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Abstract

The 70 kDa and 90 kDa heat shock proteins (Hsp70 and Hsp90) are molecular chaperones that play
central roles in maintaining cellular homeostasis in all organisms of life with the exception of
archaea. In addition to their general chaperone function in protein quality control, Hsp70 and Hsp90
cooperate in the regulation and activity of some 200 known natively folded protein clients which
include protein kinases, transcription factors and receptors, many of which are implicated as key
regulators of essential signal transduction pathways. Both chaperones are considered to be large
multi-domain proteins that rely on ATPase activity and co-chaperone interactions to regulate their
conformational cycles for peptide binding and release. The unique positioning of Hsp90 at the
crossroads of several fundamental cellular pathways coupled with its known association with diverse
oncogenic peptide clients has brought the molecular chaperone under increasing interest as a
potential anti-cancer target that is cruciallyimplicated with all eight hallmarks of the disease. Current
orthosteric drug discovery efforts aimed at the inhibition of the ATPase domain of Hsp90 have been
limited due to high levels of associated toxicity. In an effort to circumnavigate this, the combined
focus of research efforts is shifting toward alternative approaches such as interference with co-

chaperone binding and the allosteric inhibition/activation of the molecular chaperone.

The overriding aim of this thesis was to demonstrate how the computational technique of
Perturbation response scanning (PRS) coupled with all-atom molecular dynamics simulations (MD)
and dynamic residue interaction network (DRN) analysis canbe used as aviable strategyto efficiently
scan and accurately identify allosteric control element capable of modulating the functional
dynamics of a protein. In pursuit of this goal, this thesis also contributes to the current understanding
of the nucleotide dependent allosteric mechanisms at play in cellular functionality of both Hsp70

and Hsp90.

All-atom MD simulations of E. coli DnaK provided evidence of nucleotide driven modulation of
conformational dynamics in both the catalytically active and inactive states. PRS analysis employed
on these trajectories demonstrated sensitivity toward bound nucleotide and peptide substrate, and
provided evidence of a putative allosterically active intermediate state between the ATPase active
and inactive conformational states. Simultaneous binding of ATP and peptide substrate was found
to allosterically prime the chaperone for interstate conversion regardless of the transition direction.

Detailed analysis of these allosterically primed states revealed select residue sites capable of



selecting a coordinate shift towards the opposite conformational state. Inan effort to validate these
results, the predicted allosteric hot spot sites were cross-validated with known experimental works
and found to overlap with functional sites implicated in allosteric signal propagation and ATPase
activation in Hsp70. This study presented for the first time, the application of PRS as a suitable
diagnostic tool for the elucidation and quantification of the allosteric potential of select residues to
effect functionally relevant global conformational rearrangements. The PRS methodology described
in this study was packaged within the Python programming environment in the MD-TASK software

suite for command-line ease of use and made freely available.

Homology modelling techniques were used to address the lack of experimental structural data for
the human cytosolic isoform of Hsp90 and for the first time provided accurate full-length structural
models of human Hsp90a in fully-closed and partially-open conformations. Long-range all-atom MD
simulations of these structures revealed nucleotide driven modulation of conformational dynamics
in Hsp90. Subsequent DRN and PRS analysis of these MD trajectories allowed for the quantification
and elucidation of nucleotide driven allosteric modulation in the molecular chaperone. A detailed
PRS analysis revealed allosteric inter-domain coupling between the extreme terminals of the
chaperone in response to external force perturbations at either domain. Furthermore PRS also
identified several individual residue sites that are capable of selecting conformational
rearrangements towards functionally relevant states which may be considered to be putative

allosteric target sites for future drug discovery efforts.

Molecular docking techniques were employed to investigate the modulation of conformational
dynamics of human Hsp90a in response to ligand binding interactions at two identified allosteric
sites at the C-terminal. High throughput screening of a small library of natural compounds
indigenous to South Africa revealed three hit compounds at these sites: Cephalostatin
17, 20(29)-Lupene-3B-isoferulate and 3'-Bromorubrolide F. All-atom MD simulations on these
protein-ligand complexes coupled with DRN analysis and several advanced trajectory based analysis
techniques provided evidence of selective allosteric modulation of Hsp90a conformational dynamics
in response to the identity and location of the bound ligands. Ligands bound at the four-helix bundle
presented as putative allosteric inhibitors of Hsp90a, driving conformational dynamics in favour of
dimer opening and possibly dimer separation. Meanwhile, ligand interactions at an adjacent sub-
pocket located near the interface between the middle and C-terminal domains demonstrated
allosteric activation of the chaperone, modulating conformational dynamics in favour of the

fully-closed catalytically active conformational state.



Taken together, the data presented in this thesis contributes to the understanding of allosteric
modulation of conformational dynamics in Hsp70 and Hsp90, and provides a suitable platform for
future biochemical and drug discovery studies. Furthermore, the molecular docking and
computational identification of allosteric compounds with suitable binding affinity for allosteric sites
at the CTD of human Hsp90a provide for the first time “proof-of-principle” for the use of PRS in
conjunction with MD simulations and DRN analysis as a suitable method for the rapid identification
of allosteric sites in proteins that can be probed by small molecule interaction. The data presented
in this section could pave the way for future allosteric drug discovery studies for the treatment of

Hsp90 associated pathologies.
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Overview of this thesis

The aim of this thesis is to contribute to the growing body of evidence for the allosteric regulation
of the 70 kDa and 90 kDa heat shock proteins (Hsps), by demonstrating the use of Perturbation
response scanning (PRS) coupled with all-atom molecular dynamics (MD) simulation analysis
techniques and dynamic residue interaction network (DRN) analysis as a viable strategy for the
efficient and accurate identification of allosteric control elements in large multi-domain proteins
that undergo complex conformational restructuring that involves both rotational and translational
motions. The research presented in this thesis is comprised and based on three separate studies
that have been published in reputable peer-reviewed journals. The thesis is written as an
all-encompassing account of these studies under the common theme of dynamics based
investigation of allostery in molecular heat shock proteins for allosteric drug design using

computational techniques.

In Chapter 1 the concept and origins of protein allostery is briefly reviewed together with its
application as a biological regulatory mechanism in drug discovery, and the structural computational
methods for investigating allostery in dynamic proteins briefly summarized. The molecular
chaperones are introduced and the biological role and mechanism of action for 70 kDa and90 kDa
family members reviewed in detail. Finally the stage is set for therapeutic targeting of Hsp90 for the

treatment of cancer.

Chapter 2 introduces the computational technique of PRS and discusses the advantages of using MD
trajectories to build the underlying kernel. PRS is applied to the model system of Hsp70 to establish
the accuracy of the technique for usein large multi-domain proteins that undergo complex structural
rearrangements. This was the firsttime PRS has been applied to such a system using this particular
methodology. PRS is used to probe Hsp70’s regulatory allosteric mechanism with respect to
chaperones conformational transition between the substrate free inactive state and the substrate

bound ATPase active state.

Chapter 3 builds on the PRS methodology presented in Chapter 2 to investigate nucleotide
dependent allosteric modulation of conformational dynamics in the human cytosolic isoform of
Hsp90. The absence of suitable experimental structural data for Hsp90a is addressed by homology
modelling and novel insights regarding the nucleotide dependent conformational dynamics and

underlying allosteric regulation of human Hsp90 in fully-closed, partially-open and fully-open

XiX



conformational states explored using all-atom MD simulation analysis techniques.

Chapter 4 is a follow up study to Chapter 3, in which allosteric control elements identified at the
C-terminal domain of the fully-open conformation of human Hsp90a are targeted in a series of
computational molecular docking experiments, to probe allosteric modulation of conformational
dynamics in the chaperone by small molecule interaction. This works provides for the first time
“proof-of-concept” for the use of PRS to accurately identify allosteric sites on a protein that can be

targeted by small molecule allosteric inhibitors/activators for drug discovery purposes.
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Chapter 1:

Introduction

This chapter outlines several key biological concepts and methodologies pertinent to the thesis.
Protein allostery is defined and its history and biotechnological application briefly described.
The 70 kDa and 90 kDa molecular chaperones are introduced, detailing their biological function,

structure, and allosteric modulation. Finally the aims of this thesis are laid out in context of allosteric

regulation in molecular heat shock proteins.



1.1 ProteinAllostery

The term ‘allostery’ was first introduced more than 50 years ago to describe regulation of enzymatic
activity by small molecules that bind a site distinct from the substrate binding site [1]. These binding
sites have since been termed ‘allosteric’ sites from the Greek word aA\a meaning other/different.
Since its induction into the biological community in 1963, the definition for allostery has been
refined to describe any type of long-range communication (‘allostericsignaling’) in proteins, in which
excess energy stemming from perturbations at one site manifest as structural and/or dynamical
changes elsewhere on the protein [2,3]. This phenomenon has since been reported for a plethora of
biological molecules; including hemoglobin [4], aspartic-trans-carbamylase [5], homoserine-
dehydrogenase [6], aspartokinase [7] and L-theronine deaminase [1]. The phenomenon of allostery
remains a central focus in biology being implicated most cellular processes and its quantitative
description is widely considered to be a fundamental requirement to understanding of most

biological processes beyond the molecular level [2,8].

1.1.1 Brief history of allostery

Early experimental rationalization of allostery led to the development of two influential
phenomenological models that formed an initial foundation for describing allostery in the absence
of adequate structural data. In their classical paper, Monod, Wyman and Changeux introduced the
concept of allostery to describe the cooperative Oz binding phenomenon in the hemoglobin
tetramer, where Oz molecules binding at one monomer increases the binding affinity of additional
molecules in the adjacent monomer [9]. This landmark work led to the development of the
symmetric Monod-Wyman-Changeux (MWC) (Figure 1.1 — green) model, which proposed the idea
of there being tensed (T) and relaxed (R) quaternary end point states whose equilibrium is shifted
upon effector binding [9]. Later, Koshland, Nemethy and Filmer (KNF) proposed a sequential model
for allostery (Figure 1.1 — red dash), positing an ‘induced-fit’ mechanism formalized on inherent
protein flexibility, where effector binding at one domain triggers a conformational change inanother,
essentially describing allosteric transmission as the sequential propagation of structural
deformations from the effector site to the active site [10]. Although both the MWC and KNF models
successfully explained allosteric regulation for several biological molecules, their phenomenological
origins and lack of sufficient structural data meant neither model was able to provide detailed insight

as to the physical mechanism for allosteric communication between two sites.



Figure 1.1: Schematic depiction of the founding allosteric models. A hypothetical two-domain protein
isrepresentedas an ensemble of conformational ligand bound states. The squares and circles denote
the T and R states for each domain — blue shading represents the presence of bound effector. The
possible conformational states accessible by each model are shown according the key. The MWC
model is restricted to matching conformational states in both domains, while the KNF model
demonstrates an ‘induced-fit” mechanism. The more recent EAM model incorporates combinations
of domain conformational states with/without bound effector. (Adapted from [11])

It was not until two decades laterthat the description of allostery was extended, particularly through
revolutionary work by Cooper and Dryden in 1984 which introduced the idea of “dynamic allostery”
[12]. The authors proposed that allostery could be manifest without structural change through
entropy changes that alter the width of a conformational distribution without changing the average
atomic coordinates and thus for the first time challenged the requirement for observable
conformational change, which until this point was considered to be a fundamental characteristic
signature of allostery [12]. The conclusions raised by Cooper and Dryden were established and
supported by several theoretical [13], experimental [14,15], and computational [16—18] studies
which highlighted the importance of conformational dynamics in protein function. Indeed, “dynamic
allostery” and the concept of entropy driven allostery paved the way for the ensuing ensemble

description of allostery [8,11,19-27].

Hilser and co-workers posited the ensemble allosteric model (EAM) which treats allostery as a
macroscopic effect that arises from ligand-driven stabilization of cooperative elements [11] (Figure
1.1). Unlike the aforementioned MWC and KNF models, the EAM can be utilized to investigate how
the thermodynamic architecture of a protein facilitates allosteric coupling [11]. Importantly, the
EAM applies to all allosteric systems irrespective of their structural complexity (monomers, multi-
domain, and multi-subunit proteins), as well as the type and magnitude of structural changes
associated with allosteric transitions. The Nussinov group proposed a unified view of allostery from
three separate standpoints: thermodynamics, free energy landscape of population shift, and
structure using the same allosteric descriptors using the two-state allosteric model [2]. The
thermodynamic view provides experimental quantification, emphasizing that allostery reflects

preferred ligand binding to one of the two active/inactive states. The free energy landscape



representation encapsulates preferred ligand binding and transforms population shift into an
amount of energy that is proportional to the stabilization/destabilization of the active/inactive

conformations.

In summary, allostery regulates biological molecules through a remote action-at-a-distance mode,
and is a crucial requirement for function in cell life. Gaining an understanding of allostery is thus

essential for the comprehension of a vast array of complex biological systems.

1.1.2 Allosteric regulation and its application

In a broad sense, allostery is the phenomenon whereby two physically distant sites on a biological
molecule are dynamically coupled through structural excitation events at either site. The external
nature of these excitation events (i.e. ligand binding, post-translational modifications, or structural
deformations) present allostery as a tunable regulatory mechanism for many, if not all, enzymes and
signaling proteins. In most cases, allosteric excitation at a site distant from the active site propagates
via a precise allosteric pathway leading to functionally relevant conformational changes or concerted
motions that modulate protein activity/function (Figure 1.2). Effector molecules that enhance
protein activity are referred to as allosteric activators, while those that engender decreased activity

termed allosteric inhibitors.

A

Figure 1.2: lllustration of the different allostery types. (A) Ligand-driven substrate binding: where ligand
binding (blue) induces a conformational change that enables substrate (red) access to an otherwise
inaccessible binding site. (B) Ligand-driven disruption of inter-protein interactions: where ligand
binding (blue) results in disassociation of the of bound protein partner. (C) Ligand-driven dynamics:
where ligand binding triggers dynamical changesat the active site (pink) ultimately affectingits activity.
(Adapted from [28])



In recent years allosteric regulation has gained popularity as an alternative mechanism for the
therapeutic regulation of proteins [2]. Unlike orthosteric drugs which perturb the active site by
competing with the substrates of target proteins, allosteric regulators provide a “noninvasive”
mechanism for the control of proteins through an action-at-a-distance mode meaning they (i) do not
interfere with endogenous regulators, (ii) are often more accessible compared to buried active sites,
(iii) can function as activatable modules, and (iv) can be utilized in concert with traditional active site
regulators. Therapeutic allosteric regulation can also be exploited to improve compound selectivity
[29-33]. Drug candidate selectivity is best demonstrated by the kinases which share structurally
similar ATP binding sites. Drugs that compete with ATP for binding in the kinases are by nature highly
promiscuous and their promiscuity results in poor specificity and inevitable undesirable drug site
effects. In addition, allosteric sites do not appear to be evolutionarily conserved and thus offer
unique ligand binding sites with high specificity [34]. Amino acid conservation is largely associated
to protein folding kinetics, stability, or particular protein functions [35,36], they have also been
shown to be capable of evolving to bind diverse ligands [37]. Taken together, allosteric sites by nature

provide a unique opportunity to target selectisoforms from homologous protein families [38].

The uniqueness of allosteric drugs is evidently one of their most appealing characteristics, however
this aspect also brings several challenges from the standpoint of conventional drug discovery and in
particular rational drug design [39]. These design programs have traditionally relied on static high
throughput X-ray crystallographic structures of targets in complex with bound ligand, and in most
cases biochemical and biophysical assays have been developed around these known orthosteric
sites. While these efforts bring efficiencies to drug design programs, but are not routinely applicable
for the rational design of allosteric drugs. As previously mentioned, the key to unlocking allosteric
mechanisms is centered on the rationalization of the target’s dynamic conformational landscape —
information that is not accessible through static protein imaging. Computational methods and
techniques provide an answer to these limitations as they enable researches the ability to explore

the time dependent dynamics of putative allosteric drug targets at an atomic level [39,40].

1.1.3 Structure based computational methods for investigating allostery

From an experimental standpoint, nuclear magnetic resonance (NMR) is an extremely powerful
approach for measuring allostery in proteins given the ability of the technique to sample time scales
inthe order of picoseconds to nanoseconds for side chain dynamics and microsecond to millisecond
for backbone dynamics [26,27,41-43]. Despite the experimental advantages of NMR, the amount of
time and the relative cost of limit its extensive application for dynamics based resolution of protein

structures and allostery. For this reason many researcher have turned to computational techniques
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to unearth dynamical data from static protein structures.

— Molecular dynamics simulations

From a dynamics view, allosteric communication arises through effector induced alteration of
protein dynamics either through large-scale structural changes or via more subtle changes such as
correlated residue motions. Given the intimate link between allostery and the dynamics of the
protein, suggests a full understanding of the underlying dynamic conformational flexibility and
energetic landscape are fundamental to properly understand allosteric mechanisms. Molecular
dynamics (MD) simulations is a popular method for accessing dynamic atomic coordinate
information for each particle in the system in three-dimensional (3D) space over time. Molecular
systems are treated as beads (atoms) connected by springs (bonds) and Newtonian mechanics used
to predict the time dependent position of every atom which is described by potential energy
functions (known as force fields) that are used to approximate the underlying physics [44]. MD
simulations have proven invaluable for investigating allostery in that they can provide an all-atom
description of protein dynamics with high resolution in both time (femtoseconds) and space (sub-
angstrom). The simulation time is discretized into steps of 1 to 2 fs to accurately simulate the fastest
atomic motions such as hydrogen-bond stretching. The potential energy of the systemis quantified
at each simulation time step by considering the energies associated with bonded atoms (angle
bending, torsion rotation etc.) and non-bonded atom pairs (van der Waal and electrostatic forces).
The resultant forces on eachatom are calculatedfrom a negative gradient potential energy and used
to update the atomic coordinates of each residue. While the all-atom description allows for the
inclusion of specific interactions and a holistically more accurate description of the mechanics at
play, it limits conformational sampling of the molecule by (i) having a more complex conformational
energy landscape which enables the possibility of the molecule becoming trapped in an energy
minimum, and (ii) because all degrees of freedom are accounted for, the computational cost is

increased impacting total accessible simulation times.

— Protein residue network graphs

Protein network graphs are routinely used to visualize protein structures as a network of interacting
residues. This method is centered on the concept of real world networks and thus requires selection
of nodes and defining suitable criteria for connecting node pairs. Typically, 3D protein structures are
represented as weighted graphs by representing each residue as a node in the network and edges
established based on pre-defined residue-residue interactions (Figure 1.3). Graphs such as these

demonstrate “small-world” network properties [45-48] and reflect the inherent cooperative
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behavior of macromolecular systems, by characterizing dynamic and thermodynamic properties

[45,46,49], which ultimately facilitate allosteric signal propagation [28,50].

Figure 1.3: Protein residue network graphs. Featuring residue nodes with various decrees of
connectivity ranging from one to four edges. The shortest possible path between the greenand red
nodes is denoted by a dashed blue edges. The neighbourhood of the orange node is represented by
the surrounding yellow nodes.

In general, graph-based analyses primarily focus on partitioning the network into highly
interconnected sub-graphs referred to as ‘communities’, and mapping the optimal communication
routes between communities (Figure 1.3). Central to these graph-partitioning methods has been
the definition of ‘centrality’ measures for the identification of critical residues that mediate intra-
protein communication [45,49,51,52]. Several studies have used protein network graphs to identify
functional and allosteric hot spots, domain motions, and protein- ligand/protein binding sites (see

reviews [28,49,52]).

— Normal mode analysis and elastic network models

Normal mode analysis (NMA) uses statistical mechanics to examine protein vibrations around an
energy minimum through the quadratic approximation of the energy potential [53-57]. This energy
approximation requires diagonalization of the 3N x 3N Hessian matrix, where N is the total number
of atoms in the system. This matrix operation maybe a limiting factor for larger proteins due to the
higher matrix rank. The NMA methodology is simplified by the elastic network model, in which
atoms that fall within a specified cut-off are considered to be connected by ‘springs” and modeled
using the Hookean potential [58,59]. This model was extended in terms of polymeric networks as
the Gaussian network model by Bahar and colleagues where connected atoms are connected with
a uniform spring constant [60,61]. The Gaussian model enables the sampling of individual modes,
providing information on the mean-square-fluctuation and cross-correlations between atoms.
Unlike the 3N x 3N Hessian, the Gaussian model is based on an N x N Kirchhoff matrix and thus
cannot provide information on 3D motions. In contrast, the anisotropic model allows for the

construction of the Hessian matrix based on the Cartesian coordinates of Cq, providing a coarse-
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grained NMA approach. The introduction of normal-mode analysis had a majorimpact on structural
biology in that it enabled the dynamics based studies of large-scale macromolecular machinery, and
has since been extensively used for the detection of allosteric sites [62,63] and the mapping of

allosteric communication pathways [28,39,64—-66].

1.2 Molecular Chaperones

Protein folding in living cells is a much more complex process than the controlled in vitro
environment. Varying temperatures and the high concentration of proteins in the cell (ca. 200
mg/ml) contribute to a molecular “crowding” effectthat leads to fierce competition between folding
processes often resulting in aggregation and misfolding. Cellular protein aggregation is a fatal
outcome for the cell as it interferes with important subcellular processes and in many instances is
the cause of neurodegenerative disease such as Alzheimer’s disease, prion diseases and Parkins on’s
disease [67,68]. To circumnavigate the risk of protein aggregate formation, cells maintain a set of
specially designed proteins called molecular chaperones, which play a crucial role in assisting the de
novo folding process of newly synthesized proteins and the re-folding of misfolded proteins under
natural and environmental stress conditions such as high temperatures [69,70]. The realization that
chaperones are upregulated under heat shock conditions led to the descriptive term of “heat shock
protein” (Hsp) [71]. As a class the Hsps are highly conserved existing in most kingdoms of life and
are named/grouped according to their respective molecular weights: e.g. Hsp110, Hsp100, Hsp90,

Hsp70, Hsp60, Hsp40, and the small Hsps [72,73].

The fundamental feature of chaperone function is the transient binding of their peptide/protein
substrates. Hsps are classedinto three functional groups: holder chaperones, folder chaperones, and
disaggregases. The “holder” chaperones are responsible for preventing unfolded peptides from
interacting with each other by binding them and thus prevent formation of protein aggregates.
Member of this group include the smaller Hsps (e.g. Hsp26, and Hsp40/Dnal). The “folder”
chaperones are unique in that they actively assistin the protein folding process. Due to the energy
requirements for this function, members of this group typically harbor an ATPase domain. Two well-
studied examples include the Hsp60 chaperonins (e.g. E. coli GroEL, human TRiC) and the Hsp70
chaperone family (e.g. E. coli DnaK and human Hsp70) [74]. As expected from their group name, the
“disaggregases” have disaggregating activity and are thus able to dissolve already formed protein
aggregates and release polypeptides for refolding /degradation. Examples of this group include the
Hsp100 family members, E. coli ClpB, and S. cerevisiae Hsp104. In collaboration with members from

the Hsp70 family the disaggregases are able to solubilize aggregated proteins [75,76].



1.2.1 The Hsp70 chaperone machinery
— Cellular functions of Hsp70

The 70-kDa heat shock proteins (Hsp70) form a central part of the ubiquitous chaperone system and
are present in most cellular compartments, where they assistina wide range of folding processes
[77,78] (Figure 1.4). Participation in these processes uniquely positions Hsp70 at the center of
several quality control functions which can be divided up into two sets: (i) general housekeeping
functions under normal conditions and (ii) stress related functions when the cell is under
environmental insult such as heat shock. Under normal conditions Hsp70’s primary function is
assisting in the de novo folding of native proteins, in addition to several other responsibilities
including: the disassembly of protein complexes such as clathrin coats [79,80], translocation of
proteins from the cytosol into the mitochondrial matrix [81] or endoplasmic reticulum (ER) [82,83],
and the regulation of the heat-shock response and control of regulatory proteins in tandem with the
Hsp90 system. Under extreme conditions such as heat-shock, hypoxia, increased pH or salt etc.
Hsp70 play a crucial part in the rescue of misfolded, partially denatured, or aggregated proteins

[76,84-87].
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Figure 1.4: Cellular functions of the Hsp70 chaperones.



— Hsp70structure

Biochemical and structural studies have revealed that the structure of Hsp70 is highly conserved and
consists of two well-defined domains, a 44-kDa nucleotide binding domain (NBD) at the N-terminal
and a 25-kDa substrate binding domain (SBD) at the C-terminal (Figure 1.5-A). The NBD and SBD are
connected via a short 10-12 residues hydrophobic linker (Figure 1.5 B) [74]. The structure of Hsp70’s
NBD is homologous to hexokinase, actin, and glycerokinase. The domain is made up of two lobes (I
and Il) that together form a V-like cleft. Each lobe is further divided into two subdomains: IA, IB, IIA
and 1IB that together form a nucleotide binding pocket located at the base of the V-like cleft (Figure
1.5). Cross-connecting helices from each lobe position B- and y-binding loops that provide contact
points adenosine nucleotide binding [88]. X-ray crystal structures of the ATPase domain of human,
bovine, and bacterial Hsp70 have indicated minor conformational restructuring in response to
bound nucleotide [88,89], while NMR studies have revealed enhanced NBD flexibility with
predominant shearing and tilting motions of the subdomains relative to each other that engender
opening and closing of the nucleotide binding cleft [90,91]. The opening frequency has been
reported to be in the order of apo > ADP > ATP [92-94]. The SBD of Hsp70 is composed of a two-
layered hydrophobic R-sandwich (SBDR) which forms a well-defined peptide binding cavity that
contains a central pocket that binds a single hydrophobic residue of the peptide substrate. A five
member a-helical lid segment (SBDa) acts as a mechanical arm that encloses bound peptide in the
SBDR [95]. The extreme C-terminal is composed of an intrinsically disordered 30 residue segment of
an as yet uncertain function. The presence of an EEVD motif at the C-terminus in the cytosolic
eukaryote isoform suggests involvement in chaperone activity and interaction with the co-

chaperones Hop/Stil and chip [95-100].

Over the past two decades, experimental structural studies of full-length Hsp70 have revealed two
well-defined nucleotide-dependent conformations of Hsp70. In particular, X-ray crystallography
structures of ATP-bound DnaK (ATP-DnaK) broadened our knowledge of the nucleotide dependent
mechanism of inter-state conversion and the ATP-driven opening of the substrate biding cavity at
the SBD [101,102]. In the ATP bound state the chaperone has a compact structure in which the SBDa
and SBDR are completely detached from each other and docked onto two sides of the NBD. This
inter-domain association is initiated and guided by the precise packing of the inter-domain linker
into a binding cleft on the NBD that arises due to ATP-driven conformational repositioning of the IA
and IlA subdomains relative to each other [101]. The association and interaction of the linker with
the NBD brings the SBD into close contact with the NBD, allowing stabilizing inter-domain

interactions to form with both the SBDa and SBDRB subdomains [101,102]. In this compact state, the
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SBDa and SBDR are completely detached from each other such that the SBDR binding cavity is
completely exposed and thus more accessible to peptide substrates (Figure 1.5-A). Solution NMR
studies show that the ADP bound and nucleotide-free states engender dramatic structural
rearrangements in which the NBD and SBD undock from each other releasing the inter-domain linker
[91,103,104]. In this state, the NBD and SBD are largely independent allowing the SBDa to fold over
the SBDB binding cavity in a lid-like fashion to entrap bound substrate

(Figure 1.5-B).
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Figure 1.5: Experimentally determined structures of E. coli Hsp70 DnaK. (A) X-ray crystal structure of
the open ATP bound conformation (PDB ID 4B9Q) colored by subdomain. The inset hyphenated box
describes the loop regions of the SBD indicating: L1,2 (res 404-406), L2,3 (res 412-420), L34 (res 428-
434), Las (res 439-457), Ls,6 (res 458-476), Le,7 (res 479-482), and L7g (res 490-496). (B) NMR structure
of the closed ADP and peptide bound conformation, showing ADP (magenta sticks) bound to the NBD
(red) and peptide substrate (black sticks) bound to the SBD (blue). Reproduced with permission form
Penkler et. al 2017 [105]

Several studies have demonstrated that the Hsp70 chaperone systemis highly dynamic and that the
two aforementioned conformations resemble mere snapshots of the chaperone’s conformational
ensemble. Nevertheless, these conformations are widely thought of as structural endpoints in the
chaperone’s functional conformational cycle and are commonly referred to as the ATP-bound “open”
and ADP-bound “closed” states, due to concomitant opening and closing of the SBD in response to
the NBD nucleotide bound configuration. This is largely due to the understanding that while Hsp70s
are able to transition between the open and closed states irrespective of the nucleotide status
[101,106-108], binding of ATP/ADP constrain the diverse conformational ensemble into two
different sets, and thus modulate the frequency of structural transitions and therefore the

equilibrium between the open and closed conformers [109].
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— Allosteric modulation of Hsp70s conformational cycle

Central to the Hsp70-mediated folding process is the chaperones ability to bind and release unfolded
polypeptide substrate segments via a nucleotide dependent conformational cycle in which the
chaperone transitions between the open and closed states (Figure 1.6) [70,74,110,111]. The binding
and release of clientele from the SBD is intricately modulated through the nucleotide dependent
allosteric coupling of the NBD and SBD, allowing for allosteric tuning of Hsp70’s conformational
dynamics though ATP binding and hydrolysis. This functional conformational cycle can be

summarized by four key stages/steps (Figure 1.6 1-4).

(1) In the ATP-bound state, Hsp70s are in equilibrium between the open and closed state favoring
the open conformation in which the SBD is suitably exposed for peptide loading (Figure 1.5-A). In
this state, Hsp70 has a low substrate binding affinity which is coupled to high
association/dissociation rates giving rise to the so called low-affinity state. Several studies have
shown that Hsp70 proteins have a higher affinity for ATP (~1 nM) than for ADP/P; (~10 nM), which

implies that under most in vivo conditions (~3 mM ATP) they exists in an ATP bound state.

(2) Due to the low affinity state of the open conformation, substrate loading is facilitated the Hsp40
chaperone family (J-domain proteins; JDP) (Figure 1.6-2) [112]. Substrates associate with JDPs before
being transferred to the Hsp70 with high transfer rates and the physical action of substrate loading
triggers ATP hydrolysis at the NBD. The basal rate for ATP hydrolysis in DnaK has been reported to be
~19 min, and thus too low to be physiologically relevant [113-119]. To circumnavigate this, it
appears that JDPs such as Dnal in E. coli, not only facilitate substrate binding but also accelerate
Hsp70’s ATPase activity 1000-fold [111,120]. The JDPs thus play a crucial role in facilitating the
efficient transfer of substrate to Hsp70, by enhancing the coupling of ATP hydrolysis with substrate
loading. Cells encode a broad spectrum of JDPs which differ in their domain composition some of

which display varying substrate specificities [121,122].

(3) ATP hydrolysis and subsequent binding of ADP at the NBD gives rise to a stable closed
conformational state (Figure 1.5 -B). Under these conditions the Hsp70 protein is only able to access
the open conformation transiently, leading to the high-affinity state with low dissociation rates
(Figure 1.6-3). The acceleration of ATPase activity by Hsp40 co-chaperones, leaves this equilibrium
state as the rate-limiting step In Hsp70’s functional cycle, whereby ADP release together with
inorganic phosphate must occur before subsequent ATP binding can return the chaperone back to

the low-affinity open conformation.
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Figure 1.6: Schematic representation of Hsp70s nucleotide dependent conformational cycle. (1) Bound
ATP at the NBD engenders an open conformation with low substrate affinity but high transfer rates.
(2) The co-chaperone Dnal facilitates substrate binding to the SBD, triggering ATP hydrolysisandinter-
domain undocking. (3) Bound ADP at the NBD engenders conformational changes at the SBD
entrapping the substrate resulting in a high substrate affinity state with low on/off transfer rates. (4)
Intervention by NEF facilitated ADP exchange for ATP at the NBD, triggering conformational
restructuring resulting in inter-domain docking and the opening of the SBD and eventual release of
the peptide substrate. Reproduced with permission from Penkler et. al 2017 [105]

(4) As with JDP facilitation of ATPase activity, several Hsp70 proteins acquire the services of in vivo
co-factors to accelerate nucleotide exchange. Most bacteria and eukaryotic organellar Hsp70
homologs interact with the GrpE family of nucleotide exchange factors (NEF) [123—-127], which lower
ADP affinity and increase the rate of nucleotide exchange by 5000-fold. This aspect of Hsp70’s
conformational cycle was confirmed by the X-ray crystal structure of GrpE in complex with the
nucleotide-free NBD of DnaK [89]. In the proposed functional model of GrpE, the co-factorinserts a
helical bundle into the ATP binding cleft, mechanically widening the binding site and thus
accelerating the dissociationof ADP [128]. Release of ADP from the NBD and the subsequent binding
of ATP allosterically triggers a conformational shift back to the ATP-bound open conformation and

the eventual client release.

Hsp70’s ability to allosterically communicate the relative nucleotide/substrate bound state of the
NBD and SBD in a bi-directional manner, formalizes the underlying mechanism for functional
regulation. Allosteric coupling between the two functional domains is absolutely crucial to this
process: the physical action of binding at the SBD in synergism with JDP, allosterically triggers ATP

hydrolysis at the NBD which inturn triggers conformational transition towards the high-affinity state.

13



Conversely, exchange of ADP for ATP in synergism with NEF at the NBD initiates an allosteric trigger
signal for conformational restructuring at both the NBD an SBD that ultimately induces transition
from the high-affinity state to the open low-affinity state. The exact mechanism behind this intricate
bi-directional allosteric communication on the structural level remained elusive and poorly
understood for many years due to the dynamic nature and size of the multi-domain chaperone.
However, the availability of improved structural data coupled with detailed biochemical studies and
the development of computational methods for predicting allostery in protein structures has led to
a more unified understanding of the mechanism in recent years [129-131]. The details surrounding
Hsp70Q’s allosteric mechanism and the techniques used for its elucidation are discussed at length in
Chapter 2 of this thesis, in addition to Perturbation response scanning as a suitable computational

approach for predicting allosteric hotspots in large multi-domain proteins.

1.2.2 The Hsp90 chaperone machinery

The 90 kDa heat shock protein (Hsp90) is an essential homodimeric chaperone in all eukaryotic cells
and make up about 1 —2% of all cellular proteins under normal biological conditions. The Hsp90
chaperone family is highly conserved across all kingdoms of life with the exception of archea, sharing
a sequence identity of 60% between yeast and human, and 40% between E. coli and human
homologs. Eukaryotic Hsp90 is an essential player in signal transduction networks in the cell,
interacting with a broad range of client substrates in complex with Hsp70 and an array of co-
chaperones. Two cytosolic isoforms of Hsp90 are present in the cytosol of humans and yeast, sharing
99% sequence identity. The first isoform Hsp90R in humans and Hsc82 in yeast is constitutively
expressedat high levels under normal conditions. The second isoform Hsp90a in humans and Hsp82
in yeast, is mass produced under heat shock conditions and regulated by the heat-shock
transcription factor HSF-1 [132—134]. In addition, other compartmentalized isoforms of Hsp90 exist,
the endoplasmic reticulum inhabitant Grp94 in higher eukaryotes [135,136], and the mitochondrial
isoform TRAP1 [137], which is a descendent of the bacterial homolog HtpG [134].
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— Cellular functions of Hsp90

While Hsp90 chaperones are also able to bind misfolded proteins [138], their main cellular function
is to interact with and stabilize the activity of native or near-native client proteins. To date several
hundred proteins have been implicated as clients of Hsp90, placing the molecular chaperone as a
central modulator of many different cellular processes ranging from protein folding and cellular
homeostasis at both physiological and stress conditions, to DNA repair, cell cycle control,

proliferation, differentiation, and neuronal signaling, to name a few (Table 1.1) [139].

Table 1.1 | Select Hsp9O0 clients

E3 ubiquitin ligases
MDM2

UHRF1

Kinases

AKT (PKB)

CDK4

ERBB2

HCK

JAK1/IAK2

SRC

BRAF

BCR-ABL

Steroid hormone receptors
Androgen receptor
Glucocorticoid receptor
Mineralocorticoid receptor
Oestrogen receptor
Progesterone receptor
Transcription factors
HIF1la

p53

OCT4

PPARa, PPARR, PPARy
STAT2, STAT3, STATS
Other

Argonaute 1, Argonaute 2
Calcineurin

Calmodulin

CFTR

HSF1

NLR proteins
TERT

eNOS

RAD51/ RAD52
Tau

See https://www.picard.ch/downloads for a comprehensive list of Hsp90 clients

P53 degradation
DNA methylation

Mitogen signaling

Cell cycle regulation

EGF receptor

Immune response

Cytokine signaling
Constitutively active Tyr kinase
Mitogen signaling
Constitutively active Tyr kinase

Androgen response
Glucocorticoid response
Mineralocorticoid response
Oestrogen response
Progesterone response

Angiogenesis

Tumor suppressor protein
Embryonic development
Fast and glucose metabolism
Cytokine signaling

RNA interference
Immune response
Signaling pathways
Chloride channels
Regulation of heat shock
response

Innate immune response
Telomere maintenance
Nitric oxide synthesis
DNA repair

Microtubule stabilization
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Cancer
Cancer

Cancer
Cancer
Cancer
Cancer
Cancer
Cancer
Cancer
Cancer

Spinobulbar muscular atrophy
Cushing syndrome

Chronic kidney disease
Cancer

Cancer

Cancer
Cancer
Cancer
Diabetes mellitus
Cancer

Rheumatoid arthritis

Cystic fibrosis

Inflammation
Cancer

Cancer
Alzheimer disease



Of these client proteins, the SHRs and protein kinases have been the most extensively studied [140—
144]. A quantitative study of Hsp90clients in humans revealed that approximately 60% of the known
kinome and 30% of E3 ubiquitin ligases associate with Hsp90, while only 7% of transcription factors
bind Hsp90 [145]. Despite this promiscuity of Hsp90 binding, it is apparent that Hsp90 clients are
limited compared to other chaperones such as Hsp60 or Hsp70, which interact with most if not all
unfolded proteins. Hsp90s client interactions can classifiedintothree broad categories: (i) formation
of a specific active client conformation, typically seen in the case of kinases [146,147]; (ii) facilitate
the assembly of multi-member protein complexes, such as the kinetochore [148] and Rvb1-Rvb2-
Tah1-Pih1 [149] complexes; and (iii) promote protein-ligand interactions by stabilizing a binding-
competent receptor conformation. Binding of steroid hormones to SHR [150-152], telomerase
association with DNA [153,154], and Agronaute 2 loading of siRNA [155] are all examples of the third
category. In addition to these categorical functions, regulation of protein dynamics and the
ensemble of conformational states as a function of Hsp90 interactions has also been reported [156].
Given that Hsp90 facilitates a wide range of proteins that act as central ‘hubs’ in cellular networks
and signaling cascades, positions the chaperone as a key regulator for a large subset of the proteome

by integrating a plethora of signaling pathways.

— Hsp90structure

Hsp90 functions as a homodimer, and dimerization has been shown to be essential for its in vivo
function [157,158]. Several biochemical and structural studies have revealed that each protomer
consists of three well characterized, highly conserved domains [158-160]: the N-terminal domain
(NTD) is responsible for ATP binding and hydrolysis as well as facilitating protomer dimerization
[161]; the middle domain (MiD) is implicated in ATPase activation [162] and provides a large surface
area for client interactions; the C-terminal domain (CTD) is the primary site for inter-protomer
dimerization [163,164]. In eukaryotes the NTD and MiD are connected via a charged highly
disordered flexible inter-domain linker region of about 50 residue in length, that modulates NTD-
MiD contacts and affects Hsp90 function [165—-167]. Eukaryotic Hsp90'’s contain a C-terminal Met-
Glu-Glu-Val-Asp (MEEVD) motif that is not present in prokaryotes, and functions as a binding site for

several cytosolic co-chaperones that contain tetracopetide repeat TPD domains [168].

The first crystal structure of the NTD was solved for yeast Hsp82 in 1997 [161] revealed a unique ATP
binding site made up of an unusual binding pocket known as the “Bergerat fold” [169]. Nucleotides
bind to a cleft formed by a-helices positioned above an 8-member B-sheet, and assumes a special
kinked orientation in which the y-phosphate is completely exposed. The homology of this particular

fold is shared across the GHKL-ATPase superfamily, including DNA-modifying protein GyraseB, the
16



histidine kinases CheA, and EnvZ, as well as MutL. A common structural feature of the ATPase
domain of these proteins is a flexible ATP-lid, formed by two a-helices that when folded, over entrap
bound nucleotide in the binding pocket (Figure 3.6). This lid structure has been heavily implicated in
modulating conformational dynamics acting as a conformational switch for the ATP hydrolysis
function of Hsp90 and alsoforms a binding site for several co-chaperones such as p23/Sba and Cdc37
[163,170,171]. The NTD of Hsp90 has also been crystalized in complex with several small molecule
inhibitors [172]. Structural data of the MiD in isolation was resolved for yeast [162], and also in
complex with the co-chaperone Ahal [173], while a two domain construct of the NTD and MiD was
resolved for E. coli HtpG [174]. The MiD is comprised of a large and small a-B-a-domain that is
interconnected by a helical coil. The MiD contains a catalytic loop with an exposed arginine (R380 in
yeast Hsp82) that crucially interacts with the y-phosphate of bound ATP at the NTD to initiate ATP
hydrolysis. The MiD is heavily implicated in protein-client interactions via to structural elements
involving an exposed hydrophobic patch surrounding Trp300 and an amphipathic loop (res 329-339).
Mutations to the latter region was shown to severely affect v-Src kinase maturation [162]. The CTD
plays an essential role for the functional dimerization of Hsp90 [175]. Crystal structures of CTD of E.
coli HtpG revealed a mixed a/R domain, the dimer interface being formed by a pair of helices at the
C-terminal end of the domain where they form a four-helix bundle [164] (Figure 1.7). A flexible
amphipathic helix (HtpG res 549-558) has been suggested to be involved in protein interactions
[164]. Several independent research groups have provided evidence of a second putative nucleotide
binding site at the CTD — a sight that has also been proposed to be a possible binding site for CTD
drugs such as Novobiocin and csi-platin [176—178]. Due to the disordered nature of the last 30

residues of Eukaryotic Hsp90, the MEEVD TPR domain has not been structurally resolved.

Efforts to analyse full-length Hsp90 at an atomic resolution have been largely hindered by the
dynamic nature of the dimer under normal conditions and for many years, structural data could only
be determined for each of Hsp90’s three stable domains in isolation. More recently, extensive
crystallization efforts by Ali et al. (2006) provided a firstglimpse of full-length yeast Hsp82 in complex
with the non-hydrolysable ATP analogue AMPPNP as well as the co-chaperone p23 [163]. This
structure of Hsp90 revealed dimerization at both the NTD and CTD, with two p23 molecules bound
symmetrically either side of the NTDs (Figure 1.7). Interestingly, this “closed state” structure could
only be achieved when the flexible NTD-MiD was deleted, and resembles the closed “molecular
clamp” proposed by Prodromou and colleagues for stable client binding [179]. The two Hsp90

protomers twist around the central axis and interact through N-terminal strand swapping.
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HtpG (ADP) HtpG (apo)

Grp94 (ATP/ADP) Hsp90 (ATP)

Figure 1.7: Full-length experimental structures of Hsp90. The bacterial Hsp90 homologue HtpG was
resolved in a flexible open apo-state (PDB ID 210Q) and in a compact ADP-state (PDB ID 2I0OP). The
ATP and ADP bound complexes of mammalian Grp94 was resolved in identical partially-open
conformations (PDB ID 201U). Yeast Hsp90 was co-crystalized with ATP, revealing a closed N-terminal
dimerizedstate (PDBID 2CG9). The three functional domains are coloured: NTD-blue, MiD-green, and
CTD-yellow.

Crystal structures and electron micrographs (EM) of E.coli HtpG in the absence of co-chaperones
indicated similar domain structuring to that observed for the yeast Hsp90-p23 complex, but noted
that the arrangement of the domains relative to each other differs drastically in a nucleotide
dependent manner. In these structures, the NTDs were observed to be either far apart in an “open
state” conformation, or form small contact surfaces on the opposite face under specific
crystallization conditions [180]. Electron micrographs (EM) of full-length Hsp90 in the absence of
co-chaperones, revealed multiple distinct conformational states consistent with hinge bending
motions between the domains, and provided further evidence of nucleotide modulated
conformational dynamics, demonstrating that bound ATP analogues induce a conformational shift
in favour of the closed state in a similar orientation to that observed for the crystal structure of the

Hsp90-p23 complex [181]. Collectively these structural studies formed a basis for establishing a
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working hypothesis for Hsp90’s mechanism of action, in which Hsp90’s conformational ensemble of

can be influenced by nucleotide and/or co-chaperone binding.

— The nucleotide driven allosteric conformational cycle of Hsp90

Hsp90Q’s ability to bind and release client proteins revolves around a complex nucleotide dependent
conformational cycle in which the dimer transitions between an open catalyticallyinactive state, and

an ATPase active closed state (Figure 1.8).

(1) Crystal structures of HtpG in the nucleotide free state revealed CTD dimerization and an open “v-
like” conformation in which the MiDs are exposed in preparation for client binding [164,180,182]
(Figure 1.7 and Figure 1.8-1). Binding of ATP at the NTD triggers conformational rearrangements that
lead to NTD dimerization and a conformational transition towards the closed catalytically active
state. The molecular switch for this nucleotide dependent conformational restructuring has been
attributed to the ATP-lid, which has to first close over the ATP binding pocket to entrap bound
nucleotide — a conformational change that exposes essential hydrophobic surface residues that are

important facilitators of NTD dimerization (Figure 1.7) [163,183].

(2) Conformational transition to the closed state and full ATPase activation is an inherently slow
process, recording time constants in the order of minutes [161,184,185], and is likely to occur via
structural intermediates which may present energy barriers that must be overcome [186,187]. Such
structural intermediates have been tentatively reported for the ER resident mammalian Hsp90,
Grp94, crystal structures of which revealed structurally identical partially open/closed intermediate
structures in the presence of either non-hydrolysable ATP or ADP [188] (Figure 1.7 and Figure 1.8 2
& 4). In addition to nucleotide conformational regulation, co-chaperones have been shown to play
animportant role in the modulation of ATPase activity in Hsp90 [183,189]. Interactions with Ahal at
the NTD-MIiD interface has been shown it increase ATPase activity 10-fold by promoting the closing
transition by facilitating ATP-lid closure [187] and reorienting the MiD loop towards the ATP binding
site such that Arg-300 is able to coordinate with the y-phosphate of ATP and initiate ATPase activity
[162,190].
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Figure 1.8: Schematic of Hsp90’s nucleotide dependent conformational cycle: (1) Nucleotide-free open
conformation; (2) ATP binding induces NTD restructuring and the slow closure of the ATP-lid; (3) Ahal
accelerates ATP-lid closure which promotes NTD dimerization and a conformational transition to the
closed state; (4) ATP hydrolysis and the subsequent binding of ADP triggers protomer uncoupling and
a conformational transition back to the open state. Reproduced with permission from Penkler et. al
2018 [191]

(3) The catalytically active closed conformation of Hsp90 has been described through crystal
structures of ATP bound yeastHsp82 in complex with p23/Sbal [163] and human Hsp90R in complex
with Cdc37 and Cdk4 [192]. Both structures demonstrate asymmetric protomer arrangements,
displaying inter-protomer twisting around the central axis, with fully closed ATP-lids and projection
of the MiD catalytic loop towards the respective ATP binding pockets. In the case of yeast Hsp82, the

interaction of p23/Sbal at the NTD suggests stabilization functionality for the co-chaperone [163].

(4) ATP hydrolysis and the subsequent binding of ADP at the NTD, triggers further conformational
restructuring and a shift back to a partially open intermediate state. The co-chaperones Aha2 and
p23/Sbhal are released from the complex permitting subsequent protomer uncoupling at the NTDs
(Figure 1.8-4). The ATP-lids are allowed to open enabling the release of ADP from the nucleotide
binding pocket completing the conformational switch back to the nucleotide free open

conformation.
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— Regulation of Hsp90 function

Known mechanisms for the regulation of Hsp90 function include transcriptional regulation and
post-translational modifications (PTM). In the case of the former, it is widely known that Hsp90
expression is induced by the stress-related transcription factor HSF, which is also a known Hsp90
client [193]. The current understanding for this regulatory mechanism is that Hsp90 together with
Hsp70 bind freely available cytosolic HSF and keep it in an inactive state [194]. In the event
chaperone proteins are required for other cellular functions and are thus not available for HSF1
inhibition, the active transcription factor increases transcription of the heat shock genes. Given that
HSF is also a client of Hsp90, positions the chaperone as a link between the stress status of the cell
and the expression of other heat shock proteins. In keeping with its function as a central hub for
integrating diverse cellularsignals, Hs90 function is alsoknown to be modulated by numerous PTMs,
including phosphorylation, acetylation, S-nitrosylation and sumoylation (for reviews see [160,189]).
For the most part, phosphorylation is thought to slow down Hsp90’s conformational cycle and affect
client maturation and co-chaperone interactions [195-199]. Hyper-acetylation of Hsp90 has been
shown to lead to aninability to bind the co-chaperone p23.Sbal [200], while specific changes in the
acetylation state are key regulators of co-chaperone binding [201]. S-nitrosylation of Hsp90 at a CTD
Cys residue has been implicated in ATPase inhibition and disrupts the activating effect of Hsp90 on
endothelial nitric oxide synthase [202]. In addition, S-nitrosylation has also been shown to affect
chaperone activity [203]. Interestingly, a picture is emerging from the analysis of various PTMs at
different location on Hsp90, that suggests several of the modified sites may function as allosteric
switch points that regulates inter-domain communication across the dimer [195,203], raising the

possibility that other PTM sites may define additional allosteric switch points.

— Hsp90 co-chaperones

Co-chaperones are arguably the most important regulators of Hsp90. Researchin recent years has
detailed the interaction and functional mechanisms of the majority of known co-chaperones with
the molecular chaperone (Table 1.2). Co-chaperone binding sites on Hs90 have been identified in all
three functional domains covering a large part of its surface. On current evidence, it appears that
some co-chaperones act synergistically through simultaneous binding, and that others compete for
overlapping binding sites, and the relative functions of the co-chaperones present in the same
complex are thought to integrated for client protein processing. Indeed, some chaperones have been
shown to act as regulators for the chaperone cycle and others as adaptors for client protein
recruitment. Although in some cases the same chaperone has been shown to carry out both

functions. For the most part, the known chaperones canbe divided into two main groups, those with
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a TPR domain which interact with the MEEVD peptide at the CTD of Hsp90, and those with no TPR

domain.

Table 1.2 | Hsp90 co-chaperones and their regulatory functions

Ahal NTD, MiD Stimulates ATPase activity
Cdc37 NTD, MiD Prevents ATP-lid closure; maturation of kinases
Chip MEEVD E3 ubiquitin ligase
Cyp40 MEEVD PPlase; maturation of the glucocorticoid receptor
Fkbp51/52 MEEVD General co-chaperones
i Stabilizes the open Hsp90 conformation; Facilitates client transfer
Hop MEEVD, MiD, CTD from Hsp70-Hsp40 to Hsp90
p23 NTD, MiD Inhibits HSPQO ATPase activity; stabilizes the closed Hsp90
conformation
PP5 MEEVD Dephosphorylates Hsp90; maturation of kinases
Sgta NTD Facilitates NLR maturation in plats and kinetochore in yeast
Tahl MEEVD Assists in the formation of the Rvb1-Rbv2-Tah1-Phil(R2TP)
complex
Ttcd MEEVD Important for Cdc6 interaction
Unc45 MEEVD Important for myosin-dependent processes

See references [159,188,202] for an extended list of co-chaperones

One of the most well-known TPR domain-containing co-chaperones is the Hsp70-Hsp90 organizing
protein (Hop), which is widely thought to be involved in facilitating the transfer of client proteins
from Hsp70 to Hsp90 [204,205]. In addition its dual adaptor function for both heat shock proteins,
Hop has alsobeen implicated in the inhibition of ATPase activity by stabilizing the open conformation
[206—-208]. Another TPR-containing co-chaperone is PP5 which is thought to modulate Hsp90’s
conformational cycle through dephosphorylation of Hsp90 and the Cdc37 co-chaperone [195,209].
Several other TPR-containing co-chaperones such as Fkb51, Fkb52, and cyclophilin 40 (Cyp40), also
possess a peptidyl-prolyl cis-trans isomerase (PPlase) domain. These co-chaperones are implicated
in the regulation of Hsp90’s conformational cycle, and due to their chaperone activity may also be

involved in client protein recruitment [210,211].

For the non-TPR-containing co-chaperones, Cdc37 appears to be dedicated to kinase maturation. Its
binding interaction at the NTD of Hsp90, leads to partial inhibition of ATPase activity through steric
interference of ATP-lid closure and thus inhibition of NTD dimerization [170,212]. Cryo-electron
microscopy, revealed additional interactions with the MiD of Hsp90 and human Hsp90R-Cdc37-Cdk4
complex [192]. In contrast to the Hop and Cdc37, Ahal has been heavily implicated as a strong
activator of Hsp90 ATPase activity by promoting transition towards the closed catalytically active
state [190]. Like Cdc37, Ahal binds both the NTD and MiD in an asymmetric manner, and a single

Ahal molecule is sufficientto stimulate ATPase activity [173,190]. Furthermore, Ahal competes with
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Hop for MiD binding residues and is thus able to drive the Hsp90’s conformational cycle by displacing
Hop [213]. The p23 co-chaperone is involved in latter stages of Hsp90’s conformational cycle, where
it is involved in stabilizing the closed catalytic state by binding to a groove formed by NTD
dimerization. Bystabilizing this conformational state, p23 is thought to reduce Hsp90 ATPase activity
and thus regulates the progression of the reaction cycle which is beneficial for steroid hormone

receptors (SHR) [214,215].

1.2.3 The Hsp70-Hsp90 chaperone cycle

A progressive chaperone cycle for Hsp90 was established mostly through studies using SHRs as
clients [140,216]. In this model, the un-liganded hormone receptor interacts with Hsp70 in complex
with the J-domain chaperone in an ATP dependent step [217]. Facilitation of client transfer by Hop
drives the formation of an Hsp90-Hsp70-client complex. Binding of p23 and immunophilins displace
Hop and Hsp70 to form the mature complex. ATPase activity is regulated by p23 allowing for SHR
client activation and competent hormone binding, and eventual hydrolysis leads to client release. In
the absence of available hormone, the mature complex decays with a reported half-life of about 5
min [218] in an ATPase dependent manner [219] to release the client, which is then able to reenter

the cycle by once again binding Hsp90.

1.2.4 Therapeutic targeting of Hsp90 for the treatment of cancer

The interaction of Hsp90 with several disease related peptides implicate the chaperone with the
progression and development of several associated pathologies such as protein folding disorders,
cancer, and neurological disease [159]. In recent years it has become increasingly clear that
deregulation of Hsp90 may present an attractive treatment strategy for these diseases, elevating

interestin human Hsp90 as a viable drug target particularly for the treatment of cancer [220-222].

Cancer and its progression is traditionally referred to as a genetically acquired disease that
transitions from a benign to a malignant state through the accumulation of genomic mutations. This
genetic instability enables cancer cells to acquire the eight hallmarks of cancer as laid out by
Hanahan and Weinberg [223]: (i) self-sufficiency in growth signals; (ii) resistance to anti-growth
signals; (iii) evasion of apoptosis; (iv) prolonged angiogenesis; (v) tissue invasion and metastasis; (vi)
reprogrammable metabolism; and (viii) the ability to evade immune responses. These eight
hallmarks reflect geneticalterations in several protective genes responsible for the coordination and
regulation of diverse processes such as proliferation, differentiation, growth, and motility. This
genetic plasticity demonstrated by cancercells, enable them to escape many traditional therapeutics

that invariably target single signalling nodes or pathways [224]. To date numerous anti-cancer
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chemotherapeutics have been successfully developed to target proteins implicated with multiple
cancer hallmarks, however none have been able to simultaneously affect all eight hallmarks. Given
that several of Hsp90’s clients are known bona fide oncogenic proteins that are linked to all eight
hallmarks, such as the HER-2/ErbB2, EGDR, AR, AKt, Raf-1, and BCR-ABL kinases, as well as the HIF-
la and p53 transcription factors [225], implicates Hsp90 in the progression of several cancers.
Furthermore, it is well known that cancer cells exploit Hsp90 to facilitate the acquisition and
maintenance of their malignant phenotype and often rely on Hsp90’s homeostasis functions to
overcome hostile conditions brought on due to their relative microenvironments such as acidosis,
nutrient depletion, and hypoxia. It is not surprising therefore to note that Hsp90 is upregulated in
tumour cells related to endometrial and ovarian carcinomas [226,227] as well as breast [228-230],

lung [231], gastrointestinal [232], and prostate [233] cancers.

At a molecular level, Hsp90 functions as an essential buffer for numerous genetic lesions associated
with tumour development and thus enable mutant proteins to gain or retain their cellular functions,
while simultaneously allowing the cancer cells to tolerate imbalanced signalling of these oncogenic
clients and ultimately avoid apoptotic death [220]. Itis thus clear that as molecular chaperone Hsp90
is uniquely positioned as a key player for the growth and survival of cancer cells, and its inhibition
would ultimately lead to the degradation of the underlying oncogenic clients via the ubiquitin-
proteosome pathway. Thus the therapeutic targeting of Hsp90 presents as viable treatment option
for cancer therapy in which a possible outcome could be the simultaneous disruption of all the

cancer hallmarks upon which cancer cells depend for their survival and growth [234,235].

Details on the current status of Hsp90 inhibition is covered in Chapter 4 of this thesis in addition to
the emergence of allosteric drug targeting as a viable discovery approach for the treatment of

cancer.
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1.3 Aims

The primary focus of this thesis was to contribute to the growing body of evidence for the allosteric
modulation of functional conformational dynamics in the 70 kDa and 90 kDa heat shock proteins
using dynamics based computational techniques. Enzymatic activity in both molecular chaperones
is underpinned by large conformational restructuring that involves complex rotational and
translational domain motions. Bound nucleotides and intricately choreographed co-factor
interactions are thought to play a crucial role in the allosteric modulation of these conformational
rearrangements and thus the functional activity of the molecular chaperones. The overriding aim of
this thesis was thus to demonstrate how PRS coupled with MD simulations and DRN analysis can be
used as a viable strategy to efficiently and accurately screen proteins for allosteric sites capable of
modulating the functional dynamics of the protein with allosteric drug discovery applications in

mind.

To achieve this the following objectives were detailed:

i.  The technique of PRS coupled with all-atom MD simulations should be assessed using the
model system of bacterial Hsp70 DnaK to investigate the regulatory effect of bound
nucleotide and/or peptide substrate on the allosteric potential of the chaperone to
interconvert between the catalytically active and inactive states. The results should be cross-
validated with experimental findings (see Chapter 2).

ii.  Homology modelling techniques should be employed to calculate accurate structures of the
cytosolic isoform of human Hsp90 in fully-closed and partially-open conformational states to
address the apparent lack of experimental structural data.

iii.  Long-range all-atom MD simulations and trajectory analysis techniques should be employed
to assess the relative effect of bound nucleotide on the conformational dynamics of the
chaperone.

iv.  PRS coupled with DRN analysis should be used to probe long-range MD simulations of
homology models of human Hsp90a in fully-closed (active) and fully-open (inactive)
conformational states to investigate and quantify allosteric modulation of conformational
dynamics in the chaperone. Allosteric sites capable of selecting coordinate shifts towards
either the active of inactive states should be investigated and correlated with available
experimental and computational works (ii-ivsee Chapter 3).

v.  Highthroughput molecular docking techniques should be used to screen a small compound
library to assess the druggability of identified allosteric target sites in human Hsp90a.

vi.  Putative allosteric hit compounds with affinity for the proposed allosteric target sites should
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be used as probes to assess the allosteric potential of the identified target sites to modulate
the conformational dynamics of the chaperone and thus proof-of-principle” for the proposed
PRS based allosteric screening strategy. Long-range all-atom MD simulations should be
conducted for all hit compounds together with a suitable control and an advanced trajectory
based analysis techniques used to assess the effect of ligand interactions on the

conformational dynamics of the protein (v-vi see Chapter 4).
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Chapter 2:

Perturbation response scanning reveals
key residues for allosteric control in Hsp70

This chapter describes the Perturbation response scanning technique and assesses its suitability to
predict the allosteric potential of individual residues to select functionally relevant conformational

changes

Chapter 2 is reproduced in part with permission from the following publications:

Perturbation—Response Scanning Reveals Key Residues for Allosteric Control in Hsp70.

David L. Penkler, Ozge Sensoy, Canan Atilgan, and Ozlem Tastan Bishop. Journal of Chemical

Information and Modeling. 2017. 57 (6), 1359-1374 DOI: 10.1021/acs.jcim.6b00775. 2017 American

Chemical Society

Contribution: Designed the experimental plan, implemented PRS in the Python programming

environment, carried out all experimental procedures, analysed the data, and wrote the first draft

of the manuscript.

MD-TASK: a software suite for analyzing molecular dynamics trajectories David K. Brown,

David L. Penkler, Olivier Sheik Amamuddy, Caroline Ross, Ali Rana Atilgan, Canan Atilgan, and Ozlem

Tastan Bishop. Bioinformatics. 2017. 17, 2768-2771. DOI: 10.1093/bioinformatics/btx349. 2017

Oxford University Press.

Contribution: Wrote the Perturbation response scanning script and implemented it as a Python

module inthe MD-TASK suite. Assisted with test driven development. Wrote the PRS section of the

manuscript.
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2.1 Introduction

Hsp70 consists of two domains, a nucleotide binding domain (NBD) and a substrate binding domain
(SBD). From a functional stand point Hsp70 is required to bind and release client substrates in a
tightly orchestrated and controlled manner. This binding and release of substrate requires major
global conformational rearrangements, in which the SBD must first be suitably exposed for client
binding, and must then be able to react and entrap bound substrate by assuming a conformation
that stabilizes the complex. Finally, the chaperone is required to release its bound client at the right
moment for downstream processing. The mechanism for client capture and release is still a topic of
debate within the field, however the current understanding is that the protein must interconvert
between two well described experimentally determined functional states: i) an ATP-bound SBD open
conformation, and ii) an ADP-bound SBD closed conformation (Figure 1.5). The exact mechanism for
inter-state conversion is not as yet fully understood, however, it is evident that the
nucleotide/peptide bound state of the NBD and SBD as well as interactions with co-chaperones such
as Dnal and nucleotide exchange factor (NEF) play crucial regulatory roles. Indeed, there is a growing
body of evidence that suggests fine-tuned allosteric inter-domain communication may be the
underlying mechanism for inter-state conversion, in which binding events at the NBD
[90,91,93,94,101,102,104,236—-239] and SBD [240-243] affect the global conformational dynamics

in favour of either an open or closed end-point state.

2.1.1 Computational efforts to elucidate Hsp70’s allosteric mechanism of action

To date, aspects of Hsp70’s complex allosteric control mechanism have been thoroughly investigated
through the efforts of several research groups (see ref. [129] for a detailed overview), and while
questions still remain, it is widely thought that a core set of residues are important for substrate-
triggered ATPase activity and ATP-stimulated peptide release. This hypothesis however is difficult to
rigorously test using in vitro techniques, and a number of research groups have turned to

computational approaches for further insight.

Coarse-grained molecular dynamics studies have demonstrated the collective motions involved in
allosteric communication between the SBD and NBD [244,245], while all-atom simulations in
conjunction with several computational analysis techniques have been utilised to better understand
the conformational dynamics of the two end-point states [238,239,246-248]. Given the
computational and hardware limitations of MD simulations, the complete transition from the open
to the closed state and vice versa cannot be observed in all-atom studies, with complete protein
conformational transitions typically occurring on the micro-millisecond time scale [23]. Despite this,

several studies have demonstrated the elegant use of alternative computational techniques to
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describe key residue networks essential for inter-domain allostery in Hsp70.

Smock and co-workers defined a structurally contiguous group of residues that form a physical
linkage network between NBD and SBD of which the linker is centrally positioned [249]. General et
al. (2014) combined computational techniques together with experimental validation to report
several highly conserved residues in subdomain IA to be key allosteric communicators between the
NBD and SBD [250]. Nicolai et al. demonstrated the use of free-energy landscapes to analyse the
structural changes induced by ATP binding, reporting 27 internal coordinates that correspond to a
91 residue network thought to be relevant for allosteric communication [239]. Molecular
simulations combined with protein stability analysis and network modelling of residue interactions,
suggested allostery to be primarily determined by nucleotide induced conformational
redistributions inthe NBD and SBD, and that several mediating residues with high network centrality

are crucial for conformational stability and allosteric communication [251].

In an alternative approach, allosteric inhibition of DnaK was recently investigated by Stetz et al.
(2016), in which molecular simulations and binding free energy analysis were coupled with extensive
network-based modelling of residue interactions, to compare and characterise the molecular
signatures of the apo, substrate bound, and allostericinhibitor bound closed complex conformations.
This study postulated a mechanism by which the allosteric inhibitor PET-16 can stabilise the ADP

bound closed conformation and inhibit inter-domain allosteric control [252].

In this study, we demonstrate the use of extensive all-atom molecular dynamics simulations of E.
coli Hsp70/Dnak, coupled with PRS analysis, to investigate the relative effect different combinations
of bound ligand at the NBD (ATP/ADP/apo) and SBD (peptide/apo) have on inter-domain allostery,
reporting the allosteric potential of each configuration as well as each residues contribution for

allosteric conformational modulation.

2.1.2 Theory of Perturbationresponse scanning

It is well known that protein function is driven by tertiary structure and the ability to assume a
functional state in response to environmental factors such as pH, ionic concentration, chemical
modification of specific residues such as mutation or post translation modifications, or through
interactions with binding partners [253,254]. PRS is a computational technique that informs on

global conformational change in response to artificial external force perturbations.

The underlying theory of PRS has been well described in previous studies [255,256]. Briefly, the

technique utilizes linear response theory (LRT) to approximate the coordinate shift (AR, ) of a given
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protein conformation (R,) in response to an external force perturbation of the Hamiltonian

[255,257,258]:

1 1
AR, = (R); —(R), = ﬁ(ARART>0AF= k—TCAF
B B

Equation 2.1

In this equation, the subscripts 0 and 1 denote the unperturbed and perturbed protein structures.
The kernel C, is the variance-covariance matrix which can be obtained by either imposing the
approximation of harmonic springs between pairs of interacting residue atoms, or directly from the
coordinate data of MD trajectories of suitable length [259]. The force vector AF denotes the
coordinate shift corresponding to the externally inserted force on residue |,

T_— i i i
(AF)T={000..AF \AF |AF}..000} _ .

The PRS technique involves the repetition of Equation 2.1, to scan each residue in the protein one-
by-one with a focus on force perturbations that cause a coordinate overlap with an expected

conformational change:

Equation 2.2

PRS thus requires two structurally distinct conformations as input, which together describe an
expected conformational transition i.e. open (initial state) to closed (final state). Using these
structures, an expected (experimental) conformational change (AS) can be determined by
performing a structural alignment and recording the shift in atomic coordinates between the initial
and final states. Each residue in the initial state (state 0) is sequentially perturbed according to
Equation 2.1 and the linear response of all other residues recorded AR. Predicted coordinate
displacements are then compared to the experimental/expected displacements (AS) and the
overlap assessed to identify residue perturbations that correspond to the expected conformational

change.

The PRS methodology has been successfully utilized in several previous studies. Analysis of
calmodulin [260] and ferric binding protein [255] revealed a subset of residues implicated in
conformational modulation of either protein. These results were later confirmed when in silico
mutation and MD simulation analysis revealed disrupted conformational dynamics [261,262]. In
another study PRS was able to highlight residues involved in the catalytic mechanism and stability of

subtilisin in complex with an inhibitor [263]. More recently, PRS was also used to predict residue
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involved with conformational transitions between the apo and holo forms of human transferrin [264].

2.1.3 Chapter objectives

In this study, we apply Perturbation response scanning (PRS) in combination with molecular
dynamics (MD) simulations as a computational method to assess the global and residue specific
allosteric potential of a large multi-domain protein such as Hsp70 that experiences complex
conformational rearrangements that are both translational and rotational. Given the regulatory
potential Hsp70’s binding partners impart, we propose PRS to be an advantageous and highly
suitable approach for identifying allosteric sites due to the force perturbation nature of the
technique which can be seen to mimic naturally occurring binding interaction forces. In this manner,
primary objectives of this chapter are three-fold: i) to assess the relative allosteric effect of bound
nucleotide and/peptide substrate on the conformational dynamics of the protein; ii) to identify site
specific allosteric hot residues capable of selecting conformational displacements towards known
functional states; and iii) to assess the accuracy of PRS analysis for use on large multi-domain

proteins by cross-validating allosteric hot spots with experimentally determined function.

2.2 Methodology

2.2.1 Preparation of ligand-bound conformations

A total of 12 unique configurations of DnaK were prepared, six open and six closed conformations in
various combinations of bound/unbound ADP/ATP or peptide substrate. Experimental structures of
DnaK in open and closed conformation were obtained from the Protein Data Bank; PDB codes 4BQ9
[101] and 2KHO [91], respectively. PDB 4B9Q (residues 2-602) represents the open conformation of
the protein, where the SBD is intimately docked to the NBD and SBDa is undocked from the SBDR
exposing the substrate binding site. PBD 2KHO (residues 4-603) is representative of the ADP bound
closed conformation, in which each domain is independently positioned on either side of the inter-

domain linker, and the SBDa is bound to SBDR.

Neither 4B9Q nor 2KHO contained a peptide substrate and as such the NBD co-crystallized with
peptide NRLLLTG (PDB ID 1DKZ) was superimposed over the NBD of 4B9Q and 2KHO respectively
and the coordinate data for the peptide incorporated into these structures. In the same manner,
ADP coordinates were obtained from PDB ID 3ATV, the NBD of human Hsp70 crystallized with ADP.

ATP coordinates were obtained from 4B9Q, structure.
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Figure 2.1: Schematic overview of PRS experiments. Showing all 12 unique configurations of DnaK used
to investigate the allosteric potential for interstate conversion. The open to closed transition
experiments are: A-F while the closed to open transition experiments are: G-L. Reproduced with
permission from Penkler et. al 2017 [105]

2.2.2 Molecular dynamics simulations

All MD simulations were performed with the GROMACS 5.1.2 [265-267] employing the CHARMM
22 force-field (with CMAP corrections) [268—270]. Systems were subjected to energy minimization
using a conjugate gradient algorithm prior to MD runs. All systems were energy relaxed with 1000
steps of steepest-descent energy minimization. MD simulation on the minimized systems were then
carried out inthe NVT ensemble at 310 K using the Berendsen temperature coupling algorithm. The
final structures were then run inthe NPT ensemble at 1 atm and 310 K until volumetric fluctuations
stabilized and the desired average pressure maintained, allowing for adequate data points to be
collected for further analysis. MD simulations were run for a minimum of 100 ns and maximum of
200 ns until the backbone RMSD of the protein equilibrated with a fluctuation of no more than 3 A
for atleast 20 ns. All coordinates were saved at 2 ps intervals for analysis. All MD simulations were
carried out using the LINCS algorithm to constrain bond lengths, while the Long-range electrostatic
forces were handled using the Fast Particle-Mesh Ewald method (PME), and Van der Waals forces
treated with a 0.9 nm cut-off. Periodic boundary conditions were applied in all directions and the
simulation time-step was set to 2 fs. Water molecules were modelled using the TIP3P model. NH3+
and COO- groups were used to achieve the zwitterionic form of the protein whereas the N- and the

C- termini of the peptide substrate were capped using methyl-carbonyl and methyl-amine,
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respectively, to mimic as if the peptide were part of a protein.

2.2.3 Perturbation response scanning

The PRS method relies on the assumption that the kernel used in connecting the inserted forces to
the displacements originates from a single energy minimum that may be approximated by harmonic
springs. While network models ensure this is the case, they are limited in that (i) they require a
known PDB structure for network construction, and (ii) the selection of the necessary spacial cut-off
distance is ambiguous. MD trajectory data provides an alternative source for the construction of the
variance-covariance matrix, provided short enough trajectories are used to construct the Hessian to
ensure the matrix represents information obtained from a single potential well [259,271]. Previous
studies have explored optimal MD simulation lengths that fit this requirement and using relaxation
times of the backbone atom fluctuations, have shown that 20 — 40 ns MD trajectories will carry this
information [259,271]. Using MD simulations for the construction of C is advantageous in that it
frees one from the limitation of requiring alternative PDB structures, as one may generate
alternative conformations through MD simulation, provided that equilibrium or quasi-equilibrium
has been reached for the portion of the MD trajectory that will be used to construct the variance-

covariance matrix.

— Constructing the covariance matrix from MD trajectory data

Given the extensive MD simulations for each of the 12 Hsp70 configurations, we employ the latter
MD basedapproach for constructing the covariance matrix. First the backbone RMSD was calculated
for each MD trajectory and an in-house Python script used to locate the first available 20 ns
equilibrated segment defined as a minimum RMSD fluctuation maintained around 3.0 A, scanning
the trajectory in reverse order from the final frame to the initial frame. The equilibrated portion of
the trajectory was then extracted and coarse-grained by tracing the coordinates of the Cqatom for
each residue in the protein (Cg for glycine). This coarse-grained trajectory was then used to calculate
the deviation of residue jfrom the average structure obtained over atime window w of observations,

which were discretely counted by w steps to yield the difference matrix:

AR;(t) = R;(0) — (R;(1)
Equation 2.3

where (R]-(t)) is the average structure over the MD trajectory and AR is the 3N x w difference matrix
of the deviation of all atomic coordinates R]-(t) from the average structure over a time window w.

The programmatic method used for determining the average structure and subsequent difference
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matrix is summarised in Figure 2.2.

Finally, the covariance matrix C was calculated by:

C = ARAR?
Equation 2.4

In this manner a total of 12 separate C matrices were constructed, each pertaining to one of the 12

conformational states (Figure 2.1).

A Determine average structure B Calculate AR
1. Load trajectory into a 3N x w matrix (R) 7. Align each row (R,) to (R, (1))
' i
2. Align each row (R,,) to the initial row (Ry) 8. Foreachroww:setR, =R, — R,
' v
3. Calculate average structure (R,,(£)), (AR)
'
4. Align each row (R,,) to (R, ()},
' g
=
5. Calculate new average structure (R, (1)), \C/)I
Q
N =
S. Calculate RMSD between =
(Rw(t))(] and (Rw(t)>1 %

6. If RMSD > tolerahcé (0.001)
set (R, (D)) = (R, (D)

7. 1f RMSD < tolerance (0.001)
set (R,() = (R,(D)

Figure 2.2: Pseudo-algorithm describing the programmatic scheme for calculating the difference matrix.
(A) Method used for iteratively determining the average structure according to an RMSD tolerance
value of 0.001. (B) Method for calculating AR

— Defining the perturbations force vectors

It is important to note that in PRS there is no a priori assumption on the direction or magnitude of
the perturbing force. Rather the direction of the force vectors are chosen at random to ensure that
no bias is attributed to the specific contact topology or solvent exposed nature of the particular
residue being perturbed. The random force vectors are thus uniformly distributed within a sphere
enveloping the residue of interest in an isotropic manner by applying a total 250 force perturbations.
Since the response vectors are calculated by LRT, the resultant displacements will be directly
proportional to the imposed force. Since we are only interested in the relative conformational

displacements, a force of unit magnitude is applied throughout.
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— Defining the expected experimental conformational change

For each PRS experiment, the coordinates of the initial state (states 0in Equation 2.1) were setbased
on initial frame of the respective 20 ns equilibrated MD trajectory segments used to prepare the
covariance matrix. The final end-point state in each experiment was set to the known experimental
structures of the closed ADP bound state (PDB ID: 2KHO) for the closing transition experiments
(Figure 2.1 A-F) and the open ATP bound state (PDB ID: 4B9Q) for the opening transition experiments
(Figure 2.1 G-L). The experimental difference () is calculated by superimposing the final state on the
initial state using the Kabsch algorithm [272], and computing the targeted (experimental) residue

displacement vectors by subtracting the initial state coordinates from the final state coordinates.
— Assessing the quadlity of the response vector

Each force perturbation yields a corresponding AR response vector that describes the coordinate
shift of all other Co atoms in the protein, thus yielding a total 250 responses. To determine which
force perturbation yields the best corresponding overlap with the expected conformational change
(AS), the quality if each AR response is assessed and the force with the best coordinate fit chosen.
Previous work has demonstrated the use of direct overlaps to compare the coordinate shifts
between AR and AS [256]. However, given the large scale transitions expected for Hsp70, the

overlap, which is calculated as the dot product:
(AR, - AS)/(|AR,]AS))

Equation 2.5

is not expected to be close to 1 because the direction of the initial motion may be entirely different
from the overall displacements that characterise the end points of the conformational change. This
problem has been previously discussed and alternative approaches offered [273,274]. In this study,
we rather utilize the Pearson’s correlation coefficient between AR and ASas a suitable comparative
metric and calculate C; by correlating the response (AR,) with the experimental displacements

averaged over all affected residues k:

o ZiL[(ARY'- (AR)'](AS,— AS)
" (N —1)0oz05

Equation 2.6

The over-bar represents the average, AS, are the experimental displacements, and g, and g, are

the corresponding root mean squared values. Thus AR is compared with AS, and the goodness of
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fit assessed with the Pearson correlation coefficient to calculate G for each residue i for each
isotropic force perturbation. For each residue, only the maximum C;is retained — where a G value
close to 1 implies good agreement with the experimental changes, and values close to zero, no
agreement or lack of correlation with the experimental findings. A schematic representation of high
versus low correlation coefficients is shown in Figure 2.3, where high correlations for the perturbed
residue V440 of the open NBDarp)-BD(apo)complex selects conformational displacements in favour of
the expected closing transition. Conversely perturbation of a residue in the SBDa yields a low
correlation coefficient value and engenders SBD movement towards the NBD in a stabilised open

conformation.

Perturbed residue L532

Perturbed residue V440

Figure 2.3: Schematic representation of high vs low Cifor the closing transition. Showing the NBD arp)-

BD(@po) complex, (A) Perturbation of the functionally important trigger residue V440 (G = 0.83) in the

SBDR (yellow) results in residue displacements that when mapped as vectors, show that the direction

of the SBDIR and SBDa are mostly in opposite directions towards each other, in a motion expected for

the closing transition. (B) Perturbation of the SBDa residue L532 (G =0.49), results in residue

displacements back towards the NBD (surface representation). (C) Zoomed in representation of the

SBDR showing inclearer detail the opposing displacementvectors from the two scenarios: A (magenta)
and B (black). Reproduced with permission from Penkler et. al 2017 [105]

The residue-baseddisplacements analysedinPRS are critically dependent on the alignment between
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the two conformational structures. Given Hsp70’s large conformational changes that involve both
rotational and translational transitions, it is important to note that a whole protein alignment
approach was followed in this study, using the Kabsch algorithm [272]. The rationale behind this
choice of alignment strategy is best explained using schematics (Figure 2.4). Hsp70 has two domains
that are essentially joined by a hinge (the linker) (A | - blue). Let us consider it to have two possible
conformations as a result of hinge motions (A Il - red). By aligning the whole system of conformation
Il on conformation | (B), the required conformational change from | =1l can be described by the
green arrows, and the best single residue perturbation to selectthe required conformational change
demonstrated by the black arrow. Similarly after superimposing the predicted structure (C - blue)
onto conformation Il (C -red), the force perturbation response vectors can be described by the green
arrows (C). In PRS we are correlating the green arrow vectors sets from B and C. By restricting the
alignment procedure to just a single domain as demonstrate in D, there exists only one perturbation
position to obtain the conformation transition, giving rise to a single response vector (E - green
arrow). If we were to analyse the displacements in C and E using overlaps, C would be much higher
due to the greater average angular change (magnitude is lost but directionality is retained). By
analysing C and E using Pearson correlations, C would again be higher because the magnitude of the

three points of motion are better predicted than by the single large pointin E.

A B C D E
I
e o —e
b 4 P g b 71 —% }
s I
11 ”, ~&
L
F G
mmm NBD(ATP)-SBD(pep)1 ——NBD(ATP)-SBD(pep)2
1 0.9
09
0.8
0.8
S or WMWW%— Uo7
0.6 SBD 0.6 j
0.5 0.5
4 54 104 154 204 254 304 354 404 454 504 554 4 54 104 154 204 254 304 354 404 454 504 554
Residue index Residue index

Figure 2.4: Schematic describing the rationale behind a whole protein alignment strategy. (A-E)
Illustration of force and displacement vectors (See text for details). (F) Example Pearson’s correlation
coefficients after of domain specific alignments. (G) Graphical demonstration of the reproducibility of
the whole alignment approach for replicate simulations of the ATP and peptide bound open
configurations. Reproduced with permission from Penkler et. al 2017 [105]

We tested this theory by guiding the alignment procedure for the closing transition of

NBDarr)-SBD(pep) configuration, superimposing only the NBD of the two end point structures.
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Following this approach, the G values become drastically elevated with a distinct bias for the SBD,
indicating that the conformational change is linear and that biasing the alignment to one domain

may in fact be destroying this linearity by removing the rotational scale (Figure 2.4-F).

Finally the reproducibility of the aforementioned PRS analysis approach was tested for replicate
independent MD trajectories for the closed NBD (arp)-SBDpep) complex (Figure 2.4-G) , in which we
note similar G profiles that when compared by Pearson’s correlation yield a correlation coefficient

of 0.81.

2.2.4 Inter-subdomain contact analysis

Inter-subdomain contact residues were determined using the Protein-Interaction Calculator (PIC)
[275]. The equilibrated initial structure used for PRS analysis for the open and closed NBDarp)-SBD (pep)
configurations were submitted to the PIC web-server using the default parameters. In house Python

scripts were used to parse the interaction data to filter out all relative inter-subdomain interactions.

2.3 Results and Discussion

2.3.1 MD simulations reveal configuration specific inter-domain rearrangements

A total of 12 Hsp70 configurations, six in the closed conformation (NBD-SBD undocked) and sixin
the open conformation (NBD-SBD docked), were prepared using the experimental NMR and X-ray
crystal structures 2KHO [91] and 4B9Q [101] respectively (Figure 2.1). Each conformation having a
unique combination of bound nucleotide and/or peptide substrate (see methodology Section 2.2.1).
We refer to each configuration with the following nomenclature NBDarp/abp/apo)-SBDpep/apo) tO
describe the un/bound state of the NBD and SBD respectively. Each configuration was submitted to
MD simulation for a minimum of 100 ns and a maximum of 200 ns, to ensure a 20 ns equilibrated
trajectory segment could be obtained in requirement for the construction of the covariance matrix
(see methodology Section 2.2.3). The initial frame for each equilibrated segment was used as either
the initial (perturbed) or final (expected) state structure in the respective PRS calculations and it is
thus important to consider the structural arrangement of each configuration post long range all-
atom MD simulation, to investigate the effect if any of un/bound nucleotide and/or substrate on the
global conformation and inter-domain rearrangement of each configuration. Table 2.1 summarizes
each of these simulations in terms of simulation length, equilibrated region and minimum RMSD

fluctuation of the equilibrated region.
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Table 2.1 | Summary of MD trajectory segments for PRS analysis

Configuration ; ; i :
Replicate Is'm",:l:i("or; Equ!llbr?te;i ARMSD (A)
Nucleotide Substrate ength {ns region (ns
ATP X 1 100 80-100 2.0
ATP v 1 200 180-200 2.0
= ATP v 2 150 130-150 2.0
e ADP X 1 100 80-100 2.0
8 ADP v 1 100 61-81 2.0
ADP v 2 100 61-81 2.0
apo X 1 150 120-140 2.3
apo v 1 150 68-88 3.0
ATP X 1 100 56-76 2.3
ATP v 1 200 116-136 2.3
o ADP X 1 100 53-73 2.3
8‘ ADP v 1 100 80-100 2.0
apo X 1 100 62-82 2.3
apo v 1 100 66-86 2.3
NBD(ATP)-SBD(pep) NBD(ADP)-SBD(apo)
20 20 T T T
15
< 10 -
5 2A cut-off 180-200ns 5 2A cut-off 80-100ns -
0 | 1 | 1 | 1 0 L | ; 7
0 50 100 150 200 0 50 100
NBD(apo)-SBD(apo) NBD(ADP)-SBD(pep)
30 30 1 I T
25 25
20 20
% 15 " % 15
“5) 2.3 Acutoff 120-140ns - 1(5) SR cut-off 60-80ns
0 L | 1 | L n 0 | L
0 50 100 150 0 50 100
NBD(apo)-SBD(pep) NBD(ATP)-SBD(apo)
30 20 T T T
25
20 R 15
T 15 < 10 )
10 2A cut-off 80-100ns

3.0 A cut-off 68-88ns

1 l 1 l 1 1 l 1
0 50 100 150 00 50 100

Figure 2.5: Backbone RMSD plots for the closed conformation complexes. Replicate MD simulations are
coloured red. Each plot is annotated with the minimum RMSD cut-off and time points for the 20 ns
equilibrated regions. Reproduced with permission from Penkler et. al 2017 [105]
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— Conformational dynamics of the closed conformation complexes

The closed complex configurations were submitted fora minimum 100 ns MD simulation length and
looking at the RMSD plots in Figure 2.5 it is evident that variation in the backbone flexibility of all six
complexes stabilized towards the end of the simulation run. However itis evident that the degree of
stabilization for this metric differed with respect to the un/bound configuration of the NBD and SBD
respectively. In each case a stable 20 ns equilibrated segment was located at a maximum RMSD
fluctuation of 2.3 A. Visual inspection of the equilibrated 3D structures reveal nucleotide/peptide
dependent conformational repositioning of the NBD and SBD with the inter-domain linker acting as

a hinge between the two domains (Figure 2.6).

First we compare the relative effect of bound ATP and ADP on the conformational dynamics of the
closed state complexes in the absence of peptide substrate. Over the course of the MD simulation
addition of bound ADP at the NBD, causes the SBD of the NBDarp)-SBD(apo) complex to rotate 180°
relative to the NBD, forming stabilising contacts between the SBD loops L23, Le7 and the linker and
between the linker and subdomain IA (Figure 2.6). This stabilisation between both functional
domains is evident in a tightly equilibrating RMSD plot after 50 ns (Figure 2.5). In comparison, the
addition of ATP caused the NBDarp)-SBD(apo) complex to only stabilised after 70 ns, courtesy of
interactions between the SBDB and loop 210 (L210) of subdomain IIA, as well as additional
interactions between loops L23, Le7, andthe inter-domain linker (Figure 2.6). In the absence of bound
nucleotide and peptide substrate, the NBDapo)-SBD(apo) cOmplex experienced a greater degree of
backbone flexibility requiring in increase simulation time of 150 ns to yield a suitable equilibrated
trajectory segment between 120-140 ns, with a maximum backbone RMSD fluctuation of 2.3A
(Figure 2.5). Visual inspection of this structure revealed several stabilizing domain-linker contacts
particularly with the SBDB loops L23, Lezandthe NBD loop Asp20-Thr23, as well as additional contacts
between Ser505 inthe SBD and loop Gly132-Glu137 in the NBD (Figure 2.6).
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No substrate

Substrate

Figure 2.6: Structural arrangements of the six closed conformation configurations after MD simulation.
Stabilising interactions between the domains and the inter-domain linker are indicated. Interacting
residues are colouredaccording to the subdomain location: |A—blue, IIA—cyan, SBDR —yellow, linker
— magenta. Reproduced with permission from Penkler et. al 2017 [105]

Next we look at the effect bound peptide at the SBD has on the conformational dynamics of the
closed conformation complexes. Inthe ADP bound state the backbone RMSD of the NBDapp)-SBD(pep)
complex equilibrated after 50 ns (Figure 2.5), with stabilising contacts once again forming between
the linker and loops from both domains: L3, L7 inthe SBDB, and Le7 and L210 of subdomain IIA (Figure
2.6). Increased backbone flexibility in the presence of ATP required a longer MD simulation length
of 150 ns to achieve an RMSD fluctuation of 2 A for the NBD(arp)-SBD(pep) complex (Figure 2.5). In this
equilibrated structure, the linker appears to interact extensively with several NBD residues that form
a cleft between subdomains IA and IlA, as well as additional contacts with loops L2z and Le7in the
SBD. Bound peptide at the SBD in the absence of nucleotide, demonstrated the most backbone
flexibility of all six configurations. Despite simulating the NBDapo)-SBD(pep) complex for an extended
150 ns an equilibrated segment with a minimum RMSD fluctuation of 3.0 A could be obtained
between 68-88 ns (Table 2.1, Figure 2.5). Stabilising contacts for the equilibrated structure were

observed between the linker and L23 in the SBD and loop Asp20-Thr23 in the NBD (Figure 2.6).
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Our observations of conformational flexibility and domain rearrangement of NBD and SBD for the
closed configurations are largely in line with previous findings. Solution NMR studies have
demonstrated that in the presence ADP the SBD and linker collide randomly with the IA and IIA
subdomains, but that the IA/IIA binding cleft remains closed due to ADP driven restructuring of the
NBD [91]. Here we report a similar behaviour for our MD simulations in which the 20 ns stable
segments invariably involve some form of stabilising contact between the linker and subdomain IIA.
The only evidence of direct contact between the SBD3 and NBD was observed for the NDB(ATP)-
SBD(pep) complex via contacts between L23 and subdomain IA —contacts that have been previously
suggested to be a direct result of ATP binding [130]. Furthermore, the linker in this complex is
positioned within the IA/IIA cleft in an orientation that is in agreement with the experimental crystal
structures of the open conformation of DnaK [101,102]. This structural rearrangement is also in
agreement with similar MD studies by Chiappori and colleagues [238], in which the authors use
extensive trajectory analysis techniques to conclude that the orientation of the linker within the
IA/IIA binding cleftis in line with the proposed allosteric intermediate state previously proposed by

Zhuravleva and colleagues [104].

Given the significance of the positioning of the inter-domain linker in response ATP binding, replicate
simulation runs of the NBDaopr)-SBDpep) and NBDarp)-SBDpep) complexes were produced to validate
the findings of an ATP driven intermediate statein which the linker docks to the NBD IA/IIA cleft. The
NBD(apr)-SBDpep) complex once again reached a stable equilibrium within 100 ns (Figure 2.5 - red
plot), while the NBD (arp)-SBD(pep) complex stabilised after 150 ns (Figure 2.5 - red plot). Comparing
the replicate equilibrated 3D structures from the respective MD runs, the NBDarp)-SBD(pep) cOmplex
assumes slightly different SBD orientations with respect to the NBDs, but notably the linker
orientates with in the IA/IIA binding cleft in an almost identically manner (Figure 2.7 B - spheres).
For the NBDapr)-SBD pep) complexes, the linker appears to assume variable orientations and is unable
to bind the IA/IIA cleft in either replica (Figure 2.7 C - spheres). These data and the findings of
previous studies support the hypothesis that an intermediate conformational structure may exist
between the closed ADP bound configuration and the ATP bound open configuration but only in the

presence of bound ATP at the NBD [104,238,239].
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IA/IIA cleft

NAMNEN A s &R seoR sB

[ NBD(ATP)-SBD(pep)1 NBD(ADP)-SBD(pep)1
NBD SBD [ NBD(ATP)-SBD(pep)2 " NBD(ADP)-SBD(pep)2

Figure 2.7: Detailed illustration of the linker docking to the IA/IIA binding cleft on the NBD. (A) The NBD
is depicted in surface representation while the SBD in cartoon representation. The subdomains and
linker are coloured according to the key. The docked linker (magenta) is oriented with in the
subdomain IA/IIA binding cleft. (B-C) Structural representation of the superimposition of duplicate
ATP (B) and ADP (C) peptide bound complexes, demonstrating the reproducibility of the MD
simulations with respective RMSD values of 4.21 A and 5.40 A and showing near identical linker
positioning in the presence of ATP (C) and variable linker positioning for ADP (B). Linker residues are
shown as spheres. Reproduced with permission from Penkler et. al 2017 [105]

— Conformational dynamics of the open conformation complexes

For the open conformation complexes neither bound nucleotide, nor bound peptide substrate had
observable effects on the global conformation dynamics and inter-domain structural arrangement
of the SBD in relation to the NBD (Figure 2.9). Despite moderate flexibility of the SBDa, the backbone
RMSD in all six configurations stabilised within 100 ns except for the NBDarp)-SBD (pep) cOmplex, which
stabilised after 130 ns (Figure 2.8). The only notable difference between the configurations was
elevated maximum RMSD displacements (>10 A) for the ATP bound and apo complexes compared
to the ADP bound complexes. Details of the stable segments used for PRS analysis are summarised
in Table 2.1, and the maximum RMSD fluctuation of 2.3 A for these segments likely account for the

flexibility observed in the SBDa.
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Figure 2.8: Backbone RMSD plots for the open conformation complexes. Each plot is annotated with
the minimum RMSD cut-off and time points for the 20 ns equilibrated regions. Reproduced with
permission from Penkler et. al 2017 [105]

Previous studies have reported several key contacts (Lysai1a-Aspszs; Asnais-Thra21; Glnasaa-Aspiass;
Aspagi-Argisi/Argie7/lleies; Leuasa-Aspiag) between the SBD and NBD in the open ATP bound
conformation, that form part of an important stabilising hydrogenbond network [101,238], that has
been implicated in inter-domain allostery [103,120,276,277]. We examine these contact pairs in the
equilibrated structures of each open conformation complexes to determine whether bound
nucleotide and/or peptide influence the formation these contacts, and thus indirectly affect the
stability of the conformation (Figure 2.9). It is evident that residue Aspag1 appears to be central to
this network forming a triad of paired contacts with Argisi, Argis7, and lleiss respectively. In the
NBDarp)-SBD(pep) and ADP bound complexes with/without bound peptide, Aspasiinteraction with

Argisi and lleisg are absent in the equilibrated structures (Table 2.2, Figure 2.9).
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Figure 2.9: Structural arrangements of the six open conformation configurations after MD simulation.
Stabilising interactions between domains are represented as spheres and coloured according to their
subdomain location: IA —blue, IIA —cyan, SBDR — yellow. Reproduced with permission from Penkler
et. al 2017 [105]

Furthermore, there is a complete loss of contact between Leusss and Aspi4g in these complexes —an
interaction that has previously been reported to play a crucial role in sensing bound peptide at the
SBD [103,120,237,240,249,276—-278] (Table 2.2). Indeed, this interaction is only observed in the
absence of bound peptide for the NBDarp)-SBD(apo) and NBD(apo)-SBD(apo) complexes, suggesting that
peptide binding trigger localized restructuring that disrupts this contact pair. In fact the NBDarp)-
SBD(apo) complex was the only configuration that maintained all of the aforementioned hydrogen

bond contacts with the exception of Asp148 and GIn442 (Table 2.2).

Table 2.2 | Summary of inter-domain hydrogen bond contacts for the equilibrated open conformation
complexes. Showing how peptide binding reduces the number of contact pairs.

414 | 415 442 481 484
Contact pair
147 148 | 151 167 168 | 148
v v v v v

NBDu7py-SBD 4 v v
NBDypSBD ey | ¥ ooV v
NBDyuopySBDiapoy | ¥ | ¥ | 4 v
NBDuppySBDjpep) | ' v v
NBD(,poSBD(spo) | ¥ A
NBD(,pySBDypeyy | ¥ | ¥ |V oo
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In summary, analysis of the all-atom MD simulations for the closed and open conformations provides
structural evidence for the regulation of conformational dynamics by bound nucleotide at the NBD
and/or bound peptide at the SBD. For the closed conformation Bound ATP and peptide causes a
binding cleft to for between the IA and IIA subdomains on the NBD allowing the inter-domain linker
to dock to the NBD in a stable manner. For the open conformation, peptide binding appears to
disrupt an inter-domain hydrogen bond network that is crucial for maintaining the open state.
Evidence that this network breaks down in the presence of bound peptide supports the hypothesis
that these residues are involved in the allosteric recognition of bound peptide at the SBD and
thereby act as a trigger for a conformational shift to the closed conformation

[103,120,237,240,249,276-278].

2.3.2 Measuring the allosteric potential of Hsp70 by PRS analysis

In this study PRS was carried out following previously published methodology to quantify the
allosteric potential of individual residues to select conformational displacements in response to
random force perturbations [263,264,279] (see sections 2.1.2 and 2.2.3 for more details). By
assessing each of the 12 Hsp70 configurations, 12 unique PRS experiments could be conducted and
the results compared and contrasted with respect to the bound configuration of the respective NBD
and SBD (Figure 2.1). The 12 Hsp70 configurations were divided into two groups based on their initial
state conformations (open or closed), and PRS used to assess the allosteric potential for single
residue perturbations to selecta conformational shift towards the opposite conformational statei.e.
open state — closed state and vice versa. We refer to these experiments as being either closing
(Figure 2.1 A-F) or opening (Figure 2.1 G-L) transitions respectively. PRS requires structural
information for the start and end-point states to determine the expected conformational
displacement when transitioning from one state to another. For the closing transition experiments
the final end-point state was set to the know NMR structure PDB ID 2KHO [91] and for the opening
transition experiments, the x-ray structure PDB ID 4BQ9 [101]. In each case the initial frame from

the equilibrated MD trajectory was set as the initial state structure.

For each set of PRS experiments (closing/opening), we identify all residues that are accentuated by
PRS analysis as being residues whose perturbation selects a coordinate change towards the target
conformation. The selection of accentuated residues was conducted depending on the distribution
of the observed correlation coefficient values (Ci) using the following approach: (i) First the residues
are ranked in descending order of G and plotted on the same set of axes to allow for the
identification of the maximum G value (Ci™) for the given transition, an exercise that also affords

the opportunity for a quantitative comparison between the different configurations. (ii) Next, two
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correlation threshold values are set — a minimum threshold of G = 0.60 [264] and an upper
threshold that is equal to the maximum G value observed over all experiments less 0.10
i.e. M —0.10 for a given transition. (iii) If the majority of residues have C; greater than the upper
threshold, we do not report any residues to be accentuated by PRS and interpret this behaviour as
a natural propensity for the protein to interconvert to the target conformation. (iv) Conversely, if the
majority of residues have Ci < 0.60, this behaviour is interpreted as resistance of the protein to
interconvert to the target conformation. (v) Finally, the C; profiles of those experiments with select
residues that are accentuated by PRS are analysed in detail, and the results critically compared to

previous experimental and computational findings.

— The closing transition experiments

In the following section we present the PRS analysis data for the closing transition experiments
(Figure 2.1 A-F) by plotting the Ci values for all six experiments as descending curves on the same set
of axes (Figure 2.10). Looking at the descending correlation curves for the closing transition, a
maximum Ci = 0.89 is observed for the NBD(app)-SBDpep) complex and as such the upper threshold is
setto 0.79 (Figure 2.10 - black line). In the presence of ADP, 86% of residues have C; > 0.79, for the
NBD(apr)-SBD(apo)and 43% for the NBDapp)-SBD(pep) complex (Figure 2.10 yellow & green respectively).
The elevated number of accentuated residues for these complexes suggests that when bound by
ADP, Hsp70 has a natural tendency to inter-convert from the open state conformation to the closed
state conformation. Conversely, the presence of ATP alone the NBDarp)-SBDapo) complex records the
lowest number of G > 0.79 (6%) (Figure 2.10 dark blue), while the peptide bound equivalent,
NBDarp)-SBD(pep) records 31% C; > 0.79 (Figure 2.10 red). Interestingly, the latter complex shares a
similar descending correlation curve to the nucleotide free complexes recording 32% Ci > 0.79 for
NBD(apo)-SBD(apo) complex and 30% for the NBD(apo)-SBDpep) (Figure 2.10 brown & light blue

respectively).

We note that all six configurations share similar shaped descending C; curves, in which the first
ranked residues experience a sharp drop in G, followed by a quasi-linear behaviour before
experiencing another sharp drop in C; for the final ranked residues. This data trend is not necessarily
universal however, for a protein that displays simple hinge bending motions, it is possible that there
will be a multitude of residues whose perturbation would accomplish such a conformational change
and one would expect the G curves to gradually decrease having many residues with high GC.
Conversely, for proteins with complex motions e.g.a mix of shearing and hinge motions or rotational
and translational motions typical of the multi-domain proteins such as Hsp70, there are likely only a

few residues capable of selecting such a complex conformational change. This would explain the
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sudden drop in the initial part of the curve. In the low correlation extreme, there will always be
residues that resist forcing due to high connectivity in the structure such that their motion does not
accomplish any productive change e.g. residues located in the core of the protein, and thus a sudden

decrease in the G values at this end is expected for all proteins.

== NBD(ATP)-SBD(apo) ===NBD(ADP)-SBD(pep)
NBD(apo)-SBD(apo) =—=NBD(ADP)-SBD(apo)
= NBD(apo)-SBD(apo) NBD(apo)-SBD(pep)

0.5

0.4
4 54 104 154 204 254 304 354 404 454 504 554

Ranked residues

Figure 2.10: Descending Ciprofiles for the closing transition experiments. Graphically indicating the
propensity for allosteric inter-conversion to the closed state for each configuration. The upper
correlationthreshold value of 0.79 isshown as a black line. Reproduced with permission from Penkler
et. al 2017 [105]

ADP drives the closing transition

NMR studies have shown that the nucleotide free and ADP bound states of Hsp70 appear to be more
dynamic than the ATP bound state, particularly with respect to subdomain tilting and shearing
movements in the NBD coupled with increased SBDa-SBDP and NBD-SBD distances [90,280]. MD
studies based on DnaK homology models have demonstrated that bound ADP promotes
spontaneous closing in to a semi-closed intermediate state [248] in which the SBD does not interact
with the NBD [239]. Our PRS data is in agreement with these findings in which the ADP bound
configurations recorded elevated accentuated residue counts: 86% in the absence of bound peptide
and 43% in the presence of bound peptide. These results suggest that under ADP bound conditions,

Hsp70 has a natural propensity to interconvert to the closed conformation.

Peptide binding allosterically activates the open ATP bound complex

Previous studies on mitochondrial Hsp70 conformational dynamics have indicated that in the
presence of ATP the open conformation is more stable compared to the ADP or nucleotide free state,
although undocking of the otherwise bound NBD and SBD is transiently observed on the time-scale

of seconds [281]. MD simulations of an ATP bound DnaK homology model indicated the NBD to have
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decreased mobility, with the SBD remaining stably docked to the NBD [239,248]. Hydrogen exchange
mass spectrometry as well as NMR experiments have demonstrated that addition of a peptide
substrate at the SBD in conjunction with bound ATP at the NBD causes the SBDB to undock from the
NBD leading to a conformational transition to a semi-closed intermediate state which is thought to

be allosterically active [104,282].
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Figure 2.11: Correlation profiles for the closing transition experiments. Showing the distribution of
residues with ;> 0.79: A— 6%, B —31%, C —86%, D —43%, E —32%, F — 30%. Each configurationis
colour according to the respective descending curves in Figure 2.10. The upper threshold value of
0.79 isshown as a black line. Reproduced with permission from Penkler et. al 2017 [105]

PRS analysis of the open ATP bound complexes indicates that in the absence of bound peptide only
6% of are capable of selecting a transition towards the closed conformation, while 31% of residues
are accentuated in the peptide bound configuration (Figure 2.11 A & B). The increased number of
allosterically active residues in the latter peptide bound configuration suggests this complex to have
a higher propensity to interconvert to the closed state. Taken together these data are in line with
the abovementioned experimental work and support the hypothesis that in the absence of bound
peptide the open NBDarr)-SBD(po) complex is relatively stable and that peptide binding at the SBD

may allosterically activate the protein and thereby enable transition towards an allosterically active
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semi-closed intermediate state [104,280]. Indeed, in a previous study statistical coupling analysis
was used to define a contiguous group of 115 co-evolving residues implicated in mediating allosteric
coupling in Hsp70 [249]. Of these 115 residues, 64 are also accentuated in our PRS analysis of the
NBD(arp)-SBD(pep) configuration, while only 12 residues are observed for the NBDarp)-SBD(apo) complex

— again these data point to an allosterically active peptide bound complex.

Visual comparison of the G profiles for the ATP complexes (Figure 2.11 A & B) indicates that residues
accentuated by PRS tend to be grouped by residue number, forming distinct peaks of contiguous
residues. Comparing the location of the Ci peaks for these complexes, we find that the distribution
of G for the peptide bound configuration spans both the NBD and SBD with the exception of
subdomain IB in the NBD (Table 2.3). For the peptide free configuration C are predominantly
constrained to the SBDB with only four observations in the NBD (subdomains IIA and IIB, Table 2.3).
Bellow we analyse the residue composition of each peak in the NBDarp)-SBD(apo/pep) cOMplexes for
functional and allosteric importance by drawing comparisons with previous experimental and

computational studies.

Functional significance of PRS accentuated residues in the NBD

Starting with the NBD of the NBDarp)-SBD(pep) configuration, residues P143-Fi46, R151, and E171, have
been previously shown to play a role inthe a functionally relevant proline switch mechanism [237].
Of these residues Yias and Fis6 play a crucial role in stabilizing the open conformation through
aromatic interactions with P143[130,237]. Residues E171, G19s, T199, K270, S274, T344-R3ss5 are reported
to be either implicated in direct interactions with bound nucleotide or the coordination of ATP
hydrolysis, their mutation leading to a loss of allosteric control [94,237]. Also in the NBD are the
hinge residues L227, G228, and G229 which are intricately involved in coordinating shearing motions
between subdomain IA and IIA. Alanine point mutations of these residues resulted in reduced in
vitro and in vivo chaperone activities in DnaK [236]. All of these NBD residues were found to be

accentuated by PRS in the ATP and peptide bound complex.

ATP hydrolysis has been previously shown to be synergistically stimulated >1000-fold by the
simultaneous binding of peptide substrate and the JDP co-chaperone [117,120,130,237],
highlighting the functional importance of JDP interactions in Hsp70's ATPase cycle. The interaction
of JDP with Hsp70is not yet fully understood and to date only residues Y145, N147, D14s, R167, T170, E217,
V218, Gaoo, Ds26, and Gs3g have been implicated in JDP binding [120,130,283,284]. Of these residues,
only N147and Dsz6 are not accentuated by PRS in the NBD-SBDpep) configuration, however none were

observed to be accentuated in the NBD (arp)-SBD(apo) complex suggesting JDP binding to be a putative
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allosteric activator for the closing transition but only in conjunction with simultaneously bound
substrate. A further study by Gao and co-workers demonstrated that the SBDa is essential for JDP
binding and ATPase stimulation [285]. In line with these results, we found several PRS accentuated
residues in the SBDa of the NBDarp)-SBDpep) complex but not in the peptide free complex. Indeed,
residues Ms1s, Es20, Gs39, Lsas, Vsso, Ess1 Gssa, and Asgz could be naturally stimulated by JDP binding at

the C-terminal of Hsp70.

Table 2.3 | Summary of all accentuated residues for the ATP bound complexes.

A ) 7,113, 120, 127, 139, 140, 141, 143, 144*-146, 148, 149-150, 151, 9-414.15.24
152 153, 156, 164, 166, 167, 170, 171, 381 e

1B - - -
192, 193, 195, 198-200%, 201, 205, 207%, 216*, 217*, 218, 224, 14,15,20,
1A 226 225, 226, 227*, 310-314, 316, 338, 339, 340, 344-347, 349-351,
354, 361, 362 23,49,50
228, 229, 230, 231, 232-234, 235%, 236, 237*, 238-240, 243, 267,
1B 228-229, 232 270, 271, 273, 274, 275-281, 297%, 298, 299*, 303*-304*-308*- 14,20,24
309*
linker - 392-393 2,14,15

399, 418-419,438- 398*, 400*-409*, 410*, 413, 414*, 419*, 425*-431%, 432, 433*,
440-442, 444, 446,  434-436*-438*-440%, 446, 447*, 449*%, 450 451%, 453*, 454, 9101523,
SBDB 450, 451-453-461, A455-456, 457*, 458*, 459, 460-461, 462-467*, 468*, 469-471*,
485, 487, 489, 494, 472, 473, 474, 475-479-482, 483, 484, 485*, 486, 487, 488 489-  37,49,57
495-498, 499, 500 490%, 493, 494 497*, 498*, 499*, 500*-502*

SBDa 503, 504, 505, 515, 520, 539*, 540, 543, 550*-551, 554, 582 4,15,23,71

Residues shown in bold are previously reported functional or allosterically relevant residues.

Residues marked with * were also observed in the nucleotide free complexes
Binding interactions with ATP has been shown to trigger intra-domain conformational restructuring
of NBD, resulting in the formation of a cleft between the IA and IIA subdomains. This structural
rearrangement provides the inter-domain liker with a suitable binding groove to drive inter-domain
docking between the NBD and SBD. The positioning and orientation of the linker in this binding cleft
has been shown to be essential for both ATP-stimulated peptide release as well as polypeptide-
stimulated ATP hydrolysis [103,120,276—278]. We find that the allosteric mediator linker residues
L392 and D393 to be accentuated by PRS in the NBDarp)-SBD(pep) complex. In vitro mutation of these
residues was shown to impair inter-domain allostery [120,276]. In addition to the inter-domain linker,
PRS also accentuates several residues lining the IA/IIA cleft (Y145, D14s, K155, E217 and V213) as well as
the linker coordinating residue P19 in the SBDR. Mutational studies have also implicated the former
set of residues in inter-domain allosteric communication [276,283], while the latter P419 has been
shown to be crucial for maintaining allosteric inter-domain communication [101,102,249]. Another

study suggests that peptide binding coupled with JDP interactions may be necessary to reposition

51



the linker within the IA/IIA binding cleft and in doing so may provide structural stimulation of the
inter-domain contact residues Ris1, Kiss, and Ris7, which in turn act as a trigger for the proline switch
and eventually the initiation of ATP hydrolysis [237,276]. Itis evident from our PRS data that peptide
binding is necessary in order to accentuate the aforementioned linker coordinating residues as well
as the proline switch and JDP binding residues as none are accentuated in the peptide deficient

NBDarp)-SBD(apo) complex.

In addition to the formation of the IA/IIA cleftin response to ATP binding, a further effect of bound
ATP is the rotation of the NBD lobe | relative to lobe II. This structural rearrangement enables the
formation of inter-domain contacts between the NBD and SBD which in turn primes the ATPase
domain for ATP hydrolysis [286,287]. Peptide binding and the subsequent restructuring of the SBD
is thought to destabilise the inter-domain contacts allowing back rotation of lobe I, which in turn
provides the necessary switch required for ATPase activation. Premature back rotation of lobe | and
thus ATP hydrolysis is prevented through several crucial stabilising contacts between the NBD and
SBDM including residues D1as, Ka1a4, Qa42, Dag1, Laga, Ssos, and Gsos [101,102,130], all of which are also

accentuated by PRS in allosterically active NBDarp)-SBDpep) complex.

Functional significance of PRS accentuated residues in the SBD

Next the SBDP is investigated and in particular residues that are known to be involved in the
recognition and binding of peptide substrates. A recent study characterised the residue composition
of the peptide binding cavity of DnaK to include residues ls01-Tao9, Q424-Ha3s, Nass, Rae7-Maeo, la72, and
V474 [288]. PRS analysis of the NBD(ATP)-SBD(pep) complex yields several distinct peaks in the SBDB
that overlap significantly with these binding cavity residues including Gaoo-Ta10, V425-Vaa0, and Sas3-
E473. Also in the NBD(ATP)-SBD(pep) complex, PRS accentuates residues S3og, T403, Gaos, Ta2s, Da3s,
la38, Fas7, Lasg, and Gaesg of the SBDR all of which experience large NMR chemical shift changes in the
presence substrate is bound [103], further illustrating the relative importance of peptide binding
for allosteric activation of the open complex. Despite there being several PRS peaks in the SBDB of
the NBD(arp)-SBD(apo) complex (Figure 2.11 A) there is a complete absence of these particular

substrate biding cavity residues (with the exception of Nasg) in this peptide free complex.

An in silico alanine scanning mutation study on the full-length ATP bound open structure of Dnak,
found the highly conserved SBDR residues Sa27, Ta2s, Maeo-la72 to be particularly intolerant to
mutation [289]. Here, we find these residues to also be accentuated by PRS in the NBD (arp)-SBDpep)
configuration, but not the NBDarp)-SBD(apo) complex (Table 2.3). Since these are also sites directly

involved in substrate recognition, their natural perturbation in the open state by substrate binding
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may provide the necessary trigger for inter-state conversion towards the closed state. In the same
study, mutations of the SBDR residues Gaos and Vao7 severely disrupted the intra-domain
communication pathways between the SBDa and SBDR [289]. The SBDa residues Vs33 and Rssg are
bridged over the Gaos and Vao7 and positioned around the peptide binding site via a hydrophobic
patch and G405S and M408I mutants have been experimentally shown to diminish peptide binding
[242]. Given their location and contribution to peptide recognition, it is not surprising that these
residues are also accentuated by PRS for the NBDarp)-SBDpep) configuration and not the NBDarp)-
SBD(apo) complex. Collectively our PRS results suggest that perturbations arriving at these residues
may be central in controlling the grip of DnaK over the substrate and that this role may be perfectly

fulfilled by JDP in the initial substrate binding step.

PRS was previously used by General et al. in an earlier experimental study to validate inter-domain
allostery in DnaK using a homology model of the ATP bound open conformation [250]. In this study,
several groups of effector/sensor residues were reported in the IA, 1I1B, and SBDR subdomains. We
find that the G profile of our NBDarp)-SBD(apo) configuration closely resembles that of General et al.,
but note that only the SBDR residues reported therein (Fa26, As3s, lae2, Qa71-1472, and Kag1) overlap with
our PRS hot residues (Table 2.3). In the aforementioned study, ANM was used to construct the
Hessian matrix and the quality of predicted effector residues is evaluated by the magnitude of the
resulting displacements rather than by correlation with a known experimental displacement. While
this generates a similar profile to the one seen in our study the definition of allosteric hot residues
is not the same. However we note, that all effector residues reported by General and co-workers
overlap with accentuated residues observed for the allosterically active NBDarp)-SBD(pep)

configuration in our study.

Peptide binding residues may be allosteric mediators of the closing transition

Thus far we have reported a number of residues accentuated by PRS for the six open conformation
configurations and find evidence that suggests the bound state of the NBD and SBD affects the
number and distribution of accentuated residues. This finding prompts the question, are there any
residues that are accentuated regardless of bound nucleotide or peptide substrate? The G profiles
illustrated in Figure 2.11 indicate the SBDR to be consistently accentuated in all six configurations,
and analysis of these peaks reveals 10 residues (la3s-Vaao, K446, Daso, Nas1, Qase, Hass, Qa97, and Tseo)
located inthe peptide binding cavity overlap all six configurations. Of these residues, special mention
must be made of 1438-Va40 and Hags which have been implicated in peptide recognition and allosteric
signal propagation [241,288,290], while a recent study has shown that alanine mutations to Vasoand

the nearby Lags abrogates substrate simulated ATPase activity [130]. Indeed the authors of that study
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suggest a plausible mechanism for ATPase activation, whereby peptide binding exerts a force
through Va0 and Lasa onto the NBD residue Di4s, which acts as a release trigger for lobe | back
rotation and activation of ATP hydrolysis [130]. While it is as yet unclear what the functional
relevance is of the remaining seven residues their conserved accentuation by PRS together with the
key substrate recognition residues 1438-Vaao, and Hass in all six configurations, suggests these residues

may act as key allosteric hotspots for initiating the closing transition in response to peptide binding.

The nucleotide free complexes favour the closed conformation

Previous work has demonstrated that in the absence of bound nucleotide the SBD and NBD are
mostly separated and experience transient docking on a 5 ms timescale [106,239]. Furthermore, a
recent MD study demonstrated that the SBDa occasionally explores partially closed and open
conformations in the absence of nucleotide and substrate [248]. For our NBDapo)-SBD(apo/pep)
configurations, approximately 30% of residues are accentuated in each and of these residues 53%
are observed in both configurations. Furthermore, 64 of these residues overlap with accentuated
residues in the NBDarp)-SBD(pep) (Table 2.3*), suggesting these nucleotide free configurations have a
similar tendency to interconvert to the closed conformation. Indeed the functional residues E217,
Gaoo, Gs39 (JDP interactions); D3os (inter-domain linker); Gaoo-Ta10, Q424-Vaao, Nasg, Ras7-Maso, and la72
(substrate binding cavity) are conserved in all three complexes. From these data we conclude that
the presence of bound peptide has little impact on the allosteric nature of the nucleotide free
complexes and that the number of accentuated residues is conserved and distributed similarly to
that of the NBDarp)-SBDpep). This suggests the nucleotide free complexes to have a natural tendency

to interconvert toward the closed conformation.

— The opening transition experiments

In this section the PRS analysis data obtained for the six opening transition experiments (Figure 2.1
2G-L) is discussed. Starting with the descending C; curves depicted in Figure 2.12, the ;™% for the
six closed conformation configurations is found to be 0.80 for NBDarp)-SBD(pep) complex and the
upper G threshold accordingly set to 0.70. Visual inspection and comparison of the descending
curves indicates a distinct pairing of experiments based on the identity and configuration of
un/bound nucleotide at NBD. Interestingly the ATP bound complexes (Figure 2.12 blue & red) record
the highest Ci values. A total 44% of residues record C; > 0.7 for the NBDarp)-SBD(apo), and 34% of
residues in the NBDarp)-SBDpep) complex. IN the presence of ADP, only 3% of residues have G > 0.7
for the NBD(app)-SBD(apo) complex and a mere 1% in the NBDapr)-SBD pep) complex (Figure 2.12 yellow

& green). In contrast, no residues in the nucleotide free configurations have C; > 0.7 (Figure 2.12
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brown & cyan), a behaviour that can be interpreted as a natural resistance of the complex to inter-

convert towards the open ATP bound conformational state.
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Figure 2.12: Descending C; profiles for the open transition experiments. Graphically illustrating the

propensity for allosteric inter-conversion for each configuration. The upper correlation threshold
value of 0.70 is shown as a black line. Reproduced with permission from Penkler et. al 2017 [105]

ATP binding may promote an allosterically active intermediate state

The elevated number of residues with G > 0.7 for the ATP complexes indicates that ATP binding may
promote an allosterically “sensitive” or active state. This observation is in agreement with previous
work which posits the notion of there being an allosterically active intermediate state between the
closed NBD(apr)-SBDpep) complex and the open NBDarp)-SBD(apo)complex when ADP is exchanged for
ATP [91,104,238,239]. This hypothesis is indeed supported by our MD simulations of the closed
NBD(arp)-SBD(pep) complex which revealed an equilibrated structure that closely resembles such an
intermediate state (Figure 2.6& Figure 2.7). This transient structure has also been reported in other
MD simulation studies [238,239]. It is interesting to note that the NBDarp)-SBDpep) and NBDapp)-
SBDpep) complexes share similar G distribution profiles, but that in the presence of ADP the Civalues
are +£0.1 lower than when ATP is present (Figure 2.13 B), an observation that provides further

evidence in support of the hypothesis that ATP binding favours allosteric signal propagation.

Bound peptide decreases the allosteric potential of the closed conformation

In the absence of substrate, 44 % of residues in the NBDarp)-SBD(apo) complex record C > 0.70,
putatively suggesting that under these conditions Hsp70 may have a natural propensity to

interconvert towards the open conformational state (Figure 2.13 B). On the other hand addition of
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peptide substrate at the SBD appears to decrease the allosteric potential of the protein particularly
at the SBD. This observation coupled to previous studies which have shown that peptide interactions
influence the conformational dynamics of the SBD dramatically reducing the frequency of
spontaneous a-lid opening [101,281], suggest peptide binding interactions maintained at the SBD

my serve a roll in stabilising the complex in the closed state by decreasing the allosteric potential of

the protein.
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Figure 2.13: C; Profiles for the opening transition experiments. Showing the distribution of residues
with Gi>0.70. A—44%, B—34%, C—3%, D—1%, E— 0%, F— 0%. Each configuration is colour according
to the respective descending G curves in Figure 2.12. The upper threshold value of G > 0.70 is shown
asablackline.In B, the data for D issuperposed (black curve)to illustrate the profile similarities when
ATP or ADP are present. Reproduced with permission from Penkler et. al 2017 [105]

It is alsointeresting to note that the highest C; values for NBDarp)-SBD(pep) complex were recorded in
the SBDR, an observation that may be significantin that peptide disassociation must occur before
the protein can fully resume the open conformation [101,130,281,291]. Previous biochemical
studies have shown that residues Rs36-Qs3g constitute an important hinge site for substrate release

and that “latch” residues D431, Ra67, D540, Hs44, and Ksag form crucial hydrogen bonds between the
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SBDa and SBDR, together these residues may be important for maintaining the stability of substrate
bound closed conformation [292-294]. This hypothesis has been further supported by a
computational study which found allosteric inhibition of DnaK by PET-16 at the SBD, in which ligand
interactions disrupt the proposed stabilising network, ultimately leading to the loss of substrate
affinity [252]. With the exception of Hsaas, these residues collectively record the highest Ci values in
the NBDarp)-SBDpep) complex and indeed much higher than those recorded for the NBD (arp)-SBDapo)

complex in which there is no client peptide present.

PRS also accentuate residues Ssgs, Gaoo, K414, Gas3, and Eaas in the NBDarp)-SBD(pep) complex, all of
which have been implicated in modulating substrate specificity [242]. Similarly, residues F146 and
D148 have been implicated in an intricate mechanism for the modulation of substrate release [130],
both of which are also accentuated in this configuration. Taken together, these findings indicate that
disassociation of substrate together with ADP/ATP exchangeis necessaryforthe successful transition

towards the open state conformation [101,281].

Functional relevance of accentuated residues in the NBDarp)-SBD (pep) complex

Given the hypothesis that the NBDarp)-SBDpep) configuration may be an allosterically active
intermediate, the functional relevance of some key resides within the accentuated peaks of this
complex are discussed in the context of previous experimental studies (Table 2.4 bold). Starting with
the NBD: residues R7i, P143, A1a4, and Fias have been previously implicated in the mechanistic
functioning of the proline switch [237]; G196-T199 are known to be involved in direct interactions with
bound nucleotide [94]; while residues G223, L227-G229 form important hinge sites in the NBD [236]. In
the SBD, mutation of Ka14 has been shown to lead to a loss of inter-domain allosteric communication
[240]. Residues Nog-Gog [239], Fas7 [249], and Ta37-Ha39[249,288] have been implicated in allosteric
signal propagation. Finally, several accentuated residues in this particular complex correspond with
residues that have alsobeen suggestedto be involved in allosteric signal propagation in two previous

computational works [239,249].
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Table 2.4 | Summary of accentuated residues in the NBDarp)-SBD(pep) cOmplex

11, 12, 17-19, 113, 116, 117, 142, 143, 144, 146, 148, 149-150, 156-157,

1A 167, 370, 373-374, 376-377, 380 34,15,23,50
1B 59-60, 66, 68, 70, 71, 73, 96-99 3,20,23,24
1A 195-201, 202-203, 219, 220, 221, 222, 223, 225, 226, 227, 311-315, 316, 14,15,20,23,
317-321, 324-325, 329-330, 333, 353, 356, 49,50

11B 228-229, 231, 232-233-235, 252, 255, 256, 261, 264-265, 281, 283-284, 14,20,24

linker 392 2,14,15
SBDB 396-410, 411, 412, 413, 414, 417, 429-440, 441, 442-444, 448, 450, 451-453, 9,10,15,23,3
454, 455, 457, 464-467, 478, 479, 485, 486, 498, 500-502 7,49,57,59

SBDa 503-508, 511, 512, 514, 515, 516-517, 520, 530, 532-533-534-536-538, 540, 4,15,23,

546-548-568, 571, 581-602 60,71,72

Residues shown in bold are previously reported functional or allosterically relevant residues.

— Overlapping closing and opening PRS hot residues point to key allosteric mediator residues

Taken collectively, the data present thus far supports the assumption that Hsp70 may adopt an
allosterically active intermediate state during conformational switching between the open and
closed conformational states, but only when it is bound by both ATP and peptide substrate,
irrespective transition direction. Comparison of the location of hot residues for these complexes
reveals 78 overlapping accentuated residues in both configurations which include the previously
validated functional residues belonging to: the proline switch, the NBD hinge residues, multiple
residues from the substrate binding cavity including the highly conserved la3s, the substrate trigger
residues D14s, Vaa0 and Hass, and the allosteric modulator Ka14. The fact that these critical functional
residues overlap both the opening and closing transitions may highlight allosteric mediatory roles
for these particular residues implicating them in allosteric signal propagation between the NBD and

SBD in response to bound nucleotide and/or peptide substrate.

— PRS hot residues unique to this study point to inter-subdomain interactions

By filtering out all accentuated residues with known functional or allosteric implications in the
NBDarp)-SBD(pep) configurations for the closing and opening transitions, only those residues unique
to this study are selected (Table 2.5) and mapped to their respective perturbed initial structures
(Figure 2.14) and their significance analysed from a structural standpoint. For the closing transition,
hot residues appear to be clustered around the inter- and intra-subdomain interfaces, particularly
between the SBD{-IA; lIA-11B; and the linker-1A (Figure 2.14 A). No hot residues were observed for

the IB in subdomain, while several residues appeared to be accentuated at the extreme C-terminal
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end of the SBDa. For the opening transition, PRS extensively accentuated residues located in SBDa,
including several residues that interface with the loop regions of the SBD (Figure 2.14 B). For this
transition PRS also accentuated several residues that interface between the IA-IB and IB-IIB

subdomains, as well as several isolated residues in subdomain IIA.

Table 2.5 | Accentuated residues for the open and closed NBD (arp)-SBD(pep) configurations unique to the
present study

17, 18, 19, 59, 60, 68, 73, 96, 99, 113, 116,
117, 142, 149, 150, 156, 157, 202, 203, 219,
220, 221, 222, 231, 232, 233, 34, 235, 252,

7,113, 120, 140, 148, 150, 153, 156,
164, 166, 193, 207, 224, 226, 230, 232,
23, 234, 238, 239, 240, 243, 267, 271,

NBD 273, 275, 276, 278, 279, 280, 281, 303, 255, 256, 261, 264, 265, 281, 283, 284, 311,
304. 05, 306. 307. 308. 309 310. 311 312, 313, 314, 315, 317, 318, 319, 320, 321,
T ! 31£ 3lé ! ! " 324, 325, 329, 330, 333, 356, 370, 373, 374,
! 376, 377, 380
Linker - 396, 397

410, 413, 446, 447, 449, 451, 453, 455,
456, 460, 461, 465, 473, 475, 476-479,

SBD 483, 485, 487, 489, 490, 493, 497, 498,
500-502, 504, 505, 520, 540, 543, 550,
551, 554, 582

411-413, 441, 448, 451-455, 478, 485, 498,

500, 502-504, 507, 508, 511-514, 516, 517,

520, 530, 532, 533-538, 540, 546-568, 571,
581-602

Previous studies have shown that allosteric signal propagation from the NBD to SBD and vice versa
involves the intricate structural rearrangement of its respective subdomains highlighting the relative
importance of key inter-domain contact residues [94,130,241]. PRS accentuation of several
experimentally validated key inter-domain contact residues (D14s, Ka1a, Q442, Das1, Lasa, Ssos, and Gsos)
[101,102,130] have already been discussed in context of allosteric signal propagation. To assess the
whether PRS accentuates other meaningful inter-subdomain interactions and thus mediating
residues for allosteric signal propagation, the Protein Interaction Calculator (PIC) [275] was used to
identify inter-subdomain interacting residues in the initial perturbed NBDarp)-SBDpep)configurations
for the closing and opening transition experiments and the results correlated with the PRS

accentuated residues unique to this study (Table 2.6).
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Table 2.6 | PRS hot residues involved in inter-subdomain interactions for the NBDarp)-SBD(pep) cOmplex

Closing transition Opening transition
Hot Interacting pair : Hot Interacting pair :
residue Location A B  Location Interaction type residue Location A B Location Interaction type
113 1B 73 113 IA HI 73 IB 73 112 1A HI
113 1B 111 113 IA HI 73 IB 73 146 1A HI
113 1A 113 507 SBDa HI 73 IB 73 153 1A HI
149 1A 149 454  SBDR HI 142 1A 142 216 A HI
150 1A 150 73 1B MC-SC HB 150 IB 74 150 1A MC-SC HB
150 1A 150 73 1B MC-SC HB 150 IB 74 150 1A MC-SC HB
153 1B 73 153 IA HI 150 1A 150 72 IB MC-SC HB
207 1A 176 207 A HI 150 1A 150 72 IB MC-SC HB
207 1A 179 207 A HI 150 1A 150 75 IB MC-SC HB
226 A 226 71 1B MC-SC HB 150 1A 150 75 IB MC-SC HB
226 1B 231 226 A MC-SC HB 232 1B 232 312 A HI
226 1B 231 226 1A MC-SC HB 232 1B 232 346 A HI
226 1A 226 85 1B SC-SCHB 312 1B 232 312 A HI
267 1B 55 267 1B SC-SCHB 396 SBDR 396 512 SBDa HI
267 1B 55 267 1B SC-SCHB 397 SBDER 397 503 SBDa HI
305 1B 305 348 A HI 448 SBDR 448 529  SBDa HI
306 A 351 306 1B SC-SCHB 452 SBDR 452 506  SBDa MC-SC HB
306 A 351 306 1B SC-SCHB 454 SBDR 454 503  SBDa HI
309 1B 309 346 A HI 478 SBDR 478 503 SBDa HI
309 1B 309 348 A HI 502 SBDR 502 388 LNK MC-SC HB
311 1B 235 311 A SC-SCHB 503 SBDR 397 503 SBDa HI
311 1B 235 311 A SC-SCHB 503 SBDR 399 503 SBDa HI
311 1B 235 311 A SC-SCHB 503 SBDR 454 503  SBDa HI
311 1B 235 311 A SC-SCHB 503 SBDR 478 503  SBDa HI
312 1B 232 312 A HI 503 SBDR 484 503  SBDa HI
313 1B 232 313 A HI 504 SBDa 504 388 LNK SC-SCHB
338 IA 179 338 A HI 512 SBDR 396 512  SBDa HI
338 A 338 365 IA HI 530 SBDR 446 530 SBDa SC-SCHB
381 IA 381 386 LNK HI 533 SBDR 407 533  SBDa HI
381 IA 381 389 LNK HI 534 SBDR 409 534  SBDa SC-SCHB
413 LNK 395 413  SBDR MC-SCHB 534 SBDa 534 409  SBDR SC-SCHB
501 SBDR 501 503  SBDa HI 534 SBDa 534 409  SBDR SC-SCHB
504 1B 76 504  SBDa MC-SC HB 549 SBDa 549 467  SBDR MC-SC HB
549 SBDa 549 467  SBDR MC-SC HB
585 SBDR 424 585 SBDa SC-SC HB
585 SBDR 424 585  SBDa SC-SC HB
585 SBDa 585 424  SBDR SC-SC HB
585 SBDa 585 424  SBDR SC-SC HB
592 SBDR 471 592  SBDa MC-SC HB
592 SBDR 471 592  SBDa MC-SC HB
593 SBDa 593 471  SBDR MC-SC HB
595 SBDR 469 595  SBDa MC-SC HB
596 SBDa 596 491  SBDR MC-SC HB
596 SBDa 596 491  SBDR MC-SC HB
598 SBDR 469 598  SBDa HI
601 SBDR 469 601  SBDa HI

HB = Hydrogen bond; HI = Hydrophobicinteraction; MC = Main chain; SC = Side chain
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NBD SBD

Figure 2.14: Structural representation of unique PRS hot residues. For the (A) open and (B) closed
NBDarp)-SBD(pep) configurations. PRS hot residues are indicated as spheres and coloured according to
subdomain location. Reproduced with permission from Penkler et. al 2017 [105]

For the closing transition PRS accentuates several inter-subdomain interacting residues (P113, A1,
Qus0, A1s3, 1207, H226, E267, L30s, E306, V309, D311, L312, V313, 338, V381, A413, Is01, and Sso4) that spanall seven
subdomains (Table 2.6). Several of these residues (A149, Q150, A413, Iso1, and Sso4) are in close proximity
to the abovementioned experimentally validated inter-domain contact residues. For the opening
transition, PRS accentuates residues 173, V142, Quso, F232, L312, P396, L397, A4as, Kas2, Lasa, 1478, Ks02-Ssos,
Is12, Ds30, V533, Qs34, Qsa9, Esss, Asgz, Qso3, Ssos, Qsge, and leo1, several of which are located in the SBDa
and appear to interact with the SBDR binding loops through hydrogen bond and hydrophobic
interactions (Table 2.6). Furthermore, for several interacting pairs (F232-L312, P396-1512, L397-As03, Lass-
Aso3, and la78-Aso3) both interacting residues are accentuated by PRS. Only residues Q150, L312 and

S504 are accentuated in both configurations.

2.3.3 Mechanistic interpretation of identified PRS allosteric hot residues

Thus far results generated by PRS analysis of the molecular chaperone Hsp70 have been largely
correlated with experimentally validated functional sites on the protein several of which have been
implicated in allosteric modulation of the chaperone cycle. Here the results garnered from this study
are summarised and interpreted in light of Hsp70’s chaperone cycle (see Figure 1.6 for a schematic
representation) and the relative role of the PRS accentuated residues discussedin terms of their

potential for allosteric modulation of Hsp70.
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— Phase 1-2: Substrate binding and ATP hydrolysis

Our PRS data suggests that bound ATP alone is insufficient to trigger the closing transition, this
configuration recording the lowest allosteric potential out of all the open state complexes.
Conversely, the addition of a client peptide at the SBD appears to increase the allosteric potential
across both domains of the protein in a manner suggestive of a putative allostericintermediate state.
PRS accentuates many key functional residues in this configuration (Figure 2.15 A). Most notable are
residues D1as, R151, Ka14, Vaao, Dag1, and Laga (Figure 2.15 A-black), which have recently been heavily
implicated in a complex mechanism for peptide stimulated ATPase activation [130]. The
accentuation of several known JDP interaction residues supports the theory that JDP interactions
may be necessary to overcome the energetic barrier present between the open and closed states.
PRS also accentuates several groups of residues that have be implicated in the coordination of the
bound nucleotide (Figure 2.15 A- red); as well as the known proline switch [237] (Figure 2.15 A-
yellow) and NBD hinge residues [236] (Figure 2.15 A-cyan). The accentuation of several residues
known to be implicated in substrate binding provides evidence that the binding forces involved in
substrate loading may be sufficient to initiate an allosteric signal at the SBD, which is propagated to
the NBD via other hot residues such as those placed at inter-subdomain interfaces, culminating in

ATP hydrolysis.

— Phase 3: The closed ADP bound functional state

PRS analysis indicates that irrespective of bound peptide substrate the presence of ADP at the NBD
allosterically favours a conformational transition towards the closed state, supporting previous
findings that ATPase activity and the subsequent biding of ADP drives the closing transition [239,248].
Our data also shows that ADP provides the closed form of the protein with a natural resistance to

interconvert back to open state suggesting it stabilises the chaperone in a functionally closed state.
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Figure 2.15: Structural representation of residues accentuated by PRS. Showing the (A) Closing and (B)
Opening NBDarp)-SBD(pep) configuration transitions. Residues unique to this study are shown as grey
spheres, residues that overlap with experimentally determined functional residues are coloured
according to known function (inset legend), or coloured orange. Reproduced with permission from
Penkler et. al 2017 [105]

— Phase4: Nucleotide exchange and conformational rearrangement

Replacing ADP with ATP at the NBD appears to allosterically activate the closed conformation
complexes, drastically increasing the number of accentuated residues. Our MD simulations of the
ATP and substrate bound complex indicate rearrangement of SBD with respectthe NBD in line with
a previously reported intermediate conformational state. PRS analysis of this complex once again
accentuates several key functional residues, including the nucleotide coordinating residues, the
Proline switch, and the NBD hinge residues (Figure 2.15 B). Hsp70’s nucleotide exchange is heavily
dependent on NEF facilitation. PRS accentuates several residues of unknown function in SBDa that
have recently been implicated in NEF interactions by Melero and co-workers [127]. This observation
may suggest that external force perturbations by other binding partners such as NEF may be

required to drive the opening transition.
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— Phase 5: Client peptide release stabilises a conformational return to the open state

The SBD residues were among the highest correlating residues for the ATP and peptide bound closed
complex. PRS accentuates multiple residues involved in peptide binding interactions, including
several SBDa residues in direct contact with loops of the SBDR, including the known latch (D431, Ras7,
Dsa0, and Ksag) and hinge residues (Rs3s-Qs3s) [292] (Figure 2.15 B). These data suggest that
conformational dynamics of the SBD together with peptide release may be important determinants
for the opening transition and supports the theory that a stable open conformation can only be

achieved after successful dissociation of the client substrate [101,241].

2.3.4 Implementation of the PRS algorithm in the MD-TASK software suite

Traditional MD trajectory analysis techniques are often incorporated in MD packages such as
GROMACS and AMBER, however there are scenarios that depending on the research questions being
asked where researchers are required to write standalone analysis scripts. This task may be
challenging for some, especially if the analysis requires mathematical and complex programming
knowledge. To address this particular need for the analysis of MD trajectories the Rhodes University
Bioinformatics Institute (RUBI) collaboratively developed an MD trajectory analysis tools suite called
MD-TASK [295] which is comprised of a set of trajectory analysis techniques involving dynamic

residue networks analysis, Perturbation response scanning, and dynamic cross-correlation analyses.

The PRS methodology presented in this chapter was implemented in the Python programming
environment as a stand-alone tool in the MD-TASK tools suite that can be executed from the
command line interface. The tool accepts an MD trajectory in several formats (.xtc, .trr, .dcd) as
input together with an expected/known end-point structure and the number of force perturbations
to be tested per residue (default value set to 250). The tool begins by reducing the MD trajectory to
Ce atoms (Cq for glycine residues) which it then uses to calculate the variance-covariance matrix (C).
The expected displacement vector (AS, Equation 2.6) is calculated by aligning the first frame in the
trajectory to the supplied end-point structure and the difference in x, y, and z coordinates for each
Co calculated. Then in a sequential manner the algorithm performs the required number of force
perturbations on each residue in the protein, calculating a Pearson’s correlation coefficient between
the overlap of the expected and predicated conformational displacement vectors. Finally the best
correlation coefficient value for each residue is stored in a data frame and outputted to the userin
a comma separated file (.csv) together with a line plot generated using the matplotlib module. MD-
TASK has been open-sourced and is available for download from https://github.com/RUBi-ZA/MD-

TASK, implemented in Python and supported on Linux/Unix.
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2.4 Conclusions

In this chapter, the usefulness of PRS as a technique for the prediction of a protein allostery in large
multi-domain proteins was thoroughly investigatedforthe 70 kDa heat shock protein using atomistic
MD simulation trajectories as a kernel for predicting coordinate shifts in response to single residue
perturbations. The results correlate well with experimental data for known functional sites
implicated in Hsp70’s nucleotide driven allosteric chaperone cycle. Based on these findings PRS
coupled with all-atom MD simulations presents as a suitable and computationally efficientapproach
for investigating the allosteric protein of large multi-domain proteins and inis sensitive to alternate

binding partner configurations such as nucleotides and polypeptide substrate.

Overall, the data presented here demonstrate that the simultaneous binding of ATP and client
peptide in the Hsp70 system may engender allosterically active intermediate states for both the
closing and the opening transitions. These intermediate state are highly sensitive to external force
perturbations at select residue sites. In nature, these force perturbations could be linked to
functional events, such as peptide binding/release, nucleotide exchange, co-factor binding as well
as inter-subdomain allosteric communication. Given the significant overlap of the PRS hot residues
with numerous experimental works, it stands to reason that the unique hot residues reported herein
with as yet unknown function, may in fact point to functionally important sites. Those that appear
on the external extremities of the protein could be involved in co-factor binding interactions such as
those with JDP and NEF, while those that are buried within the core of the protein may be implicated
in allosteric signal propagation across inter-subdomain interfaces. Collectively data may provide
further insight into Hsp70’s allosteric mechanism of action and thus present as a suitable platform

for future mutational studies.
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Chapter 3:

Allosteric Modulation of Human Hsp90a
Conformational Dynamics

This chapter describes a dynamics based computational study in which Perturbation response
scanning is coupled with dynamic residue interaction network analysis and long-range molecular
dynamics simulations for the quantification and identification of allosteric control elements in the

90 kDa heat shock protein.

Chapter 3 is reproduced in part with permission from the following publication:

Allosteric Modulation of Human Hsp90a Conformational Dynamics. David L. Penkler, Canan

Atilgan, and Ozlem Tastan Bishop. Journal of Chemical Information and Modeling. 2018. 58 (2), 383-
404 DOI: 10.1021/acs.jcim.7b00630. 2018. American Chemical Society.

Contribution: Conceived the study together with Ozlem Tastan Bishop, experimental design, carried

out all experimental procedures, and wrote the first draft of the manuscript.
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3.1 Introduction
3.1.1 Computational efforts to understanding allosteric regulation in Hsp90

To date, a number of computational studies aimed at elucidating the mechanistic regulation of
Hsp90’s conformational dynamics have been carried out based largely on the available experimental
structural data. Atomic resolution models of allosteric regulation in Hsp90 have been proposed, in
which reported cross-talk between the NTD and CTD implicate ATP binding and hydrolysis at the NTD
to have a strong influence on conformational dynamics at the CTD [296,297]. These studies lead to
the prediction of allosteric inhibitor ligands that bind a CTD allosteric target site [298—300]. Coarse
grained and atomistic MD simulations coupled with energy landscape analysis were used to
demonstrate the global motions and functional dynamics of Hsp90, reporting a network of
conserved regions within the protein that may be important for regulating intra-protomer
communications in response to ATP hydrolysis [301]. A comprehensive all atom simulation study of
several Hsp90 crystal structures from different organisms demonstrated how the functional
dynamics of Hsp90 are modulated by the motion of quasi-rigid domains involving two sets of
conserved residues that form inter-domain hinges between the NTD-MiD and MiD-CTD [302].
Atomistic simulations coupled with force distribution analysis of the HtpG structure revealed
allosteric communication pathways connecting a similar MiD hinge and putative client binding site
to the NTD nucleotide binding site [303]. Thermodynamic analyses based on MD simulations were
used to describe structural rearrangements involved in Hsp90’s conformational cycle, leading to the
identification of several key interactions that may govern conformational change [304]. Structural
stability analysis and protein network modelling based on atomistic simulations of Hsp90 were used
to characterize the evolution of interaction networks and allostericcommunication during interstate
transitions, reporting a small number of conserved functional residues that may be central
modulators of several functions including allosteric communication, structural stability, and co-
chaperone binding [305]. More recently a comprehensive structural and dynamic network analysis
of posttranslational modification (PTM) sites across Hsp90 proteins was conducted, in which the
specific role of regulatory PTMs hotspots in the allosteric mechanism of Hsp90’s conformational

cycle were identified [306].

3.1.2 Allosteric regulation of Hsp90 function through co-factor interactions

With the elucidation and identification of Hsp90’s numerous co-chaperones and binding partners, it
has become evident that Hsp90Q’s interaction with a broad range of co-chaperones tailor the
flexibility of the dimer to suiteits functional needs. In this manner, evidence has been shown directly

implicating co-chaperones with the modulation of Hsp90’s ATPase activity by controlling the
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conformational transitions involved in client loading and release. Functional dynamics investigations
of Hsp90'’s interactions with the co-chaperones Ahal and p23 demonstrated that binding of these
cofactors alloserically modulate Hsp90’s conformational dynamics [307]. Furthermore, analysis of
the interaction networks involving Hsp90 complexes with the cofactors Cdc37, Sgt1, Rarl [308], and
P53 [309] demonstrated how small-world networks involving highly connected residues at the inter-

protein interfaces correspond to known functional sites.

3.1.3 Allosteric regulation of Hsp90 function via small molecule ligands

Traditionally, therapeutic efforts for the inhibition of Hsp90 have largely focused on competitively
targeting the nucleotide binding site. However, with the implication of co-chaperone interactions for
client based function, coupled with a growing body of evidence of allosteric modulation of
conformational dynamics, drug discovery efforts are moving towards the targeting of specific co-
chaperone binding sites, or allosteric pockets, as an alternative avenue for the inhibition of Hsp90
by disrupting its conformational dynamics and thus the loading and release of selective clients.
Interestingly, the associated allosteric regulation of Hsp90 by co-chaperone interactions is believed
to only occur for the cytosolic isoform of the protein [159,310]. This compartmentalization would
further maximize the selectivity for potential inhibitors. Progress along these avenues for the
treatment of human related diseases has been limited however, due to a lack of structural data for
human Hsp90a which in turn has limited the discovery of druggable allosteric sites. Indeed, Hsp90's
dynamic nature raises the possibility that allostery in the chaperone may be conformation
dependent. The structure of yeast Hsp82 has been well characterized for the closed ATPase active
conformation, and as a result most structure based allosteric investigations of Hsp90 have only been

applied to this functional state.

3.1.4 Chapter objectives

In this study, the lack of structural data for Hsp90 in conformations other than the closedcatalytically
active stateis addressed, by employing a multi-template homology modelling technique to calculate
accurate full-length structures of human Hsp90a in the three functionally relevant conformations:
the fully-closed ATPase active state, the partially-open/closed intermediate state, and the fully-open
“v-like” inactive conformation. By subjecting these structures to long-range all-atom MD simulations
in the presence/absence of nucleotide at the NTD, we look to quantify the effect of nucleotide on
protein dynamics using several MD based analysis techniques. Finally we apply PRS to every possible
configuration to assess the allosteric potential of the protein under the different nucleotide
conditions and identify select sites capable of allosterically modulating the dynamic conformational

ensemble of the protein in favour of the opposite conformational state. i.e. inactive (open) — active
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(closed) and vice versa.

3.2 Methodology

3.2.1 Homology modelling

The theory of homology modelling is built on the concept that protein function is conserved through
tertiary structure (lllergard et al. 2009), thus allowing for the structural determination of an
unresolved protein sequence form a closely related homolog. Homology modelling is thus four-step
process including template identification, target-template alignment, model building, and validation.
Given that protein structure is inferred on sequence homology alone, the identification of the
template structures and the alignment to the target sequence is of utmost imporance as the down
stream model build is entirely dependent on the accuracy thereof. Another important aspect to
consider is the quality of the template structure, as any incongruencies in the resolution of the
template i.e. missing residues or atoms, will be extraoplated into the target sequence model. The
model building process can be largely automated using various online web-serves, however a
manual approach to model build with software such as the MODELLER package developed by Sali
and Blundell affords the researcher the ability to fine tune the alignement file and refinement levels
during model building and this increase the overall accuracy of the final model.

Homology Molecular Conformational Dynamic residue Perturbation
modeling dynamics change interaction networks  response scanning

Average
“ AL displacement
Partially :D Il: [: rl: Allosteric
conformational
modulation
open

(we)eo9) oo

RMSD
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Figure 3.1: Schematic overview of experimental approach: Homology modelling was employed to
obtain full-length structures of human Hsp90a in the closed and partially-open conformations. Both
structures were submitted to long range MD simulations. The fully-open structure which was
obtained from the trajectory of the partially-open structure in complex with ADP was also submitted
MD simulation to total nine unique trajectories with different nucleotide configurations. Each
trajectory was submitted to downstream analysis to assess the effect of bound nucleotide on
conformational change and allosteric signal propagation. Reproduced with permission from
Penkler et. al 2018 [191].
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MODELLER is implemented within the Python programming environment. The underlying modelling
algorithm calculates 3D protein models using the satisfaction of spatial restraints, a technique well
known in NMR. Spatial restraints are expressed as a probability density function for each protein
sub-structure. Models are built to satisfy these spatial restraints based on the alignment of target to
template sequences [311]. The required input for MODELLER, includes the alignment file containing
the target-template alignment, as well as the original PDB file of the template. To ensure that model
building returns an optimum protein model, MODELLER utilizes an Lamarckian iterative process
whereby several models are calculated, and models that are not statistically significant discarded
and the remaining models sampled [312]. Given that loop regions are highly variable and thus very
difficult to predict and model, MODELLER includes some elementary ab initio structure prediction,

which greatly improves the modelling of these regions.

In this study the 3D structure of cytosolic human Hsp90 (Hsp90a) was modeled in a partially-open
and fully-closed conformation using the full protein sequence NP_005339.3, obtained from the NCBI
database, as the target sequence. Alignments were carried out using PROMALS3D [313] and
modelling calculations performed using MODELLER [314]. For the closed conformation, the full-
length cryo-EM structure of human Hsp90p in complex with ATP (PDB ID: 5FWK) [192] was used as
a structural template. 5FWK represents the full protein structure except for the linker between the
NTD and MD (res 228-277), which due to its inherent flexibility is yet to be crystallized. For this
reason, residues 230-275 were deleted from the target sequence, and replaced with four glycine

residues (G-G-G-G) as a structural placeholder.

Modelling of the open conformation required the use of a multi-template homology modelling
approach to ensure a “v-like” open dimer, with an extended orientation for each protomer. The
canine endoplasmic reticulum paralog of Hsp90, GRP94, demonstrates a partially-open ‘v-like’
conformation with dimerization at the CTD (PDB ID: 201U) [188]. This structure was used as the
primary template for MODELLER to ensure model building followed this structural arrangement.
Figure 3.2 illustrates the final alignment used to construct the partially-open structure showing
201U in green. Given that 201U and the target sequence only share 53% sequence identity, 5FWK
(blue) was used as a secondary template, to provide cover for the missing region L290-R299.
Furthermore, 201U lacks structural data for the ATP-lid domain (res 98-123), while 5FWK is
representative of the structure with a closed ATP-lid. Thus, to ensure that the ATP-lid was modeled
in its open conformation, the NTD (res 15-278) of 5SFWK were excluded from the alignment file and
the open ATP-lid NTD crystal structure of human Hsp90 (PDB 3T10) was used as a second template

for this domain (magenta).
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Figure 3.2: Graphical illustration of the final homology modelling alignment file for the partially-open
conformation. The target sequence is coloured red and the template structure sequences coloured:
201U green, 5FWK blue, and 3T10 magenta.

A total of 100 models were calculated for each dimerized conformation (open and closed), and the
models with the lowest normalized DOPE score (DOPE-Z score) selected for further evaluation by
VERIFY3D [315], Errat [316] and ProSA [317]. To obtain each of these conformations in complex with
ATP and ADP, Pymol was used to extrapolated the respective nucleotide's structural coordinates
from representative crystal structures by superimposing PDBs 3T0Z [318] and 1BYQ [319] for ATP
and ADP respectively. The apo NTD was obtained by omitting nucleotide coordinate data. In this
manner, a total of six human Hsp90a configurations were prepared, three in a partially-open

conformation and three is a fully-closed conformation.

3.2.2 Molecular dynamics simulations

MD simulations were carried out on all nucleotide bound configurations of the homol ogy models.
All MD simulations were performed using GROMACS 5.1.2 [265] within the CHARMM 36 force field
[268-270], using a orthorhombic periodic box with a clearance space of 1.5 nm. Water molecules
were added as solvent, and modeled with the TIP3P water model. The system was neutralized using
a 0.15 M NaCl concentration. Prior to production runs, all molecular systems were first energy
minimized using a conjugate-gradient being energy relaxed with up to 50 000 steps of steepest-
descent energy minimization, and terminated when the maximum force <1000.0 kJ/mol/nm. Energy

minimization was followed by equilibration, first in the NVT ensemble at 310 K using Berendsen
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temperature coupling, and then in the NPT ensemble at 1 atm and 310 K until the desired average
pressure (1 atm) was maintained and volumetric fluctuations stabilized. All production simulations
were run for a minimum of 100 ns and a maximum of 200 ns, to ensure that the backbone root-
mean-square deviation (RMSD) of the protein equilibrated with a fluctuation of no more than 3 A
for at least 20 ns. Data pertaining to the protein and nucleotide were saved at 2 ps intervals for
further analysis. All simulations utilized the LINCS algorithm for bond length constraints. The fast
particle mesh Ewald method was used for long-range electrostatic forces, the switching function for
van der Waals interactions was set to 1.0 nm and the cut-off setto 1.2 nm. NH3* and COO~ groups
were used to achieve the zwitterionic form of the protein. Periodic boundary conditions were
applied in all directions and the simulation time step was set to 2 fs. Duplicate simulations were

carried out for all closed and FO complexes.

3.2.3 Dynamic cross-correlations

Dynamic cross-correlations (DCC) describe the correlation of motions between each Cq atom in a
protein over the course of an MD trajectory. DCC is calculated based on the reduction and
normalization of the 3N x 3N covariance matrix (C). The MD-TASK [295] software suite was used to
calculate DCC for each MD trajectory. The kernel C was constructed from the MD trajectory with a
sampling step of 100 ps intervals, and the average deviation of each Cq atom from a mean structure
representative of the trajectory length calculated. The essential directions of correlated motions

were determined by diagonalizing C to get the N x N correlation matrix (Corr):

(Ar; - Ar

" Jard)- Jar)

3.2.4 Dynamicresidue network analysis

Corr;;

To analyse inter- and intra-domain communication, the protein is represented as a residue
interaction network (RIN), where the Cg atoms of each residue (Cq for glycine) are treated as nodes
within the network, and edges between nodes defined within a distance cut off of 6.7 A [46]. In this
manner, the RIN was constructed as a symmetric N X N matrix, where the ijt" element is assigned as

1 if residue i is connected to residue j and a zero if no connection exists.

In this study, MD-TASK [295] was used to construct dynamic residue interaction networks (DRN) for
each MD trajectory, in which RINs are constructed for every nthframe of the trajectory using a 200
ps time interval, to build a DRN matrix. By iterating over the DRN, each RIN is analysed in terms of

the average of shortest path length (L;) and betweenness centrality (BC) of each residue.
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— Shortest path length (L))

The shortest path length (Lij) between two residues i and j is defined as the minimum number of
nodes that need to be crossed to reach j from i. The average L;is then calculated as the average

number of steps that the node/residue may be reached from all other residues in the in the network:

Here, we analyse the change in reachability (AL;) of each residue by monitoring how L; shifts over

the course of the MD trajectory and thus over time:

N
AL = %z (L? - L})
m=1

where LY denotes the average shortest path length for residue i at time zero, and L the average

shortest path length at frame n.
— Betweenness Centrality (BC)

BC is defined as the number of shortest paths running through a node/residue for a givenRIN, and
provides a measure of usage frequency each node during navigation of the network. Here, BC was
calculated using MD-TASK based on Dijkstra’s algorithm [320] and the data rescaled in the range of
0.0 — 1.0 to be comparable between conformers. Finally, the average BC and AL are calculated over
the DRN, as this measure provides an indication of residues that experience permanent changes in

ALi and BC as opposed to minor fluctuations over the course of the MD trajectory [295].

3.2.5 Perturbation response scanning

The theory of PRS has been previously discussed in sections 2.1.2 2.2.3 and we follow the same
methodology in this study and again construct the Hessian matrix from the MD trajectory data by
selecting 20 ns stable segments based on the RMSD fluctuation profiles. Each residue in the protein

was perturbed 250 times using random force perturbations of a single unit measure.
— Effector and sensor analysis

Effector residues are define as those residues whose perturbation causes large displacements
elsewhere in the protein. Sensor residues are residues that are sensitive to perturbations elsewhere
in the protein. Both data sets are constructed from the response vectors obtained after 250 force

perturbations of each residue in the protein. Each response vector for each perturbation for each
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residue was stored in a 3N x 3N x 250 matrix where N is the total number of residues in the protein.
An average displacement matrix is obtained by averaging each matrix coordinate over the 250
perturbations resulting in a 3N x 3N response matrix, where effector residues are detected on the
vertical axis and sensor residues on the horizontal axis. Thus for any given residue i, the average
effect 250 perturbations at j can be assessed by examining the matrix row corresponding to i.
Likewise sensor residues can be assessed by considering the column corresponding to residue i on
the horizontal axis. Python scripts using the numpy module were used to perform all matrix

operations.

— Response correlation analysis

For each PRS experiment, the initial and final structures (states Oand 1 in Equation 2.1) were defined
as follows: The coordinates of state O were set to the initial frame of the equilibrated MD segment,
while the coordinates for state 1 were set to the initial equilibrated frame from the opposite
conformation. Thus for the open to closed transitions, state 1 was set to the equilibrated structure
of the ATP bound closed configuration. Conversely, for the closed to open transitions, the final
structure was set to the equilibrated ATP bound open conformation. The coordinates of state 1 were
superimposed on state 0 using Kabsch algorithm [272] in a whole protein alignment approach and
the experimental difference vector calculated (AS). Each residue in the initial state was sequentially
perturbed with 250 fictitious forces of random direction and a single unit magnitude. The quality of
the response vectors were assessed using Pearson’s correlation coefficient with (AS) see section

2.2.3 for more details.
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3.3 Results and Discussion
3.3.1 Homology modelling

Structures of human Hsp90a in closed and partially open 'v-like' conformations were obtained by
homology modelling (Figure 3.3). In each case 100 unique homology models were calculated and
ranked by normalized DOPE-Z score. The normalized DOPE-Z score is an atomic distance-
displacement statistical potential used to evaluate the fold of a model and is dependent on a sample
structure of a native protein [321,322]. A value less than -0.5 is deemed an accurate representation
of the native structure, and the lowest scoring models were selected for further model evaluation
and verification. Table 3.1 summarizes the results of the best scoring models after separate model

evaluation with the Verify3D, Errat, and ProSA techniques.

Table 3.1 | Summary of model evaluation before and after energy minimization

Closed -1.24 93.55% 92.38% -10
Open -1.13 94.10 % 95.28 % -11
Closed -1.82 95.22% 94.71% -11
Open -1.74 96.13 % 96.86 % -11

Verify3D is an online web-server that determines the relative compatibility of a 3D atomic coordinate
structure with its own 1-Dimensional amino acid sequence, assigning structural classes based on
secondary structure, location, and local environment, comparing the results with known good
structures [323,324]. The percentage of residues within the protein that score more than 0.2 is
reported, and a minimum of pass rate of 80% is required to pass model evaluation. Errat analyses
the statistics of all non-bonded interactions between carbon, nitrogen, and oxygen atoms reporting
the percentage of residues that fall below a rejection confidence level of 95% [316]. The ProSA web-
server calculates the overall quality of a protein structure based on a Z-score which indicates the

goodness of fit between the modeled structure and native structures of a similarsize [317].

Both, the selected open and closed homology models pass each of these evaluation tests, recording
scores in the good to very good range (Table 3.1). Appendix I-I shows a schematic illustration of the
secondary structure qualities. It is important to note that model evaluation was carried out before
and after energy minimization, to assess the impact of possible bad contacts within the structure.

Erroneous regions highlighted in the pre-minimized structures were mostly confined to loop regions,
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particularly the missing linker region between the NTD and the MiD, all of which improved post
energy minimization (Table 3.1). Given that the final models were to be used as starting structures
for long range MD simulations and that they were first energy minimized, it was not necessary to

carry out a loop refinement strategy as this would be handled through all-atom simulations.

Figure 3.3: Structural representation of the human Hsp90a homology models. (A) Fully closed
conformation, (B) partially open conformation. Indicating the locations for the NTD (blue); charged
linker (grey); M-domain (green); CTD (yellow); B-strandi-helix1 interface (cyan); ATP-lid (red); and M-
domain/CTD hinge (magenta). Helices are labelled according to the numbering convention used
throughout the text. Reproduced with permission from Penkler et. al 2018 [191]

3.3.2 Effect of nucleotide binding on conformational dynamics

The NTD nucleotide bound configuration (ATP/ADP/apo) of Hsp90 has been implicated with the
modulation of conformational dynamics that underpin the chaperone’s functional cycle (Figure 1.8).
To determine the relative effect of bound nucleotide on the conformational dynamics (opening and
closing transitions) of human Hsp90, all-atom MD simulations in explicit water were carried out on
nucleotide bound (ATP/ADP) and apo fully-closed (FC), partially-open (PO), and fully-open (FO)
complex configurations, in a total of nine unique simulation runs (Table 3.2). Duplicate MD
simulations were carried out for the closed and FO complexes to confirm MD convergence totalling
1.8 us of simulation data for 12 separate MD runs (Table 3.2). The FC and PO simulations were
initiated based on the energy minimized homology models, while the FO simulations were based on

a structure extracted from the PO MD trajectory in complex with ADP (PO-ADP). The resultant
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trajectories were analysedin terms of their backbone RMSD, residue root-mean-square-fluctuations
(RMSF), radius of gyration (Rg), inter-protomer distance, dynamic cross-correlation (DCC) of atomic

motions, and conformational restructuring.

Table 3.2 | Summary of MD simulations and equilibrated PRS segments.

Simulation Equilibrated

Nucleotide Label length (ns)  region (ns) ARMSD (A)  Replicate
ADP FC-ADP 100 80-100 2.0 v
8 ATP FC-ATP 100 80-100 2.0 v
apo FC-apo 100 80-100 2.0 v
ADP PO-ADP 200 - - X
8 ATP PO-ATP 200 - - X
apo PO-apo 200 - - X
ADP FO-ADP 200 65-85 2.0 v
8 ATP FO-ATP 200 180-200 23 v
apo FO-apo 200 80-100 3.0 v

FC = Fully-closed; PO = Partially-open; FO = Fully-open
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Figure 3.4: Global conformational dynamics metrics for the closed conformation complexes. (A)
backbone RMSD; (B) radius of gyration; (C) DCC heat maps showing correlated motions (positive) in
red and anti-correlated motions (negative) in blue. The colour bar accompanying each heat map
represents each functional domain: NTD (blue), linker (grey), M-domain (green), and CTD (yellow).
Reproduced with permission from Penkler et. al 2018 [191]
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—  Fully-closed complexes

Backbone RMSD analysis of the closed conformation complexes indicates fairly stable structures
over 100 ns, with RMSD values converging around 5-6 A (Figure 3.4-A). RMSF analysis for these
trajectories (Appendix I-1l) revealed prominent NTD fluctuations surrounding residues belonging to
the loop Reo-E7s, the ATP-lid (res 112-136), and the charged linker (res 220-282), with subtle
differences between the two protomers. The only notable difference between the different
nucleotide configurations are slightly larger values for the ATP complex. This observation is in

agreement with a previous MD study on yeast Hsp90 [297].

Despite RMSD convergence and similar RMSF values between the three configurations, visual
inspection of the final structures (100 ns) reveals subtle differences in the NTDs of each complex
when compared to their initial structures (0 ns). The NTD of the ATP complex becomes more
compact compared to the NTDs of ADP and apo complexes (Figure 3.5). Quantifying the radius of
gyration (Ry) over the MD trajectory provides a metric for evaluating the degree of compactness of
a protein of interest [325]. Ry analysis for the closed complexes shows an initial decrease for the ATP
complex which eventually stabilizes around 36.5 A (Figure 3.4-B), suggesting a tightening of the
dimers around the central axis. The ADP and apo complexes show a smaller initial decrease

compared to the ATP complex, both stabilizing around 38.5 A, suggesting these complexes to be

more ‘relaxed’ around the central axis.
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Figure 3.5: Structural representation of the final closed conformation structures after 100 ns MD
simulations. Showing the ATP (red); ADP (blue); and apo (green) complexesas cartoons superimposed

on the original start structure in grey ribbons. Reproduced with permission from Penkler et. al 2018
[191]
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The apparent compactness of the ATP complex is also confirmed when analysing the MD trajectories
in terms of correlated Cg atom motions. In this analysis, each correlation matrix (Figure 3.5-C)
represents the correlation between any two Cg atoms over the course of an MD trajectory. Positive
values approaching 1 describe correlated motions (in the same direction) and negative values close
to -1 describe anti-correlated motions (in opposite directions). In the ATP complex, strong anti-
correlation is observed between the NTD and CTD within and between individual protomers,
suggesting these domains to have anti-correlated motions either towards ( *) or away ( I)from each
other in the presence of ATP. The degree of anti-correlation between these domains is reduced in
the ADP and apo complexes, especially in protomer 2, supporting the hypothesis that these
complexes resemble more relaxed structures. Looking at the motions between the NTDs of each
protomer, positive correlated motions are observed between the NTDs of the nucleotide bound
complexes, suggesting that the NTDs move in a concerted fashion relative to one another. Strikingly,
the converse is observed for the apo structure, in which the NTDs show anti-correlated motions
relative to one another suggesting movement in opposite directions. This evidence may be indicative
of protomer uncoupling atthe NTD which precedes transition towards the open state. We note that
these observations are unlikely to be attributed to a lack of MD convergence, as replicate DCC heat
maps computed for separate trajectories demonstrated highly reproducible results (Appendix I-lll).
Furthermore, we suggest that the differential behaviour observed for the two protomers may be
evidence of previously reported asymmetric conformational dynamics of Hsp90 [160,326], which is
a trademark characteristic that is also observed in the DRN and PRS analyses (see sections 3.3.3 &

3.3.5).
— Partially-open complexes

The PO complexes of human Hsp90a were calculated based primarily on the canine Grp94 template
(PDB ID: 201U), a structure that is representative of a partially open intermediate structure that may
represent the native conformation of the protein in the absence of bound client proteins or co-
factors [188]. The atomic coordinates for the ATP-lid are missing from 201U and the ATP-lid was
modelled in the open configuration (Figure 3.6), to yield a putative intermediate structure between

the fully-closed catalytically active state and the native inactive fully-open state.

The backbone RMSD plots of the PO complexes (Figure 3.7-A) indicate minor conformational
restructuring within the first 35 ns, after which the ATP and apo complexes stabilize converging to a
value around 5 A, while the ADP complex undergoes extensive conformational fluctuations and is
unable to equilibrate over the 200 ns simulation. Superimposing the CTDs of the final structures with

the initial PO structure shows that each complex configuration yields a unique final structure after
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the 200 ns MD simulation (Appendix I-1V). The ATP complex undergoes minor conformational change
in which the NTDs are reoriented towards the M-domain of the opposite protomer (Appendix I-IV-
red). This reorientation appears to tighten the two protomers and supports previous observations
that these conformational rearrangements are necessary for catalytic activation [162,183]. The ADP
complex appears to undergo extensive conformational restructuring, whereby the protomers
disengage from one another in a distinct opening of the molecular clamp that likely explains the
jump in RMSD at 30 ns. The final PO-ADP structure closely resembles an open 'v-like' structure
(Figure 3.7-D) that has been previously reported for HtpG (PDB ID: 210Q) [180]. Indeed,
superimposition of the 210Q on the final PO-ADP structure revealed near identical tertiary structures
(Appendix 1-IV), recording a backbone RMSD deviation only 8.23 A. Like the PO-ATP complex, the
PO-apo configuration also shows minor deviation from the initial structure. The only notable
conformational change being the NTD of the second protomer, which appears to relax and extend

in an upward flexing motion away from the MiD of the opposite protomer (Appendix I-1V-green).

Nucleotide
binding site

closed

Figure 3.6: Illustration the NTD ATP-lid positons. The NTD is coloured red and the ATP-lid coloured
according to the two possible positions open (green) and closed (grey).

Next we measure the time evolution of NTD inter-protomer distance, defined by the distance
between the center of mass of each the NTDs, over the course of each MD simulation to quantify
the conformational sampling of the individual protomer with respect to each other. This data would
inform on the stability/flexibility of the protomers over the course of the MD simulation. For the PO-
ADP complex it is evident that protomer uncoupling likely occurs after 20 ns, the inter-protomer
distance increasing by +10 A to fluctuate around 30 A for the remainder of the MD simulation
(Figure 3.7-B). In contrast, both the ATP and apo complexes maintain their NTD inter-protomer

distance, fluctuating around 21 A.
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Figure 3.7: Global conformational dynamics metrics for the partially-open conformation complexes. (A)
Backbone RMSD, (B) NTD inter-protomer distance (black line represents the initial distance at 0 ns),
(C) Rg plots, (D) 3D illustration of dimer opening in the PO-ADP complex, showing the initial partially
open structure (blue) and the final structure after MD simulation (grey). Reproduced with permission
from Penkler et. al 2018 [191]

RMSF analysis of the PO complexes (Appendix I-V) shows an elevated degree of residue fluctuation

in the NTDs of all three complexes, with slightly higher fluctuations for the ADP complex. From a

functional stand-point, notable NTD fluctuations include: the N-terminal B-strandi (res 15-26), B-

sheets 3-5 (res 65-75, 160-80), the ATP-lid (res 112-136), and the charged linker (res 210-290).
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An interesting difference between the different PO configurations is observed in the MiD (res 288-
549), where fluctuations are significantly higher for the ADP complex, particularly the catalytic loop
region (res 391-406). All three complexes show similar residue fluctuations at the CTD; however, the
ADP complex once again experiences higher fluctuations, this time at helixis and helix1g (res 601-
632). Collectively this data suggests that the ADP complex is more flexible than the ATP and apo
complexes, and its increased fluctuations in all three subdomains may be evidence of a ‘relaxed” ADP
state. This apparent increase in flexibility for the ADP complex may be an important structural
characteristic for the destabilization of anchoring inter-protomer interactions at the MiD and CTDs
and thus facilitation of the opening transition. The converse may be true for the PO-ATP and PO-apo
complexes, in which protomer rigidity may help maintain inter-protomer interactions, which

stabilise the closed state.

Ry analysis for these complexes supports this observation (Figure 3.7-C), in which the PO-ADP
complex becomes considerably less compact over time fluctuating around 45.0 A. Indeed, the initial
increase in Rgoccurs soon after the protomers first disengage (Figure 3.7-B). In contrast, the PO-ATP
and PO-apo complexes maintain their original structures, fluctuating around 38.0 A, the former
becoming slightly more compact than the latter in agreement with the previous visual observations

made (Appendix I-IV-A).

Looking at the inter-protomer interactions present in the final MD simulation structures, the only
interactions conserved in all three complexes are those involved in CTD dimerization, the notable
difference being helixis (res 601-632). In the initial closed and PO structures, helixigis seen to form
intimate interactions with the identical residues in the opposite protomer, forming an important
interface between the protomers. Despite minor fluctuations of these residues over the course of
the MD simulations (Appendix I-V) both the apo and ATP complexes appear to retain this inter-
protomer interaction, while in the ADP complex they are completely abolished, allowing helix1s and
helix19 to fold back towards their respective protomers. The CTD has been previously implicated in
the allosteric modulation of dimerization in yeastHsp90 [195,203,297,299]. This data could describe
how ADP may allosterically modulate conformational dynamics, in which it increases protomer
flexibility, allowing the NTDs to become extended triggering disengagement of helixis-19interface,
which in turn causes further destabilization of other inter-protomer interactions in the MiDs,

resulting in a transition to the open state.
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—  Fully open 'v-like' complexes

All-atom MD simulations of the PO complexes revealed drastic conformational changes in the ADP
configuration that closely resembled the fully-open 'v-like' conformation (Figure 3.7-D & Appendix
I-IV). This structure provided a suitable starting point for further MD investigations regarding the
effect of bound nucleotide on the conformational dynamics of the fully-open (FO) conformation. As
such, the final structure of the PO-ADP complex was selected from the 200 ns trajectory, and FO-
ATP, FO-ADP, and FO-apo complexes prepared in the same manner as the previous two

conformations, and each complex submitted to 200 ns MD simulations.

A

= ATP == ADP

apo

RMSD (A)

NTD inter-protomer
distance (A)

Figure 3.8: Conformational dynamics metrics of the FO complexes. (A) Backbone RMSD, (B) NTD inter-
protomer distance. The black line represents the initial distance at 0 ns. Reproduced with permission

from Penkler et. al 2018 [191]

The RMSD plots of the fully open complexes (Figure 3.8-A) indicate minor backbone fluctuations for
the ATP and apo complexes, with RMSD values converging around 6 A. In contrast, the FO-ADP
complex appears to undergo further conformational changes at 100 ns, which correspond to a slight
increase in NTD inter-protomer distance (~2 A) (Figure 3.8-B). RMSF analysis of the FO complexes
(Appendix I-VI) reveals similarresidue fluctuation profiles to the PO complexes (Appendix I-V), where
the NTD and M-domains experience higher fluctuations compared to the CTD. Comparing the final
structures of each complex, the only noticeable difference is observed for the ATP complex in which
the NTDs appear to re-orient inwards, towards their respective MiDs, a movement that may be

indicative of an early closing motion.

Overall, the data presented in here demonstrate that major conformational dynamics are

experienced for the PO complexes in response to the ligand bound state of the NTD, while more
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subtle structural rearrangements are experienced by the FC and FO complexes. In each case, ATP
appears to confer structural rigidity and ‘tensing’ of the dimer, while ADP enables a more ‘relaxed’
flexible complex. The apo state engenders opposing correlated motions in the FC complexes;
however the absence of nucleotide has little or no effect on the PO and FO complexes which appear
largely stable. This contrasting behaviour may be in agreement with previous reports of stochastic
dynamics observed for the apo protein [181,327,328]. These findings are in agreement with several
previous studies [159,326,328], and the lack of global restructuring reticent of either the opening or
closing transitions is likely in part due the limited sampling time scales available for this study. Thus,
to probe our data for further insights regarding nucleotide modulation of inter-state transition, the
MD trajectories of the closed and FO complexes were subjected to DRN analysis to investigate the
effect of bound nucleotide on intra-protein communication, as well as PRS analysis to identify single

residues involved in modulating inter-state conversion.

3.3.3 Dynamicresidue interaction network analysis

Dynamic residue networks (DRNs) [295] were utilized to analyse the effect of ligand binding on
residue connectivity over time. DRNs were constructed for each MD trajectory by treating Cratoms
(Ca for glycine) as nodes in the network and connections between nodes established based on a
distance cut-off of 6.7 A (see Methods for details), and the resultant DRNs analysed in terms of
average long-range residue reachability (L) and average betweenness centrality (BC). In graph theory,
the reachability of a residue is defined as the number of connections required to reach residue i

from j using the shortest possible path.

The average reachability of a residue (L) is thus defined as the average number of steps required to
reach residue i from any other residue in the network. Here we consider the average change in path
length and monitor how L; shifts over time with respect to initial structure. By using this approach,
changes in the global conformational structure that occur during the MD simulation that are large
enough to invoke a change in intra-protein communication should be capture by monitoring ALi. AL
is widely thought to be a suitable metric for identify regions of a protein that are actively involved

allosteric signal propagation [289].

The metric BCis related to L in that it is a measure of how often on average a residue is utilized in
shortest path navigation and has been previously shown to be an effective measure for the
identification of functional residues implicated in intra-protein communication [191,329], protein-
ligand [330] and protein-protein binding sites [331,332], as well as non-synonymous SNP analysis

[333,334].
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— Nucleotide configuration modulates long-range residue reachability

In this section we compare and contrast the relative effect bound nucleotide atthe NTD has on the
change in average path length of the FC and FO complexes. Regions of particular interest are

highlighted and the results discussed in context of previously validated experimental findings.

Fully-closed complexes

The AL; profiles for the FC complexes (Figure 3.9) show that the ATP and apo complexes experience
mostly negative AL;jvalues over the entire length of the protein, while the ADP complex experiences
both positive and negative change. Negative ALi can be described as a shortening of the average
path length residue i must transverse to get to any other residue in the network, while positive AL
values indicate increased path lengths. The global negative AL observed in the ATP and apo
complexes may suggest that these NTD conditions favour more compact structures, in which the
physical compression of the protein along the central axis established numerous alternate routes
between residues and thus decreases the average path length. Conversely, the increased path
lengths observed for the ADP complex may suggest a more relaxed elongated structure, shaping the
flow of network communication along select routes. Indeed, this explanation is in agreement with
the conformational dynamics results (section 3.3.2), and supports the hypothesis of structural

tensing and relaxing under ATP and ADP conditions, respectively.

Analysis of select regions of the protein that display elevated ALipoints to structural elements that
are important for inducing intra-protein communication. Looking at the respective AL profiles in
more detail, it is interesting to note a differential degree of change in some regions depending on
the ligand bound configuration of the NTD. Residues residing in B-strandi (res 15-26) and the ATP-lid
(res 112-136), residues D302, S330-L33s, helixio (res 407-427), and several residues neighbouring Yeos
and Yes27 all record sharp positive ALjin the presence of ADP, but negative changes when ATP is
present. Putting these findings into context of protein function; previous studies have shown that R3-
strandi swapping between protomers contributes to the stabilization of NTD dimerization in the FC
conformation [163,335,336], and its deletion has been shown to adversely affect ATPase activity in
mitochondrial and yeast Hsp90 homologs [337,338]. The ATP-lid has been intricately implicated in
the progression of conformational change, acting as a trigger for NTD dimerization in response to
bound ATP [163,179,187,336]. Helix1o has been previously implicated in nucleotide driven allosteric
signal propagation between the NTD and M-domain in E. coli HtpG [303]. Residues Yeos and Ds21-Ye27
reside in helixigand helixig respectively, these sites undergo large negative ALiin the ATP and apo

complexes, but display positive AL in the ADP complex. This differential behaviour may suggest a
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tighter binding of these interface elements in the ATP and apo complexes and a looser dimerized
state in the presence of ADP. This observation is in agreement with the conformational dynamics

analysis of the PO structures (see section 3.3.2) in which interactions between these residues from

either protomer are lostin the presence of ADP and retained in the ATP and apo complexes.
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Figure 3.9: Changein reachability (AL)) for the closed conformation complexes. Protomer 1 is coloured
by NTD configuration (ATP—red, ADP—blue, apo—green), and protomer 2 is in black. Reproduced with
permission from Penkler et. al 2018 [191]

Fully-open complexes

Next we focus our attention on the FO conformation complexes, and note AL to be largely negative
for FO-ATP complex, but that it fluctuates for the in the present of ADP or in the nucleotide-free
state (Figure 3.10). As previously seen in the closed complexes, certain regions of the protein
respond differentially in response to the bound configuration of the NTD and can be linked to
experimentally determined protein functions. Starting with the NTD, residues E200-K224, forming R-
strands located at the interface between the NTD and the charged linker experience negative ALiin
the ATP complex, and positive AL;i for the ADP and apo configurations, suggesting reduced flexibility
in this region when ATP is present. These residues have been directly implicated in the regulation of
the human Hsp90a ATPase cycle, and mutations to select residues in this region have been shown
to lead to increased NTD flexibility and severely altered chaperone activity causing a shift in the
conformational equilibrium in favour of the open state [339]. In the MiD, residues R3s7-E3s0 and L3ge-

Qaosarein close spatial proximity to one another and all experience sharp positive ALiin the presence
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of ADP. Positioned atthe NTD-MiD interface, these residues have been reported to form a nucleotide
sensitive hinge, that is implicated in allosteric signal propagation from the NTD to the MiD [302,305].
In the CTD, the inter-protomer dimerization interface (helixis and helixi9) experience positive AL;in
all three complexes, however in the presence of ADP these regions record a much higher values,

once again suggesting looser dimerization interactions under these conditions.
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Figure 3.10: Change in reachability (ALi) for the fully open complexes. Protomer 1 is coloured by NTD
configuration (ATP—red, ADP—-blue, apo—green), and protomer 2 is in black. Reproduced with
permission from Penkler et. al 2018 [191]

Differential residue reachability between protomers

We note that a largely differential behaviour of AL between the protomers of both the FC and FO
complexes, and tentatively suggest that this may arise due to asymmetrical modulation of protein
dynamics. In the closed complexes, notable differences in AL values between protomers are
observed for the ADP and apo complexes, while inthe FO complexes large contrasting AL; values are
recorded in the R-standi, helixi, and the ATP-lid regions regardless of bound nucleotide. This
differential modulation is unlikely to arise due to asymmetry in the starting structures, with
backbone superimposition of the protomers yielding RMSD values of 0.8 A and 3.1 A for the closed
and FO conformations respectively, indicating a high degree of symmetry between protomer 1 and
protomer 2 for both conformations. Furthermore, AL; analysis on replicate trajectories
demonstrated highly reproducible results (Appendix I-VIl and Appendix I-VIII), eliminating MD
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convergence as a possible cause of asymmetry. As such, we suggest that this differential behavior
may be further evidence of previously reported asymmetrical protomer dynamics of the protein in

response to the nucleotide bound configuration [160,326,338].

Overall, ALi provides a unique metric for monitoring the effect of nucleotide modulation on localand
global restructuring and its implication on long range communication in Hsp90, highlighting several
regions of the protein that may be involved in steering conformational change. Here, the analysis
confirms the tensing effect of ATP, with the protomers of both conformations experiencing negative
AL; values. Conversely, protomer relaxation afforded by ADP binding is also confirmed, with the
average path length increasing in both ADP bound conformations. Regions that experience large AL
are most notable in the open complexes and include residues belonging to the functionally
important B-strandi, helixi, ATP-lid, and catalytic loop [163,179,336], as well as the helixis/helixis
CTD interface.

— Betweenness centrality points to putative communication hubs

BC has been shown to be an effective measure for identifying functional residues implicated in the
control of intra-protein communication [289,333], as well as protein-ligand [330] and protein-
protein binding sites [331,332] (see review [49] for other examples). Here, BC is calculated for the
closed and FO complexes to identify individual/groups of residues important for controlling intra-

and inter-protomer communication.

The respective BC profiles of both conformations (Figure 3.11), reveal that bound nucleotide has
little impact on modulating communication hubs in either conformation, with similar trends
observed for all three configurations. Thus, to simplify data presentation, the average BC over all
three configurations for each conformation is shown (Figure 3.11-black curves). Peak locations in
each conformation describe residues with high BC and thus high frequencies of usage in intra-
protein communication. As previously mentioned, BC for a given residue i is a measure of the
number of shortest paths that visit i, and points to locations on the protein that may be important

communication hubs given their high frequency of usage.
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Figure 3.11: Betweenness centrality (BC) profiles. Showing peak regionsin the (A) closed and (B) open
complexes that may constitute putative communication hubs. Dashed grey lines indicates the peak
residue threshold. Reproduced with permission from Penkler et. al 2018 [191]

Comparison of the closed and open complexes

The BC profiles for the fully-closed and fully-open conformation complexes are shown side-by-side
in Figure 3.11 for comparative purpose. A minimum BC threshold of 0.20 was arbitrarily set to
distinguish peak BC residues (grey line). At a glance it is evident that more residues are selected by
BC in the closed complexes compared to the open complexes. Furthermore, it is apparent that BC
selects contiguous residue in select regions of the closed complex, and individual more localised
hotspots in the open conformation complexes. The increased number of BC residues in the closed
conformation complexes may be attributed to the inherent compactness and rigidity of the structure,
as well as the increased number of intra- and inter-protomer contacts. Taken together these
attributes are expected to influence BC by increasing the number of possible shortest paths in the
network. A scenario that would likely resultin anincreased number of possible communication hubs.
Indeed the converse would be true for the FO complexes, which likely experience localised BC hot

residues due to the dynamic nature of its protomers that only interact via the CTD.

Despite the difference in the total number of BC residues, both conformations share several
overlapping peak residues that correlate well with known functional sites, particularly those
involved in regulating ATPase activity and conformational dynamics. The peak residues listed by BC
for the closed and open complexes are summarized in Table 3.3 and are mapped to their respective

3D structures in Figure 3.12, and their respective functional importance is discussed below.
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Table 3.3 | Summary of residues with high BC for the fully-closed and fully-open complexes

Closed  34-D54; M130-A145; F312-N318; L351-V388; L396-F428; F441-E451;  C598-T601; W606-
1206-L220 Y493-E497; Y520-V530; L541-K546 K632; L666-N686

F312-Y313; H323-L324; L340-L341; P344-R345; .
e 143-149; M130-F134; 1361-Y364; R367-F369; 1378-G387; L423-F424; (L:ngf{ggllﬁ Ig%f
: $211-1214 FA37-Y438; F441-E451; L462-Y465; 1494; Q501- Lo o

F507; Y520-Y528 D680-Q682

Functional relevance of BC hotspots

Starting with the NTD, phosphorylation and mutation studies have linked T3e and Ysg to ATPase
regulation and altered binding affinity of co-chaperones Ahal and Cdc37 [179,197,340].
Computational studies have implicated both residues in inter-domain signal propagation
[203,297,341]. Both residues are only selected in the closed complexes where they are likely
involved in stabilising NTD dimerization by contributing to crucial interactions with residues in the
catalytic loop (S391-S406) and residues Rae-lag [162,163]. The latter set of residue are included in the
region la3-lag which is listed by BC in both conformations. Mutation studies have shown that E47A
abolishes ATP hydrolysis suggesting a catalytic function in vivo [319]. In the closed conformation,
E47A would have a negative impact on catalytic loop interactions and thus decrease ATPase activity.
In the open state, l43-la9 are positioned in closed proximity to the open ATP-lid, presumably helping
to stabilise it in the open configuration (see Figure 3.6). Furthermore, BC also lists the ATP-lid
residues Mai3o-F134 in both conformations. In the open complex, these residues are uniquely
positioned over la3-lag, while in the closed complex they are positioned over residues Ss3 and Dsa,
which together form part of a hydrophobic patch known to be involved in ATP-lid stabilization [179].
The physical repositioning of the ATP-lid over the nucleotide binding site is thought to provide the
trigger for ATPase activity [342]. In sum, these findings point to ls3-lag and M130-F134 as crucial

communication hubs in both conformational states.

Next, residues l206-L220 of B-strands and helix7 are located at the interface between the NTD and the
charged inter-domain linker and have been implicated in chaperone secretion and modulation of
the ATPase activity, where l218Aand L220A mutations are thought to alter the topology of the charged
linker, causing a reduction in co-chaperone associations and ultimately leading to in vivo cell death
[339]. Of these residues, only S211-1214 are listed in both conformations, and we note that for the

closed complexes, the presence of ATP results in higher BC values for these residues. The reduced
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BC of these residues in the ADP and apo complexes is significantin that the mutation 1218A has also
been shown to impact conformational dynamics, shifting the conformational equilibrium in favour
of the open state [343]. It is possible that l206-L220 may act as a crucial communication hub capable
of sensing bound nucleotide at the NTD. Under rigid ATP conditions |206-1220 may help stabilize the
complex in a closed conformation. Eventual ATP-hydrolysis and subsequent protomer relaxation in
response to ADP binding may destabilize this region, and ultimately trigger a conformational shift to

the open sate.

Looking at the listed residues in the MiDs of both conformations; phosphorylation of Y313 has been
shown to promote Ahal binding affinity by inducing structural rearrangements that favour co-
chaperone binding [344]. Residues V3es-I370 have been previously identified as key inter-domain
contacts ina comprehensive network analysis of yeast Hsp90 (V3as-1350) [305]. Of these residues, the
mutation F3e9A in yeast has been found to drastically decrease ATPase activity by disrupting the
positioning Rago in the catalytic loop which in turn leads to destabilization of the ATP-lid
[162,187,345]. Residues L3gs-laos are listed in the closed but not the open complexes, represent the
MiD catalytic loop where they are thought to form part of an important inter-domain hinge between
the NTD and M-domain [302,346]. In addition to the this residues S3g9 [195], Raoo [162], Ea01 [190],

and Qo4 [162] have been implicated in modulating ATPase activity and allosteric signal propagation

[297,305].
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Figure 3.12: Structural mapping of high BC residues. (A) Closed complex and (B) fully-open complex.
Showing peak residues as magenta spheres. Reproduced with permission from Penkler et. al 2018
[191]
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The aromatic cluster formed by F3g4 and Fas1 are listed by BC in both conformations, and are thought
to be important allosteric control points for nucleotide dependent conformational change, acting as
a mechanical hinge between the MiD and CTD [302,346]. Reside Ess1 is also selected in both
conformations and mutation studies have shown that E4s1A decreases inter-protomer interactions
leading to decreased ATPase activity [346], while E4s51K is thought to perturb the MiD structure
impacting gluticoid receptor binding [347]. Phosphorylation mimicking mutations to Ssos is fatal for
yeast viability (Ssss) and is thought to impart a resistance to ATP induced conformational transition
to the closed state, and stabilise the open state [195]. Here, Ssos is only selected in the open
complexes suggesting an important role in this conformation, possibly as a post translational
modification site for regulating the closing transition. Residues Es»7, Ys28, and Qs31 have been shown
to form part of animportant region for client binding in both yeastand E. coli Hsp90s [348] and have
also been implicated in allosteric regulation [308], while Ts4sl mutation has been shown to decrease

client binding in E. coli [347].

In the CTD, BC lists several prominent overlapping peaks in both conformations: The Csos-Tso1 peak
includes Csgg which has been heavily implicated as a crucial allosteric switch point, capable of
regulating the ATPase cycle [203,297]. Peak Teo7-Le19 in the open conformation corresponds to helixis
at the CTD interface. In the closed conformation this peak is extended to include residues Weos-Ke32
representing a coiled loop between helixis-19. Of these residues: Weoe is thought to be involved in
client binding and chaperone activity [348]; phosphorylation mimicking mutations to Se23 and Mezs
affect inter-subunit communication leading to decreased ATPase rates in yeast [195]; while
phosphorylation of Ye27 is thought to induce structural rearrangements that reduce the binding
affinity of co-chaperone Ahal [344]. Finally, several residues at the four helix bundle (helix2122)
located at the extreme C-terminal dimerization site are selected in both conformations. Included in
this residue peak is Dego which has been shown to play an important role in maintaining inter-
protomer contacts [346]. Several other residues from this site in yeast Hsp90 have been reported to
participate in fast allosteric communication with residues in the NTD [297], suggesting a nucleotide

sensitive regulatory role.

In summary, BC selects several groups of residues in both the closed and FO structures regardless of
bound nucleotide suggesting key intra- and inter-protomer communication points. These residues
correspond largely to stable regions of the protein and overlap with known functional sites several
of which are implicated in conformational dynamics and allosteric mediation. Furthermore, we note

that BC also lists several additional residues in regions of as yet unknown function.
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3.3.4 Relationship between the BC, L network descriptors and residue fluctuations

In this study BC and L; were calculated based on data extracted from MD trajectories to make
allowance for the potential effect protein dynamics may have on the respective network measures.
Thus far, we have discussed how global domain restructuring in response to bound nucleotide
impacts the change in reachability in both the closed and FO complexes. In this section, we focus on
the relative impact local dynamics may have on BC and Li. Residue fluctuation (RMSF) is a primary
example of localised protein dynamics, in which select sites on the protein experience
conformational variance relative to the global structure. Structural repositioning of flexible residues
is expected to influence the local network by breaking previously established connections between
neighbours and/or forming new ones altogether. This means that RMSF has the potential to cause
shifts in the local networks that are likely to impact the BC and L; metrics. To assess these
assumptions, we take RMSF as an appropriate measure of residue fluctuation and compare its

relationship to BC and L; respectively.

—  Liis proportional to RMSF:

When considering average path length, residues that experience minor fluctuations over the MD
trajectory are likely to experience increased connectivity and thus shorter average path lengths.
Highly mobile sites on the other hand are expected to experience lower, more intermittent
connectivity and thus longer average path lengths. In this manner, RMSF and L;jcould be seen as
being proportional to each other, and indeed this observation that has been previously reported for
static protein x-ray crystal structures without molecular dynamics data [46]. Inspection of the
comparative plots for the fully-closed and fully-open complexes (Figure 3.13) reveals a similar trend

between Liand RMSF for both conformations, particularly for the peak regions.

Interestingly, comparison of the L; and RMSF curves using the Pearson’s correlation coefficient
indicates much higher correlations for the FO complexes compared to the closed complexes (Table
3.4). This observation can be explained by the relative plasticity of the two structures at equilibrium.
As previously discussed and shown in this study, the closed conformation is the most stable form of
the protein compared to the FO conformation which is significantly more flexible. Comparison of
their respective RMSF plots reveals on average higher fluctuations for the FO complexes compared
to the closed complexes (Appendix I-Il and Appendix I-VI respectively). This difference in distance
fluctuation is significantin that the underlying local network graphs are likely to be more severely
impacted by large distance fluctuations which may cause the distance between connected residues

to exceed the 6.7 A distance cut-off used to construct the network. In the event that this does occur
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degree of connectivity within the local networks when averaged over the whole trajectory would be

significantly reduced.

For the FO complexes, the NTD and MiD of both protomers experience increased RMSF compared
to the CTD which is more stable due to its involvement in inter-protomer dimerization. The
aforementioned hypothesis is echoed in the comparison of the correlation coefficients for these

domains which reveal higher correlations for NTDs and MiDs compared to the more stable CTD.

Conversely, in more stable structures such as the closed complexes, the likelihood of residue
fluctuations affecting path length is decreased due to the inherent rigidity of the structure, where
the magnitude of the fluctuations may be insufficient to exceed the 6.7 A distance cut-off. In this
scenario, previously established connectivity between neighbouring residues would remain intact
despite minor local residue fluctuations, and thus cause the trend between Liand RMSF to deviate
and negatively impact the correlation coefficient. An example of this is observed when comparing
the correlation coefficients for the closed conformations which show subtle differences between the
different nucleotide configurations. Therein, the apo form records slightly higher correlation
coefficients compared to the ATP and ADP configurations (Table 3.4). This observation supports the
aforementioned proportional relationship between L;i and RMSF, in that the apo complex which
experiences a higher degree of flexibility compared to the nucleotide bound complexes (see
previous sections), records slightly larger residue fluctuations (Appendix I-1l), and thus a stronger

correlation with Li.

In addition to local fluctuations, we note that the degree of compactness of the network graph could
also be a contributing factor to minor deviations between RMSF and L;. For example, the closed
conformation complexes (and the CTDs of the FO complexes) have more compact local networks
due to their 3D structural arrangements, and are thus afforded a greater number of possible paths
to navigate the network by. This increased selection of possible routes may enable L; to utilize
alternate routes to avoid local fluctuations, and ultimately L; to remain fairly stable compared to

RMSF for a given location.
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Figure 3.13: Comparative plots for BC, Liand RMSF. For the ATP bound (A) Fully-closed conformation
and (B) Fully-open complexes. Reproduced with permission from Penkler et. al 2018 [191]
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We test these hypotheses on the FO ATP complex by comparing RMSF with different L; that are
calculated based on incremental distance cut-offs (6.7 A, 9.0 A, and 12.0 A) (Figure 3.14). In this
analysis, the correlation between Liand RMSF is seen to hold for the flexible NTDs and M-domains
regardless of cut-off, but decreases severely (up to 3-fold) for the more compact rigid CTDs as the
cut-off increases, demonstrating how the potential effect of RMSF on local network arrangements
decreases when the magnitude of the fluctuations is close to or less than the specified distance cut-
off. These observations are in agreement with a previous study that demonstrates how increased

cut-offs (>8.5 A) cause L; to gradually converge towards the theoretical limit [46].
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Figure 3.14: Correlation between RMSF and L; with incremental distance cut-offs. Several network
graphs were constructed based on 6.7 A, 9.0 A and 12.0 A distance cut-offs for the FO ATP bound
complex. Whole protein correlation were 6.7 A —0.95,9.0 A — 0.93 and 12.0 A — 0.91. Reproduced
with permission from Penkler et. al 2018 [191]

In summary, we suggest that Liand RMSF share a proportional relationship, and that deviation from
this trend may arise when residue fluctuations are of an insufficient magnitude to affect the
connectivity of the local network, or when the structure is suitably compact such that alternative
routes may be taken to avoid increased L; in response to fluctuation of the local network.
Furthermore, we note that care should be taken when setting the distance cut-off for the
construction of the network graph, and note that if the cut-off is too large and the system is
predominantly rigid/compact, residue fluctuations will have a reduced effect on the observed local

network.
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Table 3.4 | Pearson’s correlation coefficient between BC, ALt and RMSF2. Correlations were calculated
for each protomer as a whole and for each separate domain (NTD, MiD, CTD).

v, ADP 0.80 0.70 0.83 0.74 0.76 0.74 0.73 0.73

g ATP 0.79 0.66 0.81 0.70 0.71 0.64 0.75 0.66

2 apo 0.74 0.69 0.70 0.70 0.76 0.61 0.66 0.64

i ADP 0.53 0.55 0.66 0.57 0.6 0.51 0.65 0.51

o g ATP 0.57 0.55 0.57 0.55 0.55 0.44 0.53 A.48

=5 apo 0.60 0.37 0.53 0.47 0.58 0.41 0.55 0.45

o ADP 0.53 0.71 0.69 0.62 0.63 0.70 0.74 0.62

‘§ £~ ATP 0.63 0.75 0.73 0.66 0.69 0.70 0.36 A.57

o apo 0.80 0.65 0.67 0.71 0.71 0.65 0.67 0.63

<, ADP 0.61 0.32 0.6 0.31 0.58 0.33 0.54 0.37

2 ATP 0.59 0.32 0.54 031 0.64 0.33 0.52 0.35

2 apo 0.58 0.32 0.62 0.33 0.61 0.37 0.56 0.37

7 ADP 0.22 0.25 0.46 0.20 0.58 0.29 0.25 0.31

22 g ATP 0.54 0.33 0.31 0.32 0.59 0.38 0.29 0.33

= apo 0.52 0.40 0.45 0.35 0.45 0.56 0.35 0.44

o ADP 0.53 0.89 0.79 0.91 0.91 0.96 0.67 0.97

§ £ o ATP 0.95 0.93 0.64 0.95 0.85 0.96 0.61 0.95
ec

apo 0.89 0.86 0.76 0.93 0.88 0.80 0.77 0.86

— BCisinversely proportional to L; and RMSF

As previously mentioned, BC is intricately coupled to L;, in that it is a measure of the number of
shortest paths that pass through a given node and thus informs on a residues frequency of usage.
Regions of the protein that record high are likely to be structurally stable and experience minor
fluctuations, increasing their availability to participate in network communication. Based on this
assumption, RMSF and L; could be expected to correlate inversely with respect to BC. In this study,
both conformations demonstrate this displaying an inverse relationship between the peak BC
regions both Li and RMSF, where high BC regions correlate with regions of the protein that
experience minor residue fluctuations and shorter L; (Figure 3.13). We note that in both
conformations, stronger correlations are observed between L; and BC than between RMSF and BC
(Table 3.4). This observation can be explained by the aforementioned inferences regarding the
relationship between Liand RMSF, whereby L;may provide a more accurate description of the local
network surrounding high BC regions as itis potentially a more stable descriptor compared to RMSF.
Furthermore, we note that the Pearson’s correlations between BC-RMSF and BC-L; to be higher for
the closed conformation complexes than the open complexes and suggest this to be a limitation of
the Pearson’s correlation coefficient which is more suitable to linear data sets. Nevertheless, good
agreement is seen for peak BC regions, which correlate to some degree with local peaks in the RMSF

and L curves but not necessarily for non-BC regions (Figure 3.13.)
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Finally, as with L;, we examine whether the distance cut-off used to construct the network graph has
an effect on the inverse relationship between BC and RMSF for FO-ATP complex (Figure 3.15). In this
analysis, increased distance cut-offs appear to have little effect on the selection of high BC regions,
with peak residues remaining consistent over all three distance cut-offs examined (6.7 A, 9.0 A, and
12.0 A). We note however that the frequency of usage for these peak residues is altered by changing
the cut-off, but with no observable trend. For example, residues 501 and 523 have a higher degree
of usage in protomer 1 for the 9.0 A cut-off, compared to the 6.7 A and 12.0 A cut-offs. From a
structural perspective, the larger cut-off distances appear to increase BC for flexible regions of the
protein such as the flexible helix17 and helixis regions (res 600-630). This observation is likely to arise
when the magnitude of the residue fluctuations is insufficient to exceed the cut-off for connected
residues and thus enable a higher probability for shortest path navigation via these flexible regions
over the course of the MD trajectory. Comparison of the Pearson’s correlation coefficient between
RMSF?! and BC for each distance cut-off confirms this, showing similar correlation coefficients over
the three domains regardless of the cut-off used, except the CTDs which record stronger correlations
for the smaller the distance cut-offs. This is likely due to the reduced impact of the flexible helix17

and helixis for the larger distance cut-offs.
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Figure 3.15: Inverse correlation between BC and RMSF, L; with incremental distance cut-offs. Several
network graphs were constructed based on 6.7 A, 9.0 A and 12.0 A distance cut-offs for the FO-ATP
complex. Whole protein correlation were 6.7 A — 0.32, 9.0 A - 0.25 and 12.0 A — 0.20. Reproduced
with permission from Penkler et. al 2018 [191]

To conclude this analysis, we find RMSF and L;to be largely proportional to one another, but note
that this relationship is intricately linked to (i) the magnitude of the distance fluctuations, (ii) the
distance cut-off used to construct the network graphs, as well as (iii) the relative compactness of the

local networks. Furthermore, we show for the first time that there exists an inverse relationship
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between these network measures and BC that holds true even for increased distance cut-offs, and
note that the L;descriptor may be better suited to inform on the functional relevance of the local
network compared to RMSF. These observations were all confirmed for separate replicate
trajectories in which similar trends were observed (Appendix I-IX). Finally, we propose that since not
all residues displaying small fluctuations act as communication bridges, we suggest BC and L; to be
alternative and potentially more sensitive quantities to follow for the identification of novel

functional sites on proteins.

3.3.5 Perturbation response scanning analysis

In this section PRS analysis was used to assess the allosteric potential of individual residues sited in
the FC-ATP and FO-ATP complexes to selection conformational displacement towards the FO and FC

conformations respectively.

PRS relies on linear response theory to predict conformational displacements in response to external
force perturbations. The underlying theory and methodological approach is discussed at length in
Chapter 2 of this thesis. In this study, we once again sequentially perturb each residue 250 times
with random force perturbations. The resultant displacement of the whole protein in response to
each perturbation was recorded in a 3D matrix and the collective data analysed in terms of: (1)
average relative displacement - to gain insight on protein sensitivity to external force perturbation
(new to this study), and (2) conformational overlap with a known targetstate - to assess the potential
of each residue to select displacements that are representative of an expected conformational
change (see Section 2.2.3). Together these analyses provide insight regarding sites on the protein

that are potentially involved in modulating conformational dynamics.
— Average residue displacements identify putative allosteric effector and sensor residues

Analysis of the average response of the whole protein to 250 random force perturbations of each
residue allows for the identification of allosteric sensor residues, which are defined as being distant
sites on the protein that are allosterically sensitive to external force perturbations. Conversely,
residues whose perturbations result in large displacements elsewhere in the protein can be seenas
allosteric effectors, representing sites on the protein likely involved in external binding events such
as specific co-chaperone and client binding in the case of Hsp90. Figure 3.16 shows the average
response matrices for the FC-ATP and FO-ATP complexes as respective heat maps, where the ikt
element in a matrix refers to the average response (displacement) of residue k to external
perturbation at residue i. Thus, bright spots indicate peak residues that experience large
displacements, while darker areas denote residues that experience little or no displacement.
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Accompanying each map, are the most influential ‘effector’ residues (rows) in the vertical right hand
bar plots, and the most sensitive ‘sensor’ residues (columns) in the lower horizontal column plots.

Each plot corresponds to the average displacement across the row or column.
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Figure 3.16: PRS response maps showing effector and sensor regions of the protein. (A) Closed and (B)
fully open complexes. Columns denote sensor residues, while rows represent effector (perturbed)
residues. Bright spots indicate highly sensitive residues that experience large displacements.
Accompanying each map are ‘effector’ bar plots on the right-hand-side and at the bottom ‘sensor’
column plots (Protomer 1-black, Protomer 2-grey) which represent the sum of the matrix elements.
(*) Denotes helix17 and helix20. Reproduced with permission from Penkler et. al 2018 [191]

Starting with the closed conformation complexes (Figure 3.16-A), comparing the displacement
intensities of the different NTD configurations reveals the ADP complex to be the most sensitive to
external force perturbations, with the apo complex being the least sensitive. This observation may
suggest the ADP closed complex to be more amenable to conformational change compared to the
other configurations, an observation that is in agreement with the hypothesis that ADP imparts
protomer flexibility. Strong sensor and effector signals are recorded at the linker regions of all three
complexes. These residues correspond to the G-G-G-G insert introduced during the homology
modelling process to cover the missing linker region (see section 3.2.1). The high degree of
displacement for this region can be expected as glycine residues are known to be highly mobile

elements.
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Several overlapping sensor peaks are observed in all three closed configuration complexes including:
R-strands (res 15-20); helixy (res 21-36); the first turn of the NTD R-sheet (res 81-88); the ATP-lid (res
120-129); R-strands (res 170-180); the loop connecting helixi2 and helixi3 (res 469-472); as well as
helix17 (res 550-590) and helix2o (res 638-660) at the CTD interface. Nucleotide dependent
differences are also observed for residues that correspond to Ahal binding (res 300-308) [173], the
catalyticloop and inter-domain hinge [302] (res 391-406), the phosphorylation site Y313 [344], helix13
(res 478-490), and the putative client binding site at helixis (res 523-530) experience increased

sensitivity in the presence of ADP, but not the ATP and apo complexes.

Studying the corresponding effector sites for the FC complexes, inter-protomer coupling is observed
between the NTD and CTDin all three complexes, where perturbations atthe CTD (helix17 and helix2o)
of protomer 2 are strongly detected at the NTD of protomer 1 and vice versa (Figure 3.16-A, white
boxes). For the ATP complex, NTD perturbations in protomer 1 appear to illicit a stronger CTD
response in both protomers compared to the ADP and apo complexes, while CTD perturbations in
protomer 2 of the ADP and apo complexes appear to illicit a stronger response at the NTD of
protomer 1 compared to the ATP complex. This observed allosteric coupling between the two
terminals is in agreement with a previous computational study demonstrating efficient allosteric
communication between the NTD and CTD in response to bound nucleotide [297]. Other notable
effector residues include the ATP-lid (res 121-126), particularly in the ADP bound complex, helix1o
(res 406-425), and residues surrounding Aasg and Gsi1s in the M-domain. These sites are significant in
that ATP-lid stabilization is necessary to maintain the closed ‘active’ state, while helix1ohas been
implicated in allosteric signal propagation between the NTD and MiD in HtpG [303]. Furthermore,
all of the MiD sites are located on the surface of the protein, in positions easily accessible to co-

factor binding.

The FO conformation complexes (Figure 3.16-B) show a clear differentiation between the different
nucleotide configurations. However, all three complexes show strong allosteric coupling between
the NTDs, where perturbations at the NTD of one protomer lead to strong displacement signals at
NTD of the second protomer. Interestingly, the apo complex appears to be the most sensitive to NTD
perturbations while the ADP complex appears to be the least sensitive. This observation suggests
the apo complex to be more amenable to conformational change, which is an observation that is in
line with previous reports describing stochastic conformational dynamics for apo Hsp90
[181,327,328]. Looking in more detail, itis alsoapparent that perturbations arriving at the NTD result
in displacements at the MiD and CTD depending on the nucleotide configuration. MiD displacements

at B-turn E332-E336 and the catalytic loop (res 395-407) are observed within the perturbed protomer
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of the ATP and apo complexes, while CTD sensitivity at helix17 (552-570) is observed in the presence
of ADP. Most of these nucleotide specific sensor sites are also listed as allosteric effectors for the

respective complexes, implying allosteric coupling between these sites.

— Perturbation of key residues reveals sites induces functional conformational change

In this section, PRS is used to identify the allosteric potential for select residue sites to select
functional conformation in response to force perturbations. Eachresidue is perturbed at random a
total 250 times and the resultant displacement vector compared to the expected conformational
displacement required to reach the opposite functional state known experimental displacement
changes i.e. fully-closed — fully-open and vice versa, and goodness of fit for this comparison is
measured using the Pearson’s correlation coefficient. In this manner, 250 correlation coefficients
were recorded for each residue, and the highest correlation (C) selected to represent the maximum

potential for that residue to invoke the expected conformational change towards the opposite state.

Table 3.5 | Summary list of PRS peak residues for FC and FO complexes.

16; 19-50; 54; 56; 57; 60; 83;

23-41; 74; 80-83; 87; 105; 109;
110-119; 123; 124; 128-139;
146; 167; 194; 195; 197; 198-
211; 221-223; 285; 286; 287,
288; 289; 295; 358; 366-368;

395-401; 404; 411

20-50; 64; 65; 67; 74; 78; 80-92;
98; 105-111; 113-150; 163-170;
173; 174; 186-214; 219-228;
278-283; 287-296; 298; 312-
316; 319; 320; 326; 330-338;
341; 343; 347; 360; 361; 363;
376-393; 402-414; 416-418;
420; 443-449; 451-454; 458;
459; 469; 471; 472; 474; 476;
479; 489; 495; 497; 523-525;
527; 529; 530; 540; 541; 544-
551; 562; 675; 699

88; 89; 91-93; 107-113; 116;

119; 130-132; 134; 135; 137-

139; 142-145; 167, 174, 182;

184; 194; 196; 197; 203; 205;

206; 209-211; 214, 219; 227;

280; 282; 283; 291, 292, 338;
397-400

24, 26; 29; 45-53; 78-93; 111-

115; 135-137; 185; 186; 195-

215; 218-224; 285-287; 296-

330; 338; 388; 389; 398; 400;
410; 413
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19-45; 82; 83; 85-89; 105; 106;
108-119; 123; 124; 127; 129;
130-136; 139-149; 165-167;
187-192; 195; 196; 203; 204;

207; 395-399; 407

15; 29; 31; 34-42; 68; 69; 73;

74; 84; 85; 116-129; 143; 144;

191-200; 203; 206; 207; 210;

222;223; 227, 228; 278-284;

286-291; 307; 332; 410; 412-

414; 416; 525-530; 532; 533;
597; 607; 608; 654



Thus, the fully-closed complexes are assessed in terms of the opening transition and the final
conformational state set to an equilibrated FO-ATP structure. Likewise an equilibrated FC-ATP
structure set as the final state for the fully-open complex experiments to assess the closing transition.
The results of these analyses shown in Figure 3.17 and Figure 3.18 respectively. To ensure the
reproducibility of this technique for large flexible systems such as Hsp90, duplicate PRS calculations
for each complex were calculated from separate MD trajectories and report good overlap for peak
residues (Appendix I-X and Appendix I-XI). The highest G residues are summarized in Table 3.5 and

their relative functional importance is discussed in more detail bellow.

Opening transition

For the fully-closed conformation complexes (Figure 3.17-A), PRS indicates that regardless of bound
nucleotide, no single residue is capable of selecting the open conformation in response to external
force perturbation, with peak residues recording maximum Cjvalues of +0.60. Despite this, several
Ciresidue peaks (G > 0.50) appear to correspond to several functional sites previously identified and
discussed in the BC analysis. Accentuated residues belonging to B-strandi (res 16, 19, 20); helix1 (res
23-40); the ATP-lid (res 107-113, 116, 119, 130-132, 134, 135, 137-139, 142-145); and the catalytic
loop (res 397-400) form a central dimerization hub at the NTD and have been previously described
as forming part of an NTD-MiD mechanical hinge [302] (Figure 3.17-B). Destabilization of these inter-
protomer interfaces is crucial before protomer uncoupling and a conformational shift toward the

open state can occur [340].

PRS alsoaccentuates residues residing in helix; (res 41-65); B-strand: (res 88-94); helixs (res 203, 205,
209-211); and B-strands (214, 219). Of these, helixz has been previously reported to play a crucial
role in propagating allosteric signals from the NTD to the MiD in E. coli Hsp90 [303], while residues
residing in B-stand2 have been associated with long range allosteric communication with the CTD
[297]. The NTD/linker interface formed by helixs and B-strands has been previously implicated in
modulating chaperone affinity [339] as well as modulation of conformational dynamics in response
to bound nucleotide [343]. Comparing the highest Cibetween complexes, residues belonging to the
ATP-lid recorded the highest Ci values in the ATP and apo complexes (0.62 and 0.67 respectively),
while residues belonging to B-strandi, helixi, and the catalytic loop recorded the highest Cj values

for the ADP complex.
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Figure 3.17: Residues accentuated by PRS in the closed conformation complexes. (A) PRS profiles
showing accentuated residues which select the open conformation. Protomer 1 is coloured by NTD
configuration (ATP—red, ADP—blue, apo—green), and protomer 2 in black. (B) Zoomed in view of the
NTD of the closed conformation, showing the accentuation of the NTD dimerization interface of the
ADP bound complex. Residuesaccentuated by PRS are colouredaccording todomain location. Penkler
et. al 2018 [191]
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Closing transition

For the fully-open conformation complexes, the nucleotide configuration appears to have a marked
differential effect on the potential of each complex to interconvert to the closed state (Figure 3.18-
A). Comparing the percentage of residues with G > 0.75, the ATP (33%) and ADP (11%) complexes
record far fewer than the apo complex (85%). The elevated number of Ci> 0.75 in the apo complex
is interpreted to be indicative of a natural propensity for this complex to interconvert to the closed
state, an observation in keeping with the hypothesis that the apo protein behaves stochastically
[181,327,328]. In the case of the nucleotide bound complexes, PRS accentuates select residues

capable of eliciting a conformational transition towards the closed state.

Looking at the G profile for the ATP bound complex (Figure 3.18-A), PRS accentuates several residue
clusters inthe NTD and MiD, which once again overlap with functional elements. In the NTD, these
residues include: B-strand: (res 20-24); helix1 (res 25-35); helixz (res 43-53); the ATP-lid (res 113-136);
B-strands (res 163-170, 173-174); R-strands (res 186-190); helixs-7 (res 191-214); R-strands (res 219-
224). The functional importance of B-strandi, helixi-2, B-strands, the ATP-lid, and the catalytic loop
have already been discussedin context of the opening transition, however accentuation of these
elements by PRS for the FO-ATP complex, and thus the closing transition also bears functional
significance. It is widely believed that ATP binding initiates the closing transition by triggering the
uncoupling of B-strandi and helixi from the ATP-lid, allowing the latter close over the nucleotide
binding pocket (see Figure 3.6). This conformational repositioning of the ATP-lid not only entraps
bound nucleotide, but also facilitates N-terminal dimerization through exposure of a hydrophobic
surface that is essential for successful B-strandi swapping and stabilization of the closed active
complex [340]. In the MiD of the FO-ATP complexes PRS also accentuates: helixg (res 312-316);
several residues belonging to the B-sheet (res 319, 320, 326, 330-338, 341, 343, 347, 360, 361, 363,
376-393); the catalytic loop (res 402-410); helixio (res 411, 412, 416-418, 420); helix1z (res 443-449,
451-454); helixis (res 523-525, 527, 529, 530); and lastly loop residues T540-L551. It is well known
that ATPase activation of the closed complex is only fully achieved when the MiDs dock onto their
respective NTDs, a conformational rearrangement that enables the MiD catalytic loop to be
repositioned such that R4oo projects into the nucleotide binding pocket to coordinate with the y-
phosphate of ATP and thus facilitate the hydrolysis reaction [162,183]. It is also interesting to note
that PRS accentuates B-strands, helixi, and the ATP-lid in the FO-ATP complex, but not in the FO-ADP
complex (Figure 3.18-A), a finding that supports the hypothesis that ATP binding allosterically

activates the closing transition, and that bound ADP stabilizes the ‘v-like’ open conformation.
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Figure 3.18: Residues accentuated by PRS in the open conformation complexes. (A) PRS profiles
showing accentuated residues capable of selecting the closed conformation. Protomer 1 is coloured
by NTD configuration (ATP—red, ADP—blue, apo—green), and protomer 2 in black. Blue shading
represents overlap with Ahal binding residues and the green shading client binding residues. (B)
Structural mapping of residues accentuated by PRS for the FO-ATP complex coloured by location.
Penkler et. al 2018 [191]
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The conformational dynamics required for ATPase activation in Hsp90 are thought to be the rate
limiting step and an inherently slow process, recording rate constants in the order of minutes
[161,184,185,349], and a recent study has linked the rate constant of ATP hydrolysis with the rate
constants of ATP-lid closure, B-strand swapping, and intra-protomer association of the NTD and M-
domains [187]. Furthermore, the authors of this study propose a two-step mechanism for ATP-lid
closure and find evidence of a previously unknown mode of action for the co-chaperone Ahal,
where they suggest its involvement at this stage of the conformational cycle facilitates early
mobilization of the ATP-lid and thus enhanced ATPase activity [187]. It is thus interesting to note the
residues accentuated by PRS in the ATP complex are clustered around NTD and M-domain sites that
have been previously implicated in Ahal binding [162,350] (Figure 3.18-A, blue shading). Given this
correlation, we propose that the accentuating perturbations arriving at B-strandsi, helixi, and the
ATP-lid may occur naturally through binding interactions with Ahal, providing possible evidence in

support of Ahal assisted ATP-lid closure and accelerated inter-state conversion to the closed state.

Also of functional importance and accentuated by PRS in the ATP complex are residues belonging to
helix12 locatedat the MiD-CTD hinge [302,305], as well as helixie and loop Tsa0-Lss1 which are thought
to be important regulatory sites for client binding [305,347,348] (Figure 3.18-A, green shading).
Interestingly, this CTD region has been previously reported to be of interest as an allosteric drug
target site [299], and subsequent drug discovery studies have demonstrated how bound ligands at
this site can allosterically enhance ATPase activity through the asymmetric modulation of protomer

conformational dynamics [300,351].

On the basis of the correlation between our PRS data and Ahal binding we propose PRS to be a
suitable technique for identifying de facto co-factor binding sites that may be specifically involved in
allosteric modulation of conformational dynamics. To tests this hypothesis, we analysedthe PRS data
for the FO-ATP complex in terms of sites known to be involved in binding interactions with the heat
shock organizing protein (HOP) (res: E3o7, E311, K314, N318, W320, D322, K431, E432, E473, Aseo, Tag2, and
Eage) [352,353]. HOP is thought to modulate Hsp90’s conformational dynamics by interrupting NTD
dimerization through steric interference rather than allosteric mechanisms [159], and thus presents
as a suitable negative control. With the exception of K314 and W320, PRS does not accentuate the HOP
binding residues in the FO-ATP, confirming that co-factor binding residues identified by PRS are likely

allosteric modulators of conformational dynamics.

107



3.4 Conclusions

To date, numerous biochemical and computational studies have made considerable advances
towards understanding the modulation of Hsp90’s complex conformational cycle. In this study, we
have assessed the current opinions regarding Hsp90’s conformational dynamics with respect to the
human Hsp90a isoform in a comprehensive analysis of full-length homology models of the human

Hsp90a using all-atom MD simulations coupled with DRN analysis and PRS techniques.

Within the limitations of all-atomMD simulations, our results are in agreement with previous studies
describing a differential effect of bound nucleotide on conformational dynamics in which ATP drives
NTD dimerization and the closing transition, while the ADP/apo complexes favour the open Hsp90
dimer [163,180,188,328,354]. Regardless of the conformation, bound ATP was found to ‘tense’ the
dimer complex in favour of the closed conformation, while ADP appeared to ‘relax’ the protomers
affording a greater degree of flexibility. Bound ADP in the partially-open complex increased
protomer flexibility, resulting in global conformational rearrangements representing the opening
transition yielding the fully-open client loading conformation [180,182,188]. Analysis of the change
in residue reachability over time confirmed the ‘“tensing’ and ‘relaxing’ effect of ATP and ADP
respectively, with notable reduction in average path length in the former, and variable increased
path lengths in the latter. Locations in the protein recording large changes in reachability
corresponded to key functional elements such as B-strandi, helixi, ATP-lid, and catalytic loop,
implicating these regions in steering conformational dynamics. Betweenness centrality analysis
provided a measure for distinguishing sites in the protein responsible for controlling intra-protein
communication. These sites were found to correlate closely with known functional sites,

demonstrating how BC analysis may be used to identify functional sites on a protein.

Finally PRS was used to probe both the fully-closed and fully-open conformation complexes, to
assess each residue’s allosteric potential to affect conformational change functionally related or
otherwise. Analysis of the average response of the whole protein to external force perturbation
revealed an inter-protomer allosteric coupling between the NTD and CTD of the closed complexes,
in which perturbations arriving at the terminal end of one protomer are felt or ‘sensed’ at the
opposite terminal of the other protomer. This observation is in agreement with a recent study
demonstrating efficientcommunication between the two domains, leading to the discovery of a CTD
allosteric drug target site [203,297,299,355]. In a similar manner, analysis of the open complexes
demonstrated allosteric coupling between the NTDs of each protomer, the apo complex showing
particular sensitivity to perturbations at the NTDs, and an increased sensitivity of the ATP complex
over the ADP complex, suggesting ATP driven allosteric activation of this complex.
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It is well documented that regulation of Hsp90’s conformational cycle is impacted by various co-
chaperone interactions [159,326,328]. The perturbations utilized in PRS provide a novel way of
introducing external influences on selectresidues that could be likened to the natural forces involved
in co-factor and/or client binding. PRS analysis of the closed complexes revealed no single residue
perturbations capable of selecting a coordinate change towards the open conformational state and
it is thus likely that the opening transition occurs spontaneously without the aid of external binding
partners. Interestingly, the highest C; residues selected by PRS for the closed complexes include
residues that make up the primary NTD dimerization site, including B-strands, helix1, ATP-lid, and M-
domain catalytic loop, elements that have been previously reported to form an important NTD/M-
domain hinge implicated in conformational dynamics [302]. The implication of the co-chaperone
p23 in stabilizing the closed conformation may present as an alternative functional explanation for
the accentuation of these dimerization regions, in which co-chaperone uncoupling from this region
may invoke ‘pulling’ forces that in turn provide the necessary trigger for the opening transition

initiating an allosteric signal thatis propagated to the CTD.

PRS analysis of the open conformation complexes revealed several sites in the NTD and MiD capable
of selecting a functionally relevant conformational displacements towards the closed form. Most of
the residues at these sites also correlate to known functional sites, while several map to regions on
the surface of the protein believed to be involved in co-chaperone binding [159]. In particular, PRS
accentuates a number of residues in the B-strandsi, helix1, ATP-lid, and catalytic loop regions of the
FO-ATP complex. These residues correspond with sites implicated in Ahal binding interactions,
suggesting that perturbations at these sites may arrive naturally through co-chaperone binding
interactions. This hypothesis is in keeping with recent reports implicating Ahal in early ATP-lid
mobilization [187], and acceleration of ATPase activation [190], and allosteric modulation of Hsp90’s
conformational dynamics in favour of the closed conformational state [307]. The accentuation of
these residues in the FO-ATP but not the FO-ADP complex, reinforces the hypothesis that ATP
allosterically activates or primes the open complex for conformational transition towards the closed

state.

Finally it should be noted that the perturbation nature of allostery has been widely examined in
several experimental and computational studies [356]. One such study presented an alternative
structure-based statistical mechanical model of allostery (SBSMMA) [357] which evaluates the free
energy of allosteric signalling caused by the ligand binding and mutations as perturbations
introducing a quantitative measure of per-residue allosteric potential defined as microscopic

potential. This approach is in agreement with the methodology described in this thesis and

109



similarities can be made regarding the stabilizing (UP) and destabilizing (DOWN) perturbations,
which are defined by the authors as either increasing (stiffening) or decreasing (loosening)
interactions with the residue’s neighbours respectively. Indeed, this precise aspect of dynamic

allostery can be investigated and quantified from a granularand global perspective by coupling DRN

analysis with PRS.

In conclusion, this study presents PRS coupled with MD simulations and DRN analysis as a novel
package for detecting allosteric control elements in a large multi-domain proteins that are capable
of modulating the conformational dynamics. From a drug discovery perspective, the methodology
presented here could be applied to any allosteric system to rapidly identify potential allosteric sites
that are capable of fine-tuning the conformational dynamics. These sites could provide the basis for

small molecule allosteric drug targeting studies.
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Chapter 4:

Modulation of Human Hsp90a
Conformational Dynamics by Allosteric Ligand
Interaction at the C-Terminal Domain

This chapter describes a follow up study to the findings presented in Chapter 3 of this thesis in which
previously identified allosteric control elements located that the C-terminal domain of Hsp90a are

probed with small drug like molecules to assess the allosteric potential of ligand binding to modulate

the conformational dynamics of the chaperone.
Chapter 4 is reproduced in part with permission from the following publication:

Modulation of Human Hsp90a Conformational Dynamics by Allosteric Ligand Interaction atthe C-

Terminal Domain. David L. Penkler and Ozlem Tastan Bishop. Scientific Reports. 2018. (Accepted. In

press). 2018. Nature

Contribution: Conceived the study with assistance from Ozlem Tastan Bishop, designed and carried

out all experimental procedures, and wrote the first draft of the manuscript.
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4.1 Introduction

4.1.1 Hsp90 inhibition

The first notion of the relative importance of ATP hydrolysis in Hsp90 became evident when Whitsell
and colleagues first discovered Hsp90 inhibition by the ansamycin antibiotic Geldanamycin in 1994
(GA) [358]. This was soon followed by the alternative inhibition by the macrolide radicicol by Schulte
et al. 1998 [359]. Later crystallography efforts revealed that both GA and radicicol preferentially
bind to the ATP binding pocket and thereby act as competitive inhibitors of nucleotide binding and
thereby inhibit ATPase activity in Hsp90 [172] and ultimately the formation of the active mature
client complex. Inhibition of Hsp90 by GA and radicicol meant that client proteins that would have
otherwise been rescued by Hsp90 are targeted for ubiquitination and proteasomal degradation.
Armed with the knowledge and prospect of inhibiting Hsp90 by small molecule interaction at the
NTD provided a novel research tool and lead to an explosion of Hsp90 related studies regarding
Hsp90’s chaperone activity, enabling the identification of numerous client protein and co-
chaperones. To date, numerous Hsp90 inhibitors that targetthe ATPase domain have been identified,
most of which demonstrate potent anti-proliferative effects (see ref [341,360,361] for review). The
progression of these compounds through clinical trials has been severely limited however due to
high levels of toxicity associated with an induced heat shock response [220]. For this reason, recent
research efforts have shifted focus away from the NTD ATPase binding site to targeting distant

functional sites on the protein as alternative drug treatment strategies.

One approach saw the design and development of inhibitors that target the formation of specific
Hsp90-co-chaperone complexes, which led to the discovery of inhibitors such as Derrubone,
Withaferin A, and Celastrol which block the formation of the Hsp90-Cdc37 complex [362] and 1,6-
dimethyl-3-propylpyrimido[5,4-e][1,2,4]triazine-5,7-dione that interrupted complex formation with
HOP [363]. However the discovery of a secondary nucleotide binding siteatthe CTD led to the design
and development of several CTD allosteric inhibitors including the coumarin based antibiotic
Novobiocin that has been shown to allosterically destabilise the Hsp90 dimer by interfering with CTD
dimerization leading to the dissociation of bound clients [178,364,365]. These CTD inhibitors of
Hsp90 displayed a distinct advantage over the NTD ATPase inhibitors, in that they do not appear to

induce secondary heat shock responses and thus incur lower levels of toxicity [362].

The discovery of Novobiocin and the coumarin based inhibitors was a fundamental development for
the advent of allosteric modulators of Hsp90. Several studies reported evidence of allosteric coupling
between the NTD and CTD [191,297,302,346,366] raising the possibility that nucleotide driven

conformational restructuring may be influenced and fine-tuned by allosteric ligand binding events
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at the CTD. This line of enquiry soon lead to the design and development of several alternative CTD
modulators such as the biphenyl scaffold and noviose based compounds as well as Epigallocatechin-
3-gallate and coumermycin Al, all of which resulted in specific client protein degradation most likely
due the inhibition of NTD dimerization and thus ATPase activity (see [367] for a comprehensive
review). A more recent biochemical study provided evidence of Bisphenol A based CTD inhibitors of
human Hsp90a that bind a site separate from the nucleotide binding site [368] and display anti-

proliferative activity in several tumour cell lines [369]

It soon became evident that allosteric modulation by ligand interaction was not exclusive to the CTD
with the emergence of several alternative NTD and MiD targeted allosteric inhibitors. The natural
compound Gambogic acid was shown to bind the NTD but at a distinct site from the ATPase domain
[370]. This molecule was shown to inhibit cell proliferation, determine degradation of stringent
client proteins, disrupt co-chaperone interactions with Hsp70 and Cdc37 and increase Hs70
expressionlevels. In another study the McAlpine group identified allosteric modulators derived from
the natural compound Sansalvamide A, which were shown to interact with at the NTD:MiD interface
of Hsp90, where it interfered with the several binding partners including HOP, inositol

hexakisphosphate kinase 2, and FKBP52 [371-373].

Inasmuch as allosteric inhibitors offer alternative Hsp90 disease related treatment strategies,
allosteric modulators that enhance protein function offer a novel tool for probing mechanistic
information on biochemical processes [374]. In this context, Yokoyama and colleagues have reported
goniothalamin to target the NTD of E. coli HtpG where it acts as an ATPase activator [375]. The
Buchner laboratory identifies allosteric activators of chaperone closure kinetics using FRET-based
screening analysis, that also bind the NTD at a pocket close to helix a2 [376]. Computational studies
based on the closed conformation of yeast Hsp90 identified a putative allosteric binding site located
at the MIiD:CTD inter-protomer interface that is implicated in allosteric modulation of
conformational dynamics that favour ATPase activation [297,299,366]. Subsequent to this discovery,
follow up studies led to the development of several allosteric CTD ligands that that target this
allosteric pocket and appear to enhance ATPase activity up to six-fold by promoting conformational
dynamics in favour of the ATPase active closed conformation [300,351]. Interestingly over enhancing
ATPase activity by allosteric intervention has been shown to have a detrimental effecton cell viability
through mutational and biophysical analysis [346,377]. More recently, Prodromou and colleagues
demonstrate that Dihydropyridines derivatives that target the MiD:CTD interface of Hsp90 are
capable of inducing ATPase activation and upregulate the heat shock response that induces a

neuroprotecive effectin mouse models of Alzheimer Disease [378].
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As is evidenced by the aforementioned studies, allosteric modulation of Hsp90 is gaining interest
and showing great promise as an alternative and attractive drug treatment strategy. Allosteric
modulators can be used as probes to antagonize and fine tune chaperone function by inducing

function specific conformational changes.

4.1.2 Chapter objectives

This chapter describes a follow up study to the findings presented in Chapter 3 of this thesis. In the
previous chapter, PRS coupled with DRN analysis was presented as an effective method for the
prediction of functional sites on human Hsp90a that may be involved in allosterically modulating
the chaperones conformational dynamics. Of particular interest, the previous study demonstrated
allosteric coupling between the NTD and CTD in response to force perturbations at novel allosteric
hot residues at either end, giving rise to the hypothesis that ATPase activity at the NTD may be
allosterically modulated by binding events at the CTD. Herein, we set out to test this hypothesis by
conducting a series of molecular docking experiments targeted at two novel allosteric binding sites
predicted by PRS analysis thatare located at the CTD of the fully-open ‘v-like’ conformation of human
Hsp90a. We show for the first time in silico evidence for the allosteric modulation of not only the

human protein, but also for the fully-open structure for which experimental data does not yet exist.

The main objectives of this study were thus two-fold: (i) to assess the drugability of PRS identified
allosteric sites by high throughput molecular screening, and (ii) to evaluate the allosteric effect
bound ligands at these sites have on the conformational dynamics of the fully-open form of the
protein using MD based analysis techniques. It is important to note that drug like lead compound
identification was not a primary aim of the study. Overall, the methodologies presented here were
designed in such a way as to provide ‘proof of concept’ for the use of PRS, DRN, and molecular
docking as a suitable collective approach for identifying and testing putative allosteric binding sites

on a protein that are capable of modulating the functional dynamics of the protein.
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4.2 Methodology

4.2.1 Molecular docking

The 3D coordinate data for human Hsp90a in an open “v-like” conformation was obtained from
previous MD simulations of a homology model of human Hsp90 in the presence of various
nucleotide conditions [191]. Clustering analysis was carried out on a 400 ns all-atom MD trajectory
of Hsp90a in complex with ATP according to the methodology described by Daura and co-workers
[379], and the frame with the smallest RMSD to the average of the largest cluster selected the
representative protein receptor. Natural compounds indigenous to Southern Africa were obtained
from SANCDB [380], while the known Hsp90 inhibitor Novobiocin was retrieved for the ZINC
database. Both the compounds and the protein were prepared for docking using the AutoDockTools
software suite [381]. The previously identified allosteric binding sites were mapped onto two
separate grids with AutoGrid4 [381]. Site-1 was centred over the four-helix bundle located at the
CTD interface (residues G668-A685), and Site-2 on the adjacent pocket located on protomer B
(residues H491-V508, V542-Q550, P596-N609). All docking calculations were performed with
AutoDock4 [381] using the Lamarckian Genetic algorithm with a population size of 150, and the
number of evaluations and generations set to 10 000 000. A total of 100 docking runs were
performed for each compound, and each run evaluated with the semi-empirical scoring function
supplied by AutoDock4. Clustering of the docked conformations was carried out using
AutoDockTools with a cut-off of 1.5 A. Docking of a compound was deemed reproducible if the
largest cluster exceeded 50 % of the total runs, with an average energy score of less than -8.00
kcal/mol. The compounds were ranked by average energy score, and the lowest scoring
conformation of the best candidates selected as the representative conformation for long range all-

atom MD simulations.

4.2.2 Molecular dynamics

All MD simulations were performed using GROMACS 5.1.2 [265,267] with in the CHARMM 36 force
field [268—270] using the methodology previously described in section 3.2.2. All trajectory clustering
analyses were carried out with the GROMACS 5 gmx_cluster function using the gromos method

described by Daura and co-workers [379] using a cut-off of 0.2 nm.

4.2.3 Protein-ligand interactions

A custom Python script was designed to analyse protein-ligand interactions over the course of each
MD trajectory. Briefly, the MD trajectory was read frame-by-frame every 100 ps using iterator tool

from the MDTraj module. Each frame was converted to PDB format and then passed to the Protein
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Ligand Interaction Profiler (PLIP) 17 as input to predict all protein-ligand interactions present at that
time point. Thus for a sampling step of 100 ps, each 200 ns trajectory was reduced to exactly 2000
frames and thus 2000 protein-ligand interaction reports from PLIP. Each PLIP report was parsed using
a custom parsing tool, to extract and separate all interaction types between the ligand and either
protomer. In this manner for each time point, those residues involved in either hydrophobic or
hydrogen bond interactions with the bound ligand were extracted and stored ina suitable data frame
allowing for the time evolution of bond formation to be assessed. Finally the matplotlib module was
used to write out interaction heat maps for each protomer in a binary manner where 1 = interaction

present and 0 = no interaction for all residues involved in ligand binding over the MD trajectory.

4.2.4 Dynamicresidue networks

Inter- and intra-domain communication was analysed using the L;and BC network descriptors. Both
metrics were calculated using MD-TASK [295] (see section 3.2.4 for more details on the theory). A
200 ps time interval and a interaction distance cut-off of 6.7 A as laid out in [46]. To assess the effect

of bound ligand with respect to the ligand-free complex the AL and ABC metrics were considered:

AL = Lliigand _ Lliigand—free

ABC = BC/"9*" — B l9endSree

4.2.5 Inter-domain contacts

Inter-domain contacts between the NTD and MiD were evaluated using the contact_map.py script
from MD-TASK [295] with a distance cut-off of 6.7 A. A custom Python script was designed to run
contact_map.py every 200 ps and parse out any contracts between the two domains and the
resultant data collated into a single data frame for plotting purposes. The percentage interaction
metric was calculated by determining the fraction of frames that contained a particular interaction

for the total 1000 frames.

4.2.6 Communication propensity

The pairwise communication propensity (CP) describes the efficiency of communication between
residues i and j and is based on the notion that signal transduction events in proteins are directly
related to the distance fluctuation of the communicating atoms [297,382]. CP is thus defined as a
function of the inter-residue distance fluctuations, where residues whose Ca -Ca distance fluctuate
with low intensity are seen to communicate more efficiently (faster) compared to residues whose
distance fluctuations are large in which the amplitude of the fluctuations results in slower inter-

residue communication. CP is calculated as the mean-square fluctuation of the inter-residue
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distance

CpP = ((dij _dij,ave)2>

where dijis the time dependent distance between the Ca atoms of residues i and j respectively, and
the brackets denote the time-average over the trajectory. In this study, the N x N ACP matrix is used
to assess the relative impact each compound has on the internal dynamics and overall flexibility of
the protein, and is calculated as the difference matrix between each ligand bound complex to the

ligand-free (ATP only) complex.

4.2.7 Principal component analysis

Principal completed analysis (PCA) was used for the analysis of global motions present over the
course of several MD trajectories [383]. This technique involves two main steps: 1) the construction
the covariance matrix, C, based on the positional deviation of each Ca atom, and 2) dimensionality
reduction of C by diagonalization, to obtain the eigenvectors and eigenvalues. Each 3N x N
covariance matrix was calculated based on an ensemble of protein structures obtained from the

respective MD simulation and the elements of C defined as

€= (Cx; = (xN(x; = (x;)))

where xi and x; are atomic coordinates of each Ca atom, and the brackets denote the average.
Eigenvectors with the largesteigenvalues are representative of the slowest modes, and generallyare
associated with large-scale movements in proteins, which are responsible for protein function. All
PCA analyses were conducted using the GROMACS 5 software suite. The covar function was used for
the construction and diagonalization of C, not including bound ligands and excluding the first 10 ns
of trajectory data to avoid equilibration artefacts. The anaeig function was used to project the MD

trajectories onto the main eigenvectors.

For the conformational sampling experiment, PCA analysis was conducted using a concatenated
trajectory comprised of 20 ns equilibrated trajectory segments of human Hsp90a in the fully-closed,
partially-closed, open, and fully-open conformations obtained from previous MD simulations[191].
The 20 ns trajectory segments were concatenated using the GROMACS 5 trjcat program, and PCA

analysis conducted on the resultant trajectory as described above.

4.3 Results and discussion
4.3.1 Identification of ligand binding sites at the CTD
This study set out to identify potential ligand binding sites at the CTD of the FO ‘v-like’ conformation
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of human Hsp90a that are in close proximity or overlap directly with allosteric control elements
identified by PRS analysis. These sites are then probed with a library of small natural compound
ligands and the allosteric potential of the bound ligands assessed in terms of conformational

dynamics.

The first step in this study was thus to screen the CTD for putative binding sites capable of binding
small molecule ligands. This screening process was achieved using the FTMap webserver [384] with
an unbiased screen positioned over the MiD:CTD region of the FO ‘v-like’ structure obtained from
our previous study on human Hsp90a [191] (see 3.3.2). FTMap is a computational mapping server
that is capable of identifying binding hotspots on static macromolecules by assessing the major
contributions to ligand-binding free energy. Briefly, FTMap accepts a PDB coordinate file of a
macromolecule and probes its surface with billions of small organic molecules, and scores their pose
based on the free energy of biding using a detailed energy expression [384]. Regions of the
macromolecule that bind clusters of multiple probe types are interpreted putative ligand binding
hotspots in good agreement with experimental data. The authors of FTMap claim that it is more
accurate than the classical mapping methods such as GRID and MCSS, and is faster than the more -

recent mixed molecular dynamics based protein mapping approaches.

The results from the FTMap analysis indicated two candidate ligand binding sites at the CTD of
Hsp90a (Figure 4.1). Closer inspection of these binding sites revealed sufficient overlap with several
allosteric hot residues previously identified by PRS. Site-1 is located precisely at the CTD interface in
a groove positioned at the four-helix bundle (helix21,22) (Figure 4.1 & Figure 4.3-yellow). Site-2 is
adjacent to Site-1 and represents a sub-pocket positioned at the MiD:CTD interface of each
protomer (Figure 4.1 2A and 2B, Figure 4.3-blue). Each sub-pocket is formed by residues belonging
to helixis, B-sheet17-18, and helix22, as well as several residues located at the MiD:CTD hinge region.
For this study we selected Site-2B for targeted molecular screening experiments due to the increased

diversity of the clustered organic probes and hereon refer to Site-2B as Site-2.
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Figure 4.1: FTMap screen of the CTD: Showing two putative ligand binding sites: Site 1 located at the
four-helix bundle, and Site 2 located adjacent to Sitel and is mirrored in both protomers (Site 2A and
Site 2B respectively). Reproduced with permission from Penkler et. al. 2018 [385]

4.3.2 Identification of novel natural compounds that interact with the CTD

The next step was to perform molecular docking techniques to separately screen a library of 702
South African natural compounds against Site-1 and Site-2. The natural compounds were obtained
from the SANCDB in a ready to dock format [380]. The known CTD inhibitor Novobiocin was included
in both screens as a control. Due to computational constraints, the protein receptor was kept rigid
and the ligands allowed flexibility around available rotatable bonds. Each compound was re-docked
100 times to ensure conformational diversity and the results filtered and analysed in terms of
conformation cluster size and average estimated free energy of binding. Table 4.1 provides a

summary of the best docked compounds for each site.

Table 4.1 | Summary of the best docked compounds for Site-1 and Site-2

Average Lowest
Compound ite . energy energy
(kcal/mol) (kcal/mol)
Novobiocin Novobiocin 1 81 -8.75 -8.97
SANC309 3'-Bromorubrolide F 2 79 -9.13 -9.20
SANC491 Cephalostatin 17 1 93 -11.41 -11.44
SANC518 20(29)-Lupene-3B-isoferulate 1 84 -11.03 -11.46
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Figure 4.2: 2D representation of Novobiocin and the three natural compounds that bind the CTD.
Reproduced with permission from Penkler et. al. 2018 [385]

Of the 702 natural compounds screened, only three putative hits against either CTD binding site
were observed (Table 4.1, Figure 4.2). Novobiocin, Cephalostatin 17 (SANC491) and 20(29)-Lupene-
3B-isoferulate (SANC518) reproducibly docked to Site-1 (Figure 4.3). All three ligands recorded
similar docking orientations, in which each compound lines the length of the binding groove
positioned over the four-helix bundle with their terminal moieties extending out towards the Site-2
sub-pocket in protomer B (Figure 4.3 - inset). This observed binding site and orientation is in
agreement with previous reports for Novobiocin [386]. From a docking quality perspective both
SANC491 and SANC518 recorded lower binding free energy scores (<-11.0 kcal/mol) compared to

Novobiocin (-8.97 kcal/mol) suggesting higher binding affinities for the natural compounds.

Looking at Site-2, only 3'-Bromorubrolide F (SANC309) was able to dock to the small sub-pocket in
protomer B with a high degree of reproducibility and suitable binding free energy scores (-9.13
kal/mol) (Figure 4.3 —red). To fully examine the stability of ligand binding and to gainfurther insights
as to the allosteric effect of each ligand, all-atom MD simulations were carried out on the protein-
ligand complexes for a total 200 ns. In each case, the ligand conformation with the lowest binding

free energy score from the largest cluster was selected as a representative start structure.
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Figure 4.3: lllustration of docked compounds to Hsp90a in the open conformation. The location of the

differentbinding site residues are shaded: Site-1 helix18-19 (red), helix21-22 four-helix bundle (yellow)
and Site-2 sub-pocket (blue). The NTD location of ATP and magnesium ions (spheres) are also shown.

Inset — zoomed in view of docked compounds SANC309 red, SANC491 green, SANC518 blue, and

Novobiocin magenta. Reproduced with permission from Penkler et. al. 2018 [385]

4.3.3 Characterisation of protein-ligand interactions

Ligand binding stability was assessed by monitoring the binding site residue contribution to protein-
ligand interactions over time. The PLIP program was used to evaluate hydrophobic and hydrogen
bond interactions every nth frame in the trajectory using a 200 ps time interval, and the cumulative

data depicted as interaction heat maps for each interaction type for each protomer (Figure 4.4).

Starting with binding Site-1, Novobiocin, SANC491, and SANC518 primarily interact with residues
(residues Le72-Qss2) from both protomers that line a distinct binding groove located at the four-helix
bundle of the CTD inter-protomer dimerization interface (Figure 4.4 —yellow). Of these residues, Le27,
S677, Le78, and Pssg1 are the most consistent contributors to ligand interactions over the 200 ns MD
trajectories. In addition to stable hydrophobic (residues Le27 and Psg1) and hydrogen bond

interactions (residues Se77 and Le7g), the terminal moieties of the Site-1 ligands also interact with
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residues (Ta9s5-Fs07) that line the entrance of the protomer B sub-pocket binding site (Site-2) (Figure

4.4 —blue).

The only notable difference between the Site-1 ligands was the formation of additional interactions
between SANC491 and helixis of protomer A (residues Re12-Te24) (Figure 4.4 — red). The observed
orientation of the binding Site-1 ligands together with their corresponding interacting residues is in
close agreement with a previous combined biochemical and in silico study of Bisphenol A based
allosteric inhibitors of human Hsp90 [369]. Furthermore, interacting residues Le72, S674, and Peg1 are
closely positioned to and overlap with the CTD allosteric hotspots residues Ts99-Weos, and Teso-Ls7s

previously implicated in NTD allosteric signalling and control of conformational dynamics [191,297].

Looking at the binding Site-2 residues, SANC309 appears to interact exclusively with residues
belonging to protomer B (residues Taos-Fso7and Ssa3-Ksas, Figure 4.4 — blue) with the exception of
hydrogen bond interactions with the four-helix bundle through residue Qges2 in protomer A (Figure
4.4 — red). In protomer B, residues Qso1, Tsas and Ksae form stable hydrophobic interactions with
SANC309, while interactions with the remaining sub-pocket residues appear to be more transient
over the 200 ns MD trajectory (Figure 4.4 —blue). The protein-ligand interaction landscape observed
for SANC309 is to the best of our knowledge novel to the current study and notably overlaps with
several allosteric hotspot residues (Taos, E497, Tsas, and Ksae) that have been previously implicated in
selecting conformational displacements in favour of the closed conformation when externally

perturbed [191].
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Figure 4.4: Time evolution of binding site residue contribution to protein-ligand interactions. Showing
hydrophobic and hydrogen bond interactions separately. Detected interactions are depicted by light
bars, the absence of ligand interaction is denoted by a black bar. Y-axis residue shading represents
the different binding site residues: blue - sub-pocket; red — helixig; yellow - four-helix bundle (see
Figure 4.3). Reproduced with permission from Penkler et. al. 2018 [385]

Overall, MD simulations revealed stable protein-ligand complexes over 200 ns, and the interaction
profiles for both Site-1 and Site-2 overlap with known allosteric sites opening the possibility for
external modulation of Hsp90a conformational dynamics through ligand binding interactions. We
investigate this avenue by monitoring the effect each ligand has on the global and internal dynamics
of the dimer compared to a ligand-free system and assess the respective allosteric potential of Site-

1 and Site-2.

4.3.4 CTD ligands modulate protein flexibility
— Backbone RMSD analysis

Backbone root-mean-square-deviation (RMSD) analysis serves as a measure for monitoring
conformational variation over an MD trajectory. Whole protein RMSD analysis indicates thatin the

ligand-free state, Hsp90 experiences variable backbone flexibility recording RMSD values that are
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normally distributed around a mean of 0.70 nm with a standard deviation of 0.16 nm (Figure 4.5 and
Appendix lI-1). This data supports the current opinion of inherent plasticity for Hsp90 in the fully-
open conformation [291]. Addition of either Novobiocin or SANC518 at binding Site-1 appears to
improve the stability of the dimer compared to the ligand-free system, recording normally
distributed RMSD values centred on reduced means of 0.56 and 0.57 nm respectively. The fact that
these complex record standard deviations of 0.12 and 0.16 nm respectively confirms a degree of

variable flexibility for the open conformation.

In contrast, the presence of either SANC309 or SANC491 at binding Site-2 and Site-1 respectively
appears to enhance conformational flexibility, each complex recording increased mean RMSD values
of 0.76 and 0.81 nm, coupled with increased standard deviations of 0.26 and 0.21 nm respectively
(Figure 4.5 and Appendix ll-1). Furthermore, the bimodal RMSD distribution for SANC309 is in stark
contrast to the normal distributions of the four remaining complexes, suggesting the protein
samples diverse conformational states with respect to the starting structure. The statistical
significance of these findings is reported in Appendix lI-ll. In summary, the data presented here
tentatively suggests an increased flexibility for SANC309 and SANC491 and a maintained if not
reduced flexibility for the Novobiocin and SANC518 complexes.
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Figure 4.5: Whole protein backbone RMSD distribution plots. Comparison of the histogram distribution
plots for each ligand bound complex with the ligand-free state demonstrates variable conformational
flexibility. In each case, the shift in the conformational distribution over the 200 ns MD trajectory can
be visually assessed by comparing the mean () of each complex (dashed line) with the ligand-free
complex (dotted line). Reproduced with permission from Penkler et. al. 2018 [385]

The observed plasticity of the fully-open Hsp90 dimer could be explained by independent
conformational restructuring of either protomer. To address this the RMSD profiles for each
protomer in isolation are examined (Figure 4.6 and Appendix II-1). With the exception of SANC518,
the protomer RMSD distribution for each complex is normally distributed, recording similar average
and standard deviation values (u: £3.2 nm, o: £0.06) compared to the ligand-free system, suggesting
the protomers move independently of each other to some degree within the limitations of CTD
dimerization. In contrast, the presence of SANC518 appears to enhance individual promoter
flexibility, shifting the distribution mean from 0.32 nm and 0.38 nm to 0.43 and 0.51 nm for
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protomers A and B respectively (Figure 4.6 and Appendix ll-Il). The marked difference in protomer B
of this complex is coupled to a bimodal distribution with peaks centred at +0.38 and +0.70 nm
respectively, suggesting conformational sampling of two dominant conformations with the former

likely corresponding to that of the ligand-free system.
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Figure 4.6: Protomer backbone RMSD distribution plots. Comparison of the histogram distribution
plots for each ligand bound complex with the ligand-free state. In each case, the shift in the
conformational distribution over the 200 ns MD trajectory can be visually assessed by comparing
the mean (u) of each complex (dashed line) with the ligand-free complex (dotted line). Reproduced
with permission from Penkler et. al. 2018 [385]

— Inter- and intra protomer repositioning

Backbone restructuring of the individual protomers relative to the starting structure informs on
secondary structure repositioning however it does not account for whole protomer repositioning
over the course of the MD simulation. Indeed, it is likely that the observed backbone
flexibility/mobility of the whole protein dimer may result from conformational repositioning of the
semi-rigid protomers relative to one another in either a linear opening/closing manner, or through

perpendicular rotation about the C-terminal dimerization axis in a hinge bending like motion.
Inter-protomer distance analysis

The distribution of the inter-protomer distance, defined as the measured distance between the
center of mass for each NTD, was used to inform on the propensity for Hsp90 to populate
conformations distinct from the starting structure in a linear opening/closing motion over the course
of the 200 ns MD trajectory (Figure 4.7). In the absence of CTD ligands, the distribution is positioned
around the initial NTD-NTD distance of 7.6 nm, recording a mean distance of 7.0 nm which indicates
limited conformational variation under these conditions (Figure 4.7 and Appendix II-1ll). For the
ligand bound systems, Novobiocin and SANC518 appear to populate conformations analogous to the

ligand-free system with mean values of 7.4 and 7.1 nm respectively (Figure 4.7). Conversely, the
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addition of SANC309 and SANC491 cause a shift in the distance distribution away from the ligand-
free system. SANC491 populates conformations with an increased average inter-protomer distance
of 8.1 nm (Figure 4.7), suggesting a conformational preference for a more open “v-like” structure.
SANC309 on the other hand, shifts the distribution to the left (L6.6 nm) and as seen in whole protein
RMSD analysis records a bimodal distribution, suggesting population of two dominant
conformations, one analogous to the ligand-free structure (£0.70 nm) and the other in favour of a
more closed conformation (6.0 nm). The statistical significance of these findings is reported in

Appendix lI-1I.
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Figure 4.7: Distribution plots of the inter-protomer distance. Inter-protomer distance is defined as the
distance between the center of mass of each NTD. Reproduced with permission from Penkler et. al.
2018 [385]

Protomer bending and flexing

Inasmuch as the NTD-NTD distance provides information on the linear opening/closing of the
homodimer, the distribution of the NTD-CTD distance for each protomer informs on protomer
flexibility around the central axis as seen in hinge bending motions. Shorter NTD-CTD distances could
be indicative of protomer bending, while increased NTD-CTD distances could suggest protomer
straightening/extension. The NTD-CTD distance is defined as the distance between the centers of
mass of the NTD and CTD four-helix bundle, and the time evolution of these measurements is

represented as a distribution for each protomer separately (Figure 4.8).

In the absence of bound ligand atthe CTD, both protomers form distinct distribution peaks around
the mean NTD-CTD distance (i1 8.21 nm: protomer A ; u 7.63 nm: protomer B) which correspond to
the initial NTD-CTD measurements of 8.0 nm and 7.5 nm respectively. This data suggests minimal
hinge bending motions and confirms the rigid nature of the protomers under these conditions.
Addition of Novobiocin appears to have a marked differential effect on the observed distributions,
which are skewed to the right (9.0 nm — protomer A and £7.75 nm — protomer B) when compared
to the ligand-free system. This positive shift in the inter-domain distance may be indicative of ligand
induced sampling of more extended protomer conformations. Indeed, similar albeit exaggerated

observations can be made for the other Site-1 ligands, in which both SANC491 and SANC518 induce
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skewed bimodal distance distributions in protomer A with dominant peaks centred +9.0 nm, while
protomer B experiences tighter skewed distributions at £8.1 nm. The formation of alternate peaks
inthe protomer A distributions indicates a wider range of sampling under these conditions providing

evidence of ligand induced flexibility around the central axis.

Binding of SANC309 at Site-2 also appears to have a tuneable effect on the flexibility of the
protomers when compared to the ligand-free system, particularly protomer B, which forms three
distinct distribution peaks (5.0, 8.0, and 9.0 nm), while protomer A forms a skewed distribution peak
at+9.0 nm. This data suggests that ligand interactions at the CTD may allosterically induce protomer
flexibility allowing the dimer to sample alternate structural conformations. Comparative statistics

between the ligand un/bound complexes are reported in Appendix II-I1V.
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Figure 4.8: Flexing around the central axis of each protomer. Protomer flexing is measured as the
distance between the center of massof each NTD and the CTD interface. Reproduced with permission
from Penkler et. al. 2018 [385]

— Localised flexibility analysis

Next, we focus on the relative effect of bound ligand on the flexibility of localised regions of the
protein. The root-mean-square-fluctuation (RMSF) is a measure of the average positional
displacement of each residue over time and indicates flexibility/mobility of individual residue sites.
Here, we monitor the relative change in residue fluctuation (ARMSF) between the ligand-free and
ligand bound complexes to determine the extent to which bound ligands influence intra-protomer

flexibility.

The ARMSF profiles reveal differential ligand specific modulation of domain flexibility, whereby
bound ligands appear to modulate the RMSF of entire domains rather than individual residue sites
(Figure 4.9-A). Novobiocin and SANC491 differentially modulate the RMSF of the NTDs of each

protomer, causing increased fluctuations in protomer A and a decrease in protomer B (Figure 4.9-A
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blue shading). Meanwhile, SANC309 and SANC518 increase residue fluctuations at the NTDs of both
protomers recording large positive ARMSF. Furthermore, SANC309 also experiences increased
fluctuations in the MiD of both protomers compared to the Site-1 ligands (Figure 4.9-A green

shading).

The collective results presented in this section demonstrate evidence of ligand modulation of both
whole protein mobility and domain specific flexibility depending on the identity of the bound ligand.
Conformational flexibility and rigid body mobility form the basis of enzymatic catalysis and allosteric
modulation [387] and in the case of Hsp90, conformational plasticity is crucial for molecular
functionality [159,291]. The increased flexibility experienced by SANC309, especially in the MiD
where co-chaperones bind, may enable the protein to overcome energetic limitations allowing it to
explore a larger conformational space, and thus aid its conformational search for the closed
catalytically active state. Conversely, reduced protomer flexibility in SANC491 may lead to protomer

elongation and a more rigid structure that favours the open conformation.

4.3.5 Ligand binding perturbsresidue interaction networks

Dynamic residue networks (DRNs) [295] were utilized to analyse the effect of ligand binding on
residue connectivity over time. DRNs were constructed for each MD trajectory and the L; and BC
network descriptors used to evaluate the relative effect of CTD bound ligand on the connectivity of
the protein, by comparing each protein-ligand complex to the ligand-free ATP-only complex by

monitoring the changein L; (ALi) and BC (ABC) over the course of the MD trajectory.

— Analysis of the change in average residue reachability

Starting with AL; (Figure 4.9-B), it is evident that irrespective of ligand identity, binding interactions
at the CTD increases in L;, particularly at the NTDs of both protomers (%1 unit). Residues belonging
to the ATP-lid (residues 130-160) experience the largest shift in L; for this domain, and this
observation is notably accentuated in protomer B for the SANC309 complex (AL; >3.0). This
expressed ligand induced modulatory effect on the proteins network confirms NTD:CTD allosteric
coupling, whereby ligand binding at the CTD allosterically perturbs the intra-domain interaction

network atthe NTD.

Given that AL;is a measure of the average change in network communication for the whole protein,
it can be influenced in one of two ways: (i) a significant spatial alteration in the local neighbourhood
surrounding i can affect the contribution of first and second neighbours to the average number of

steps taken [191,388]; (ii) the local network surrounding i remains intact but large conformational
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changes at distant locations in the protein affect the average path length. As discussedin section
3.3.4, there exists a proportional relationship between RMSF and Li, when residue
fluctuations/displacements exceed the distance threshold used to construct the DRN [191]. This
observation is once again evident in the present study, RMSF and L; record strong Pearson’s
correlation coefficients (> 0.85) for all five complexes (Appendix 1I-V A). This relationship does not
hold true however when considering ARMSF and AL, which record Pearson’s correlations < 0.7
(Appendix 1I-V B). This observation suggests that the positive AL; experienced in the ligand bound
systems is not directly linked to increased residue fluctuations as described in scenario (i), and the

scenario presented in (ii) must be considered for an explanation for the increasein L;.

—— Novobiocin —— SANC309 —— SANC491 —— SANC518

ARMSF (nm) >

AL,

Residue index

Figure 4.9: Effect of CTD bound ligands on internal dynamics: Showing (A) ARMSF, and (B) AL plots for
each ligand bound complex. Both metrics are calculated as the average difference between the
protein-ligand and ligand-free complexes for each residue. Residue indices are coloured by domain:
NTD — blue, M-domain—green, CTD — yellow. Reproduced with permission from Penkler et. al. 2018
[385]

The variable flexing /bending of both protomers in response to bound ligand (Figure 4.8), may result
in sufficient conformational restructuring so as to disrupt established key inter-domain network
contacts between the NTD:MiD which would in turn lead to an increase in the average path length
for entire regions of the protein. To investigate this possibility the time progression of all NTD:MiD
contacts were quantified over the entire MD trajectory using a 200 ps time interval. All identified
inter-domain contacts that maintained a spatial distance < 6.7 A over the trajectory were captured
and quantified as a percentage interaction over time (Figure 4.10-B). Looking at the ligand-free
system, it is evident that there are more inter-domain contacts between the NTD and MiD in
protomer A compared to protomer B, however two key inter-domain contact regions are present in
both protomers (Figure 4.10-A): the NTD residues Kzo4, V207, |214, l218, and L220 form stable contacts

with the MiD residues L2go and N2g1 over 200 ns. In addition to these contacts, residues Ds7, Reo, Ye1
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and Les inthe NTD of protomer A maintain stable inter-domain interactions with R3se-V3es.
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Figure 4.10: Inter-domain contacts between the NTD and M-domain of each protomer. (A) lllustration
of the inter-domain contacts between the NTD (violet spheres) and MiD (green spheres) for the
ligand-free ATP-only complex. (B) Time progression of key contacts between the NTD and MiD over
the respective MD trajectory for each complex. Contacts are coloured (blue — red) by percent
detected over the trajectory and grey if detected < 70 %. Reproduced with permission from Penkler
et. al. 2018 [385]

For the ligand bound systems, it is evident that the inter-domain interactions involving reside Lag
are maintained in both protomers and those involving N291 are weakened in protomer B. Notably,
the stable inter-domain interactions between the R3es-V3es triad in protomer A and the NTD are lost
in all ligand bound complexes with the exception of SANC491 which retains partial connectivity
between Rss7 and the NTD residues Ds7 and Reo. Taken together this suggests that breakdown of
stable inter-domain interactions, particularly those involving the R3e6-V3ssg triad in protomer A and
N291 in protomer B, may leadto NTD:MiD decoupling which in turn may result in the redirection of
inter-domain network communications to pass through the long NTD:MiD linker and thus ultimately
increase L;. This NTD decoupling may explain the enhanced NTD residue fluctuations observed at the
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NTD of protomer A (Figure 4.9-A). While the NTD and MiD record elevated ALj, the CTDs experience
a 1 unit decreasein Liin both protomers. This observation is particularly apparent for residues 550-
620 belonging to helixi17 and helixis, and several residue located in the four-helix bundle (residues
660-720). Interestingly, the former set were been previously implicated as sensors to physical
perturbations elsewhere in the protein [191] (see section 3.3.5 for details) and have also been
implicated in allosteric signal propagation [297]. In this instance, scenario (i) provides a suitable
explanation in that ligand binding stabilises the CTD reducing residue fluctuations and thus allowing

for stable residue-residue interactions.

— Betweenness centrality analysis

As with L;, ABC is also averaged over time and comparison of the different ligand bound complexes
reveals a high degree of overlap between the ligand binding sites and regions of the protein that
experience large shifts in BC (Figure 4.11), demonstrating the metric’s sensitivity to detect putative
ligand binding sites. Interestingly, all four ligand complexes experience increased BC at the four-helix
bundle in protomer A, but a decrease in protomer B. Furthermore, it is evident that the ligand
interactions between SANC491 and helixis (red) in protomer A has a direct impact on BC at this
location, possibly due to ligand stabilisation of this inherently flexible region as demonstrated by the
differential AL; values (Figure 4.9-A). Indeed, this finding is in agreement with our previous study in
which we report an inverse relationship between BC and L;[191].Overall the communication control
hubs identified through BC correlate with ligand binding residues and are in agreement with the
residue locations previously identified in section 3.3.3. Ligand binding does not alter or perturb the
residue interaction network in such a way that these control points are re-established at different
location. Rather, ligand binding appears to alter the frequency of usage of the control point, likely

due to “rewiring” if the shortest communication paths.
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Figure 4.11: Comparative ABC profiles. Shaded regions denote ligand binding site residues: blue sub-

pocket, red helixz, yellow four-helix bundle. % denote residues participating in ligand interactions.
Reproduced with permission from Penkler et. al. 2018 [385]

4.3.6 Effect of allosteric ligands on communication propensity

— Whole protein ACP pattern analysis

Communication propensity (CP) is a measure of the efficiency of communication for a given residue
pair i and j in a protein, and is based on the premise that signal propagation is directly related to
distance fluctuation between the communicating residue pair. The concept and methodology for
determining CP in proteins was first introduced for elastic network models by Chennubhotla and
Bahar [382] and subsequently extended by Morra et. al. for MD trajectories [297]. In the latter
methodology CP is defined as the mean-square distance fluctuation between the Co—Cqatoms of
residues i and j over the course of an MD trajectory. Smaller amplitude inter-residue distance
fluctuations are expected to increase communication efficiency compared to that of large amplitude
Co«—Cadistance fluctuations [297,382]. It is important to note that CP denotes communication time
and thus smaller values represent more efficient commination between any two Co—Cqatoms. To
obtain a compact representation of how bound ligands affect CP, we define the difference matrix
between all residue pair CPs determined for the ligand-free and ligand bound systems (Figure 4.12).
Thus, positive ACP (blue) indicates more efficient (faster) communication with the addition of ligand,

while negative ACP (red) indicates slower communication (slower) inthe presence of bound ligand.

Comparison of the ACP matrices in Figure 4.12, reveals a similar block character for regions of the
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protein that display either efficient (+CP) or slower (-CP) coordination propensities. The intra-
protomer coordination patterns provide a visual means by which to compare the inter-domain
communication propensities. For the Site-1 complexes, the NTD in protomer A appears to be
decoupled from the MiD and CTD as indicated by the red blocks. This decoupling is particularly
apparent for SANC518 and resonates with the findings from the previous inter-domain contact
analysis (Figure 4.10). In protomer B, the opposite effect is observed as indicated by the large blue
blocks in which the NTD experiences more efficient CP between the MiD and CTD, however this
observation is less apparent for SANC518 which experiences a degree of inter-domain decoupling in
protomer B. Looking at the inter-protomer coordination patterns for these complexes, it is largely
evident that ligand binding causes a loss in communication efficiency between protomers. However,
in the presence of Novobiocin increased CP is observed between the NTD of protomer B and the
MiD:CTD region of protomer A, while SANC491 experiences a moderate increase in CP between at

the NTD of protomer A and the CTD of protomer B.
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Figure 4.12: Heat map illustration of the changein communication propensity. Matrices calculated as
the difference in communication efficiency between the ligand-free complex and the ligand bound
complex. Positive values (blue) denote higher communication propensity for the ligand bound
complex compared to the ligand-free complex while negative values (red) indicate lower
communication propensity for the ligand bound complexes. Reproduced with permission from
Penkler et. al. 2018 [385]

The coordination patterns for SANC309, indicate that ligand binding at Site-2 appears to have a
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drastic effect on CP causing significant intra- and inter-domain decoupling within and between both
protomers as evidenced by the large red blocks. It is interesting to note that this observation is
particularly apparent in protomer B which provides the sole binding interactions for SANC309.
Overall, these observations are consistent with the ARMSF results presented in Figure 4.9-A,whereby
bound ligands at binding Site-1 appear to increase residue fluctuations at the NTD of protomer A
and decrease fluctuations at the NTD of protomer B, while ligand binding at Site-2 increases residue

fluctuations throughout both protomers.
— Fraction of fast communication residues

Next, the relative contribution of individual residues to long range coordination with distant residues
elsewhere in the protein is investigated. For this analysis, the average CP for neighbouring residues
(i £ 4) for the ligand-free complex was found to be 0.85, and thus CP=0.85 was set as a suitable
threshold for discriminating fast communication between residues positioned >80 A from one
another. Asimilaranalysis method was previously described and validated by Morra and co-workers
[297]. The protein was sequentially scanned and the fraction of residues in the whole protein

capable of communicating with a CP < 0.85 recorded (Figure 4.13).

Looking at the ligand-free complex it is evident that long range communication is established
between the NTDs (residues 80-90, 150-160, 170-185) and CTDs (residues 555-580, 640-655, and
690-700) providing further evidence of NTD-CTD allosteric coupling in agreement with previous
reports for yeast Hsp90 in the closed conformational state [297]. For the ligand bound complexes, it
is evident that none of the binding site residues directly contribute to long range residue
communication (Figure 4.13 shaded areas). Rather, the presence and identity of the bound ligand
appears to impact the intensity of relative long range coordination of residues in close proximity to
the bound ligands. Novobiocin and SANC491 increase the fraction of communicating residues at NTD
and CTD of both protomers (residues 80-90, 160-200, 555-580, 640-660 and 690-700). SANC309
appears to significantly reduce the communication efficiency of the CTD, as well as residues 80-90

at the NTD of protomer B, while SANC518 reduces all long range coordination in both protomers.
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Figure 4.13: Fraction of fast communicating residues over 80 A apart. Each histogram refers to a single
residue and indicates the total fraction of residues that communicate with it. Coloured shading
represents the ligand binding residues at Site-1 —yellow and red; and Site-2 —blue. Reproduced with
permission from Penkler et. al. 2018 [385]

The data presented here, illustrates that ligand binding at either CTD has a modulatory effect on the
communication propensity of the protein and specifically long-range communication between the
NTD and CTD. Furthermore, it is evident that the modulatory effect (increased or decreased
efficiency of communication) is dependent on the identity of the bound ligand. Over all, SANC309
and SANC518 appear decrease the efficiency of inter-domain and inter-protomer communication,
while Novobiocin and SANC491 appear to have an enhancing effect on communication propensity.
The inhibitory effect of SANC309 and SANC518 may be due to the fact that both ligand interact with
residue 504 in protomer B. Interestingly this residue experience decrease BC in both complexes but

not in the Novobiocin and SANC491 complexes.

4.3.7 Essential dynamics analysis

— Functional relevance of dominant global correlated motions
Given the tremendous size of Hsp90 (1400 residues), 200 ns MD trajectories are of an insufficient
length to access functional global motions such as the full closing motion expected for the ATP bound
complex. Essential dynamics (ED) analysis techniques were employed as an alternative method to
assess whether ligand binding corresponds to functional global correlated motions. In ED, the MD

trajectory is represented as the covariance matrix which is used to calculate the relative eigenvectors
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and eigenvalues used to descript correlated motion. The former metric represents the correlated
displacement of atom groups through essential space, while the latter gives an indication of the
magnitude (nm?). The configurational space represented by eigenvectors can be separated into two
subspaces [383]; (i) the essential subspace which represents correlated motions comprising very few
degrees of freedom, and likely point to biologically relevant global motions; and (ii) the independent
subspace which is constrained to local regions and offers little functional importance. Here, we focus
on the former subspace (i) which is often accounted for by the first few low-frequency modes with

large corresponding eigenvalues.
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Figure 4.14: Cumulative squared overlap for the first 20 eigenvectors. (A) Cumulative squared overlap
plots. (B) Cosine content for the first eigenvector of each complex. Results for the concatenated
known conformational states are labelled “Known” and coloured grey (see text for details).
Reproduced with permission from Penkler et. al. 2018 [385]

Analysis of the cumulative squared overlap for the first 20 modes for each complex shows that
between 60 % and 80 % of all protein motion is accounted for by the first three eigenvectors (Figure
4.14). In each case the first two eigenvectors account for more than 50 % of all protein fluctuations,
suggesting these modes represent functionally relevant protein motions. To gain insight as the
direction and magnitude of the dominant modes, the global correlated motions associated with the
firsteigenvector for each complex are illustrated by projecting the corresponding trajectory onto the
eigenvector and interpolating over the two most extreme projections and arrows used to describe

the relative atomic displacements (Figure 4.15 and Appendix 1I-VI— Appendix I-XI ).
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No-ligand

Figure 4.15: lllustration of the global correlated motion for the first eigenvector of each Hsp90 complex.
The protein complex is represented by Cq atoms (grey spheres) and the arrows describe the relative
direction and magnitude of the correlated motion for protomer A (blue) and protomer B (red).
Displacement arrows were drawn for every 2" Cq atom to simplify presentation. Reproduced with
permission from Penkler et. al. 2018 [385]

In the ligand-free state, ED analysis reveals linearglobal correlated motions for each protomer in the
opposite direction towards one other, in a motion that closely resembles the closing transition that
is expected under these conditions, in which ATP binding triggers conformational rearrangements
towards the catalytically active closed state. Addition of Novobiocin engenders correlated protomer
motions that are in opposite directions, in what can be described as an opening like motion. This
motion may provide early evidence of protomer uncoupling as Novobiocin is known to disrupt
protomer dimerization at the CTD [365]. Interestingly, SANC491 and SANC518 demonstrate similar
linear motions to Novobiocin, providing further evidence that these compounds may invoke a similar
inhibitory allosteric mechanism. SANC309 on the other hand appears to enhance global correlated
protomer motions towards each other in a similar manner to the ligand-free ATP-only complex. This
observation coupled with an increased magnitude compared to the ligand-free complex, may
suggest SANC309 to be an allosteric activator of human Hsp90a, promoting allosteric closure of the
dimer. Indeed, this observation agrees with earlier results in which SANC309 populated
conformations with smaller inter-protomer distances (Figure 4.7). Furthermore, we note similar

results for the second eigenvectors which describe rotational twisting of the protomers along their
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central axis in either a clockwise closing or an anti-clockwise opening motions much like the twisting

and untwisting of a double stranded helix.

— PCA analysis to assess conformational change

To confirm the ED findings presented in the previous section, the change in sampling of the
conformational space of the protein was assessed using PCA analysis to compare the
aforementioned correlated motions with known structural reference data. An 80 ns concatenated
trajectory of four known conformational states was constructed based on 20 ns equilibrated
trajectory segments of the ATP-bound trajectories of the fully-closed, partially-open, open, and fully-
open conformation complexes (see Chapter 3 section 3.3.2 for trajectory details). PCA analysis was
conducted on this trajectory and the MD trajectories of the different complexes projected onto the
first three principle components (PC1: linear opening, PC2: twist closing PC3: linear closing) in a

pairwise manner to identify ligand induced conformational sampling.

Comparison of the resultant pairwise scatter plots illustrates the conformational sampling of the
different complexes with respect to known structural states (Figure 4.16). We note that the initial
starting conformation for the different complexes in this study was obtained from the ATP-bound
“open state” MD trajectory (Figure 4.16-green). In the absence of CTD ligand, Hsp90 appears to
populate conformations in favour of the closed and partially-closed conformations, confirming the
dominant global correlated closing motions described in the previous section. In contrast, the
addition of Site-1 ligands engenders conformational overlap with the open and fully-open
conformational states, confirming the global correlated motions in favour of a more open v-like
conformation compared to the initial open structure. Finally, analysis of the SANC309 complex
reveals conformational sampling that is analogous to the ligand-free system demonstrating
significant overlap with partially-closed conformational state, supporting the observed global
correlated motions in favour of the closing transition and thus possibly enhancing the catalytically

active conformation.
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Figure 4.16: Comparative pairwise score plots demonstrating ligand induced conformational sampling.
Each row illustrates the conformational sampling of each ligand un/bound complex (black) in relation
to the four known conformational states (see legend). Each column describes the projection of each
complex onto the top three eigenvectors (PC1: linear opening, PC2: twist closing, PC3: linear closing).
Reproduced with permission from Penkler et. al. 2018 [385]
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4.4 Conclusions

Overall, the findings presented in this study establish evidence of ligand specific modulation of the
conformational dynamics of human Hsp90a inthe open “v-like” conformation. We show how natural
forces associated with ligand interactions at two putative druggable CTD binding sites direct the
conformational sampling of the dimer by fine tuning the internal dynamics of the protein. Of the
binding Site-1 ligands, Novobiocin and SANC491 enhanced conformational rigidity through protomer
flexing and reduced NTD residue fluctuations resulting in more efficient NTD-CTD allosteric
communication. SANC518, on the other hand, behaved differentially, enhancing protomer flexibility

leading to reduced NTD-CTD allosteric communication in protomer A.

Given, the overlap in binding site for the Site-1 ligands with known inhibitors such as Novobiocin and
several Bisphenol A based inhibitors, coupled with evidence of correlated opening motions, we
propose that small molecules targeting the CTD dimerization site located at the four-helix bundle of
the open conformation may externally modulate the conformational dynamics in favour of a more
open conformation and thus act as allosteric inhibitors of Hsp90a. These compounds may prevent
conformational cycling to the closed catalytically active state by either disrupting CTD dimerization
as is the case for Novobiocin [365], or by allosterically enhancing the energetic barrier that must be
overcome in order to access the ATPase active state [304]. Indeed, it is interesting to note that
Cephalostatin 17 (SANC491) is known to be a potent anti-cancer agent [389,390] although its
mechanism of action remains unclear. In contrast to the Site-1 ligands, SANC309 at Site-2 greatly
enhanced protein flexibilityand decreased internal coordination, characteristics thatmay enable the
protein to overcome the energetic requirements necessaryto access the closed conformational state
and therefore could be classed as an allosteric activator of human Hsp90a. Indeed, the correlated
global atomic motions observed for this complex are in agreement with our previous PRS study, in
which external force perturbations at Site-2 resulted in global protein displacements towards the
closed catalytic conformation [191], providing proof-of-concept for this approach through simulated

ligand interactions.

In summary, our findings provide novel insights regarding the selective external modulation of
Hsp90a conformational dynamics by small molecule interactions, providing a platform for future
allosteric drug development studies for Hsp90. Additionally, this is the first study that leverages
combined information from PRS coupled with DNR analysis to identify potential allosteric sites for
novel allosteric inhibitor design. This proposed approach is applicable for identifying allosteric drug

targeting sites in other proteins.
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Concluding Remarks and Future Perspectives

The main focus of this thesis was to make a contribution to the understanding of allostericregulation
of conformational dynamics in the in the 70 kDa and 90 kDa heat shock proteins. This goal was
achieved through the prediction and identification of allosteric control elements using dynamics
based computational techniques. Given that there in as yet no “gold standard” for the prediction of
protein allostery. The methodology described in this thesis contributes to the growing field of
computational efforts for the investigation of allostery in proteins and presents PRS coupled with
MD simulations and DRN analysis as a suitable strategy for the rapid identification allosteric sites in
large multi-domain proteins that experience complex conformational rearrangements. The research
described in each of the three data chapters was based on several studies that have been published

in reputable peer-reviewed journals.

Chapter 2 described a study which set out to assess the relative effect of bound nucleotide and/or
peptide substrate on the allosteric potential of Hsp70 to interconvert between two key functionally
relevant structural conformations. An important aspect of this study was to assess the suitability of
PRS as a technique for predicting allosteric hot residues in large multi-domain proteins that must
undergo complex conformational rearrangements such as translational and rotational motions to
interconvert between two known conformational states. The experimental approach used in this
study included long-range all atom MD simulations that were important for (i) examining the effect
of bound nucleotide and/or peptide substrate on the immediate conformational dynamics of the
protein, and (ii) to accurately construct the underlying kernel used by PRS for predicting
conformational displacements. E. coli DnaK was chosen as a model system in this study because it is
a large multi-domain protein that involves complex structural rearrangements in response to the
bound nucleotide/peptide. Furthermore its allosteric mechanism of action has been the focus of
much research and been well described from a structural stand-point in DnaK. Thus, PRS was used
to investigate the regulatory role of nucleotide/peptide in the ATPase activating closing transition

and the substrate releasing opening transition.

PRS was shown to be able to quantify the overall allosteric potential of Hsp70 to spontaneously
interconvert its open and closed states. Using an MD based kernel, PRS demonstrated sensitivity
towards bound nucleotide or peptide and evidence was presented that supports the theory that
simultaneous binding of ATP and peptide primes the complex for interstate conversion regardless of

the transition direction. This allosterically ‘active’ state was found to be in agreement with an
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intermediate structure that must overcome energetic requirements before transition between the
open and closed conformational states can be achieved [104]. MD simulations of this complex in the
closed conformation provided structural evidence of such an intermediate structure in which the
charge inter-domain linker is positioned in a binding cleft that only form in the presence of ATP at

the NBD.

Detailed analysis of the ATP and peptide bound allosterically active intermediate structures (open
and closed) revealed several select regions of the protein identified by PRS that are able to select
conformational transitions towards the opposite state in response to random force perturbations at
selectsites. These findings were extensively cross-validated with literature and found to overlap with
known functional sites that have been heavily implicated in allosteric signal propagation and
functional regulation of the chaperone. Furthermore, PRS also identified several novel allosteric hot
residues that have as yet no known function. Several accentuated residues were found to line critical
sub-domain interfaces, suggesting a possible role in allosteric signal transduction from the NBD to
the SBD. Residues located in the SBD-lid may be implicated in JDP and NEF binding and a hypothesis
is proposed that natural interactions at these sites with either co-factor may provide the necessary
allosteric trigger required for Hsp70 to overcome the energetic barrier posed by the intermediate

state and thus drive interstate conversion.

Given the functional significance of the residues identified by PRS, it is proposed that the data
presented in this study may present as a suitable platform for future biochemical and drug discovery
studies aimed at probing the allosteric mechanisms of Hsp70. Furthermore, the MD based PRS
methodology presented in this work was successfully implemented as a stand-alone tool in the MD-
TASK software suite designed and published for command line ease-of-use by non-expert users

[295].

Chapter 3 of this thesis describes a study that built on the experimental ground work laid out in
Chapter 2, in which PRS was coupled with DRN analysis and all-atom MD simulations to evaluate
allosteric modulation of conformational dynamics in the cytosolic isoform of human Hsp90. An
important objective of this study was to address the complete lack experimental structural data for
human Hsp90a through accurate calculation of homology models in two distinct conformations, one
inthe fully-closed (FC) catalytically active state and the second in a partially-open (PO) intermediate
state. These structural models of the chaperone provides a start point for the first ever dynamics

based analysis of allosteric modulation in the human isoform.

Long range all-atom MD simulations of the FC and PO conformational models in various nucleotide
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bound configurations (ATP/ADP/apo) were conducted to assess the effect of nucleotide on the
conformational dynamics of the dimer. Bound ATP at the NTD was found to rigidify both
conformations, causing the dimers to become more compact in favour of the catalytically active
state. The presence of ADP on the other hand was found to relax both dimer conformations in
preparation for the opening transition, and in the case of the PO complex, drove spatial separation
of the protomers such that a fully-open (FO) “v-like” conformation was attained after 200 ns MD
simulations. This FO structure provided the opportunity to assess the nucleotide dependent
conformational dynamics of the chaperone inits most extended client loading conformational state,
an assessment thatis the first of its kind for eukaryotic Hsp90. As with the FC and PO conformations,
ATP was found to limit conformational flexibility while ADP afforded greater flexibility allowing the

dimer to sample a range of fully-open conformational states.

MD trajectory analysis of the functionally relevant FC and FO conformational complexes was
extended with DRN analysis to assess the effect of bound nucleotide on the internal dynamics of the
protein. Two network metrics were considered, average change in residue reachability (ALi) and
betweenness centrality (BC). The former metric informed on regions of the protein that are likely
actively involved in intra-protein communication, while the latter metric singled out individual
residue sites that for crucial communication hubs in the protein network. These results
demonstrated the ability of both metrics to be capable of identifying functional sites on the protein
that have been previously identified through experimental efforts, and provided much needed
insight regarding the modulatory effect of bound nucleotide on the internal conformational

dynamics of the chaperone.

A comparative assessment of the residue fluctuations (RMSF) and the aforementioned dynamic
network metrics ALjand BC confirmed previous reports of a proportional relationship between RMSF
and AL; in static experimental structures. However, this relationship was found to be sensitive to the
distance cut-off used to construct the protein network and that for a dynamic system the magnitude
of the distance fluctuations over time together with the relative compactness of the protein will
greatly affectthe proportionality of this relationship. Furthermore, this study shows for the firsttime
that there exists an inverse relationship between BC and RMSF, ALi. This relationship holds true
regardless of the applied distance cut-off and magnitude of the distance fluctuations. Taken
together, these findings suggest that since not all residues display small fluctuations act as
communication bridges, BC and ALi may be more accurate and sensitive quantities to follow for the

identification of novel functional sites on proteins.

PRS analysis was utilised to assess the allosteric potential of the FC and FO conformations to
143



interconvert to the opposite statein response to force perturbations atselectresiduesites. Allosteric
hot residues identified in this analysis mirrored the results obtained from DRN analysis and
overlapped with experimentally determined functional residues thought to be involved in co-
chaperone binding and allosteric modulation. Of notable interest was the demonstration of NTD and
CTD allosteric coupling particularly in the FO conformation. This finding resonates well with the
current opinion that nucleotide binding and hydrolysis at the NTD of allosterically modulates
functional conformational dynamics at the CTD. Thus, the identification of allosteric effector sites
located at the CTD of the FO conformation present as a possible allosteric drug target sites for
external modulation and ligand based tuning of Hsp90a conformational dynamics. Indeed, several
residues throughout the protein including those at the CTD, were found to be capable of modulating
the conformational dynamics of the protein in favour of the closed catalytic state when externally
perturbed. These force perturbations could be naturally invoked through binding interactions with

co-factors such as molecular co-chaperones or even small molecule ligands.

To date, computational approaches to investigating Hsp90 allostery and conformational dynamics
have been largely based on the closed catalytically active conformation of yeast Hsp82. This study
for the first time addressed these issues in the human cytosolic isoform of the chaperone, which is
an attractive drug target for the treatment of cancer in humans. The data presented in this chapter
for the first time sheds valuable insight regarding allosteric modulation of Hsp90a for both the fully-
closed and fully-open conformers of the protein and may prove useful for future studies that probe
in further detail the mechanisms at play in fine-tuning the functionality and activity of this complex
molecular chaperone. Furthermore, given the effectiveness of PRS in identifying allostericsites using
force perturbations that in effect artificially represent forces involved in binding interactions, this
study presents PRS and DRN analysis coupled with MD simulations as a viable strategy for screening
allosteric proteins for putative allosteric targets sites that are capable of modulating conformational

dynamics of the protein and thus fine-tuning protein functionality.

The final chapter of this thesis (Chapter 4), described a follow up study to the data presented in
Chapter 3. In this chapter, the current status of Hsp90 inhibitor research was briefly reviewed and
the attractiveness of allosteric inhibition and activation as a mechanism for fine-tuning Hsp90
functionality discussed. The research presented in this chapter built on the CTD allosteric effector
sites identified by PRS analysis in Chapter 3. Computational molecular docking techniques were used
to assess the druggability of the aforementioned CTD allosteric sites and a database of small
molecule compounds indigenous to South Africa screened against two potential allosteric target

sites that overlapped with several allosteric hot residues. MD based analysis techniques coupled
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with DRN and essential dynamics analyses were used to assess the allosteric potential of hit
compounds at either site to modulate the conformational dynamics of the fully-open conformation

of human Hsp90a.

The binding orientation of compounds that bound target Site-1 overlapped and were in agreement
with the known allosteric inhibitor Novobiocin. These compounds were shown to demonstrate
better binding affinity than Novobiocin fora CTD binding groove located above the four helix bundle
at the CTD inter-protomer interface. Novobiocin, Cephalostatin 17 (SANC491) and 20(29)-Lupene-
3B-isoferulate (SANC518) demonstrated similar allosteric modulatory characteristics that suggested
conformational dynamics in favour of the open conformation and perhaps even protomer
separation and thus Hsp90 inhibition. Identical small druggable sub-pockets adjacent to Site-1
located at the MiD:CTD interface of either protomer were identified as a second allosteric target site
(Site-2).0nly one compound 3'-Bromorubrolide F (SANC309) was reproducibly docked to Site-2 and
demonstrated allosteric modulatory effects on the conformational dynamics of the protein that
appeared to favour dimer closure — characteristics that suggest allosteric activation of the dimer

complex.

Taken together the data presented in this chapter confirmed the results obtained in Chapter 3, and
demonstrated “proof-of-concept” for the use of PRS coupled with MD simulations as an accurate
and efficient strategy for whole protein screening for putative allosteric target sites that are capable
of modulating the conformational dynamics of the protein in favour of functionally relevant
conformations. Evidence of both allosteric inhibition and activation demonstrates the sensitivity of
the chaperone to binding interactions, supporting the current opinion of co-chaperone and co-factor
mediated activity in Hsp90, and opens the possibility for the design and development of small
molecule allosteric probes that could be useful for unearthing mechanistic insights as well as the

potential selective treatment of Hsp90 associated diseases such as cancer.

Overall, this thesis has provided novel insights regarding the allosteric mechanisms that modulate
conformational dynamics in both the Hsp70 and Hsp90 molecular chaperone systems. The data
presented provides a platform for experimental studies to probe these allosteric mechanisms to
further our understanding of chaperone function and allosteric drug discovery. Novel insights
regarding NTD-CTD allosteric coupling in the open conformation of human Hsp90 coupled with CTD
ligands that bind and probe allosteric effector residues provide crucial information regarding the
viability of allosteric activation and inhibition of human Hsp90a as an attractive therapeutic avenue.
Furthermore, the methodological approach for target driven allosteric discovery proposed in this

study could be applicable for other protein systems.
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To date the concept of allosteric activators has not yet obtained widespread attention, an
observation that may reflect the relatively small number of structural and functional studies
surrounding the topic and the lack of a systematic validated strategy to rationally design enzyme
activators. It has been noted that the repertoire of enzyme agonists and antagonists can often
overlap, leading to the hypothesis that small changes to the allosteric systemcould lead to switching
from inhibition to activation. An improved understanding of these classes of allosteric modulators
could offer new opportunities for probing and interrogating biological processes and pathways. The
methodology presented in this thesis may pose as an interesting computational framework and
diagnostic tool for differentiating between allosteric inhibitors and activators. The PRS methodology
could also be expanded to include multiple simultaneous perturbations such that a combinatorial
approach could be utilized to further examine the collective impact force perturbations at putative
allosteric target sites. Furthermore, there is a growing body of evidence that suggests dynamics-
driven allostery may be common to numerous protein systems and that allosteric mechanisms that
are not limited to population-shift are mediated exclusively though structural transitions tat select
and stabilize specific conformational states. PRS in combination with network analysis could
potential provide the best strategy to classify and reconstruct diverse allosteric mechanisms in

molecular chaperones and more broadly for all allosteric systems.
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Appendix I:

Fully-closed Partially-open

Appendix I-I: lllustration of the secondary structure qualities for the energy minimized homology
models. (A) Closed conformation and (B) partially-open conformation. Quality colouring is from poor
(red) to good (blue).
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Appendix I-1l: RMSF plots of closed conformation complexes. Protomer 1 is coloured by nucleotide
configuration: ATP—red, ADP—blue, apo—green, and protomer 2 isin black. Penkler et. al 2018 [191]

148



1.00

Replica 1

0.75

0.50

0.25

0.00

-0.25

-0.50

-0.75

-1.00

Replica 2

AppendixI-lll: Comparison of replicate DCC heat maps for the closed conformation complexes. Penkler
et. al 2018 [191]

Appendix |-IV: Conformational restructuring of the PO complexes. (A) Final structures of the partially
open complexes after 200 ns MD simulations, showing how the ADP structure opens compared to
the ATP and apo complexes. (B) Bacterial HtpG structure (PDB 210Q) (cyan) superimposed on the 200
ns ADP complex structure (grey), showing the structural similarity. Penkleret. al 2018 [191]
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Appendix I-V: RMSF plots of the partially open complexes. Protomer 1 is coloured by nucleotide
configuration: ATP—red, ADP—blue, apo—green, and protomer 2 isin black. Penkler et. al 2018 [191]
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Appendix I-VI: RMSF plots for the fully-open complexes. Protomer 1 is coloured by nucleotide
configuration: ATP—red, ADP-blue, apo—green, and protomer 2 isin black. Penkler et. al 2018 [191]
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Appendix I-VII: Comparative ALi plots for the fully-closed replicate trajectories. C is the Pearson’s
correlation coefficient for each plot. Penkler et. al 2018 [191]
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Appendix |-VIII: Comparative ALi plots for the fully open replicate trajectories. C is the Pearson’s
correlation coefficient for each plot. Penkler et. al 2018 [191]
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Appendix I-IX: Pearson’s correlation coefficient between BC, ALt and RMSF for replicate FC-ATP and
FO-ATP trajectories. Correlations were calculated for each protomer as a whole and for each separate
domain (NTD, MiD, CTD). Penkler et. al 2018 [191]
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Appendix |-X: Comparative PRS profiles for separate duplicate MD trajectories of the opening transition
experiments. Cis the Pearson’s correlation coefficient for each plot. Penkler et. al 2018 [191]
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Appendix|-XI: Comparative PRS profiles for separate duplicate MD trajectories of the closing transition
experiments. Cis the Pearson’s correlation coefficient for each plot. Penkler et. al 2018 [191]
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Appendix Il:
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Appendix|I-I: Backbone RMSD plots for each ligand bound complex. Black denotes the whole protein
backbone RMSD, blue and red denote the backbone RMSD of each individual protomer. Reproduced
with permission from Penkler et. al. 2018 [385]

No-ligand 0.70 0.03 0.16 - - - - - -

Novobiocin 0.56 0.02 0.12 -201.86 0.00 -219.90 0.00 0.16 0.51
Sanc309 0.76 0.07 0.26 33.21 0.00 55.48 0.00 0.18 0.36
Sanc491 0.81 0.04 0.21 120.36 0.00 134.08 0.00 0.08 1.00
Sanc518 0.57 0.03 0.16 -172.15 0.00 -177.47 0.00 0.10 0.95
No-ligand-A 0.32 0.00 0.06 - - - - - -

Novobiocin-A 0.35 0.01 0.08 59.91 0.00 75.75 0.00 0.14 0.68
Sanc309-A 0.34 0.01 0.07 28.37 0.00 42.61 0.00 0.12 0.84
Sanc491-A 0.38 0.01 0.07 180.25 0.00 193.62 0.00 0.14 0.68
Sanc518-A 0.43 0.01 0.10 242.90 0.00 28252 0.00 0.18 0.36
No-ligand-B 0.38 0.01 0.07 - - - - - -

Novobiocin-B 0.35 0.00 0.06 -96.29 0.00 -91.41 0.00 0.08 1.00
Sanc309-B 0.33 0.00 0.06 -165.11 0.00 -165.15 0.00 0.10 0.95
Sanc491-B 0.32 0.00 0.05 -218.05 0.00 -227.32 0.00 0.12 0.84
Sanc518-B 0.51 0.03 0.18 150.36 0.00 214.71 0.00 0.20 0.24

Appendix|I-I: Whole protein and individual protomer RMSD distribution statistics. The means of each
ligand bound complex was compared to the ligand-free system using the z-test statistic with a = 0.05
and a null hypothesis of H1 — H2 = 0. The two-sample KS-test statistic was computed to compare the
difference in shape between the ligand un/bound systems. The Wilcoxon stat was used to assess the
difference between the ligand un/bound distributions. Reproduced with permission from Penkler et.
al. 2018 [385]
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No-ligand 7.00 0.35 0.59 - - - - - -

Novobiocin 7.40 0.40 0.63 12458 0.00 36.14 0.00 0.08 1.00

Sanc309 6.60 0.40 0.63 -136.46 0.00 36.14 0.00 0.18 0.36

Sanc491 8.09 0.49 0.70 28806 0.00 36.14 0.00 0.14  0.68

Sanc518 7.12 0.66 0.81 39.26 0.00 36.14 0.00 0.10 0.5
AppendixIl-lll: Inter-protomer distance distribution statistics. The meansof each ligand bound complex

was compared to the ligand-free system using the z-test statistic with a = 0.05 and a null hypothesis
of H1 — H2 = 0. The two-sample KS-test statistic was computed to compare the difference in shape
between the ligand un/bound systems. The Wilcoxon stat was used to assess the difference between
the ligand un/bound distributions. Reproduced with permission from Penkler et. al. 2018 [385]

No-ligand-A 8.21 0.06 0.24 - - - - - -
Novobiocin-A 8.64 0.24 0.49 243.82 0.00 248.97 0.00 0.12 0.84
Sanc309-A 8.42 0.67 0.82 133.08 0.00 77.49 0.00 0.16 0.51
Sanc491-A 8.11 0.97 0.99 30.39 0.00 -30.98 0.00 0.26 0.06
Sanc518-A 7.90 1.49 1.22 6.06 0.00 -78.17 0.00 0.36 0.00
No-ligand-B 7.63 0.10 0.32 - - - _ R R

Novobiocin-B 7.75 0.09 0.29 83.65 0.00 85.86 0.00 0.20 0.24
Sanc309-B 8.01 1.01 1.01 211.95 0.00 112.62 0.00 0.14 0.68
Sanc491-B 8.06 0.14 0.37 267.11 0.00 277.49 0.00 0.18 0.36
Sanc518-B 7.91 0.21 0.46 170.17 0.00 156.74 0.00 0.12 0.84

AppendixIl-IV: NTD-CTD distance distribution statistics. The means of each ligand bound complex was
compared to the ligand-free system using the z-test statistic with a = 0.05 and a null hypothesis of H1
—H2 =0. The two-sample KS-test statistic was computed to compare the difference in shape between
the ligand un/bound systems. The Wilcoxon stat was used to assess the difference between the ligand
un/bound distributions. Reproduced with permission from Penkler et. al. 2018 [385]
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Appendix|1-V: Pearson’s correlation coefficients showing the relationship between: (A) Livs RMSF; (B)
ARMSF vs ALiReproduced with permission from Penkler et. al. 2018 [385]
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No-ligand Novobiocin

Appendix |I-VI: Side view illustrating the atomic displacements of first eigenvector of each Hsp90
complex. The Hsp90 complex is represented by Cq atoms (grey spheres) and the arrows describe the
relative direction and magnitude of the atomic displacements for protomer A (blue) and protomer B
(red). Displacement arrows drawn for every 2" Cq atom to simplify presentation. Reproduced with
permission from Penkler et. al. 2018 [385]
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Appendix I1-VIl: Movie illustration of the correlated motions of PC1 for the ligand-free complex.
Depicting dimer closure as protomer A (green) approaches protomer B (cyan).

Appendix II-VIIl: Movie illustration of the correlated motions of PC1 for the Novobiocin complex.
Depicting dimer opening as protomer A (green) and protomer B (cyan) displace in opposite directions.

Appendix II-1X: Movie illustration of the correlated motions of PC1 for the SANC309 complex. Depicting
dimer closure as protomer A (green) approaches protomer B (cyan).

AppendixI-X: Movie illustration of the correlated motions of PC1 for the SANC491 complex. Depicting
dimer opening as protomer A (green) and protomer B (cyan) displace in opposite directions.

AppendixII-XI: Movie illustration of the correlated motions of PC1 for the SANC518 complex. Depicting
dimer opening as protomer A (green) and protomer B (cyan) displace in opposite directions.
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