1 knock-out sMPNST cells were generated
using CRISPR/Cas9 technique.102 CRISPR design
tool (https://www.crispr.mit.edu) was used to iden-
tify the sgRNA sequences against exons 1 and 2
of mouse TRAP1 gene (50 – CACCGCGCC-
GAACTCCAGCCAGCGC – 30 and 50 –
CACCGTTTGTGTGGGGCCCCTAAAC – 30).
Scrambled single guides targeting EGFPwere used
as negative controls. Sense and antisense oligos
for the sgRNAs were cloned into the plasmid lenti-
CRISPRv2 (Addgene, #52961) and co-transfected
with the packaging plasmids pMDLg/pRRE
(Addgene, #12251), pRSV-Rev (Addgene,
#12253) and pMD2.G (Addgene, #12259) into
human embryonic kidney (HEK) 293 T cells for viral
production. Recombinant virus was collected and
used to infect sMPNST cells by standard methods.
Infected cells were then selected with 1 lg/mL pur-
omycin (Sigma-Aldrich).
Western immunoblots

Total cell lysate was prepared in RIPA buffer
(150 mM NaCl, 50 mM Tris-HCl pH 8.0, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate) supplemented with
protease and phosphatase inhibitors (Sigma-
Aldrich). Protein concentrations were quantified
using a BCA Protein Assay Kit (Thermo Fisher
Scientific), and 25 lg of total protein lysate was
loaded onto 4–12% Bis-Tris NuPage gels (Life
Technologies). After proteins were transferred to
nitrocellulose Hybond-C Extra membranes
(Amersham), levels of TRAP1, SDHA, b-actin and
TOM20 were detected with anti rodent TRAP1
(1:1000, Becton Dickinson, #612344), anti SDHA
(1:5000, Santa Cruz, #166947) and anti b-actin
(1:2500, Santa Cruz, #47778) mouse monoclonal
antibodies and anti TOM20 (1:1000, Santa Cruz,
#11415) rabbit polyclonal antibody. Protein
expression was then acquired with a LICOR
Odyssey CLx Imaging System (LI-COR

https://www.crispr.mit.edu/
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Biosciences), following incubation with fluorescent
IRDye� 680LT goat (polyclonal) anti-mouse (LI-
COR Biosciences, #926–68020) or IRDye�

800CW goat (polyclonal) anti-rabbit (LI-COR
Biosciences, #926–68021) secondary antibodies.
Measurement of succinate:coenzyme Q
reductase (SQR) activity of succinate
dehydrogenase (SDH)

To measure the enzymatic activity of SDH,
sMPNST cells were collected at 4 �C in a lysis
buffer composed by 25 mM potassium
phosphate, pH 7.2 (Merck), 5 mM magnesium
chloride (Sigma-Aldrich) and phosphatase and
protease inhibitors (Sigma-Aldrich). Cell
homogenates (40 lg protein per trace) were
then incubated for 10 min at 30 �C in a buffer
containing 25 mM potassium phosphate, pH 7.2
(Merck), 5 mM magnesium chloride (Sigma-
Aldrich), 20 mM sodium succinate (Merck) and
10 lM alamethicin (Sigma-Aldrich). After the
incubation time, a mix composed of 5 mM
sodium azide (Sigma-Aldrich), 5 lM antimycin A
(Calbiochem), 2 lM rotenone (Sigma-Aldrich),
65 lM coenzyme Q1 (Sigma-Aldrich) and
100 lM 2,6-dichloroindophenol (DCPIP, Sigma
Aldrich) was added to the medium. Enzymatic
activity of SDH was then monitored
spectrophotometrically measuring the reduction
of DCPIP at 600 nm (e = 19.1 mM�1 cm�1) for
20 min at 30 �C. Each measurement of SDH
activity was normalized for protein amount.
In vitro tumorigenesis assays

For focus forming assays, scrambled and TRAP1
knock-out cells were seeded in 12-well plates under
standard culture conditions. When cells reached
sub-confluence, serum concentration was
decreased to 1% and compound 51 was added at
the indicated concentration. At the 9th day after
serum decrease, foci appeared as thick masses
and cells were then washed in PBS (Thermo
Fisher Scientific), fixed in methanol (Sigma-
Aldrich) for 30 min and stained with GIEMSA
solution (Sigma-Aldrich) for 1 h. After washing in
PBS to remove excess stain, surface area and
foci thickness were analyzed with ImageJ
software and combined to obtain the integrated
density parameter.
Statistical analysis

Both TRAP1 and Hsp90 activity assays were
statistically evaluated with a two-tailed, unpaired
Student’s t-test. SDH activity and focus forming
assays were analyzed with one-way analysis of
variance (ANOVA), followed by Bonferroni post-
hoc test for multiple comparisons. Statistical
17
significance was determined using Origin� 8
(OriginLab). Results with a p-value lower than
0.05 were considered statistically significant;
***p < 0.001, **p < 0.01, *p < 0.05 compared to
controls. All analyses consisted of at least three
independent experiments and data were displayed
as mean ± standard error of the mean (SEM).
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