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Structure and Function of the Mitochondrial Hsp90 (TRAP1)
Laura Adele Lavery

Laboratory of Dr. David A. Agard

Heat Shock Protein 90 (Hsp90) is a highly conserved molecular chaperone
necessary for eukaryotic life. This member of the cellular folding machinery has been
extensively studied in recent years due to its intimate link to fundamental biological
pathways that govern cellular homeostasis and disease [1-3].

Hsp90 undergoes large ATP dependant conformational changes that are
necessary for client maturation in vivo [4]. Though much progress had been made in
building a model for a functional cycle of Hsp90 (Figure 1), the fundamental question of
how Hsp90 functions to re-model clients remained unclear.

Several forms of Hsp90 can be found throughout evolution with most higher
eukaryotes having four homologs: two in the cytosol (Hsp90a, Hsp90p), one in the
endoplasmic reticulum (GRP94) and one in the mitochondria (TRAP1) [5].

Though not extensively studied at the time, | set out to investigate the structure
and function of TRAP1, originally inspired by the balance between a higher eukaryotic
Hsp90 and a simplified Hsp90 being most similar to the bacterial Hsp90 (bHsp90). With
the latter comes the advantage of a more simple system where the large number of
cochaperones identified for Hsp90ao/p are not known to be required for client
interactions with TRAP. Further, unique biology and disease links of TRAP1 were

emerging with in vivo data showing that TRAP1 had unique ties to cellular homeostasis
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through interactions with client protein cyclophilin D (CypD), the master regulator of the
mitochondrial permeability transition pore (mtPTP) and thus necrotic cell death[6].
Through this work | developed several biochemical/biophysical assays and
strategies for working with TRAP1 in vitro, and through collaboration elucidated both
shared and unique aspects of Hsp90 mechanism. Importantly, this work has provided a
new hypothesis for Hsp90 mechanism of action with client proteins, which contributes a

new model for the productive use of ATP hydrolysis for client re-modeling.
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Figure 1. Previous model for a functional Hsp90 chaperone cycle. Hsp90 conformational states and
putative apo->ATP->ADP cycle, showing equilibration between multiple apo states in solution. Upon ATP
binding the chaperone closes to form a NTD dimerized state. Upon hydrolysis the ADP state is sampled
before re-opening to the apo state equilibrium. The closed state is hypothesized to be the active
chaperoning state and is modeled here by the yeast Hsp90 crystal structure. Not shown for clarity are two
copies of the cochaperone p23, which are symmetrically deposited on either side of the N-terminal
domains in this closed state model.
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Chapter 1

Structural asymmetry in the closed state of mitochondrial
Hsp90 (TRAP1) supports a two-step ATP hydrolysis

mechanism

Contributing Authors: James R. Partridge, Theresa A. Ramelot, Daniel Elnatan,

Michael A. Kennedy, and David A. Agard.



Preface

Hsp90 is a highly conserved and critical molecular chaperone that is integrated in
several aspects of biology through functional interactions with its select, yet large list of
client proteins. Hsp90 clients are diverse and interactions with the chaperone are
intimately linked to the ATP dependent conformational cycle outlined in figure 1 of the
abstract to my thesis (page vii). From early studies, it was clear that nucleotide binding
and hydrolysis are necessary the produce functional clients in vivo [1], where the closed
state conformation is hypothesized to be the active chaperoning state for the Hsp90
family of chaperones. For many years, the biggest question in the Hsp90 field has been:
how does Hsp90 utilize ATP to remodel a client proteins structure (from near-native to
native/active client)? One hypothesis was that ATP binding alone could shift the
conformational cycle of Hsp90 towards the closed state and that this was the active
folding step. Then ATP hydrolysis would function to “kick-off’ the client. Confounding
this hypothesis is that nucleotide binding is not strictly necessary to sample the closed
state and is observed (to varying degrees) under apo conditions [2]. Further, client
affinities are weak (1-100uM range), in which case the client protein is predicted to fall
off more than once during the slow closure transition of the chaperone. This observation
made it difficult to understand why the energy of hydrolysis would be useful for client
release.

The work presented in this chapter of my thesis, describes the discovery of a
novel asymmetric closed conformation of the chaperone, revealed in our crystal

structure of the mitochondrial Hsp90 (TRAP1) in an active closed state. Integrated with



recent studies that have elucidated client-binding site residues, this work provides a new
hypothesis for Hsp90 mechanism of action with client proteins, contributing a much
needed rationalization for how the energy of ATP hydrolysis can be effectively used to
remodel client proteins.

A manuscript describing this study is currently in revision at Molecular Cell.
James Partridge (post-doc) and | worked together to accomplish this work and are listed
as co-first authors where my name appears first. Both James and | worked to obtain
high-quality diffracting crystals. James is responsible for the solution of full-length
TRAP1 and final refinements for all structures presented, as well as structural
comparisons, CD and the ATPase measurements for the “strap” mutations (see below).
| am responsible for all solution based data (SAXS, DEER assay development), EM, the
NTD:MD crystal structure, and MD:CTD interface mutant ATPases. In-house SAXS
analysis software was written and optimized for this study by David Agard. Also listed as
authors is Daniel Elnatan (graduate student- Agard lab) who was instrumental in
intellectual contributions and assistance with DEER experiments, as well as our
collaborators Theresa Ramelot and Michael Kennedy (Kennedy lab- Miami University,
Ohio) who are responsible for DEER data collection and analysis.

Finally, on the path to the findings described below there were several key
mechanistic insights and developed strategies for working with TRAP1 as a model
system, as well as crystallography progress on different TRAP1 homologs. To this end,

| have written a section in the supplemental information (Supplemental crystal trial



information) describing this work, and included the progress with the other homologs in
an effort to facilitate future work with the system.
Summary

While structural symmetry is a prevailing feature of homo-oligomeric proteins,
asymmetry provides unique mechanistic opportunities. We present the 2.3 A crystal
structure of full-length TRAP1, the mitochondrial Hsp90 molecular chaperone, in a
catalytically active closed state. The TRAP1 homodimer adopts a novel, asymmetric
closed conformation, where one protomer is reconfigured via a helix swap at the
Middle:C-terminal Domain (MD:CTD) interface to form a previously unknown
conformation. Importantly, this interface plays a critical role in client binding. Solution-
based methods (SAXS and DEER) validate the asymmetry and point mutations aimed
to disrupt unique contacts at each MD:CTD interface reduce catalytic activity across
TRAP1 homologs. We further demonstrate the asymmetric state extends beyond
TRAP1 to other Hsp90 systems. As shown crystallographically, absence of the CTD in
the closed state restores perfect symmetry, indicating the presence of substantial strain
that is only partially relieved by the asymmetric arrangement. Together, this leads to a
new model in which formation and relief of asymmetry driven by ATP binding and

hydrolysis is directly coupled to client remodeling.

Introduction
Protein folding is a fundamental biological process and protein misfolding can

have a dramatic impact on both cellular and organismal fitness. To ensure proper



folding and function, cells have evolved a class of proteins known as molecular
chaperones to maintain cellular homeostasis. These molecular chaperones interact with
substrate proteins at different folding stages and act in concert throughout the
maturation process [3].

Heat shock protein 90 (Hsp90) is a highly conserved ATP-dependent chaperone
essential to facilitate the folding and activation of nearly 10% of the proteome [4]. Unlike
other chaperones, Hsp90 preferentially interacts with partially folded substrate “client”
proteins [5] and primes them for downstream protein-protein or protein-ligand
interactions [6]. Thus, beyond initial folding Hsp90 plays an important role throughout
the functional lifetime for many clients. Known client proteins vary widely in sequence,
structure, size and function, and for this reason client recognition and specificity are not
well understood [7]. Disruption of Hsp90 activity can affect evolutionary outcomes [8, 9]
and has been linked to human diseases including cancer [10], vascular disease [11],
and neurodegeneration [12].

Hsp90 functions as a homodimer with each protomer consisting of three major
domains: the N-terminal domain (NTD), responsible for ATP binding and hydrolysis, the
middle domain (MD) that aids in hydrolysis, and the C-terminal dimerization domain
(CTD) (Figures 1A and 1B). Crystal structures electron microscopy (EM) and small
angle X-ray scattering (SAXS) of Hsp90 in the presence or absence of nucleotide have
revealed large conformational changes between the major domain boundaries. In the
absence of nucleotide a variety of structurally-distinct open states are populated in

solution that are thought to aid in binding a diverse set of clients [13, 14]. The crystal



structure of yeast Hsp90 (yHsp90) [15] along with biochemical studies [16, 17]
demonstrate that dimerization of the NTD between protomers mediates ATP hydrolysis
and is essential for Hsp90 function. Following ATP hydrolysis, Hsp90 transiently adopts
a compact ADP-bound conformation initially observed in the bacterial Hsp90 (bHsp90)
[18] and later trapped in yHsp90 and human Hsp90 (hHsp90) [2]. Together, these data
establish a model for the conformational cycle of Hsp90 whereby the protomer arms
undergo concerted conformational changes through rounds of ATP binding, hydrolysis,
and release [19]. Though hydrolysis is essential for in vivo function across Hsp90
homologs [1], it remains unclear how hydrolysis is used for client maturation.

Most eukaryotic cells contain four Hsp90 homologs: two in the cytosol
(Hsp90a/B), and one in both the endoplasmic reticulum (ER, GRP94) and mitochondria
(TRAP1) [20]. In vitro experiments have demonstrated that although the fundamental
conformational states are well conserved, equilibria and kinetics are unique for every
Hsp90 homolog [2], suggesting adaptation to the specific needs of clients in each
cellular compartment and species. Within the eukaryotic cytosol Hsp90 function is aided
by numerous Hsp90-specific co-chaperones, however, only one has been identified for
the prokaryotic or organellar Hsp90s [20, 21].

TRAP1 is encoded in the nucleus and was originally identified as a binding
partner of tumor necrosis factor receptor 1 [22]. TRAP1 has since been shown to
localize primarily to the mitochondria [23] and most abundantly in the mitochondrial
matrix [24]. Although few TRAP1 clients have been identified, there is an emerging

appreciation for the role of TRAP1 in regulating mitochondrial protein homeostasis [25].



Specifically, TRAP1 has been implicated in critical pathways including mitochondrial
fission/fusion [26], mitophagy [27, 28], and the necrotic form of cell death through
regulating cyclophilin D [29]. TRAP1 appears closely linked to cancer progression [30,
31], and relevant for both familial and idiopathic forms of Parkinson’s disease [27, 28,
32]. These characteristics highlight a growing understanding of TRAP1’s biological role
and underscore its potential as a unique therapeutic target.

To better understand both shared and unique aspects of TRAP1 mechanism, we
determined the crystal structure of TRAP1 at 2.3 A resolution. The full-length mature
protein was crystallized as a dimer in a closed conformation with AMPPNP, ADP-AIF.,
or ADP-BeF3. In the absence of client or co-chaperones, TRAP1 adopts an unexpected
asymmetric conformation with the largest deviations at the MD:CTD interface.
Complementary solution-based methods (SAXS and DEER) confirm that this
asymmetric state is populated in solution and structure-based point mutations
demonstrate the functional relevance of contacts at the two different MD:CTD interfaces.
Further, in vitro experiments show conservation of asymmetry between TRAP1
homologs as well as in bHsp90. Additionally, we crystallized a truncated version of a
TRAP1 dimer bound to AMPPNP but lacking the CTD. This 1.7 A NTD:MD structure is
perfectly symmetric and has implications for understanding how asymmetry is formed in
the full-length dimer. Both sets of structures display a previously unknown N-terminal
extension that we show serves a regulatory role for ATPase activity. Finally, we propose
that our TRAP1 structure depicts an important functional state with significant

implications for the utilization of energy from ATP hydrolysis during client remodeling.



Results

Structure of Full-length TRAP1 in an active closed state

High-quality diffracting crystals of the mature form of TRAP1 from zebrafish-
ZTRAP1 (84% similar to human TRAP1-hTRAP1), diffracted to 2.3 A, however initial
attempts at molecular replacement with previously solved models (full-length(FL) and
NTD, MD, or CTD domains) of Hsp90 proved unsuccessful. Instead, the structure was
experimentally phased using selenomethionine and SAD to 3.0 A and native structures
of TRAP1 bound to all three nucleotide analogs (AMPPNP, ADP-BeF3;/AlIFs) were
refined at a maximum resolution of 2.3 A (Table S1). No significant differences between
the nucleotide analogs were observed.

The asymmetric unit contains a single closed-state dimer, with dimerization

interfaces at both the CTD and the NTD (Figure 1A and Movie S1).
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Figure 1. Crystal structure of full-length TRAP1 in an asymmetric closed state. A) Ribbon
representation full-length TRAP1 from D. rerio. The homodimer has been crystallized in an asymmetric
state, with each protomer forming a unique MD:CTD interface. Protomer B (orange) is similar to
previously solved Hsp90 structures, while protomer A (blue) makes a novel contacts between the MD and
CTD. Residues known to bind with clients in this region are differential presented and shown in red. Also
visible is an N-terminal extension that exchanges between protomers to envelope the neighboring N-
terminal domain. B) Map of domain boundaries in TRAP1 highlighting the mitochondrial targeting
sequence and extended N-terminal strand swap (“strap”) (left). Cartoon representation to map the helical
positions of a single protomer from TRAP1 (right). Progression from N to C-terminus is indicated with a
transition from blue to gray. D) Comparison of TRAP1 structure (colors above) to the closed state of
yHsp90 (gray). Overall RMSD value in comparison to TRAP1 is listed below.

TRAP1 vs. yHsp90
RMSD = 3.503 A
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At 2.3 A resolution our model presents the highest resolution picture of FL-Hsp90
catalytic machinery, showing that the nucleotide coordinating residues and catalytic
water necessary for hydrolysis [15] are positioned in a manner consistent with this being
a catalytically active state. Distinguishing TRAP1 features are also visible, including the
characteristic “LXCXE” motif in the MD [33], which we observe to form a disulfide bond
between Cys516 and Cys542. From sequence alignments and in comparison to other
Hsp90 homologs, vertebrate TRAP1 proteins have an inserted 8-residue motif that is
part of H19.

Comparing the TRAP1 structure to the previously solved closed state of yHsp90
(stabilized by the co-chaperone p23) [15] it is clear that while the general architecture of
the Hsp90 dimer is conserved there are striking differences in the overall conformation
(Figure 1C). This is best illustrated with a morph between the two structures starting
with TRAP1 and transitioning to the yHsp90 structure (Movie S2). In addition a unique
14-residue extension of the N-terminus as part of an extended p-strand swap is
immediately apparent (Figures 1A, 1B and 2). In general, TRAP1 adopts a more
compact conformation, shrinking the overall dimer height by ~4 A and rotating clockwise
by ~20° to constrict the cleft between protomers. Importantly, the major differences
between the yHsp90 and TRAP1 structures arise from the non-equivalent conformations
of protomers in TRAP1, illustrating a striking asymmetry of the closed TRAP1 structure
(discussed in detail below). The asymmetry is unlikely to be a consequence of crystal
contacts as protomer B has more substantial contacts but is most similar in

conformation to the protomers in yHsp90 structure. Motivated by the unique features of
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our TRAP1 structure we investigated the functional relevance of these novel structural
elements.
The NTD-strand swap extension (“Strap”) and regulation of ATP turnover

Previous studies with truncation mutants have implicated the N-terminus of
yHsp90 in regulating ATPase activity, with truncations accelerating ATPase activity [34,
35]. These residues are notable as they encompass an initial p-strand and helix 1 (H1),
both coupled to nucleotide binding and subsequent lid closure prior to hydrolysis. In
isolated NTD structures both with and without nucleotide [18, 36-38] and an apo-
NTD:MD structure [39], the first 7 residues form cis-protomer p-strand interactions to the
NTD, while in the yHsp90 AMPPNP-bound closed state, these elements cross over to
form analogous p-strand contacts with the trans-protomer. TRAP1, GRP94, and
cytosolic hHsp90a/p all contain an extension of the N-terminal strand between 10-50
residues long. Surprisingly this extension is not conserved in yHsp90 or bHsp90 to
which TRAP1 is most closely related [33]. Our TRAP1 structure reveals that 14
additional ordered residues form extensive trans-protomer interactions to fully envelope
the neighboring NTD, adding an additional 771 A of surface area to the N-terminal
strand swap (Figure 1A and 2A). This extension of the N-terminal strand seems to act
as a “strap” to further stabilize the closed state. Notably, the crystal structure of Grp94
was truncated to exclude this extension of the N-terminal strand [39].

To test the relevance of our observed strap, we truncated the extension to match
yHsp90 (Astrap), and saw a 4-fold increase in ATPase activity relative to WT (Figure 2).

As a more conservative test we made point mutations aimed at disrupting a salt bridge

11



(His87:Glu157) located at the extreme N-terminus of the strap (Figure 2A and 2B).
Notably in hHsp90 the His and Glu residues are swapped preserving the salt-bridge in
cytosolic hHsp90s. Mutating either His87 or Glu157 to Ala in zZTRAP1 resulted in an ~3-
fold increase in ATPase activity over WT (Figure 2C). These data support a role for the
strap in regulating the Hsp90 ATPase cycle and suggest that elaborations at the N-
terminus may serve to further tune the ATPase cycle for the particular demands of each

Hsp90 homolog.
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Figure 2. N-terminal strand extension regulates TRAP1 activity. A) Graphical representation of the
NTD dimerization interface between protomers of TRAP1. A surface representation of protomer A
highlights the electrostatic charge distribution of the NTD. Protomer B (orange) is depicted as a cartoon to
highlight secondary structure. Clearly evident is the extensive contact, ~1,484 A?, that each NTD-strand
swap makes with the neighboring protomer. B) The salt bridge between His87 and Glu157 is displayed
with the 2Fo-Fc electron density map. C) ATPase activity of WT TRAP1, Astrap, and point mutations to
either His87 or Glu157, indicate that disruption of the salt-bridge via point mutation or removal of the strap
leads to a significant acceleration of TRAP1 ATPase activity.

Novel asymmetry in the closed state dimer

Unexpectedly, the two protomers from the TRAP1 homodimer have significantly
different conformations resulting in a novel closed state. Although the differences are
most pronounced at the domain interfaces, asymmetry pervades the entire structure

(Figure 3). To accomplish the significant global changes between TRAP1 protomers,
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hinge points between domains allow for flexibility and movement. Figure 3A illustrates
the differences in protomer domain orientation within the TRAP1 dimer and is compared
to yHsp90 [15]. Alignments between each individual domain illustrates the large
changes in domain orientation relative to the overall dimer arrangement, and highlights
a pronounced difference at a hinge point between the large-middle-domain (LMD) and
small-middle-domain (SMD) between, helices 14 and 15 (Figure 1B) near residue 471.
To compensate the NTD and CTD counter-rotate to maintain functional NTD and CTD
interfaces (Figure 3A, inset). The separation of the MD into LMD/SMD sub-domains is
consistent with previous studies predicting nucleotide dependent flexing [40, 41] and
likely caused the difficulty in using molecular replacement to phase our initial diffraction
data. Interestingly, the identified break point is where Hsp90 and other GHKL family
member proteins significantly diverge, suggesting unique functions of the SMD and CTD
in Hsp90 systems [42].

By aligning domains individually and mapping inter-protomer RMSDs back onto
the structure of protomer B, it is evident that the individual NTDs and CTDs are similar
and the largest deviations occur at the NTD:MD and MD:CTD domain interfaces (Figure
3B). At the NTD:MD interface, the loss of hydrogen bonds between Asp407:Lys384 and
Glu409:Arg383 in protomer B lead to a shift of 4.4 A and a deviation from protomer
symmetry at Glu409 (Figure 3C). Notably, this shift occurs in a loop within the LMD
(residues 411-422), which contains residues necessary to stabilize an active closed

state [15, 43]. Here protomers A and B display significantly different B-factors (~40 and
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60, respectively) suggesting differences in the energetics of the ATP y-phosphate
coordination by Arg417 within the LMD.

The largest deviations occur at the MD:CTD interface where the CTD
amphipathic helix (H22) interacts with either H17 of protomer A (H17A) or H19 of
protomer B (H19B) (Figure 3D). The different helices in contact with H22 alter which
face of H22 is exposed to the dimer cleft by inducing an 8 A translation and 87° rotation
towards the MD when exchanging from H17A to H19B. Most importantly, this motion
significantly changes the spatial arrangement of residues directly implicated in substrate
binding in bHsp90 and yHsp90 (Figure 1A) [44]. As illustrated in Movie S3, H22 rotates
and the substrate binding residues exchange between exposed and buried positions in
the TRAP1 structure. These conformational changes suggest a potential use of

asymmetry to influence client interactions and structure when bound to this region.
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Figure 3. Novel asymmetry revealed in the TRAP1 dimer. A) Protomers from TRAP1 and yHsp90 full-
length structures are aligned at the LMD to highlight asymmetry, particularly between domains from the
TRAP1 structure. RMSD values are calculated to highlight differences between the LMD and SMD versus
the entire middle domain. To more clearly depict these differences we calculated the direction and degree
of rotation between sub-domains as highlighted in the inset panel. TRAP1 protomers have drastic
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changes at the NTD:MD interface between protomers aligned at the NTD starts near Arg417. D)
Alignment of the protomers from both yHsp90 and TRAP1 with overall RMSD values listed below. The
zoomed panel illustrates the unique interface formed between the MD and CTD at the MD:CTD interface.
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Solution based measurements support an asymmetric closed state

To confirm the asymmetry seen in the crystal structure we sought methods that
could probe the existence of an asymmetric closed conformation in solution. Small
angle X-ray scattering (SAXS) has a proven ability to both determine novel solution
conformations for Hsp90s and to allow for deconvolution of conformational states within
a mixed population [13, 14, 45]. To confirm that the observed differences could be
distinguished, theoretical P(r) curves were calculated for the asymmetric TRAP1
structure, the yHsp90 crystal structure, a model of TRAP1 in the yHsp90 conformation,
and two symmetric models based on our asymmetric structure (homodimers of protomer
A or protomer B; Figure S1). As expected, SAXS shows that the addition of AMPPNP or
ADP-BeF3 converts both hTRAP1 and zTRAP1 from an open state with broad P(r)
distribution and a maximum distance of ~200 A to a more compact closed state with a
more narrow P(r) distribution and a maximum distance of ~130 A (Figure 4A). At this
resolution the structural transitions are essentially the same for both species and ATP
analogs, suggesting a well-conserved closed state.

Previous work has demonstrated that while nucleotide stabilizes the closed state,
a fraction of the population often remains in equilibrium with the apo state, despite
saturating nucleotide concentrations [2, 13]. Additionally, the equilibrium constant
between open and closed conformations is unique to each Hsp90 homolog. To
quantitatively compare the calculated P(r) curves from our models with those obtained
from experimental data, we accounted for the fraction of the population that remained in

the apo state. To avoid potential errors in modeling the apo state, the P(r) from
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corresponding apo data was used in a linear combination with each closed state model
for fitting. Fit quality was gauged using a residual R, analogous to the crystallographic
R-factor (Methods). Both qualitatively and quantitatively, the asymmetric conformation is
a much better fit to the experimental data of TRAP1 in solution (Figure 4B and Table
S2). Additionally, fits of the experimental data using a sum of symmetric models
(homodimers of protomer A or protomer B) results in worse R-values (Table S2),
supporting the existence of closed asymmetric homodimers in solution.

Double electron-electron resonance (DEER) was used as a complementary and
higher resolution measure of asymmetry in solution. DEER is capable of measuring
distances between two paramagnetic centers at a range of 18-80 A. Although an
ensemble technique, DEER measurements produce a distance distribution that resolves
simultaneous states within the sample [46]. DEER probe positions were made within
one protomer, based on solvent accessibility and to best distinguish the distance
differences for the asymmetric protomer conformations. From simulations of spin labels
at various candidate positions on the TRAP1 structure we chose a pair spanning the
MD:CTD interface, Lys439 and Asp684 (hTRAP1), with a predicted distance change of
~14 A (Figure 4C). Native cysteine residues were removed to facilitate site-specific
labeling, which did not negatively affect ATPase activity and displayed a closed state
distribution by SAXS that was indistinguishable from WT (Figure S2). After spin-labeling
at encoded cysteine positions, heterodimers were formed after incubation with 10-fold

excess cysteine-free TRAP1 and the population was closed with ADP-BeFs. The
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resulting DEER distribution clearly shows two distinct peaks confirming the existence of
two conformations in the closed state population (Figure 4D).

To further assess the pervasiveness of the TRAP1 asymmetric state we
evaluated solution scattering for the closely related bHsp90. Using previously reported
SAXS data that consists of ~100% closed state bHsp90 [14] we find that our
asymmetric conformation is a much better fit than the previous closed state model
(Figure 4B). This analysis extends our observation of an asymmetric closed state to
other Hsp90 systems. Taken together, this data supports the existence of an
asymmetric closed conformation in solution that is evolutionarily conserved between

bacteria and humans.
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Figure 4. Solution methods support a conserved asymmetric closed state. A) SAXS curves of
TRAP1 homologs in the apo and nucleotide bound states. Addition of ATP analogs result in a
characteristic shift towards a more compact conformation. Overlaying the nucleotide bound SAXS curves
from both homologs reveals little difference in the closed state conformation. B) SAXS curves of closed
state hTRAP1, zTRAP1 from panel A, and bHsp90 from Krukenberg et al. overlaid against a least
squares fit using apo data and theoretical scattering for the TRAP1 crystal structure, or a closed state
model of each homolog in the yHsp90 conformation. Residuals are shown below each fit. C) DEER probe
design shown on protomers A and B aligned at the CTD with a predicted change in distance of 14 A at
the chosen positions. D) Background corrected and normalized time-domain DEER data (black) fit by
Tikhonov regularization (red) are shown on the left. Normalized frequency domain DEER distributions for
closed state hTRAP1 (right) obtained after Tikhonov regularization. Two major peaks are observed in the
presence of ADP-BeF supporting an asymmetric closed state in solution. Arrows are colored coded to
designate either protomer A (blue) or B (orange).
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Structure-based MD:CTD interface mutations severely impair ATPase activity.

Having validated our crystallographic observations, we aimed to test the
functional relevance of the asymmetric closed state that either exposes or buries distinct
surfaces at the MD:CTD interfaces of chemically identical protomers. These interfaces
vary significantly in buried surface area (A:410 A, B:1057 A) and hydrogen bonding
networks. Notably, MD:CTD interface residues Asn519, His521, and Leu522 from H17
are buried, making hydrophobic and polar interactions in protomer A yet are fully
exposed in protomer B (calculated using PISA) [47]. Conversely, residues Glu566 and
lle569 make interactions in protomer B and are exposed in protomer A (Figure 5A). To
test the functionality of each MD:CTD interface, we mutated these residues and first
confirmed their overall physical behavior was unperturbed. Circular dichroism
spectroscopy of WT and mutant proteins demonstrated that secondary structure and
thermal stability was unperturbed by even the most severe mutations (Figure S3A/B).
Electron microscopy confirmed that the mutants could reach a closed state following
incubation with nucleotide (Figure S3C).

To assess function, ATPase activities were measured using an enzyme-coupled
assay [48]. The protomer A triple mutant (Asp519Ala.His520Ala.Leu522Lys) and
protomer B double mutant (Glu566Ala.lle569Lys) show a ~80% and 75% decrease in
respective activity. Single mutations (protomer A:Leu522Lys and protomer B:Glu566Ala)
were additionally tested and demonstrate significantly decreased activity (70% and
60%, respectively) (Figure 5B and Table S3). Having confirmed the relevance of our

asymmetric MD:CTD interfaces from the zTRAP1 structure, we wanted to extend these
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observations to hTRAP1. Mature hTRAP1 was purified in a similar fashion to zZTRAP1
and produced hydrolysis rates and K, values consistent with previous reports (Table
S3) [48]. Mapping single point mutants from zTRAP1 to hTRAP1 (Leu507Lys and
Glu551Ala), we observed an equivalent drop in ATPase activity (Figure 5B and Table
S3). Moreover, the less severe Leu507Ser mutation had a predicted intermediate affect,
and again supported the conserved function of protomer asymmetry (Table S3). The
mutant data supports our structural observations and demonstrates the significance of
both of the observed MD:CTD interfaces in regulating ATPase activity.

To better understand the physical origins of the decreased ATPase rates, we
measured the steady-state rate at which the closed state accumulates for WT zTRAP1
and two different point mutants (Glu566Ala and Leu522Lys). Using SAXS, closure was
initiated with ADP-BeFj3, time points were recorded over the course of ~1 hr and
scattering curves were processed as described above. While EM and ATPase activities
indicated that the mutants could close, SAXS made it clear that the mutants showed
less accumulation of closed state than WT suggesting that both sets of mutations
destabilize the closed state (Figure S4). Together these data establish the conservation
of structural, and functional importance of two distinct protomer conformations within a

closed state.
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Figure 5. Structure based MD:CTD interface mutations severely impair ATPase activity. A) Crystal
structure of TRAP1 rotated 75° from view in figure 1A. Highlighted regions are the distinct MD:CTD
interfaces generated by the helix swap of protomers A and B highlighted in Figure 3. B) Relative kops (30
°C) of zTRAP1 and hTRAP1 with single point mutations designed to disrupt unique contacts at the
MD:CTD interfaces. The equivalent drop in activity establishes conservation of asymmetric interfaces
between homologs.

Loss of CTD restores homodimer symmetry

Considering that the protomer arms are chemically identical, we questioned how
the observed asymmetric conformation is formed. Fortuitously, crystal trials with full-
length zZTRAP1 mutated at the MD:CTD interface and in the presence of AMPPNP
resulted in a distinct crystal form with higher symmetry and a smaller unit cell (Table
S1). The structure was solved by molecular replacement and refined to a resolution of
1.75A. The asymmetric unit contained a single protomer ending at residue Asp568, and

lacking a CTD. However, unlike other NTD:MD constructs examined previously [39, 49]
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NTD dimerization is preserved by the perfect two-fold symmetry axis in the crystal lattice
(Figure 6A, Movie S4). Given that the full-length protein was used to produce crystals,
we reasoned the protein had locked in a closed, NTD-dimerized state, was proteolyzed,
and subsequently crystallized. This was confirmed by dissolving the crystals used to
generate diffraction data (Figure S5).

The NTD:NTD interface in this structure is very similar to that in full-length
TRAP1, and the lid remains disordered between residues 203-205 despite the lower
overall B-factors and higher resolution. Importantly, by removing constraints resulting
from CTD dimerization, the TRAP1 NTD:MD dimer is able to adopt a symmetric
configuration and rotates outward by 10.5° pivoting from the NTD:MD interface. This
movement results in a maximum change of ~10 A measured at the SMD (Figure 6B, S6,
Movie S5). This dimeric NTD:MD structure suggests that the simultaneous dimerization
of NTDs and CTDs in the full length protein results in a highly strained state, which is at
least partially relieved by forming the asymmetric conformation. Proteolysis and removal

of the CTDs allows for relaxation to a more open, symmetric state.
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Figure 6. NTD:MD crystal structure and implications for a strained closed state. A) Crystal structure
of a closed NTD:MD dimer of TRAP1. The CTD has been cleaved during crystallization and leads to a
homo-dimeric structure dimerized at the NTD while bound to AMPPNP. Cleavage of the CTD results from
destabilization of the MD:CTD interface with the Glu566Ala.lle569Lys point mutations. B) Overlay of the
NTD:MD state with the full-length TRAP1 crystal structure. In absence of strain imposed by CTD
dimerization, TRAP1 protomers relax outward to reach a symmetric conformation.
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Discussion

Here we present the first structure of the mitochondrial homolog of Hsp90,
TRAP1.Perturbation of TRAP1 activity is linked to a number of human diseases
including several cancers and neurodegeneration [27, 28, 32, 50]. Though much work
remains to identify particularly critical TRAP1 clients and signaling pathways, the data
presented here provides a structural framework for further studies and design of TRAP1
specific therapeutic agents. Indeed, intervention with TRAP1 targeted inhibitors has
already shown differential efficacy in diverse cancer models [50].

While it is well appreciated that Hsp90s can dynamically sample a broad range of
conformations, our full-length X-ray crystal structures in complex with ATP analogs
show an unexpected asymmetric conformation previously unknown in Hsp90
chaperones. This significant asymmetry is rarely observed in homo-oligomers [51, 52]
but notably has been reported to be an important mechanistic feature of related GHKL
family members [53]. Through the use of SAXS and DEER we confirm the existence of
the observed asymmetry in solution, show that it is conserved from bHsp90 to hTRAP1,
and use structure-based point mutations to support a functional role for asymmetry in
vitro.

Our proteolyzed, dimeric NTD:MD structure suggests that simultaneous
dimerization of NTD and CTD in the ATP bound closed state results in a significantly
strained state, which is relieved by buckling at the MD:CTD interface to form the
asymmetric conformation. Proteolysis and removal of the CTDs allows for relaxation to

a more open, symmetric state. In support of strain being a conserved property of the
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closed state, single-molecule FRET experiments with yHsp90 show that binding of
nucleotide in the closed state can lead to transient opening of the CTD dimer interface
[54]. As discussed below, we suggest that strain driven by ATP-induced closure and the
consequent asymmetry gives rise to two conformational states having distinct functions

in client maturation.

Asymmetry in the Hsp90 mechanism

Recent biochemical and structural investigations have begun to reveal
asymmetric themes in the mechanism of Hsp90 function. The co-chaperone Aha1
stimulates the ATPase activity of Hsp90 by binding asymmetrically at the NTD:MD
interface [55], while binding a single Hop co-chaperone is sufficient to block ATPase
activity of both protomers [56]. Asymmetry in the Hsp90:Hop client loading complex has
been directly observed by single particle EM [57]. Additionally, many client proteins
have been shown to bind with a 1:1 stoichiometry [58, 59] and wherever examined at
higher resolution, structural and mutational data directly support asymmetric binding [60,
61]. Together these studies point to the Hsp90 chaperone functioning asymmetrically in

concert with various co-chaperones and client proteins.

Previous models of the Hsp90 closed state
Prior to the TRAP1 structure presented here, the only available closed state
structure was of yHsp90 in the presence of AMPPNP and the co-chaperone p23 [15],

required to obtain reasonable diffraction. Binding of p23 is important for steroid hormone
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receptor maturation [62] and has been shown to inhibit Hsp90 ATPase activity [63, 64].
In the yHsp90 structure, NTDs are dimerized with both nucleotide pockets occupied by
AMPPNP and two p23 monomers bound on either side of the NTD interface, making
contact with both the NTD and MDs. Notably, if yHsp90 were to assume the TRAP1
asymmetric conformation, only one p23 could bind as there would be a steric clash with
the second. We suggest that binding of the two p23 co-chaperones could be
responsible for promoting the yHsp90 symmetric conformation. In support of this, NMR
data has shown that binding of two p23s on hHsp90 can induce changes in the MD
significantly removed from where p23 makes direct contacts [65]. Such changes would
be expected if p23 binding were to induce a rotation in the MD towards a more

symmetric state.

Extension of asymmetry to other Hsp90 systems

Our data demonstrates the asymmetric closed state is conserved in bHsp90 and
multiple species of TRAP1. This would suggest that early on, Hsp90 evolved an ability
to adopt unique conformations between protomers and that these persisted presumably
due to functional pressure. Information on the broader relevance of this new closed
state conformation to eukaryotic cytosolic Hsp90s is also suggested by data with
yHsp90 that seems to be better explained by the asymmetric model presented here.
Previous kinetic studies have shown that mutation of T22 (yHsp90, Hsp82 numbering)
to lle or Phe enhanced ATP hydrolysis while seeming to be sterically incompatible with

the yeast closed state model [16, 66, 67]. By contrast, these residue changes would be
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readily accommodated in our TRAP1 structure suggesting that yHsp90 may also adopt
a conformation similar to our TRAP1 model during ATP hydrolysis. The p23 binding
surface involves the NTD:LMD interface where T22 is located [15]; thus the position of
T22 would likely be altered by the binding of two copies of p23 which would force
symmetry by repositioning the yHsp90 main chain and modulating the NTD:LMD
interface.

While partially buried in the yHsp90 structure (60%, calculated by PISA),
phosphorylation of Ser485 of yHsp90 (Ser526, zTRAP1) leads to a decrease in function
both in vitro and in vivo [68]. Phosphomimetic versions of yHsp90 at this position
showed even more profound effects on in vitro and in vivo function with several client
proteins, and substitution of Ser to Ala also displays in vitro defects. This Ser is
conserved among Hsp90s and fully exposed in protomer B of our TRAP1 model where
it would be available for modification. By contrast, phosphorylation of this residue in
protomer A would disrupt the MD:CTD interface as it is fully buried. The degree of
conservation and lack of modifying enzymes in lower species indicates this position is
structurally important and perhaps was later utilized as a point of regulation by post-
translational modifications. The varying degree of exposure in the TRAP1 structure is
indicative of a point of structural regulation.

Preliminary investigations directly probing asymmetry in yHsp90 have been

ambiguous thus far and thus remain a future direction.
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A new model for the Hsp90 conformational cycle and utilization of ATP

Although it is well accepted that both ATP binding and hydrolysis are essential for
Hsp90 function in vivo [1] it remains unclear how any Hsp90 homolog utilizes the
available energy from two ATPs for client maturation. Significant evidence suggests that
initial client binding involves selection of a preferred conformation from an ensemble of
open apo states that largely arises from variations in the rotation about the MD:CTD
interface [58]. Details of potential client binding sites are emerging through combinations
of NMR, genetic screens and mutagenesis [44, 60]. Particularly well characterized is the
binding site highlighted in Movie S3 composed of variably exposed hydrophobic
residues from both the SMD and CTD. The location of these residues explains why
different clients might prefer differing MD:CTD orientations.

While simple anti-aggregation functionality for Hsp90s is independent of
nucleotide in vitro [5], in vivo data clearly demonstrates the requirement for both ATP
binding and hydrolysis in client maturation [1]. An attractive hypothesis is that client
maturation is driven by rearrangements of these binding site residues that occur upon
transition to the closed state, the rate-limiting step to hydrolysis [58, 69]. ATP hydrolysis
would then lead transiently through the compact ADP state in which these residues are
buried within Hsp90, leading to client release. The challenge then is to understand the
role of ATP in this process as affinities for Hsp90 clients are in the 1-100uM range.
Given the slow closure kinetics of Hsp90, the client would be predicted to fall off more

than once in the time it takes Hsp90 to reach a closed state. Therefore it is hard to
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understand how 7-14 kcals of energy available from hydrolysis of ATPs would benefit a
release process. Moreover ATP binding is weak, such that at physiological
concentrations both ATP-bound and free Hsp90 are present, thus ATP binding is
unlikely to provide a significant driving force for client rearrangement.

As an alternative, we propose an updated model for the chaperone cycle of
Hsp90 that integrates a broad array of available information and incorporates the novel
asymmetry reported here into the ATP-driven cycle of client binding, maturation and
release (Figure 7). Newly added are two closed states that exploit differential ATP
hydrolysis by the two protomers. Upon ATP binding by both protomers the population
shifts to a closed high-energy asymmetric state as revealed in our full-length TRAP1
structure. Unique to this model is the suggestion that hydrolysis of one ATP leads to a
symmetric closed state much more like the yHsp90 crystal structure. As a consequence,
rearrangement of the asymmetric client binding site residues is directly coupled to the
hydrolysis of the first ATP and would then be coupled to structural changes in client
bound in this region. Hydrolysis of the second ATP would cause the chaperone to
transiently populate a compact ADP state, releasing clients, before releasing ADP and
returning to the apo state. P23 would then be expected to preferentially interact with the
single ATP more symmetric conformation, requiring both ATPs to bind, but also blocking

further ATP hydrolysis.
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Figure 7. New model for the conformational cycle of Hsp90. In the absence of nucleotide, Hsp90
exists in an equilibrium of states with varying open conformations. Upon ATP binding the chaperone shifts
to an asymmetric closed conformation that is significantly strained leading to buckling of the MD:CTD
interface (proposed client binding residues in red [44], transparency for visualization). Upon ATP
hydrolysis, strain is relieved and the MD:CTD interface is re-arranged to form a symmetric state
reminiscent of the yHsp90 conformation. This conformation can be stabilized by dual binding of co-
chaperone p23 (purple) at the NTD interface stalling the progression of the cycle. Upon hydrolysis of the
second ATP, the ADP state is transiently formed and ADP release resets the cycle to the apo state
equilibrium.

While we propose a model where the first ATP hydrolysis leads to a closed state
reminiscent of the previous yHsp90 structure in the main text, it is also possible that the
protomer arms could flip-flop between conformations, or that both would assume the
conformation of either protomer A or protomer B. Notably, an advantage of the “flip-
flop” mechanism is that both MD:CTD interfaces change upon the first hydrolysis event,
which would ensure structural re-arrangements to clients bound on either of the initial

protomer conformations (protomer A or B) (Figure S7). Importantly, for each of these

possibilities the MD:CTD interface must re-arrange to progress through the cycle,
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preserving the possibility of utilizing ATP hydrolysis for doing work on a client bound to
this region.

With the introduction of inherent structural asymmetry to the Hsp90 model comes
a combinatorial expansion of conformations possible for interaction with clients and co-
chaperones. Modulating the asymmetry or the rate of forming the asymmetric state thus
provides a convenient mode of regulation for overall Hsp90 function in various
pathways. In support of this, several post-translational modifications that dramatically
perturb Hsp90 function are located in or near the MD:CTD interface including the
previously discussed Ser485 in yHsp90 [68, 70].

Despite sequence variation there is strong structural conservation of Hsp90 from
bacteria to humans. Thus, the ability of Hsp90 to sample an asymmetric conformation in
a closed state is likely an intrinsic feature of several and potentially all Hsp90 homologs.
Though future experiments are required to precisely define the progression of
conformational states and how the structural asymmetry shown here is utilized for
diverse Hsp90 functions, our findings provide a new hypothesis for how ATP hydrolysis

could be directly coupled to client maturation.
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Accession Numbers
Atomic coordinates have been deposited in the Protein Data Bank (PDB) under the

accession codes: 4IVG, 41PE, 4IYN, and 4J0B.
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Supplemental Information

The manuscript presented in chapter 1 is currently in revision at Molecular Cell.
From the reviewers comments we set out to test if the unique MD:CTD interfaces in our
asymmetric closed state structure of TRAP1 had any effect on client interactions as

proposed. From previous experiments we knew that the model substrate A131A (a

fragment of staphylococcal nuclease) could bind and accelerate the rate of
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closure/ATPase of TRAP1. For the follow up, Daniel Elnatan (an author on this paper)
has done the experiment in figure S9A and Timothy Street and | did the initial binding
experiment shown in figure S9B. Daniel is now repeating the experiment in figure S9B
and including the hTRAP1 L507K mutant to complete the experiment. Importantly,
these data suggest that both MD:CTD interfaces observed in our structure are
necessary for functional interaction with clients. Further, we were asked us to test if
mixing the two mutants (where only one MD:CTD interface is perturbed in either mutant)
would alter the mutations effects on ATPase. To this end we had done a mixing
experiment (figure S8) and see no change in ATPase upon titration. Our model predicts
(either figure 7 or figure S7) that the Hsp90 dimer must switch symmetries from the
initial asymmetric state. If this is the case then mixing the two orthogonal mutants
should still be impaired as either arm is impaired in the ability to switch to the opposite
conformation (protomer A <-> protomer B). These data are consistent with our model.
Further, we have demonstrated a predictable effect of mutations in the observed
MD:CTD interfaces where the severity (size/charge, %buried surface area) of mutated
residue correlates with the measured effect on ATPase. As shown in the main text,
mutation of Leu507Lys (hnTRAP1) showed a ~70% decrease in ATPase activity where a
mutation to a smaller/non-charged serine shows a less severe phenotype at ~50%
decrease in ATPase. An additional mutation on the MD:CTD interface in protomer B
was tested. Here we mutated Val555 (hTRAP1) towards the end of H19 (and only
partially buried) to a serine and see a smaller ~30% drop in ATPase activity relative to

WT. These mutations demonstrate a predictable trend that correlates with the MD:CTD
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interfaces observed in our crystal structure of TRAP1. Lastly, we have shown that
mutations at the MD:CTD region need not be deleterious as mutating the cysteine
residues in this region to alanine actually increases the ATPase rate by ~2-fold (Table
S3).
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Yeast Model
== Homodimer Protomer A
T == Homodimer Protomer B
O —
Al
O _
~—
o _
O

0 50 100 150

Figure S1. Theoretical SAXS curves for closed state models. Normalized theoretical scattering
curves generated for a series of closed state models using CRYSOL [71] and GNOM [72]. Here we see
differences in the distributions for each model. These curves were used for further fitting and assessment
of the closed state conformation in solution.
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Figure S2. DEER probe is labeled, active and forms an asymmetric closed state. A) CW EPR
confirming site-specific labeling of the MSL spin probe. Scans show no signs of free MSL. B) ATPase
measurements of WT, cysteine-free (CFree), and probe used in DEER measurements in figure 4D. C)
SAXS measurements for CFree human TRAP1 (hTRAP1) showing characteristic shift with addition of
ATP analogs. D) Overlay of normalized SAXS curves of WT and CFree hTRAP1 illustrating conservation
of overall closed state conformation.
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Figure S3. MD:CTD Interface mutations do not prevent TRAP1 from reaching a closed state or
effect overall fold. A) CD spectra and B) melting curves of apo WT and mutants from A revealing that
the overall secondary structure and stability of zebrafish TRAP1 (zTRAP1) is not significantly altered with
the aforementioned mutations. C) Negative stain EM micrographs of pre-closed WT zTRAP1 and the two
most severe mutants (Asp519Ala.His521Ala.Leu522Lys (3X), Glu566Ala.lle569Lys (2X)) aimed at
disrupting the uniqgue MD:CTD interfaces of protomer A and protomer B, respectively. Particles
representing a closed form of the chaperone are shown below their respective micrographs.
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Figure S4. MD:CTD interface mutants destabilize the closed state. A) SAXS curves of zZTRAP1 in the
apo state (0) and time points following addition of ADP-BeF (1-4). For WT, the addition of ADP-BeF
shows initiation of closure reaction at time point 1 and continues to accumulate over time. Although the
MD:CTD interface mutants do accumulate closed state molecules, the percent of the population at the
later time points is significantly less than WT. B) Plotting the percent closed state over time (least squares
fitting, see methods) demonstrates that the approach to a closed state equilibrium is much slower for both
mutants.
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Figure S5. NTD:MD crystal is formed after cleavage of full-length TRAP1 at a destabilized MC
interface. Coomassie stained gel of stock protein and representative WT and mutant crystals that led to
the structures presented in Figures 1 and 4, respectively. Pre- and post-crystallization the WT protein
remains full-length. The crystallized mutant protein has been cleaved between the Middle and C-Terminal

P ]

Well #

NEB ColorPlus Protein Ladder

Glu566Ala.lle569Lys Crystal#1

Glu566Ala.lle569Lys Crystal#2

WT Crystal#1

WT Crystal#2

500ng NTD:MD Fragment stock

500ng Glu566Ala.lle569Lys stock

NN

500ng WT stock

domains leading to a NTD:MD dimer while keeping the catalytic machinery intact (Figure 4).

N-terminal domain

Middle domain

Figure S6. NTD alignment of Full-length and NTD:MD TRAP1. NTD alignment of the full-length and
NTD:MD TRAP1 structures with a view of the NTD and LMD interface similar to Figure 3C. Sticks from
protomer A of full-length and NM:MD structure are colored in slate and grey, respectively. Although the
catalytic machinery remains more or less intact, structural deviations start to become apparent past

Arg417.




Figure S7. Alternative Model for the chaperone cycle of Hsp90. Model proposed in figure 7 of the
main text with an alternative progression of states during sequential hydrolysis. Here instead of
progression from asymmetric conformation (observed in the crystal structure of TRAP1, pdb: 4IPE) to a
symmetric conformation (similar to the yHsp90:p23 closed state complex, pdb: 2CG9), the protomer arms
flip-flop conformations after the first hydrolysis event before progression to the ADP and apo states to re-
set the cycle. One advantage of this mechanism is that both MD:CTD interfaces change upon the first
hydrolysis event, which would ensure structural re-arrangements to clients bound on either of the initial
protomer conformations (protomer A or B).
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Figure S8. Heterodimers of MD:CTD interface mutants do not rescue ATPase. Percent of WT
steady-state ATPase rates for heterodimers of the most severe MD:CTD interface mutants for zTRAP1
designed to disrupt protomer A (3X) or protomer B (2X) mixed at different ratios (for definition of “2X” and
“3X” see Figure S3). Homodimers of WT and each mutant are plotted for comparison and to show that a
mixing the distinct MD:CTD mutants shows no change in ATPase. Consistent with the model, which
predicts that you have to be able to change symmetries from the starting state.
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Figure S9. MD:CTD interface mutants have altered interaction with A131A. A) Comparison of
steady-state hydrolysis rates for WT hTRAP1 and MD:CTD mutants +/- 15uM A131A. While A131A can
stimulate the ATPase of WT hTRAP1 similar to bHsp90 [58], in the presence of the MD:CTD interface
mutants, the substrate acceleration is no longer observed. B) Anisotropy binding assay with IAEDANS-
labeled A131A demonstrating binding of WT hTRAP1 with a ~12uM K and a lower K4 of ~20uM for the
MD:CTD interface mutant aimed to disrupt protomer B (E551A). Together these data suggest altered
interaction of A131A due to changes in the distinct MD:CTD interfaces reported here.

Movie S1. View of full-length TRAP1 crystal structure. 360° rotation of the full-length TRAP1 crystal
structure bound to AMPPNP. (Non-printable Material, Movies can be found in final publication).

Movie S2. Morph between the TRAP1 and yHsp90 conformations. Morph between the TRAP1 crystal
structure and the yHsp90 crystal structure clearly shows the dramatic conformational changes compatible
with full-length Hsp90 structures. Morph made using UCSF Chimera Package [73]. (Non-printable
Material, Final Movies can be found in final publication).

Movie S3. Residues that bind with client protein change conformation between asymmetric
states. Residues previously shown to bind with client proteins are colored red. A morph between the two
protomers of the TRAP1 crystal structure clearly demonstrate the drastic conformational change at the
MD:CTD interface. (Non-printable Material, Final Movies can be found in final publication).

Movie S4. View of NTD:MD TRAP1 crystal structure. 360° rotation of NTD:MD TRAP1 crystal structure
bound to AMPPNP. (Non-printable Material, Final Movies can be found in final publication).

Movie S5. Conformational morph of full-length TRAP1 to NTD:MD crystal structure. Morph (UCSF
Chimera) of asymmetric conformation seen in the full-length structure of TRAP1 to the symmetric
NTD:MD structure. Here we see that cleavage of the CTD in the asymmetric closed state relieves strain at
the MD:CTD interface resulting in slight shifts in the in NTD and NTD:LMD interface, as well as swinging
out of the MDs. These shifts ultimately result in restoration of symmetry. (Non-printable Material, Final
Movies can be found in final publication).
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Table S2. R values for closed state model fitting of SAXS data

SAXS data Model R value
WT hTRAP1 ADP BeF TRAP1 Crystal 0.015
WT hTRAP1 ADP BeF Hsp82 Crystal (no p23) 0.072
WT hTRAP1 ADP BeF Hsp82 Model 0.064
WT hTRAP1 ADP BeF Homodimer models A+B 0.021
WT hTRAP1 AMPPNP TRAP1 Crystal 0.016
WT hTRAP1 AMPPNP Hsp82 Crystal (no p23) 0.063
WT hTRAP1 AMPPNP Hsp82 Model 0.057
WT hTRAP1 AMPPNP Homodimer models A + B 0.021
WT zTRAP1 ADP BeF TRAP1 Crystal 0.026
WT zTRAP1 ADP BeF Hsp82 Crystal (no p23) 0.057
WT zTRAP1 ADP BeF Hsp82 Model 0.05
WT zTRAP1 ADP BeF Homodimer models A + B 0.031
WT zTRAP1 AMPPNP TRAP1 Crystal 0.030
WT zTRAP1 AMPPNP Hsp82 Crystal (no p23) 0.070
WT zTRAP1 AMPPNP Hsp82 Model 0.061
WT zTRAP1 AMPPNP Homodimer models A + B 0.035
CFree hTRAP1 ADP BeF TRAP1 Crystal 0.015
CFree hTRAP1 ADP BeF Hsp82 Crystal (no p23) 0.063
CFree hTRAP1 ADP BeF Hsp82 Model 0.059
CFree hTRAP1 ADP BeF Homodimer models A + B 0.016
CFree hTRAP1 AMPPNP TRAP1 Crystal 017
CFree hTRAP1 AMPPNP Hsp82 Crystal (no p23) .067
CFree hTRAP1 AMPPNP Hsp82 Model .059
CFree hTRAP1 AMPPNP Homodimer models A + B 0.020

Note: Bold represents the best fit.

Table S3. Steady-state kinetic values

zTRAP1 Kobs | NTRAP1 Kobs
(min™) (min™)
WT 1.21 +/- 0.07 0.32+/-.01
E/A.VK 0.29 +/- 0.01
N/A.H/A.L/K 0.22 +/- 0.01
E/A 0.46+/- .02 0.10+/- .01
/K 0.34 +/- .05 0.07+/- .01
/s 0.16 +/- .01
V/S 22+/- .02
Cys Free .67+/-0.03
WT Km (25C) 8.3 uM
WT Km (30C) 25.1 uM 8.5 uM
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Supplemental crystal trial information

Upon first working with human TRAP1, | discovered a large temperature
dependant kinetic barrier between the apo and closed state (described in chapter 2).
With this initial finding, | saw potential for structural studies in that what seemed to be
the biggest hurdle for high-resolution crystal structures were two properties of the Hsp90
system: 1) the chaperone is highly flexible [19], and 2) the conformational changes are
non-deterministic leading to a mix of states under different nucleotide conditions [2].
With hTRAP1, however, the unique kinetic barrier allowed for a synchronous transition
of the population to the closed state (heating +AMPPNP). Then, once closed, the
chaperone was kinetically trapped in that state (chapter 2, figure 1). These data and led
me to pursue crystal trials mirroring the initial EM experiments, whereby reactions
containing TRAP1 and AMPPNP were heated for ~1hr to ensure ~100% closed state
followed by 96-well screens at RT and grown at either RT or 4°C.

From this, | chose two of the most promising hits (many more hits than screened)
and scaled up to 15-well grid screens. The best was an optimized hit originally found in
the PEGs screen (well-E2) (Figure S10A, Table S4) was selected for further
optimization. Joining forces with James we obtained highly geometric full-length
hTRAP1 crystals, where heating was still required for crystallization (Figure S10B).
Though we were able to attain good diffraction, these crystals were only found ~1/100
and displayed a diffraction pattern indicative of non-optimal lattice packing. One
characteristic feature of the diffraction was decent diffraction at one angle, but then

upon rotating the crystal 90° from this position, the spots would overlap producing a
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checkerboard like pattern (Figure S10C). We obtained one dataset with an estimated
resolution of 3.5A that was initially judged to be 98% complete, though upon further
investigation was likely only ~84% complete. Regardless, these crystals were so rare

with lattice issues, that we sought the alternative strategy of species screening.
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A  RT-1hr +AMPPNP  37-1hr

+AMPPNP  Orginal Hit

|—> screen PEGI: E2
B  RT-1hr +AMPPNP Optimized Crystals

37-1hr +AMPPNP

Figure S10. Crystal trials with hTRAP1. A) Negative stain EM images (right) for hnTRAP1 showing that
a temperature jump in the presence of AMPPNP could shift the chaperone to a homogeneous population
of closed state molecules. These conditions were used to generate crystal hits (right). B) Images of
crystal drops for the condition isolated in A demonstrating the need for the temperature jump to obtain
crystals (right). Example of optimized crystals (left). C) Example of an optimized/cryoprotected hTRAP1
crystal that produced diffraction seen in the right two panels. Apparent are multiple overlapping spots and
overlapping spots when the crystal is rotated 90°.
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Here we chose four TRAP1 homologs with varying identity to hTRAP1, and then
cloned, purified and screened to varying success. All initial screens were set up by first
heating the homolog with AMPPNP for ~1hr before setting 96-well screens. From this
two of the three gave promising crystals. The slime mold, Dictyostelium discoideum
produced crystals that appeared as stacked triangular prisms. Upon grid screening it
was apparent that varying the condition would merge the prisms into crystals that
appeared to be single, but were likely not (Figure S11B, far right). Notably, this may be
the case for the hTRAP1 crystals described, as upon optimization the crystals went from
“stacked” to “single” crystals. For the TRAP1 homolog from Danio rerio (zebrafish,
zTRAP1), and promising initial hit was found in the Index HT screen (well- H3) and
reproduced by scaling up to 15-well screens.

Taking the best crystal for both homologs to the ALS (8.3.1) we saw poor
diffraction for Dictyostelium discoideum, but very promising diffraction for D. rerio.
Further optimization was sought for the D. rerio crystals, where James isolated
hexamine cobalt (lll) chloride from an additive screen that produced high-quality
diffracting crystals (Figure S11C). After the additive was isolated, heating was no longer

necessary to obtain crystals, and were better without heating in fact.
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A

Species %ldentity | %Similar Notes
H. sapien (human) 100 100 _
M. musculus (mouse) 88 92 cloned, purified, screened
D. rerio (zebrafish) 74 84 cloned, purified, screened
D. melanogaster (fruit fly) 47 66 gene clone obtained
D. discoideum (slime mold) 40 59 cloned, purified, screened

B

D. discoideum (slime mold)

A

ted poor diffraction not tested

D. rerio (zebrafish) +hexammine cobalt (lll) chloride

promissing diffraction great diffraction!, couldn’t phase by MR

Figure S11. Species screening produces better crystals. A) Table of chosen TRAP1 homologs with
their corresponding percent identity/similarity to hTRAP1, and their progress in the trials. B) Example
crystals for Dictyostelium discoideum with results from the 8.3.1 (ALS) summarized below. C) Original hit
and diffraction for D. rerio crystals showing promising diffraction (left). With the isolated additive we saw
great diffraction out to 2.3A.

Though we obtained 2.3A diffraction we were unable to solve the dataset by
molecular replacement (for reasons outlined in the main text). We then sought
derivative crystals in an effort to solve the structure by experimental phasing using
selenomethionine (Se-Met) and SAD. While the Se-Met protein expressed and purified

quite well, the AMPPNP crystals did not diffract well and the drop had a film that was
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hard to get rid of (potentially creating diffraction issues) (Figure S12A). From other
biochemical experiments | was doing at the time, | had started using alternative ATP
analogs (ADP-BeF and ADP-AIF) and decided to try these analogs in place of AMPPNP
to see if the crystals and drop conditions would improve. Under these conditions we
were able to get high-quality Se-Met crystals that diffracted to ~3A, as well as matching
native crystals (Figure S12B). With the data in hand, James solved the structures of all
three analog states (using the Se-Met data from the ADP-AIF crystals). From here we
moved forward to try to understand the mechanistic consequences of asymmetry

observed in our full-length crystal structure of zZTRAP1 in the active closed state.
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A B

SeMet zTRAP1 SeMet zTRAP1 ADP-BeF
+AMPPNP + ADP BeF ;

ADP-AIF

-lattice issues -no lattice issues!
-xtal drop film issues -xtal drop film gone!

C

200° __200° . 290°

90°

Figure S12. Se-Met Crystals require alternative ATP analogs to produce experimental maps. A)
Example of the crystals produced by Se-Met zTRAP1 when incubated with AMPPNP. These crystals did
not diffract well and had further issues with a film that formed in the drop (discussed above). B) Cryatals
of Se-Met zTRAP1 grown under ADP-BeF/AIF conditions. Here we see great improvement in morphology
and C) diffraction quality. Zooming into look at the spots (right), no diffraction issues upon rotation of the
crystal were observed in contrast to the original hTRAP1 crystals (Figure S10C).

From these trials there were several hits that we were not able to pursue. These
are listed in Table S4. Additionally, we learned that while ADP-BeF, ADP-AIF and
AMPPNP appear to stabilize the same closed state (as judged by the crystal structures
and SAXS data in the main text), the kinetics of the transition are ~10X faster (figure S5,

chapter 2) in the case of ADP-BeF (ADP-AIF is not as well behaved in solution). This
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was the motivation for re-screening hTRAP1 with ADP-BeF, outlined in Table S4.
These crystals as well as the ones obtained for the Dictyostelium discoideum homolog

are potentially worth pursuing.

53



Table S4. Table of promising crystal results.

Construct Residues Screen Original Optimized Notes date
Setup Condition | condition
hTRAP1 60-296 24mg/mL Index TBD -Preliminary but 06/22/2011
NTD:MD +2mM B7 promising hit.
AMPPNP -See NB#9
42°C-1hr
sTRAP1 63-711 5mg/mL PEGs TBD -Grid screened. 08/19/2011
+2mM H2 -See NB #9
AMPPNP
40°C-45min
hTRAP1 60-704 5 or | FEGs TBD -no pursued 08/08/15
10mg/mL H2 -resembles original
+2mM zTRAP1 hit
AMPPNP
40°C-45min
hTRAP1 60-704 20mg/mL PEGIs .3M KF -Optimized, 08/25/2010
+2mM E2 15% PEG diffraction issues,
AMPPNP 1AM MES pH | moved on
37°C- 1hr 6.6 -required heating
(42°C-1hr) and grid screen
around condition
each prep to get
good xtals
hTRAP1 60-704 20mg/mL JCSG+ TBD -Good original hit 08/25/2010
+2mM A3 -Grid screened
AMPPNP -above looked
37°C- 1hr more promising so
stopped pursuing
hTRAP1 60-704 10mg/mL Classics Il | TBD Good original hit 08/25/2010
+2mM H2
AMPPNP
37°C- 1hr
hTRAP1 60-704 20mg/mL Classics Il | TBD Good original hit 08/25/2010
+2mM H4
AMPPNP
37°C- 1hr
hTRAP1 60-704 10mg/mL Classics Il | TBD Good original hit 08/25/2010
+2mM H5
AMPPNP
37°C- 1hr
hTRAP1 60-704 20mg/mL Procompl | TBD Good original hit 08/25/2010
+2mM ex
AMPPNP C1
37°C- 1hr
Growth  at
4°C
hTRAP1 60-704 7mg/mL Classics Il | -.1M Succinic | -*ADP-BeF screen 08/08/2012
+2mM ADP H5 Acid pH6, 15% | Hit
+1X BeF Mix PEG3350, -Additive screen
RT-2hr +Trimethyl- gave Trimethyl
amine HCI aimine.

-Didn’t have time to
follow up (NB #11,

pg 105)

Note: All homolgs listed here were set up after purification in a final buffer of 20mM Hepes pH 7.5, 50mM
KCI, 2mM MgCl,, TmM DTT. Multiple concentrations were screened, “mg/mL” listed is the one that produced
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the hits listed. Unless other wise noted, all xtals were grown at RT after heating step (except ADP-BeF). For
explanation of “1X BeF”, see methods for chapter 1. For more information, see my lab notebooks (dates are
listed as yy/dd//mm in my lab notebook).

*For a list of all original hits in the ADP-BeF screen see NB#11, pg91.

Naming Key: hTRAP1(human), sTRAP1 (slime mold TRAP1). NB (notebook)

Experimental Procedures

Protein Production and Purification

We obtained the full-length TNF receptor-associated protein 1 (TRAP1) gene of
Homo sapiens and Danio rerio from the mammalian and zebrafish gene collections
(Invitrogen and Thermo Scientific, respectively). The mature sequences (residues 60-
704 and 73-719 H. sapiens and D. rerio, respectively) of TRAP1 were cloned into the
pET151/D-TOPO bacterial expression plasmid (Invitrogen), resulting in N-terminally His-
tagged TRAP1 fusion proteins. Between the 6x-His-tag and TRAP1 is a TEV protease
cleavage site. The resulting plasmid was transformed into E. coli BL21 (DE3)-RIL for
protein expression.

For expression of TRAP1 from D. rerio (zTRAP1, WT and mutant forms), cells
were grown at 30°C in Luria-Bertani broth supplemented with 0.4% glucose to OD600 =
0.8 and induced with 0.4 mM IPTG at 16°C for 18 hours. Cells were harvested by
centrifugation, resuspended in 50 mM potassium phosphate pH 8.0, 500 mM NaCl, 20
mM imidazole, and 3 mM B-mercaptoethanol. Cells were lysed using an EmulsiFlex-C3
(Avestin). The crude lysate was immediately supplemented with 0.2 mM
phenylmethylsulfonyl fluoride (PMSF) and centrifuged at 20,000 g for 20 minutes. The
soluble fraction was subsequently incubated with 2 mL Ni-NTA (GE Healthcare) per

1,000 ODs for 1 hour at 4°C. Following incubation with the Ni-NTA resin, lysate was
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removed by pelleting resin at 2,500 g for 3 minutes and washed 3 times with 9 bed
volumes of 50 mM potassium phosphate pH 8.0, 500 mM NaCl, 20 mM imidazole, and 3
mM B-mercaptoethanol (BME). Following the batch wash Ni-NTA resin was loaded onto
a gravity column and His-tagged protein was eluted with 6 bed volumes of 50 mM
potassium phosphate pH 8.0, 300 mM NaCl, 500 mM imidazole, and 3 mM B-
mercaptoethanol. Eluted protein was dialyzed overnight against 10 mM Tris/HCI pH 8.0,
200 mM NaCl, and 1 mM DTT and the 6x-His-tag was cleaved using a 20:1 molar ratio
of protein:TEV protease. The protein was purified by anion exchange chromatography
on a HiTrapQ or MonoQ 10/100 GL column (GE Healthcare) via a linear NaCl gradient
and twice by size exclusion chromatography using a Superdex S200 26/60 column (GE
Healthcare) run in 10 mM Tris/HCI pH 8.0, 100 mM NaCl, 1 mM DTT. Selenomethionine
derivatized WT zTRAP1 was prepared by growing BL21 (DE3)-RIL cells in M9 Medium
(Sigma) supplemented with 1 mM MgSQ,, 6.6 uM CaCl,, 1 ml FeSO4 (4.2 mg/ml), 0.4%
glucose, and 100 pl 0.5% (w/v) thiamine at 37°C (modified from [75]). At OD600 = 0.5
solid amino acid supplements were added (100 mg/ml L-lysine, L-phenylalanine, and L-
threonine; 50 mg/ml L-isoleucine, L-leucine, L-valine, and L-selenomethionine). After 30
minutes, cultures were transferred to 22°C for 20 minutes and then induced with 0.2 mM
IPTG for 18 hours. The selenomethionine-derivatized protein was purified as described
for the native version with a final buffer of 20 mM Hepes pH 7.5, 50 mM KCI, 2 mM
MgCl,, and 5 mM DTT. Incorporation of selenomethionine was confirmed by mass
spectrometry (data not shown). Both the native and selenomethionine derivative

proteins were concentrated to ~25 mg/mL for crystallization and flash frozen for storage.
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TRAP1 from H. sapiens (hnTRAP1, WT and mutant forms) was purified in a similar
fashion to zTRAP1 proteins with a final buffer of 20 mM Hepes pH 7.5, 50 mM KCI, 2
mM MgCl,, and 1 mM DTT.

Mutant forms for all homologs were made from the vector constructs described

above using standard PCR methods.

Crystallography

WT zTRAP1 was screened for crystallization conditions at a concentration of 10
mg/mL and incubated in a crystallization buffer (20 mM Hepes 7.5, 50 mM KCI, and 2
mM MgCl,, 2 mM AMPPNP or 2 mM ADP + 1X BeF, / AlF3) for 30 minutes prior to
crystallization. BeF, and AlF3; were made by mixing 200 mM BeCl,/ AICl; and 1 M KF to
make a 5X BeF,/ AlF; solution of 10 mM BeCl,/ AlCl; and 50 mM KF.

For screening we used a mosquito liquid handling robot (TTP Lab Tech) and
three commercially available deep well screening blocks: JCSG+ and Protein Complex
Suite (Qiagen) as well as the Index HT screen (Hampton Research). The initial
crystallization hit was refined to 18% (v/v) PEG3350 and 0.2 M sodium malonate pH 6.6
by the hanging drop vapor diffusion method at 23°C. The additive screen HT (Hampton
Research) was used to isolate hexammine cobalt (lll) chloride as an additive that greatly
improved crystal size and overall morphology. The final crystallization condition used
was 18% (v/v) PEG3350, 0.2 M sodium malonate pH 6.6 - 7, 20 — 42 mM hexamine
cobalt mixed 1:1 with TRAP1 protein at 7-10 mg/mL. Our optimized crystals grew in 7-

10 days at 23 °C using the hanging drop vapor diffusion method forming 100 ym x 100
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pum x 200 ym crystals. The selenomethionine derivative protein crystallized in a similar
condition. Both native and derivative crystals were cryoprotected by adding glycerol (10-
12% (v/v) final concentration) to the reservoir solution before flash-freezing in liquid
nitrogen. Crystal screening and data collection were carried out at beamlines 8.3.1,
8.2.1, and 8.2.2 at the Advanced Light Source (ALS) and the final X-ray data was
collected at beamline 8.3.1. The native and selenomethionine derivatized protein of
TRAP1 were crystallized in the C2; spacegroup with one TRAP1 dimmer per
asymmetric unit (PDB codes: 4JOB, 41YN, and 4IPE).

For the N-terminal:Middle domain (NTD:MD) crystal structure, full-length protein
was purified and screened in a similar fashion (buffer condition at the time of screening
was 20mM Hepes pH7.5, 50mM KCI, 2mM MgCl,, 1mM DTT), using full-length zZTRAP1
with a double point mutation at Glu556Ala.lle569Lys. These mutations effectively
destabilize the Middle-CTD (MD:CTD) interface present in monomer B of the full length
crystal structure. The initial crystallization hit was refined to a final condition of 5mg/mL
protein in a 1:1 ratio with 0.1M Sodium Phosphate monobasic pH 6.5, and 12% PEG
8000. Our optimized crystals grew in 10-14 days at 23 °C using the hanging drop vapor
diffusion method forming 100 ym x 100 ym x 200 um crystals. Crystals were harvested
and cryoprotected with 12% (v/v) glycerol prior to flash-freezing in liquid nitrogen. Data
collection was carried out at the ALS at beamline 8.3.1. This data set could easily be
scaled and merged in the 1222 spacegroup containing a single TRAP1 protomer,
already indicative of a high degree of symmetry between protomers. We chose to build

and refine the structure in the C2; spacegroup, and similar to the full-length structure the
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spacegroup C2; contains two protomers to complete one dimerized biological unit. This
symmetry persisted in C2; and we chose to build our final model in the 1222
spacegroup, as we saw no significant differences between protomers in the ASU (PDB

code: 4IVG).

Structure Determination

Data reduction was carried out using HKL2000 [76]. Structures of zZTRAP1 bound
to ADP-AIF, and ADP-BeF; were solved using the single-wavelength anomalous
dispersion (SAD) method with selenomethionine derivatives. The positions of 36
selenium sites (out of 38 possible per zZTRAP1-dimer) were found using AutoSol from
the PHENIX program suite and used for subsequent phasing [77]. The selenium
positions and experimental map allowed us to clearly define domains of zTRAP1 that
allowed us to build a full-length model. The final models for zTRAP1 bound to ADP-AIF,4
or ADP-BeF; were built with native data and refined to an extended resolution of 2.3 A.
The structure of zTRAP1 bound to AMPPNP was solved using molecular replacement
and the zZTRAP1 model bound to ADP-AIF,4. The final NTD:MD zTRAP1 structure bound
to AMPPNP was solved with molecular replacement and a monomer of the full-length
zTRAP1 model truncated at the MC interface. All models of TRAP1 were built using
COQT [78] and further refinement was carried out using the latest builds of PHENIX
suite [77].

A majority of the secondary structural elements have been built with the

exception of helix 5 (residues 132-136) of protomers B and helix 21 (residues 568-579)
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in the C-terminal domain of both protomers in the full-length structure. Some loops have

been omitted due to poor electron density and very high B-factors. Figures were made

using PyMOL [79] and UCSF Chimera Package [73]. Chimera is developed by the
Resource for Biocomputing, Visualization, and Informatics at the University of California,

San Francisco (supported by NIGMS 9P41GM103311).

Structural Comparisons

In Figure 3 the four major domains of TRAP1-AMPPNP were individually aligned
using monomer A and monomer B and the “match” command in Chimera to obtain
RMSD values for every residue. These RMSD values were then imported into the B-
factor column of monomer B from the TRAP1-AMPPNP structure. The “cartoon putty”
feature of PyMOL was used to represent increasing RMSD values as thicker tubes with

a transition in color from blue to yellow.

Steady-state Hydrolysis Measurements

Protein concentration was calculated using the Edelhauc method [80]. Steady-
state hydrolysis rates were measured using the previously described ATP regenerating
assay [48] on an Agilent 8453 dioade array. Assay components were mixed to a final
concentration of 200 yM NADH, 400 yM PEP, 50 U/mL PK, 50 U/mL LDH, and ATP at
least 10-fold over the measured K, (Table S3). Background change in NADH
absorbance (340 nm) was monitored to ensure a flat baseline before addition of 5 yM

chaperone (monomer concentration). The change in NADH absorbance after protein
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addition was monitored and slope obtained by subtracting baseline at 750 nm followed
by least squares fitting to a simple linear regression model. Ky»s values were calculated

using the equation below:

Kobs= Islope/(Enadn™C)!

where kops is the observed rate of hydrolysis (s), Enaan is the extinction coefficient of
NADH (6220 M's™), and ¢ is the monomer protein concentration (M). For bar plots the
rates were normalized by the WT rate and standard deviations were error propagated

according to the equation below:

StdeVpropagated = O/OWT *\/((WTstdeleTmean)z + (Mutantstde\//Mutantmean)z).

For MD:CTD interface mutant mixing experiment (Figure S8), we used a
previously reported radioactive assay [67], with 2uM protein (monomer), 650uM ATP at
37°C in a buffer containing of 20 mM Hepes pH 7.5, 50 mM KCI, 2 mM MgCl,, and 1
mM DTT. Prior to initiating the reaction with ATP, heterodimers were formed under apo
conditions at 30°C for 30 minutes.

All homologs were inhibited with the Hsp90 specific inhibitors (Radicicol, data not

shown) and results were plotted using the program R [81].

61



Negative Stain Electron Microscopy

WT zTRAP1, zTRAP1 Glu566Ala.lle569Lys and zTRAP1
Asn519Ala.His521Ala.Leu522Lys were initially diluted to .1 mg/mL in a buffer containing
20 mM Hepes 7.5, 50 mM KCI, and 2 mM MgCl,, + 2 mM ADP-BeF; (BeF prepared as
above). Reactions were incubated at RT for 30 minutes, followed by dilution to 0.01
mg/mL in the buffer above including ADP-BeFs;. 5 pL of the resulting reactions were
then incubated for ~1 minute on 400 mesh Cu grids (Pelco). Grids were previously
coated with Collodion (EMS) and then coated with a thin carbon layer (~100 A).
Following sample incubation was a 3X wash with miliQ water, and lastly stained 3X with
uranyl formate, pH 6. The last stain was removed by vacuum until the surface of the grid
was dry. Prepared grids were imaged with a TECNAI 20 (FEI) operated at 120 kV.
Images were recorded using a 4k x 4k CCD camera (Gatan) at 62,000 magnification, at
-1.5 um defocus. Representative closed state particles (Figure S3C) were selected in

EMAN [82].

Circular Dichroism Spectroscopy

zTRAP1 Glu566Ala.lle569Lys and zTRAP1 Asn519Ala.His521Ala.Leu522Lys
were buffer exchanged with size exclusion chromatography into a 5 mM Hepes/NaOH
pH 7.4 and 150 mM NaCl buffer immediately prior to the experiment. An Aviv Model 202
CD spectrometer was used for all experiments. CD signal at 220 nm of 0.5 mg/mL
protein in a 1 mm path length cell was recorded at every degree during a 25-80°C

temperature ramp with two minutes of equilibration time at each step. Raw CD data was
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converted to units of mean residue elipticity [0] (degrees cm? dmol ™ residue™).

SAXS Reaction, Data Collection and Analysis

WT TRAP1 homologs and mutant proteins were buffer exchanged into 20 mM
Hepes pH 7.5, 50 mM KCI, 2 mM MgCl,, 1ImM DTT immediately prior to the experiment.
75 uM protein (monomer) was used as the final concentration for all reactions. In the
reactions where ADP-BeF; was used as the nucleotide analog, 1X BeF was made as
described in the crystallography methods section above and added to both reactions to
allow for direct comparison. 2 mM nucleotides were used to initiate closure and the
reactions were incubated at 30°C for 10 hours. Reactions were spun down at max
speed in a tabletop centrifuge for 10 minutes immediately prior to data collection to
remove any trace aggregation.

For time course experiments, zZTRAP1 proteins were mixed as above without
addition of nucleotide until the day of SAXS data collection. Once ADP-BeF; was added
to the reaction 20 yL time points were taken spun down at max speed in a tabletop
centrifuge for ten minutes, and then data was collected. Time points were recorded at
the time of exposure.

Data was collected at the ALS at beamline 12.3.1 [83] with exposure times of 0.5,
1, and 5 seconds. An additional 2 second exposure was used for the aforementioned
time course. Each sample collected was subsequently buffer subtracted and time points
were averaged using scripts at beamline 12.3.1 (ogreNew) and in-house software. The

scattering data was transformed to P(r) vs. r using the program GNOM [72] and Dmax
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was optimized. To assess the nature of the closed state the resulting distributions were
fit using in house least squares fitting program in the region where non-zero data was
present for the target data and each model tested. For the fitting we chose to test a
combination of a theoretical scattering curve for each closed state in question and the
respective apo data for each reaction. Theoretical scattering curves were generated for
each model PDB in the program CRYSOL [71]. The resulting normalized target data and
model fit are output from our fitting program with an R-factor that is similar to a

crystallography R-factor in nature. R is defined as the equation below:

R_merge = lIPobs(r)I-IPcalc(r)l/IPobs(r)ll

where Pobs(r) is the observed probability distribution and Pcalc(r) is the calculated

modeled fit. Residuals were calculated using the equation below:

Residuals = Pcalc(r) — Pobs(r)

DEER Spectroscopy

Native cysteine residues were replaced in the mature form of human TRAP1
(vector description above) based on conservation with TRAP1 homologs (Cys261Ser,
Cysb27Ala, Cys573Arg). Two residue positions (within one protomer) were chosen
computationally based on solvent accessibility, as well as for optimal resolution between

the theoretical distances of asymmetric protomer conformations. Chosen positions
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(Lys439 and Asp684) were replaced with cysteine residues using standard PCR
methods to allow for site specific labeling with maleimide functionalized MSL (Sigma).
Distance simulations were performed on our closed state model at cryogenic
temperatures using rotameric modeling of MTSL labels (MSL not available) at the
chosen residue positions using the latest version of multiscale modeling of
macromolecular systems, MMM2013 [84].

Cysteine-free hTRAP1 and cysteine variant for double electron-electron
resonance measurements (DEER) were purified as described above with a size
exclusion buffer of 20mM Sodium Phosphate pH 7, 50 mM KCI, 2 mM MgCl, degassed
by purging with N> gas to protect cysteine residues of the DEER probe construct.
Following size exclusion chromatography, DEER probe protein was labeled ON at 4°C
with a 2:1 excess of MSL:cysteine residue. Excess label was removed by extensive
dialysis in size exclusion buffer and labeling was confirmed by CW EPR as in Naber et
al (Figure S7 A) [85]. Removal of native cysteine residues or spin-labeling did not
negatively impact ATPase activity (Figure S72B). Importantly, the closed state
distribution shows conservation of state as compared to WT (Figure 2C, 2D).

Cysteine-free and DEER probe protein were then exchanged into a DO version
of the size exclusion buffer by concentration/dilution in Centricon concentrators (10,000
mwco, Millipore) until the concentration of H,O was <1%. Unlabeled and labeled
proteins were mixed in a 10:1 ratio (final concentration of 30 yM labeled protein) and
exchanged at 30°C for 30 minutes. Reactions were incubated with addition of 2 mM

ADP-BeF at 30°C for 10 hours (as in SAXS) followed by addition of 30% deuterated
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glycerol (Sigma). Four-pulse DEER data were collected using a Bruker ELEXSYS E580
spectrometer at 34 GHz equipped with a SuperQ-FT pulse Q-band system with a 10 W
amplifier and a 5 mm EN5107D2 resonator located at the Ohio Advanced EPR
laboratory. Samples of ~10 ul were loaded into a 1.1 mm inner diameter quartz capillary
tubes and frozen in liquid nitrogen prior to insertion into the pre-cooled resonator set at
80 K. Data were collected with probe /2 and mt pulse widths of 10 and 20 s and a
pump Tt pulse width of 24 ns with a repetition time of 700-800 ps and 100 shots/point.
The frequency of the pump pulse was adjusted to the maximum in the nitroxide field
sweep spectrum and the observed pulse was applied 80 MHz upfield from the pump
frequency. The DEER evolution time periods were from 3.6 — 4.3 us. T1 and T, values
were ~400 us and ~4.7 us, respectively. Data were processes and analyzed using
DEERAnNalysis2013 [46] and distance distributions P(r) were obtained from Tikhonov
regularization [86], incorporating the constraint P(r) > 0. The regularization parameter
was optimized to fit the time-domain data without overfitting. The distance distribution
data was normalized with an integral of 0.01.
Anisotropy binding measurements

75uM WT hTRAP1 or hTRAP1 E551A were pre-closed with 2mM AMPPNP at
40°C for 3.5 hours to ensure ~100% closed state. Buffer conditions were 20mM Hepes
pH 7.5, 50mM KCI, 2mM MgCl,, and 1mM DTT. Following this steady-state anisotropy
measurements with IAEDANS-labeled A131A with WT or E551A were titrated
(maintaining AMPPNP concentration) to obtain the affinity for the model substrate.

Anisotropy measurements were done as in Street et. al., 2011 [58].
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Postscript

This work has provided the first model for direct coupling of ATP hydrolysis to
client remodeling. As discussed above we propose that sequential hydrolysis from the
asymmetric closed state leads to a novel conformational change in Hsp90 that re-
arranges a known client interface, and that the potential to do work on a client is not
equal for both hydrolysis events. Here we propose that it is the first event from the
highly strained state that is functioning to actively re-model.

From this there are several questions that remain. First, what is the order of
events (ie model in figure 7 or S7)? Utilizing the new DEER assay and a creative
strategy for forming permanent heterodimers, Daniel Elnatan has new data that
suggests that the “flip-flop” mechanism is actually correct. As discussed above, this
model has the advantage of ensuring structural re-arrangements to clients bound on
either of the initial protomer conformations (protomer A or B). Secondly, our model
predicts that only one of the conformations in the protomers of our crystal structure is in
the hydrolysis competent state. Given the difference in B-factors of the loop that
contains the y-phosphate contact (Arg417) from the MD, | first hypothesize that
protomer A displays the hydrolysis competent state as Arg417 is more stably contacting
the y-phosphate. Experiments to directly test this hypothesis require single-turnover
conditions and a strategy for biasing the MD:CTD conformation of the protomer arms.
For the latter, the MD:CTD mutations outlined above should be very useful, and as a
first step will DEER measurements with either homodimers or heterodimers of these

mutants will provide direct detection of the bias.
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Finally, the idea of coupling hydrolysis dependant changes in the MD:CTD
conformation to client structure is well founded and exciting but experiments to test this
are of highest priority. To do this one must be able to correlate the changes to the
MD:CTD interface to changes in client fold/activity. Daniels permanent heterodimer
strategy and the knowledge of key residues for client binding (W467, bHsp90/HtpG)
should allow one to simulations bias/dictate which arm is bound to a client while
manipulating the MD:CTD conformation (MD:CTD mutants) and/or hydrolysis capability.
If an activity can be measured for the client (ala GR ligand binding- see work by Elaine
Kirschke) or a measure of fold is possible (**C-Alanine NMR- see chapter 3) then it
should be possible to do so. Then the challenge is to choose an appropriate client for
these studies.

When considering clients for the TRAP1 there are several avenues of pursuit. In
the case of the most well studied of the clients (CypD), the protein is very stable and
thus calls into question weather the chaperone is simply “holding” CypD to regulated the
necrotic response, or if there is a structural change to this client. This could be tested
by a few key “make or break” experiments. First, hydrogen exchange on the client
monitored either by NMR or mass spectrometry would show if there was any change to
the fold of CypD. If so it may be possible to work to stabilize the near-native state for
CypD through varying conditions or targeted mutations. For the latter a high-resolution
picture of the intermediate is necessary.

Though CypD and a few other clients for TRAP1 have been identified, these

systems lack some of the advantages that a model substrate (A131A) provides (see
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chapter 4). | have shown that the A131A model substrate system extends to TRAP1
(above and chapter 2) and future investigation of A131A with TRAP1 promises to further
elucidate chaperone mechanism in this system. Because the measured affinity for
A131Ais weaker (figure S9 and chapter 4) in the case of TRAP1, | think it could be quite
useful to make key mutations to the known binding residues to increase this affinity.
Most key would be a mutation of the leucine in TRAP1 that is analogous to W467 in
bHsp90 (HtpG).

Finally, a strategy for finding new clients for TRAP1 (outlined in chapter 3)
provides an avenue to discover novel mitochondrial pathways that specifically depend
on the chaperone for faithful signaling, as well as new tools for the study of TRAP1

mechanism in vitro.
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Preface

Hsp90 is an essential molecular chaperone that undergoes ATP dependant
conformational changes, which are intimately linked to the chaperones function of client
re-modeling (see introduction and chapter 1). Evolution has produces several forms of
Hsp90 found in divergent species and cellular compartments [1]. These homologs
display differences in primary amino acid sequence and sequence length [2], with the
latter being observed mainly at the N and C-termini or the boundaries between the
major domains (NTD, MD and CTD). Though the overall structure, conformational
states and dependence on ATP binding and hydrolysis for function are conserved, the
kinetic rates of conformational changes and thermodynamics are unique to the different
homologs [3, 4]. These data suggest that the function of each homolog requires optimal
energetic landscape that has been tuned through evolution of the root Hsp90 gene.

This chapter of my thesis describes the regulatory function of a novel N-terminal
extension in the mitochondria Hsp90 (TRAP1), first observed in our full-length crystal
structure of zZTRAP1 (chapter 1). We find that this extension, termed the “strap”, is
responsible for a unique thermal sensitive kinetic barrier between the apo and closed
states of TRAP1 and demonstrate that the concept of kinetic regulation by N-terminal
residues for Hsp90 is conserved. These data suggest a unique evolutionary strategy for
evolving novel properties in Hsp90 homologs to optimize function in diverse
environments.

A manuscript describing this study is currently in preparation. James Partridge

(post-doc) and | worked together to accomplish this work and are listed as co-first
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authors where James appears first in the author list. In the version of the manuscript
that follows James is responsible for identifying the “strap”, initial design and ATPase for
ZTRAP1 strap mutants (chapter 1), human Hsp90 (hHsp90) ATPases, zTRAP1 SAXS,
and EPR assay development. | am responsible for the identification of the thermal
sensitive kinetic barrier in hnTRAP1, EM, hTRAP1 SAXS, zTRAP1 SAXS data analysis,
hTRAP1 ATPases, and FRET assay development for TRAP1. In-house SAXS analysis
software was written and optimized for this study by David Agard. Our collaborators
Nariman Naber and Roger Cooke have provided expert assistance for the EPR
experiments presented.

Finally, the following chapter is a draft of the manuscript that | prepared, where
not all the data that will go into the final manuscript is represented. To this end, the
supplemental section provides a layout for the experiments that will be done in the near

future and subsequently incorporated into the manuscript.
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Summary

Hsp90 is a highly conserved molecular chaperone that regulates protein
homeostasis inside the cell. Most eukaryotes have four different isoforms: two cytosolic
versions, Hsp90a/p, a homolog in the ER called Grp94 and in the mitochondria called
TRAP1. Our recent X-ray crystallographic efforts with TRAP1 highlight an extension of
the N-terminal “B-strand swap” that we previously described to affect catalytic turnover.
Here we have addressed the regulatory function of this N-terminal extension, or “strap”,
with a combination of biophysical techniques and demonstrate this structural element is
responsible for a unique thermal barrier between apo and the active closed
conformation. Further, we demonstrate that the strap functions to limit dimer closure and
is coupled to local conformational changes of N-terminal domain (NTD) rotation and lid
closure. The extension is conserved in higher eukaryotes and absent in yeast and the
prokaryotic family members suggesting this structural element can serve as a novel
kinetic regulator for specific homologs. Altogether we highlight the structural and
functional relevance of an N-terminal strap that serves as a global regulator of Hsp90
activity and suggest that the evolution of this element can serve to impart novel kinetic

properties to diverse homologs.

Introduction
Hsp90 is a highly conserved molecular chaperone and essential for protein and
cellular homeostasis. Although all molecular chaperones promote protein folding and

prevent aggregation, Hsp90 is unique in that it interacts with substrate (“client”) proteins
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that are already in a semi-folded state to facilitate downstream protein-protein
interactions an promote client function in diverse biological pathways [5, 6]. Hsp90 is
thought to interact with nearly 10% of the eukaryotic proteome [7] with client proteins
that vary in sequence and structure and are known to have transient interactions with
the chaperone [8]. For this reason little is known about the biochemical characteristics
that regulate client interaction and specificity. Deregulation of Hsp90 protein levels and
function has been linked to multiple human diseases and for this reason Hsp90 is a
target for biochemical characterization, structural studies, and drug targeting [6, 9].
Hsp90 exists as a homodimer, with each individual protomer consisting of three
major domains. The N-terminal domain (NTD) binds to nucleotide, the C-terminal
domain (CTD) provides a dimerization interface between protomers, and the middle
domain (MD) about which the NTD and CTD sample larger rigid body rearrangements
to orchestrate a remarkable concert of conformations that dictate the functional Hsp90
cycle [4, 10-13]. Notably, the MD can be separated into two domains, the large and
small MDs (LMD/SMD, N to C-terminus), based on known conformational motions at a
hinge point between helix 14 and 15 (H14 and H15) [13-15]. This conserved
conformational cycle is regulated by steps of ATP binding and subsequent hydrolysis [4]
that are linked to client maturation in vivo [3]. Previous studies have shown that the
limiting factor of Hsp90 ATPase activity is the rate of dimer closure to form an NTD-
dimerized state [16]. Binding of ATP to the NTD nucleotide-binding pocket triggers a
series of conformational changes towards an NTD-dimerized state including ATP

binding, closure of the lid, a 90° rotation of the NTD relative to the MD [17].
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Evolution has given rise to several Hsp90 homologs and isoforms within different
species and compartments of the cell, each with unique biological functions [1, 2].
Plants have among the largest number of the chaperone with seven genes identified in
Arabidopsis thaliana [18]. In most eukaryotes, there are four different homologs of
Hsp90: Hsp90a and Hsp90pB in the cytoplasm, GRP94 in the endoplasmic reticulum,
and TRAP1 is localized to the mitochondria. Previous studies have demonstrated that
though each Hsp90 homolog has a unique conformational equilibrium and catalytic rate,
the underlying conformational cycle and mechanism appears conserved [3, 4, 19].

Recently, we solved the crystal structure of TRAP1 in an asymmetric closed state
bound to AMPPNP [13]. The crystal structure of full-length TRAP1, solved at 2.3 A
resolution, provides significant insight into previously unknown features of Hsp90. One
feature is the dramatic presence of asymmetry between protomers, primarily at the
interface between the MD and CTD. We demonstrated that the asymmetry is sampled in
solution, functional for catalytic turnover, and provided a model for coupling the energy
of ATP hydrolysis to client re-modeling. A second feature highlighted in the TRAP1
crystal structure is the observation of a long extension of the N-terminal (-stand swap.
This extension, or “strap,” is found in all forms of Hsp90 from metazoans, including the
cytosolic varieties as well as TRAP1 and GRP94. Interestingly, the strap is absent from
both yeast and bacterial Hsp90s [2]. Structure based point mutations and complete
removal of the strap (Astrap) resulted in 4-fold increase in ATPase activity, evidence
that the strap plays some role in regulating TRAP1, though the mechanism remained

unclear. In this study we explore the conformational cycle of TRAP1 and demonstrate
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that the strap is responsible for a large thermal barrier between the apo and ATP-closed
state. Using Negative-stain electron microscopy (EM) and Small-Angle X-ray Scattering
(SAXS) we show that removal of the strap results in a complete loss of temperature
response in multiple TRAP1 homologs, demonstrating that the strap is responsible for
the gain of unique properties observed in this homolog. Additionally, we explore the role
of the strap in conformational transitions preceding closure of NTD rotation and lid
closure. Here we show that the strap regulates the rates of these conformational
changes, which are necessary to form the active closed state dimer. Altogether we
show that the unique energy landscape of TRAP1 is intimately linked to the NTD-strap
that regulates the rate of dimer closure. These results suggest a unique evolutionary
strategy for editing the landscape of diverse Hsp90s for new properties and optimal

function in vivo.

Results

A thermal sensitive kinetic barrier limits the conformational transition from apo to
the closed state in TRAP1

Our initial experiments with human TRAP1 (hTRAP1) demonstrated that the
mitochondrial homolog has different closure properties than other hsp90 family
members, where hTRAP1 remained in the open conformation despite saturating non-
hydrolyzable ATP (AMPPNP) (data not shown). Previous kinetic studies had

demonstrated the correlation between temperature and ATPase activity in hTRAP1, with
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ATPase rates increasing by nearly 200-fold with a temperature ramp between 25°C and
55 °C [20]. In addition, ATPase activity and closure rates are tightly correlated in the
Hsp90 system where the human cytosolic Hsp90 (hHsp90) has the lowest measured
ATPase activity and samples the closed conformation quite rarely in vitro [4, 16, 19].
Therefore we monitored the ability of hTRAP1 to close as a function of temperature.
Reactions containing hTRAP1 and saturating AMPPNP were incubated at increasing
temperatures and closure was monitored by negative-stain EM. After an hour of
incubation at a given temperature it was clear that while at room temperature (RT,
~23°C) hTRAP1 remained in the apo state, at higher temperatures the closed state was
populated at increasing amounts with 30°C populating an intermediate equilibrium and
37°C being almost all in the closed state (Figure 1A). These results correlate with the
temperature sensitive steady-state hydrolysis rates of hTRAP1 [20] and are consistent
with closure being rate-limiting for hydrolysis in TRAP1. Surprisingly, after removing the
reactions from the initial heat perturbation the equilibrium appears to remains fixed

(Figure 1B) overnight suggesting a highly stable closed state.
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Figure 1: A temperature dependent kinetic barrier separates the apo to closed state transition of
TRAP1. A) Negative stain electron microscopy (EM) images of hTRAP1 in the presence of AMPPNP at
increasing temperatures for 1hr. While the population appears to remain in an apo conformation at RT,
conversion to the closed state appears to be intermediate at 30 °C and nearly complete at 37°C. B)
Negative stain EM images of reactions set at 23°C and 37°C from A after returning the sample to RT.
Both populations remain apo and closed (respectively) demonstrating the large kinetic barrier that limits
the conformational transition from apo to the closed state.

To better quantify the equilibrium at each temperature we chose to mirror the
experiments above utilizing SAXS. Incubations of TRAP1 homologs with AMPPNP at
increasing temperatures were set for one hour prior to exposure and data collection

(methods). As expected, the resulting distributions clearly showed a temperature
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dependence in transitioning to the closed state as seen by the change in shift towards a
more compact distribution (indicative of closure) as a function of temperature (Figure
2A). Fitting the distributions as previously [13] indicated that after an hour at 20°C only
4% of the molecules populate the closed conformation in hTRAP1, while ~74% are
closed at 36°C (Figure 2C and Table S1). Though further elucidation of the
conformations populated in the apo distribution are necessary to obtain exact values for
the percentage of closed state, our values are likely a close estimate given the
correlation with the observed EM conformational equilibriums above (Figure 1A).
Interestingly, the TRAP1 from zebrafish (zZTRAP1) displays a shifted temperature
dependent closure (Figure 2A and 2C) that correlates a higher ATPase rate and the
lower physiological temperature for the organism. The observed species variation is
potentially indicative of evolved changes to accommodate chaperone activity at the
steady-state temperature of each organism. As above, when returned to the lowest
temperature post heating the equilibrium does not revert to apo (Figure S1). Together
these data indicate a unique energy landscape for TRAP1 with a large kinetic barrier
that limits closure as well as contributes to the stability of the closed conformation once

this state is achieved.
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Figure 2: Kinetic barrier to closed state is modulated by the NTD-strap. A) SAXS distributions for
hTRAP1 (left) and zZTRAP1 (right) (84% identical to hTRAP1) in apo and with AMPPNP at increasing
temperatures from 20°C to 36°C. Conversion of the population to the closed state is seen at 36°C for
hTRAP1 and at 32°C of zZTRAP1 consistent with the trend in physiological temperatures of the different
species. B) SAXS distributions of Astrap in matching conditions from A. Here we see removal of the strap
mitigates the temperature dependent barrier between the apo and closed states. B) Quantification of
percent closed for both species of TRAP1 in the presence or absence of the strap. Apparent is the
different temperature dependence of hTRAP1 and zTRAP1 and the loss of temperature response of the
chaperone in the case of Astrap.
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The N-terminal strap regulates the large kinetic barrier of TRAP1

Our prior crystallographic studies highlighted a novel extension of the N-terminal
B-strand swap, shown to strongly regulate the ATPase rate of zTRAP1 [13]. Point
mutations within the “strap” aimed to disrupt electrostatic interactions between the strap
and the neighboring protomer accelerate ATP-hydrolysis activity by 4-fold. Further,
ZzTRAP1 protein lacking the strap (73-100 in zTRAP1) showed up to a 6-fold
acceleration of activity.

Given the unique energy landscape of TRAP1 described above, we wondered if
the gain of an N-terminal strap could be responsible for unique properties observed in
TRAP1. To test this hypothesis, hTRAP1 and zTRAP1 lacking the strap (residues 60-85
in hTRAP1) were tested for their ability to close as a function of temperature by SAXS.
Reactions were mixed as with the WT above. Strikingly, at every temperature measured
hTRAP1 and zTRAP1 immediately transition to a closed conformation after addition of
AMPPNP (Figure 2B), clearly demonstrating the significance of the strap in regulating
the transition from apo to the closed conformation. This indicates that the strap has a
role in inhibiting the transition to the closed state likely via cis-protomer interactions with
the NTD. Further, removal of the strap results in a complete loss of temperature
sensitivity in closure as illustrated by the calculated percent closed state at each
temperature compared to WT (Figure 2C). This demonstrates that the strap region of
the N-terminal 3-strand swap is responsible for the gain of a unique landscape observed

in TRAP1.
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To test if the changes in ATPase extended to hTRAP1 we measured the ATPase
activity as previously described [13]. As with zZTRAP1, removal of the strap lead to an
increase in activity but to a much larger degree at 30-fold for hTRAP1 (Figure 3A, Table
S2). This larger fold increase in ATPase correlates with the difference in temperature
dependant closure between zTRAP1 and hTRAP1, with hTRAP1 having the more
significant dependence and thus a higher kinetic barrier at the experimental temperature
(30°C). Notably, truncations (A9, residues 69-704) prior to where the contacts in the
strap region begin (His71:Glu142 hTRAP1, conserved salt-bridge) did not have an effect
on ATPase suggesting that the strap contacts are likely the same in cis (apo) and trans
(closed state) (Figure 3A, Table S2).

hTRAP1

2500
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%WT ATPase Activity
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Figure 3: NTD-strap regulates the ATPase of Hsp90 homologs.

A) WT and strap mutants for hTRAP1. Removal of the strap (Astrap) results in a ~30-fold increase in
ATPase rate, while truncations before the previously reported salt bridge contact [13] shows no change in
activity.
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From sequence alignments, the strap region is conserved in Grp94 and cytosolic
Hsp90s in higher eukaryotes. Therefore, we questioned if the strap played similar roles
in other Hsp90 homologs. From previous studies, deletion of the strap in Grp94
(residues 22-72, referred to as the ‘pre-N domain’) results in a 5-fold increase in
ATPase [11] indicating a role in kinetic regulation as seen in TRAP1. We then tested the
effect of the smaller strap region present in the sequence of human Hsp90 (hHsp90,
residues 1-14, alpha isoform). Making similar point mutants we see a slight increase in
activity with the salt-bridge point mutants that is the same magnitude as the strap
deletion, similar to our zZTRAP1 results (Figure S2). Upon mutation of F22S in the p-
strand (further into the N-terminal sequence of hHsp90) we observe a more significant
increase in ATPase of ~6-fold. This mutation is similar to the ‘A8’ mutation in yHsp90
[21] and demonstrates the conservation of N-terminal regulation of Hsp90 homologs. All
together these data demonstrate unique properties that the strap imparts to TRAP1 and
suggest a role for the strap in regulating catalytic activity across higher eukaryotic

Hsp90s.

The N-terminal strap regulates the closure rate of TRAP1

The above results predict that the rate of closure should positively correlate with
increasing temperatures. To test this we chose Fluorescence Resonance Energy
Transfer (FRET) as a method that could directly measure the rate of this conformational
transition [16, 22]. Utilizing our cysteine free version of hTRAP1 [13], two site-specific

cysteine residues were added modeled after our previously reported FRET pair for
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bacterial Hsp90 (bHsp90) [23], which tracks NTD rotation on path to the active closed
state. After forming heterodimers (methods), closure reactions were initiated with
AMPPNP and the change in FRET was monitored over time at a temperature range
from 20°C to 42°C. Pre and post reaction scans were taken to show the predicted FRET
change (high to low FRET) indicating closure has occurred (Figure 4A). As expected
the rate of closure increased with higher temperature as quantified by the change in

donor fluorescence (Figure 4B, Table 3).
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Figure 4: The NTD-strap regulates closure rate of TRAP1. A) Steady-state FRET scans for apo and
AMPPNP reactions illustrating the anti-correlated change in FRET upon closure (high to low FRET) as
measured by the rotation of the NTD from apo to the closed state. B) Temperature dependant closer rates
for WT hTRAP1. Here a predicted increase in rate at higher temperatures is apparent. C) Closure at 30°C
of WT verses a heterodimer lacking one NTD-strap. Consistent with the steady-state SAXS and ATPase,
these data suggest removal of the strap region lowers the energy barrier between apo and the closed
state.
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Removal of the strap region from the trans protomer resulted in an intermediate
~12-fold acceleration (Figure 4C). Though further truncations are necessary to confirm,
these results suggest that the cis and trans straps are independent with a prediction that
removal of the second strap will result in the full 30-fold acceleration observed in the
ATPase measurements. These data suggest that the N-terminal strap limits the rotation

of the NTD and thus transition to the closed state.

Lid dynamics and closure are coupled to the N-terminal strap

Previous studies indicate a correlation between the B-strand swap in yHsp90 and
dynamics of the NTD lid [24]. The “lid” of Hsp90 (residues 191-217 zTRAP1) is a
structural feature, typical of many ATPases, that rearranges upon ATP binding to “close”
over the bound nucleotide. Given the exaggerated extension of the B-strand swap in
TRAP1 we questioned if the strap has a novel role in lid stabilization. In the closed state
structure of TRAP1, the lid is folded down and interacting with nucleotide via side chains
of Ser193 and Ser195 [13]. Looking at the alignment of lid amino acid sequence
amongst diverse Hsp90 homologs, Ser193 and Ser/Thr195 are highly conserved with a
Gly residue separating the two residues. Considering the length of the lid, 96 residues in
ZTRAP1, it’s curious to see limited contact with nucleotide in the closed conformation. In
fact, deletion of the lid does not affect the affinity of Hsp90 for nucleotide [21]. Although
lidless Hsp90 mutants are ATPase inactive, deletion of the lid does have the profound

affect of increasing the rate of Hsp90 activity when paired with a WT protomer. Removal

94



of the lid also results in an increased dimerization affinity, indicating that the lid functions
as an inhibitor of NTD-dimerization [24]. Considering these previous studies and our
own results, we questioned if the lid had any connection with the observed strap
extension of the 3-strand swap.

To test this, we developed an electron paramagnetic resonance (EPR)
spectroscopy assay to track lid mobility in the apo or closed state (methods). In addition,
we aimed to monitor stability of the lid in relation to the presence of absence of the
strap. A cys-free version of zTRAP1 was used with a Ala201Cys allowing for malimide
based labeling with N-(1-oxyl- 2,2,6,6-tetramethyl-4-piperidinyl)maleimide (MSL).

TRAP1 labeled with MSL additionally has comparable activity to WT TRAP1.

EPR spectra of full-length TRAP1 was recorded at 23 °C and shown to be
predominantly immobile in the apo state and increasingly mobile in the nucleotide bound
state (Figure 5A). The measured mobility of the lid is consistent with apo structures
showing low B-factors for this region due to contacts with H1 of the cis protomer [10,
24]. Conversely, crystal structures of TRAP1 and other Hsp90 homologs bound to tri-
phosphate nucleotide in the closed and dimerized conformation have a lid folding over
the nucleotide lacking many stable contacts with the N-terminal domain [12, 13]. In
these structures the lid has comparatively heightened B-factors, typically indicative of
structural regions that are only loosely ordered and consistent with the mobile signature

for the closed conformation in our assay.

Comparing our measurements for WT and Astrap shows that the presence or

absence of the N-terminal strap gives comparable results (Figure 5A). We next asked if
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there was a change in closure rate. To measure this we tracked the change in lid state
from apo (immobile) to the closed (mobile) by monitoring the change in EPR scans over
time at 23°C. By plotting the change in the ratio of peak heights (mobile
maximum/immobile maximum) over time (Figure 5B), it is apparent that the rate of
change is much faster for the Astrap sample compared to WT. These results suggest
coupling of conformational changes in the lid to the release of the strap on-path to the
closed state and provide significant understanding of the role of the N-terminal strap in

conformational changes that regulate NTD-dimerization and ATPase activity of Hsp90.
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Figure 5: Lid Closure rate is regulated by the NTD-strap. A) Continuous Wave (CW) EPR scans of
cysteine Free WT (top) and Astrap zTRAP1 (bottom) labeled with a spin-probe on the NTD-lid (green) in
order to observe changes to the lid in the apo and closed states (see Methods). In the apo state the lid is
in equilibrium with the closed state and more immobile. After addition of AMPPNP the population shifts to
the closed conformation as measured by the mobile peak. In the presence or absence of the strap the
scans look similar. B) CW-EPR scans at ~23°C taken for the cysteine Free WT (right) and Astrap zTRAP1
(left) over time after addition of AMPPNP. Tracking the ratio of closed/apo state peak height
(mobile/immobile) over time shows an increase rate of the lid conformational change to the closed state,
suggesting coupling between the strap and the NTD-lid.
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Discussion

The conservation of Hsp90 has been established from bacteria to humans, giving
rise to several homologs in different species and multiple versions of the chaperone in
different cellular compartments [1]. Though biochemical and structural studies have
identified key differences in the thermodynamic and kinetic properties of the homologs,
the underlying a set of conformations [4] and ATP dependant mechanism appears
conserved and is essential for client maturation in vivo [3]. This suggests the evolution
of the Hsp90 gene was accompanied by optimization of the chaperones energetic
landscape in order to productively interact with client proteins within diverse
environments.

Here we have identified unique kinetic and thermodynamic properties of the
mitochondrial Hsp90 (TRAP1) and use a combination of structural and biochemical
techniques to show that an addition in N-terminal sequence gives rise to a large thermal
barrier that serves to kinetically regulate the formation of the active closed state
conformation. Further, we establish coupling of the “strap” to steps preceding closure of
NTD rotation and lid closure, transitions necessary for the formation of the NTD-
dimerization interface and ATP hydrolysis [17]. As discussed below, these results are
consistent with that conformational closer is rate-limiting and suggest that elaborations
in sequence at the N-terminus of Hsp90 can be used to evolved different kinetic

properties to influence chaperone function.

NTD:MD rearrangements are required to form the active closed state.
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When considering the transition from apo to the closed state, several local
rearrangements in the NTD and between the NTD and MD are necessary. Before
nucleotide binding, the element in the NTD known as the “lid” makes contacts with H1
[10, 24], while in the closed state flips over H2 and nucleotide [11-13]. This closed state
lid conformation is incompatible with the NTD:MD conformation in the apo state as it
would sterically clash with the MD [10, 11]. Further biochemical studies have shown that
the lid inhibits the ATPase of Hsp90 by blocking nucleotide binding and favoring the apo
state through stabilizing contacts with H1 [10, 24]. In line with this, removal of the lid
results in an increase in ATPase and closure rates experimentally demonstrating the
lids inhibitory function [24, 25].

After nucleotide binding, a large NTD rotation of 90° relative to the MD must
occur to align cis and trans contacts thus completing the dimers catalytic machinery [11-
13, 26]. Unlike the MD:CTD, changes in the NTD:MD orientation are rarely sampled in
the apo equilibrium without stimulation by co-chaperones or clients, suggesting the
transition is unfavorable [23, 27, 28]. These results suggest that these local
conformational changes are part of the rate-limiting barrier to the closed state, and as

discussed below are regulated in Hsp90 by N-terminal residues of varying lengths.

N-terminal Residues and kinetic regulation of Hsp90

In this study we show that the N-terminal residues that make up the strap limit

the closure kinetics and ATPase activity of TRAP1. Removal of the strap leads to a 30-
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fold increase in ATPase rate, faster closure kinetics, and loss of thermal regulation of
dimer closure.

Beyond TRAP1, regulation of the chaperone’s ATPase appears to be a
conserved feature of the Hsp90 family. In yHsp90, the ‘B-strand swap’ (residues 1-8)
[21, 24] makes contacts with the cis-NTD in the apo state and forms analogous contacts
on the trans-protomer in the closed state [12, 13]. Deletion of the first g-strand (‘A8’) was
shown to accelerate the ATPase rate by ~1.5 fold by releasing cis-contacts allowing H1
and the lid to undergo conformational changes necessary to form the NTD-dimer
interface [21]. These N-terminal residues are further into the amino acid sequence of
TRAP1 and separable from the observed N-terminal strap by the change in secondary
structure from a loop to a p-sheet (moving from N to C-terminus), with the strap adding
an additional 771A of buried surface area and several new trans-protomer contacts [13].
Given the similar accelerating affects on ATPase, it is likely that the p-strand and the
strap are acting on the same barrier.

In GRP94 and Hsp90 found in chloroplasts, the strap region is similar in length to
that seen in the TRAP1 gene [2]. Though ATPase effects are unknown for the
chloroplast homolog, the analogous strap region in GRP94 serves to inhibit ATP
hydrolysis by 5-fold [11] suggesting similar regulatory function demonstrated in our
study of TRAP1. In our own measurements of the ATPase of hHsp90, we find that
contacts unique to the strap accelerate ATPase rates by ~1.3 fold and ~6-fold if
mutations mimicking the A8 mutant in yHsp90 are tested. Together these data point to

conservation of kinetic regulation by N-terminal residues in Hsp90 family and bring forth
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the concept that extensions of this region can serve to impart new properties to the
chaperone as demonstrated here with TRAP1.

Altogether we propose a model for the conformational cycle of Hsp90 (Figure 6A)
where we outlined a series of steps that slow closure and consequently ATP hydrolysis.
Specifically, after ATP is bound, release of cis contacts of the -strand/strap allows for
lid closure and NTD rotation resulting in an asymmetric conformation [13]. Sequential
hydrolysis leads to rearrangement of client binding residues (red) between the MD:CTD

thus coupling ATP hydrolysis to client remodeling when clients are bound to this region.
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Figure 6. Model for the conformational cycle and unique energy landscape of TRAP1. A) In the
absence of nucleotide the chaperone is in an equilibrium of open conformations (most open shown for
simplicity) with the strap folded back onto the cis protomer. Upon binding of ATP conformational changes
necessary for the closed state transition are initiated. Here we propose that the cis contacts of the strap
are broken allowing the lid and NTD to undergo conformational changes towards the closed state. After
the slow closure step the chaperone assumes the previously reported asymmetric conformation [13].
Sequential hydrolysis leads to changes in symmetry rearranging the unique MD:CTD interfaces and client
binding residues (red) before sampling the ADP conformation and resetting the cycle to the apo state
equilibrium. B) Model for the unique energy landscape of TRAP1. Dashed lines illustrate the energy
landscape of WT TRAP1, and the solid lines depict the change in landscape upon the loss of the
extended N-terminal sequence in TRAP know as the ‘strap’ illustrating the unique properties to the
landscape that the strap imparts.
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From our previous study defining structural asymmetry in the closed state of
TRAP1 [13], the progression of conformations post the first hydrolysis remains a
hypothesis. Therefore, an alternative model with an alternative conformational
progression is described in figure S3. After the second ATP is hydrolyzed the
chaperone assumes a compact ADP conformation before resetting the cycle to the apo
state.

Specific changes to the TRAP1 energetic landscape imparted by the strap are
depicted in figure 6B. Here the barrier between the apo and closed conformation is
accentuated by the addition of this structural element at the N-terminus. Further, the
closed state is more stable as observed in Figure 1 and Figure S1, presumably due to

cross-protomer strap contacts observed in the crystal structure of TRAP1 [13].

Functional implications for the evolution of an N-terminal strap

The observation that the catalytic efficiency of different Hsp90s vary by ~15-fold
[19] suggest that regulation of the rate-limiting step has been highly tuned through
evolution for functional importance. In support of this, mutations demonstrated to
accelerate or decelerate ATPase rates result in significant growth defects and loss of
client protein folding in vivo [25, 29]. The evolution of additional residues at the N-
terminus of the Hsp90 gene provides a convenient way to edit the chaperone’s
conformational cycle to function with diverse clients encountered by the different
homologs. Additionally, while the cytosolic Hsp90s are highly regulated by several co-

chaperones [30], only one co-chaperone has been identified for the organeullar
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homologs [31]. This brings forth the possibility that the more extended strap in these
homologs function to perform regulation that co-chaperones proved to Hsp90 in the
cytosol. Additionally, as Hsp90 is a heavy target for post-translational modifications
(PTMs) [32] added contacts that the strap provides a target for PTMs that could
modulate the regulatory function of this element. Unique to TRAP1 is the possibility that
the thermal response of the kinetic barrier is biologically relevant in the mitochondria
where heat is generated through uncoupling of the electron transport chain [33].
Perhaps the catalytic response of TRAP1 to temperature is an adaptation to thermal
fluctuations in this environment or perhaps more intimately tied to sensing temperature
as part of a feedback mechanism for the organelle or under stress conditions. Though
the in vivo purpose of the conserved strap remains to be uncovered, we demonstrate
that this region is responsible for the unique thermal properties of TRAP1 and coupled
to a series of smaller conformational changes in the NTD:MD on pathway to the closed
state. Altogether our findings suggest a way that the Hsp90 family can evolve new

kinetic properties for the purpose of optimal function.

Supplemental Information

The work presented in this chapter is an initial draft for a manuscript that is in the
beginning stages of writing with a few questions and thus experiments left to finish in the
near future. The major question | feel is lacking is- is the strap’s role largely limited to
the on-rate component of the closure reaction (‘closure’), or is the off-rate (‘re-opening’)

contributing in a significant way? Initial experiments suggest that the latter could be
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true, though these experiments need to be repeated and re-thought. If the latter turns
out to be true this result is also quite interesting in that it has been known for quite
awhile that the hydrolysis rate, which correlates to the amount of time spent in the
closed state, is intimately linked to client maturation [25]. The strap could be acting as a
kinetic ‘tuner’ for TRAP1 that allows for proper function in the unique environment of the
mitochondria. In line with the above, an explanation and outline for experiments are
below.

For the FRET experiments and initial re-opening experiment was tried by chasing
the reaction with 10-fold excess ADP or ATP. This experiment was modeled after
experiments | had done with the bHsp90 (HtpG specifically) (chapter 5) [22]. In this case
after TRAP1 had equilibrated to the closed-state (as judged by the plateau) | challenged
the population with 10-fold excess ADP or ATP. However, unlike in the case of bHsp90
the population remained in the closed state for more than 6 hours indicating a very
stable closed conformation (Figure S4). It is possible that without the strap the re-
opening will look like bHsp90 and closely match the closure rate, or perhaps hydrolysis
is necessary to re-open. In the latter case it should be possible to re-do the experiment
with ATPyS, where | would predict that the re-opening rate (increase in FRET for the NM
rotation FRET pair) should match the hydrolysis rate of this analog (~7-fold slower
relative to the ATPase rate). Alternatively, one could try a different experiment by using
the FRET pair that measure closure across the dimer [16, 22] and add either ADP,

ATPyS, or measure monomer exchange as a proxy for re-opening by adding excess
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unlabeled WT. A repeat of the initial experiments as well as these alternatives will be
done to ascertain the role of the strap in the re-opening reaction for TRAP1.

Curiously, comparing scans from the apo reactions for WT and Astrap we
observe a small FRET change consistent with a rotation towards the closed state (low to
high FRET) (data not shown). Here the strap deletion is in the trans protomer, so any
effect must happen in trans. This signal suggests that the trans protomer can influence
closure of the dimer. This is consistent with the apo SAXS data for Astrap (also in
hTRAP1), which show a shift in the apo distribution towards the closed state (data not
shown). In this case, both straps truncated so there isn’'t a separable cis/trans effect.
These data indicate that removal of the strap shifts the apo distribution towards the
closed state.

Previous to the FRET experiments in the main text figures, | had done some
initial experiments showing the temperature dependence of the closure rate using the
same NTD:MD intra-FRET pair. In this case a few of the conditions (buffer: 50mM
Hepes pH7.5, 50mM KCI, 5mM MgCl,, nucleotide concentration: 2-5mM) were a bit
different, but the experiments were conducted in a similar fashion. In this initial round
the donor and acceptor fluorescence seemed well behaved and calculating the rates
with either donor, acceptor or the D/A ratio resulted in approximately the same Kyps
(Figure S5A, Table S2). In some experiments the rates are not as well behaved for this
pair. In principle the rate of closure should be the same whether the Donor, Acceptor, or
D/A ratio is fit. In the case of NTD:MD intra-FRET pair the signals/rates seem to be

more stable across experiments with the Donor, though the alternative pair that
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measures across the dimer in general seems to give more consistent results (E140C,
E407C in hTRAP1). Additionally, | tested the closure rate in the presence of different
ATP analogs ADP/ATP BeF, here the rates were much faster and closer to measured
hydrolysis rates (Figure S5B, Table S4). These data suggest that either a different
pathway to closer is being used with ADP/ATP BeF, or that the chemical nature of
AMPPNP doesn’t induce closure as effectively as the other analogs. In this study |
believe our conclusions are valid either way. AMPPNP affords us a better dynamic
range to view the temperature dependence and to clearly see the NTD-Straps role in the
unique landscape of TRAP1.

Also tested was the ability of A131A to accelerate hTRAP1 at the various
temperatures. Initial experiments indicate an acceleration at every temperature (further
measurements are necessary to get better statistics for quantitative comparison) (Figure
S5C) suggesting that temperature and client are potentially working independently on
the same energy barrier. Further experiments are planned to repeat this observation
and to test if removal of the strap mitigates the client effect.

Lastly, there are plans to repeat the EPR time course. With repeats it should be
possible to get a better idea for the change in rate observed in when comparing the WT
to the Astrap (simply illustrated in the main text and figures). As an initial estimate of the
rates | fit the change in closed state peak height over time from the raw data (not
including the ON time point as there was not an exact time known). From this | get a
~8-fold increase in lid closure for the Astrap (Figure 5B). In order to get accurate rates

and correlate the EPR data with the fold change in hydrolysis rate we need better
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sampling, to ensure the reaction is finished. Further we will need to measure the
ATPase rates for WT and Astrap zTRAP1 at RT as current measurements are at 30°C.
At 30°C the fold difference is likely to be smaller given the temperature dependant range
for zZTRAP1. Initial rate measurements for WT zTRAP1 at RT are .454 min™ (calculated
per monomer), however the Astrap still needs to be measured. Ultimately, the qualitative
observation of the acceleration of lid closure suggests that the conformational change of
the lid necessary to closure is coupled to release of the cis strap on pathway to the
closed conformation as discussed in the main text. The necessary repeats and data

analysis will require some work in collaboration with Nariman Naber and Roger Cooke.

Supplemental Figures and Legends

WT hTRAP1 (post cooling)

100
|

%Closed
60
|

o |z 77222
20 23 30 32 36

Temperature (°C)

Figure S1. The closed conformation of TRAP1 is stable post temperature induced closure. A plot
of percent closed state verses temperature of WT hTRAP1 after closure has completed at each given
temperature and then cooled to the 20°C for 2 hours. This data was taken for the same samples of in
figure 2C and suggests a highly stable closed state.
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Figure S2. WT and strap mutants for hHsp90. Removal of the strap region of hHsp90 (alpha isoform)
results in an increase in a modest ~1.3-fold ATPase rate that is the same fold as mutation of the
analogous salt bridge residue from TRAP1 [13]. Making a mutation of F22S in hHsp90a shows a ~6-fold
increase and is similar to the ‘A8’ from yeast Hsp90 [21].
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Figure S4. The closed state of TRAP1 is a stabilized state. Steady-state FRET scans for the NTD:MD
Intra-FRET pair (both straps are still present) after closure with AMPPNP has completed at 30°C. Upon
addition of 10-fold excess ADP or ATP the distribution remains stable. These results are in contrast to
previous experiments with bHsp90 [22] and suggest a more stable state for TRAP1.
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Figure S5. Previous FRET measurements for the NTD:MD Intra-FRET pair. A) Temperature
dependant closure experiments. B) FRET kinetics of different ATP analogs (AMPPNP, ATP-BeF, or ADP-
BeF) and in the presence of either WT or a Cys Free trans protomer. WT and cysteine free give the same
rate, while the other analogs are estimated to be ~7-fold faster than AMPPNP. C) Temperature
dependant substrate stimulation of A131A. Heterodimers were formed as usual and then mixed with 75uM
A131A before closure was initiated with AMPPNP. Acceleration of closure is observed at all temperatures.
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Table S1. Percent closed state for TRAP1 homologs at varying temperatures.

Temperature | Protein %closed state R
(Celsius)

20 WT hTRAP1 5 0.042
23 WT hTRAP1 2 0.042
30 WT hTRAP1 31 0.024
32 WT hTRAP1 41 0.019
36 WT hTRAP1 74 0.011
20 WT zTRAP1 36 0.015
23 WT zTRAP1 48 0.011
30 WT zTRAP1 75 0.027
32 WT zTRAP1 81 0.033
36 WT zTRAP1 80 0.030
20 hTRAP1 Astrap 66 0.015
23 hTRAP1 Astrap 68 0.014
30 hTRAP1 Astrap 69 0.014
32 hTRAP1 Astrap 68 0.015
36 hTRAP1 Astrap 67 0.018
20 ZTRAP1 Astrap 60 0.016
23 ZTRAP1 Astrap 64 0.014
30 ZTRAP1 Astrap 61 0.015
32 zTRAP1 Astrap 62 0.014
36 ZTRAP1 Astrap 55 0.016

Table S2. ATPase rates for WT and strap mutants

Protein hTRAP1 hHsp90 alpha
Kops (min™) Kops (min™)

WT 0.463+/-0.003 0.073+/-0.015

Asalt  bridge 0.096+/-0.015

(E/A)

Astrap 13.284+/-0.526 0.094+/-0.006

A9 0.468+/-0.020

F22S 0.43+/-0.05

Table S3. FRET closure rates for main text experiments

Temperature Donor Rate
(Celsius) Kops (min™)

20 0.0012 +/- 0.00002
23 0.0022+/-0.0001
30 0.016 +/- 0.0002
32 0.035+/-0.0015

36 0.125+/- 0.003

42 0.81+/- 0.032
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Table S4. FRET closure rates for supplemental experiments

Temperature | Nucleotide | +75uM Donor Rate Acceptor D/A Ratio
A131A Kobs (Min™) Rate Rate
YN Kobs (Min”) | Kops (Min”)
30 AMPPNP N 0.017 0.021 0.019
30 AMPPNP Y 0.044 0.042 0.043
35 AMPPNP N 0.055 0.055 0.050
(.064 +/-.007)
35 AMPPNP Y 0.180 0.180 0.180
35 ATP BeF N 0.6 0.33 0.5
(0.50 +/-.09)
35 ADP BeF N 0.58 0.33 0.43
35* AMPPNP N 0.078 .046 .053
40 AMPPNP N 0.192 0.23 0.19
40 AMPPNP Y 0.780 0.53 0.55

*Denotes Cysteine Free protein used as trans protomer.
Rates represent a single run of FRET kinetics. () are average rates calculated from the donor across
experiments, but this was only possible for two of the conditions.

Experimental Procedures
Protein Production and Purification

Full-length and mutant versions of TNF receptor-associated protein 1 (TRAP1)
from Homo sapiens and Danio rerio (hnTRAP1, zTRAP1), as well as human Hsp90a
(hHsp90) were purified as using a previously described protocol [13]. Mutant versions of

Hsp90 homologs were generated by standard PCR based methods.

Negative-Stain Electron microscopy

WT hTRAP1 was initially diluted to .1 mg/mL in a buffer containing 20 mM
NaH.PO4 7, 500 mM KCI, and 2 mM MgCl,, .02% n-octyl-B-D-glucoside + 2 mM
AMPPNP. Reactions were incubated at various temperatures one hour, followed by
dilution to 0.01 mg/mL in the buffer above including 2mM AMPPNP to maintain

nucleotide concentration. 5 pyL of the resulting reactions were then incubated for ~1
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minute on 400 mesh Cu grids (Pelco) coated with a thin carbon layer (~50-100 A).
Following sample incubation was a 3X wash with miliQ water, and lastly stained 3X with
uranyl formate pH 6. The last stain was removed by vacuum until the surface of the grid
was dry. Prepared grids were imaged with a TECNAI 20 (FEI) operated at 120 kV.
Images were recorded using a 4k x 4k CCD camera (Gatan) at 62,000 magnification, at

-1.5 um defocus. Representative closed state particles were selected in EMAN [34].

SAXS data collection and analysis

TRAP1 homologs and mutant proteins were buffer exchanged into 20 mM Hepes
pH 7.5, 50 mM KCI, 2 mM MgCl,, TmM DTT immediately prior to the experiment. 75 uM
protein (monomer) was used as the final concentration for all reactions. 2 mM
nucleotides were used to initiate closure and the reactions were incubated at various
temperatures for one hour prior to data collection. Reactions were spun down at max
speed in a tabletop centrifuge for ten minutes immediately prior to data collection to
remove any trace aggregation.

Data was collected at the ALS at beamline 12.3.1 with sequential exposure times
of 0.5, 1, and 0.5 seconds. Each sample collected was subsequently buffer subtracted
and time points were averaged using scripts at beamline 12.3.1 and our own in-house
software. The scattering data was transformed to P(r) vs. r using the program gnom [35]
and Dmax was optimized for a smooth approach to zero. The resulting distributions
were fit using in-house least squares fitting program in the region where non-zero data

was present for the target data and closed state model. For the fitting we chose to

114



theoretical scattering data for our TRAP1 closed state model [13] and the WT apo data
for each TRAP1 homolog. The WT apo data was chosen as the best representation of
apo for two reasons. 1) The apo state of Hsp90 proteins consist of a mix of
conformations [4] of which the various conformations and percent of each remains to be
elucidated for TRAP1, and 2) removal of the strap (particularly in hTRAP1) induces a
shift of the apo distribution towards the closed state (data not shown), which would
result in a value of percent closed for the Astrap protein that would under represent the
true value relative to WT. Theoretical scattering curve for the TRAP1 crystal structure
was generated in the program CRYSOL [36]. The percent of components utilized in the
fit, and an R factor (R_merge) that is similar to a crystallography R factor in nature is
output from our least-squares fitting program and values reported in Table 1. R_merge

is defined as the equation below

R_merge =X lIPobs(r)I-IPcalc(r)l/IPobs(r)ll

where Pobs(r) is the observed probability distribution and Pcalc(r) is the calculated

modeled fit. Residuals were calculated using the equation below

Residuals = Pcalc(r) — Pobs(r)
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Point mutations based on previously solved structure of TRAP1

Our recently published structures of TRAP1 indicate several key interactions
between protomers of the TRAP1 dimer that potentially play a key role in regulating
TRAP1 function [13]. A series of point mutations were designed to disrupt and eliminate
interactions between N-terminal domains and the N-terminal extension “strap” of the
neighboring protomer. These include disrupting the interaction between His87 and
Glu157 from zTRAP1 and removing the first 100 residues of ZTRAP1 (Astrap zTRAP1)
in order to eliminate a majority of the “strap” interface. Similar mutations were carried
out using hTRAP1, to demonstrate the mechanism of regulation via strap is conserved
between multiple species. To further judge the pervasiveness of NTD-strap regions in
Hsp90 homologs, similar mutations were introduced into the alpha isoform of human
Hsp90 (hHsp90). Standard PCR methods were used to introduce all mutations to
parental plasmids. All genes were cloned into the pET151/D-TOPOQO bacterial expression

plasmid (Invitrogen) and purified as referenced above.

Steady-State ATPase measurements

Steady-state kinetic measurements for various Hsp90 homolog and mutants

were carried out as previously described [13]. Results were plotted using the program R

[37].

Fluorescence Resonance Energy Transfer (FRET) measurements
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Cysteine Free hTRAP1 with encoded cysteine positions (Ser133Cys, Glu407Cys)
on a single protomer allowed for site-specific labeling and was purified as previously
described [13], with a final S200 (storage) buffer of 50mM Hepes pH 7.5, 100mM KClI,
500uM TCEP. Purified protein was then dual labeled with AlexaFluor 555 (Donor) and
647 (Acceptor) (Invitrogen) at 5-fold excess over protein (pre-mixed at 2.5-fold
concentration each) overnight at 4°C. Labeling reactions were then quenched with 2-fold
B-mercaptoethanol over dye concentration and free dye was removed with desalting
columns containing Sephadex G-50 resin (illustra Nick Columns, GE Healthcare).

For FRET measurements, WT hTRAP1 was mixed in 20-fold excess over
labeled protein in a 10X reaction (2.5uM labeled protein:50uM WT) in a 1X buffer
(40mM Hepes pH7.5, 150mM KCI, 5mM MgCl,) and heterodimers were formed at 30°C
for 30 minutes. Final reactions were mixed to 1X in the buffer above and closure was
initiated by addition of 2mM AMPPNP at various temperatures. Experiments were
carried out using a Jobin Yvon fluorometer with excitation and emission monochromator
slits set to 2 nm/3nm (respectively), an integration time of .3 seconds, and
excitation/emission wavelengths of 532/567nm (donor) and 532/667nm (acceptor).
Kinetic measurements were taken at a time interval to minimize photobleaching. The
change in donor fluorescence was well fit with a single exponential to obtain the rate of
closure/NTD rotation. For steady-state FRET scans (taken before and after kinetic
measurements), reactions were excited at 532nm and emission was collected from

550nm-750nm. FRET scans were normalized such that the area under the curve is 1.
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For FRET experiments in the supplemental section, kinetic measurements were
carried out as above with slight differences in buffer and nucleotide concentrations. For
the ATP/ADP-BeF experiments the buffer was supplemented using a 5X master mix of
BeCl,/KF (10mM BeCl, and 50mM KF, to form BeF) to a final concentration of 2mM
BeF (dilution of master mix to 1X), and 2mM ATP or ADP was added to initiate dimer
closure. Experiments with the model substrate, A131A, heterodimers were preformed
as above followed by incubation with 75uM substrate at 30°C for 30minutes. Closure
was initiated with AMPPNP and measurements were carried out on a Jobin Yvon

fluorometer as above.

Continuous-Wave Electron Paramagnetic Resonance (EPR)

Cysteine free zZTRAP1 with a Ala201Cys mutation on the lid was exchanged into
non-reducing EPR buffer (25 mM Hepes pH 7.4, 150 mM NaCl) at 100 uM (monomer
concentration) and labeled by the addition of N-(1-oxyl- 2,2,6,6-tetramethyl-4-
piperidinyl)maleimide (MSL, Sigma) to 2.5x concentration of protein overnight at 4°C.
The labeled protein was then run through a Micro Bio-Spin column P-30 (Bio-Rad) to
eliminate free probe. EPR spectra were obtained at ~100uM labeled protein +/- 2mM
AMPPNP in the buffer above with addition of 2mM MgCl, and after heating at 30°C for
30 minutes to ensure closure has completed (Figure 5A). For the time course (Figure
5B), protein was spiked with AMPPNP and EPR scans recorded overtime at room

temperature (~23°C).
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EPR measurements were performed with a Bruker EMX EPR spectrometer
(Bruker, Billerica, MA) in a 50- pl glass capillary. First derivative X-band spectra were
recorded in a high- sensitivity microwave cavity using 50-s, 10-mT-wide magnetic field
sweeps. The instrument settings were as follows: microwave power, 25 mW; time
constant, 164 ms; frequency, 9.83 GHz; modulation, 0.1 mT at a frequency of 100 kHz.
Each spectrum used in data analysis was an average of 10-20 sweeps from an
individual experimental preparation. Data was collected at room temperature and
monitored using a thermistor placed close to the experimental sample.

Rates of lid closure for WT and Astrap were estimated by fitting the ratio of peak
heights (mobile/immobile) representing the apo (immobile) and closed (mobile) states

over time. Both rates were well fit using single exponentials.

Postscript

From the work above we learn how evolved extensions in sequence the N-
terminus can influence chaperone activity. The question then is why is the rate of
hydrolysis so finely tuned in the case of different Hsp90 homologs and what is the
“strap” doing in vivo? The functional relevance for this is suggested by the observation
that if the ATPase rate of Hsp90 is decreased or increased there are detrimental effects
on cellular growth and client maturation (see discussion). Coupled to our findings, one
important question is is the strap functional for client binding and/or re-modeling? An
outline to test this in vitro can be found above with the A131A system. To elucidate the
functional consequences of the strap in vivo it should be possible to replace

endogenous TRAP1 (as TRAP1 can be knocked out without a lethal phenotype- as
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apposed to cytosolic Hsp90 or Grp94 in eukaryotes) with either a TRAP1 homolog with
a shifted temperature dependence or with the strap mutations presented above. Here
the advantage is that the TRAP1 KO or KD phenotypes have been characterized, so
one can look for changes in mitochondrial morphology, bioenergetics,
apoptosis/necrosis, or PD related phenotypes (see chapter 3). We have TRAP1 KO
cells in house (chapter 3 and Appendix), as well as an established collaboration wit Dr.
L. Miguel Martins (University of Leicester) to do experiments in TRAP1 KO flies. Further
from pursuits in chapter 1, we have a variety of TRAP1 homologs in house. All of the
homologs express and purify quite well. It could be interesting to utilize these to

investigate the evolution and mechanism of the strap in the different species.
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