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Lay Abstract

Cyclic-nucleotide dependent protein kinases are critical to translate extracellular signals into
intracellular processes. Malfunctioning kinases within our body or kinases in pathogens are related to
cancerous and infectious diseases, respectively. Hence, it is of great interest to find ways to inhibit these
kinases, which can be achieved through compounds (i.e. inhibitors) that bind to these kinases and stop
their function. Allosteric sites are distant from the active site of a kinase, yet when perturbed by binding
of a small allosteric molecule, such effect can be relayed down to the active site. Allosteric inhibitors
provide selectivity and potency in kinase inhibition. Here, we use NMR spectroscopy, in conjunction
with simulations and allosteric modelling, to elucidate the molecular mechanisms underlying the
allosteric inhibition of Protein Kinase A and Plasmodium falciparum Protein Kinase G. Understanding
such mechanisms will aid in designing new drug leads and developing therapeutic strategies, including

multi-drug combinations.
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Thesis Abstract

Allosteric inhibition of kinases provides high selectivity and potency due to lower evolutionary pressure
in conserving allosteric vs. orthosteric sites. The former are regions distinct from the kinase active site,
yet, when perturbed through allosteric effectors, induce conformational and/or dynamical changes that
in turn modulate kinase function. Protein kinases involved in cyclic nucleotide signalling are important
targets for allosteric inhibition due to their association with diseases, from infections to Cushing’s
syndrome. This dissertation specifically focuses on elucidating the molecular mechanism of allosteric
inhibition in the cAMP-dependent protein kinase (PKA) and the Plasmodium falciparum cGMP-
dependent protein kinase (PfPKG), which are targets for a generalized tumor predisposition commonly
referred to as Carney Complex and for malaria, respectively. In chapters 2 and 3, we focus on the
agonism-antagonism switch (i.e. allosteric pluripotency) observed as the phosphorothioate analog of
cAMP, Rp-cAMPS (Rp), binds to PKA. Utilizing Nuclear Magnetic Resonance (NMR), Molecular Dynamics
(MD) simulations and Ensemble Allosteric Model (EAM), we determined that two highly homologous
cAMP-binding domains respond differently to Rp, giving rise to a conformational ensemble that
includes excited inhibition-competent states. The free energy difference between this state and the
ground inhibition-incompetent state is tuned to be similar to the effective free energy of association of
the regulatory (R) and catalytic (C) subunits, leading to allosteric pluripotency depending on conditions
that perturb the R:C affinity. The general significance of these results is a re-definition of the concept of
allosteric target to include not only the isolated allosteric receptor, but also its metabolic and proteomic
sub-cellular environment. In chapter 4, we utilize a mutant that silences allosteric pluripotency to reveal
that the agonism-antagonism switch of PKA not only arises from the mixed response of tandem
domains, but also from the mixed response of allosteric regions within a single domain that mediates
interactions with Rp. In chapter 5, the allosteric inhibition of PPKG associated with malaria is induced
through base-modified cGMP-analogs and the underlying inhibitory mechanism is determined. We
show that, when bound to a PPKG antagonist, the regulatory domain of PfPKG samples a mixed
intermediate state distinct from the native inhibitory and active conformations. This mixed state
stabilizes key cGMP-binding regions, while perturbing the regions critical for activation, and therefore it
provides an avenue to preserve high affinity, while promoting significant inhibition. Overall, in this
thesis, previously elusive mechanisms of allosteric inhibition were elucidated through the combination
of NMR, MD, and EAM methods. Through this integrated approach, we have unveiled an emerging
theme of inhibitory ‘mixed’ states, either within a single domain or between domains, which offer a

simple but effective explanation for functional allostery in kinases.
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Chapter 1

Introduction

1.1 Kinases as drug targets and the role of allostery

Protein kinases are essential cellular regulators. They modify the function of their target
proteins by adding a phosphate group from an ATP substrate. Phosphorylation induces changes
in conformation and consequently in function, including enzymatic activity, membrane
transport, signal transduction, protein-protein interactions and protein degradation (1, 2). As it
can be inferred from such a broad range of mechanisms they are involved in, different kinases
with defective functions can lead to multiple diseases, such as cancer (3-6), neurological (7, 8),
immunological (9-11), infections (12-14), and developmental disorders (15, 16). Hence, kinases
serve as attractive drug targets.

More than 500 kinases are encoded in the human genome, suggesting that essentially
every process within a signalling network is directly or indirectly connected to a
phosphorylation cascade (17). This suggests a perturbation of the activity of a kinase can lead to
a significant physiological response, pointing to how kinase inhibitors can be effective drugs for
therapeutic purposes. Indeed, kinases are one of the most targeted system for drug
development (2).

Inhibition of a kinase could be promoted by targeting the catalytic core of the kinase,
where the transfer of the ATP phosphate to the protein substrate occurs. The inhibitor would
competitively bind and replace the ATP, thus halting the phospho-transfer reaction. In fact, the
majority of kinase inhibitors exhibit such mechanism (2). However, one main drawback of
targeting the active site of kinases is its highly conserved nature among different kinases as
needed to preserve the function, leading to selectivity issues and to potential side effects of
these ATP-mimicking inhibitors (18). An alternative way to address this selectivity issue is
through targeting loci distinct from the ATP-binding site, called “allosteric sites”. These sites are

more specific to a particular kinase due to lower evolutionary pressure and when perturbed
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through an allosteric ligand binding, the effect is allosterically relayed down to the active site

leading to functional changes.

1.2  Kinases in cyclic nucleotide signalling

Cell-to-cell communication relies on the conversion of extracellular stimuli into tightly
regulated intracellular responses. A key step in this transduction process is the relay of external
signals by second messengers, including cyclic nucleotides (cNMPs). For example, increased
intracellular cAMP concentrations are generated in response to hormones binding to G-protein-
coupled receptors that lead to the activation of adenylyl cyclase. cAMP then binds to regulatory
proteins and causes conformational changes that modulate specific cellular functions. For
instance, cAMP activates protein kinase A (PKA), which regulates cellular differentiation,
proliferation and metabolism. Defects in the cAMP-dependent activation of PKA in humans
result in cancer and developmental disorders (4, 5, 19, 20). In addition, cNMPs are critical for
infectious diseases. cGMP activates protein kinase G in the malaria parasite Plasmodium
falciparum (PfPKG) and controls essential stages of the Plasmodium life cycle (12, 21-23).

Therefore, the pathways controlled by PKA and PfPKG are ideal therapeutic targets.

1.2.1 PKA:Physiological Relevance, Domain Architecture, and Regulatory Mechanism
PKA has been used for many studies for decades as a prototype for protein kinase
superfamily. It is responsible for regulating important cellular processes, such as inflammatory
immune responses, cell proliferation, gene expression, and metabolism (24-28). It exists in two
forms: the inactive tetrameric holoenzyme and the active dissociated catalytic subunit (C) (29—
31). In the inactive holoenzyme, two C-subunits are bound to a dimeric regulatory subunit (R).
Upon binding cAMP, the R-subunits undergo a conformational change that releases C-subunits
to phosphorylate substrate proteins. PKA over-activation was observed by the deletion of the
gene for the isoform 1a of the R-subunit (R1a). Such over-activation has shown to induce
multiple types of tumours, including breast cancer, thyroid, pancreatic, and pituitary tumours,

suggesting the PKA R1a is an essential tumour suppressor (4, 5, 19, 20, 32, 33).
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The R1a consists of an N-terminal dimerization/docking domain, a flexible linker that
bridges the inhibitory site and two cAMP binding domains (CBD), CBD-A and CBD-B, which
mediate the interaction with the C-subunit and also contain the phosphate binding cassette
(PBC), a helix loop region responsible for interacting with the ribose-phosphate of cAMP and is
highly conserved between other cNMP binding proteins (Figure 1A). Both CBDs share a typical
a/B subdomain architecture, with the - barrels embedding the two cAMP binding sites and
with the non-contiguous a-helical subdomains joined at the interface between the two domains.
The flexible inhibitory linker N-terminal to CBD-A interacts with C and is important for the
inhibition of the complex (Figure 1B) (30, 34). This interaction site in C is the activation loop
where both the substrate and MgATP also bind. Activation mechanism of PKA revealed by
structures demonstrates binding of cAMP to CBD-B first, which allows CBD-A to bind to the
second cAMP, followed by capping of the cAMP in CBD-A by W260 of CBD-B (Figure 1C) (30).
This leads to formation of a compact globular R and facilitates the dissociation and activation of
C. CBD-B regulates the access of cAMP to CBD-A, while the inhibitory linker and CBD-A mediate

key inhibitory interactions with C.
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Figure 1. PKA regulatory subunit. (A) Domain organization of the regulatory subunit R1a (R). (B) PKA
holoenzyme, where the R subunit shown in ribbon diagram inhibits the catalytic subunit (C) shown in
gray. The flexible inhibitory linker binds to the active site of C subunit. The cAMP-binding domains (CBD)
A and B confer to the ‘off’ state. (PDB:2QCS) (C) cAMPs bind to each CBD. Conformational shift to the ‘on’
state of these CBDs lead to the release of the C subunit. (PDB:1RGS)

1.2.2 PfPKG: Physiological Relevance and Domain Architecture

PfPKG plays a major role in both replication and transmission of the Plasmodium parasite,
including exflagellation and gametogenesis in the asexual blood stage, invasion of hepatocytes
by sporozoites, and gliding motility of ookinetes (22, 35-38). PfPKG consists of an N-terminal
regulatory domain followed by a C-terminal catalytic domain (Fig. 1A) (39). In the absence of
cGMP, the regulatory domain auto-inhibits the catalytic domain. When the regulatory domain
binds to cGMPs, it undergoes conformational changes that allow the catalytic domain to be
activated. The regulatory domain is organized into four cyclic-cGMP binding domains (CBDs): A,
B, Cand D. CBD-Cis degenerate and does not bind to cGMP (40). Among CBD-A, B, and D, the C-
terminal CBD-D that is directly linked to the catalytic domain, exhibits the highest affinity and
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selectivity towards cGMP and is the main CBD responsible for the auto-inhibition and the
activation of PfPKG (23, 40). Similar to other CBDs, PfPKG CBD-D is composed of a contiguous f3-
subdomain and noncontiguous a-subdomain (Fig. 1B). The B-subdomain includes the base-
binding region (BBR) and the PBC, which are critical for cGMP recognition and binding. The a-
subdomain includes the N-terminal helices called the N3A and the two C-terminal helices, which

are important for mediating the inhibitory interaction with the catalytic region (23, 41, 42).

A

Regulatory Region of P/PKG |

. H H CBD-D [ Kinase Domain

cGMP Binding Domains (CBDs)

Phosphate Binding Casette

Apo CBD-D

Base Binding
Region

N-terminal
Helices
(N3A)

Base Capping Triad Holo CBD-D
(R484,Q532, D533)

Figure 2. CBD-D is the key regulatory domain of PfPKG. (A) Domain organization of PfPKG. (B) Structures of
apo (red) and cGMP-bound holo (green) CBD-D. The invariant B-subdomains are shown in gray. (PDB:
40FF, 40FG)

1.3  Thesis Overview and the Key Questions Addressed

A common theme that emerges from the previous sections is the allosteric inhibition of
kinases, specifically PKA and PfPKG. Allosteric modulation of these kinases can be achieved
through targeting the CBD of the regulatory region. In this thesis, we elucidate the molecular
mechanism of allosteric inhibition of PKA and PfPKG induced by cNMP-analogs. Biophysical
methods, including NMR, MD simulations and allosteric modelling, along with functional assays
and affinity measurements are utilized. Brief summaries of the findings are outlined below.

Detailed discussion of the results can be found in Chapters 2, 3,4 and 5.
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1.3.1 Mechanism of Rp-cAMPS induced agonism-antagonism switch in PKA

The only allosteric inhibitor for PKA known to date is Rp-cAMPS, a phosphorothioate
analog of cAMP. However, it was shown that Rp-cAMPS acts as both an agonist and an
antagonist for PKA depending on the environmental condition, specifically the concentration of
MgATP (43). Another challenge is that the crystal structure of Rp-bound PKA R1a (91-379;
spanning the inhibitory linker, CBD-A and CBD-B) shows that both domains adopt to a similar
structure as the cAMP-bound structure (44), suggesting that there must be other mechanisms,
through dynamics, which allow Rp to function as an antagonist for PKA. In Chapter 2, we discuss
how we utilize Nuclear Magnetic Resonance (NMR) spectroscopy, MD simulations, Ensemble
Allosteric Modelling (EAM) and the functional kinase assay to tackle the previously unknown
mechanism of inhibition of Rp-cAMPS and the agonism-antagonism switch. Using NMR
methods, we show that the two homologous CBDs exhibit divergent response to Rp. Such
differential response perturbs the domain-domain interaction, which is also confirmed through
MD simulations. This leads to a conformational ensemble, where the inhibitory-competent
states (i.e. states competent to bind and inhibit C-subunit) are excited high free energy states,
providing a viable explanation for the Rp-induced antagonism. The EAM built based on the
input parameters measured from the NMR methods show that the Rp-induced agonism can be
observed under conditions where the effective R:C binding affinity is low, due to factors such as
lower MgATP concentration, presence of high affinity kinase substrate, or the presence of a
mutation. In such scenarios, the inhibitory-competent states remain higher in free energy than

the ground inhibitory-incompetent state, leading to PKA activation.

1.3.2 Ensemble Allosteric Model for PKA

Allosteric modelling is also crucial in providing insights on observable allosteric
phenomena. When allostery was initially conceptualized, the two leading allosteric models were
the Monod-Wyman-Changeux’s (MWC) (45) and the Koshland-Nemethy-Filmer’s (KNF) (46), also
known as the ‘symmetric’ and ‘sequential’ models, respectively. These two models explain
allostery of multimeric proteins, where the subunits undergo conformational change between
two major structural end states, the low-affinity and high-affinity forms. The main idea of the
MWC model is the pre-existing conformational equilibrium that shifts with conservation of

symmetry upon binding of a regulator or ligand (45). On the other hand, the KNF model
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postulates that each subunit undergoes conformational change upon binding of the ligand (i.e.
induced-fit), and that this propagates to adjacent subunits, thus changing the affinity of those
binding sites, and hence giving rise to cooperativity (46). However, these models cannot be
applied to all allosteric systems, and do not provide explanations on how the allosteric
modulation can occur without structural changes or how an allosteric switch could occur
between agonism and antagonism upon binding to the same ligand. The ensemble allosteric
model (EAM) successfully addresses these limitations by interpreting the dynamics of allostery
in terms of thermodynamic ensembles of microstates. In the EAM, the populations of each
microstate are modeled through normalized Boltzmann factors, which are in turn dictated by
the free energies of conformational change within each (sub)domain and of inter-(sub)domain
interactions (47-51). Knowledge of such populations enables the prediction of key observables,
such as affinities and degrees of activation/inhibition, hence the relation between experimental
findings to the observed function. In Chapter 3, using PKA as our model system, we discuss how
the input parameters are measured on the basis of the populations and the free energies

determined by NMR methods and how the EAM is built based on these input parameters.

1.3.3 Dissecting the drivers of allosteric pluripotency in Protein Kinase A

Allosteric pluripotency observed with PKA and its allosteric effector, Rp-cAMPS, was
shown to be lost with a domain-silencing mutant, R209K: the Rp-cAMPS induced consistent
agonism regardless of the presence of MgATP (43). To elucidate the mechanism underlying such
loss in agonism-antagonism switch, in hopes to dissect the key drivers of allosteric pluripotency,
we utilized the R209K mutation, in combination with the EAM and NMR methods. In Chapter 4,
we show the R209K perturbs the ‘on’ vs. ‘off’ equilibrium of CBD-A:Rp to sample a larger fraction
of the ‘on’ state compared to WT, stabilizing the inhibitory-incompetent ground state. However,
the extent of this shift is not enough to silence the agonism-antagonism switch, as predicted
through the EAM modelling. Our results indicate that the enhanced inter-domain interaction
also significantly contributes to the observed consistent Rp-induced agonism. Performing a
double-mutant cycle, where we introduced the R209K mutation and CBD-B (which contributes
as a lid for the base of Rp), and measuring the affinity of Rp to CBD-A, we dissected the allosteric
drivers that are responsible for determining the stabilization of the inter-domain interaction and

hence the allosteric pluripotency. The coupling between the R209K mutation and the lid
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engagement suggests when both the R209 (PBC) and W260 (lid) engage in the interaction with
Rp, steric frustration arises due to the bulky phosphorothioate moiety of Rp, leading to partial
destabilization of the closed topology inhibitory-incompetent ground state. This gives rise to a
conformational ensemble responsible for driving the allosteric pluripotency. With the R209K
mutation, such steric frustration is relieved, leading to stabilization of the closed topology

inhibitory-incompetent ground state and to the consistent Rp-induced agonism.

1.3.4 Mechanism of allosteric inhibition of PfPKG

The mechanism underlying the PfPKG allosteric inhibition has the potential to offer
important insights for the rational design of PPKG-selective allosteric inhibitors. However,
information on such mechanism was sparse. We utilized a set of based-modified cGMP-analogs
that induces a range of kinetic PfPKG activations. The conformational states sampled by CBD-D
of PPKG bound to these cGMP-analogs were characterized through NMR chemical shift analyses.
Our data indicates that an antagonist (i.e. 8-NBD-cGMP), instead of simply reversing the two-
state inactive-active equilibrium to the inactive state, promotes CBD-D to sample an additional
“mixed” intermediate state. The MD simulations and NMR analysis combined with site-directed
mutagenesis show the antagonist perturbs critical interactions within the CBD-D that are
required for activation. Our analysis suggests that the mixed intermediate state, through the C-
terminal lid disengagement, exhibits an inhibitory potential similar to the native inactive state.
Furthermore, the engagement of key cGMP-binding regions, including the PBC, suggests that
the mixed intermediate state provides an avenue for the inhibitors to preserve high affinity

towards CBD-D, which was confirmed through surface plasmon resonance.

1.4 NMR methods to dissect the molecular mechanisms of disease-related
mutations (DRMs): Understanding how DRMs remodel functional free energy

landscapes.

The work presented in this section (1.4) has previously been published and is

reproduced with permission from the Elsevier B.V. Full citation is as follows:
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Byun, JA and Melacini, G. 2018. NMR methods to dissect the molecular mechanisms of disease-
related mutations (DRMs): Understanding how DRMs remodel functional free energy

landscapes. Methods. 148:19-27.

The main purpose of including this section is to introduce the NMR methods used to
dissect the molecular mechanisms of perturbations such as disease-related mutations or an
allosteric inhibition through effector binding. This publication focused on the disease-related
mutation as an example of such perturbation, however, the methods discussed here can be
applied in a more general manner and in part, were also utilized in experimental approaches

taken in studies included in this thesis.

1.4.2 Introduction

Thanks to genomic and proteomic efforts, the databases of disease-related mutations
(DRMs) linked to a wide array of inherited diseases are rapidly growing (52). In addition, DRMs
are a central aspect of personalized precision medicine, whereby therapies are optimized based
on the specific genetic fingerprint of a patient (53). The clinical and pharmacological
phenotypes induced by DRMs may arise through multiple mechanisms. For instance, they can
alter the expression levels of the protein associated with the mutated gene, leading to either
pathologically excessive or insufficient amounts of expressed proteins. Alternatively, DRMs
could induce disease-related phenotypes by impairing the function of the expressed protein
through changes in protein structure and/or dynamics and/or folding pathways. Such changes
typically affect protein function. For example, DRMs in signaling hubs often perturb the
regulation of downstream cell metabolism, thus leading to mis-regulation and pathologies such
as cancer predisposition or hormonal resistance (15, 54, 55).

Elucidating the changes in structure, dynamics and folding pathways induced by DRMs
is a fundamental first step towards understanding the molecular etiology of inherited
pathologies and thus towards the development of therapies. For this purpose, classical
structural biology methods such as X-ray crystallography, electron microscopy (EM), and nuclear
magnetic resonance (NMR) are extensively utilized to identify the structural perturbations

induced by DRMs. However, in multiple instances no major differences could be detected
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between the DRM and wild-type (WT) structures (56-59). A possible explanation for the
apparent absence of DRM vs. WT structural differences, is that the solved structures typically
capture the most populated state (“ground state”) of the conformational ensemble sampled by
a protein, whereas DRMs may remodel other functionally relevant attributes of the free-energy
landscape (FEL). For example, the FEL of allosteric regulatory proteins includes not only the
ground state, but also accessible excited states residing in local minima at higher relative free-
energy levels and kinetically separated from the ground conformation by free energy barriers.
Understanding how DRMs perturb these thermodynamic and kinetic FEL features is a critical
step for determining the mechanism of action underlying the functional and/or clinical
phenotype of a DRM.

The simplest possible functional FEL for an allosteric regulatory protein is based on a
four-state thermodynamic cycle, in which a two-state conformational equilibrium is coupled to
an allosteric effector-binding equilibrium (Fig. 3A) (45, 60, 61). The conformational equilibrium
is usually between inactive and active states, which differ at the allosteric effector-binding site,
as well as, at functional sites distinct from the allosteric site. The effector typically exhibits
different affinities towards the two states, and whichever state the effector binds with the higher
affinity, will be stabilized upon binding (Fig. 3B). An example of a FEL for this allosteric model is
shown in Fig. 3C. The relative depths of the free-energy wells of the inactive vs. active states in
the apo sample determine the relative population of each state prior to effector binding, and
therefore control the position of the auto-inhibitory equilibrium and constitutive activity. The
state-specific association constants define the extent of activation upon effector binding and
dictate whether the allosteric effector acts as an activator, a partial agonist, antagonist or reverse
agonist. Furthermore, the state-specific association constants, together with the position of the
apo auto-inhibitory equilibrium, determine the overall thermodynamic affinity for the allosteric
effector (62). In addition, the widths of the free-energy wells and the free energy barrier between
the apo and effector-bound forms affect the off kinetics for effector release and signal
termination (63, 64). The DRMs may induce changes in all these functionally relevant FEL
attributes, i.e. the depths and widths of local minima as well as barriers separating them. Hence,
it is clear that DRM-induced phenotypes may arise from multiple concurrent perturbations of
the FEL (Fig. 3) and therefore dissecting the molecular mechanism of a DRM is a complex

exercise.

10
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Figure 3. Model of a four-state thermodynamic allosteric cycle obtained through coupling of two two-state
equilibria. (A) Thermodynamic cycle arising from the coupling of a two-state conformational equilibrium
(active versus inactive) and an allosteric effector-binding equilibrium (apo versus holo). Inactive and active
states differ at least at the level of the functional site and of the effector-binding site. (B) Free-energy
diagramiillustrating the thermodynamic cycle in (A). An activating effector exhibits higher affinity towards
the active conformation, resulting in a selective lowering of the free energy of the active conformer upon
binding of the effector. (C) Free energy landscape showing the inactive-active equilibria in the apo and
holo forms, highlighting free energy barriers and minima with higher populations (shaded region).

An experimental technique ideally suited to dissect the complexity of DRM effects on
FELs is NMR spectroscopy. NMR is an excellent technique to map how DRMs perturb FELs with
near-atomic resolution. This review will discuss NMR methods ideally suited to understand the
molecular basis of DRMs by mapping how DRMs modify the FEL of allosteric regulation, i.e. how
DRM:s alter the thermodynamics and kinetics of conformational and binding transitions that are
critical for the regulation of protein function (Fig. 3). For the sake of illustration, we will focus on
our recent work on a bradycardia-related point mutation reported for the hyperpolarization and
cyclic-nucleotide channel (HCN) (56). While it is clear that this example does not exhaustively
encompass the depth and breadth of all recent seminal work on the molecular mechanisms of
DRMs (58, 59, 65-76), it illustrates the effectiveness of NMR in dissecting the molecular
mechanisms through which DRMs cause clinical phenotypes. Specifically, this article is
articulated into three main sections: the CHEmical Shift Projection Analyses (CHESPA), which
aim at measuring active vs. inactive state populations (i.e. the thermodynamics of fast-
exchanging inhibitory equilibria), NMR spin relaxation measurements, which probe the width of
FEL wells, and NMR measurements of binding thermodynamics (Ks) and kinetics (kon and ko). By

combining these complementary NMR analyses, it is possible to reconstruct a comprehensive

11
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picture of how DRMs remodel functional FELs, rationalizing clinical and pharmacological

phenotypes.

1.4.3 The CHEmical Shift Projection Analysis (CHESPA)

Chemical shifts are excellent probes to detect changes caused by DRMs as they are
exquisitely sensitive to structural and dynamical changes (61, 77-82). The magnitude of the
chemical shift change reports on variations in the local chemical and/or structural environment.
Therefore, a systematic analysis of the size of chemical shift changes reveals regions affected by
a DRM, both at the site of mutation and at more remote loci (i.e. allosteric effects) (77, 83). The
direction of chemical shift change is another valuable observable to consider. For example,
when the exchange between two conformations, such as the inactive and active states of a
protein, is fast on the chemical shift NMR time scale, the NMR chemical shifts are linear averages
and therefore the peak position reports on the relative populations of the two conformations,
i.e. chemical shift changes conforming to a linear pattern sense the position of a two-state
conformational equilibrium. The CHESPA quantifies both the magnitude and the direction of
chemical shift changes caused by perturbations, such as mutations or ligand-effector binding
(15, 78-80). The CHESPA is thus useful to analyze mutation-induced perturbations of allosteric
conformational equilibria at residue resolution, which in turn provides information on the
relative depth of the free energy well of the inactive vs. active states.

The CHESPA analysis starts with defining two vectors. The first vector is the reference
vector (vector B), which typically joins the inactive and the active state of WT (Fig. 4A). Examples
of such states are the apo (non-bound) and holo (bound) state, especially when functional
assays confirm lack of appreciable constitutive activity in the absence of effector ligand and
maximal activation in the presence of saturating amounts of the effector ligand. The second
vector (vector A) connects the mutant-apo or the mutant-holo to the WT-apo or the WT-holo,
respectively. Under the assumption of fast exchange, the normalized projection of vector A onto
vector B allows for the measurement of the fractional shift towards inhibition or activation
induced by a mutation. The fractional shift is denoted as X and is calculated as the ratio of the
magnitude of the component of vector A along vector B and of vector B:

X = li;lcose (M
IB|
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Figure 4. Mapping mutation-induced perturbations through CHESPA. (A) General CHESPA scheme. The
mutant to WT chemical shift vector (vector A) is projected onto a reference vector connecting WT apo and
WT holo (vector B). Through this projection, the fractional shift (X) and the cos(6) are measured. The
compounded chemical shift (CCS) is extracted from measuring the magnitude of vector A. (B) An example
of CHESPA data, where cos(6) and X are plotted vs. the residue number. The CHESPA pattern is indicative
of a three-state equilibrium. The secondary structural elements are indicated on the top of the graphs
(black = a-helices, brown = [3-strands). The residues highlighted with purple vertical bars indicate outlier
residues that exhibit notably low cos(8) values. The dotted black line and the arrows in the X plot indicate
the average fractional shift toward activation of two different regions, where the X values are quite
homogenous within each region compared to the difference between the X values in the two regions.
Figure adapted from Ref.(81). Copyright 2015 the American Society for Biochemistry and Molecular
Biology. (C) An example of CHESPA analysis, where the DRM-induced perturbations lead to complex
dynamics and sampling of a conformational manifold. The red highlights in the cos(6) plot indicate
residues that are within 15 A of the mutation site. The red box highlights lid residues with significantly
negative X values, indicating a significant shift toward the inactive state. Figure adapted from Ref.(56).
Copyright 2017 the American Society for Biochemistry and Molecular Biology.
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1.4.3.1 Analysis of CHESPA data

The fractional shift, X, and the angle between vector A and B, 6, usually reported as cos(8),
are computed for each residue to create a map of the perturbations caused by a mutation. The
cos(0) reports on the direction of the equilibrium shift. For residues with |cos()| ~1, vectors A
and B are approximately co-linear, as expected for a two-state equilibrium in the fast exchange
regime. For these residues, the X value provides a direct gauge of the conformational shift
induced by the perturbation (i.e. mutation or ligand modification). A positive X value suggests
the mutation shifts the equilibrium to an active state, whereas a negative X value suggests a shift
of the equilibrium to an inactive or less active state, provided vectors A and B are defined
similarly to Fig. 4A. However, the meaning of X and cos(6) may vary depending on how vectors
A and B are defined and how vector A is projected onto vector B. For residues with |cos(6)|
significantly <1 (e.g. typically |cos(8)| < 0.90-0.95), vectors A and B are not co-linear, an
indication of “outliers” that deviate from the two-state active-inactive conformational
equilibrium. Examples of such outliers include residues that are sufficiently close in space to
ligand binding pockets or mutation sites that are perturbed through near-neighbour effects
(NNEs). In the absence of NNEs, a perturbation that causes a shift in a two-state conformational
equilibrium, will skew the distribution of |cos(6)| values towards unity and the X values for all the
residues will be similar in magnitude. In the presence of NNEs, the distribution of both |cos(6)|
and X will be less homogenous and selected residues will exhibit |cos(0)| < 1, with the X values
not necessarily reflecting the degree of conformational shift for all residues.

Another interesting scenario occurs when DRMs introduce not only NNEs, but also a shift
from two- to three-state conformational exchange. For example, if DRMs or other perturbations
result in a distinct third conformer in fast exchange with the two states that recapitulate the
conformational equilibrium of the WT or unperturbed protein, a dual pattern of fractional
activations is often observed. For example, residues with |cos(6)| ~1 may cluster into two regions
with different X values. The X values within each region are quite homogenous compared to the
difference between the X values in the two regions. Residues with |cos(6)| <1 may include not
only sites subject to NNEs, but also residues at the interface between the two regions exhibiting
different X values. These interface residues sense the three-state conformational exchange,
which causes deviations from linearity. This was the pattern observed by VanSchouwen et al. (81)

when the cNMP-binding domain B (CBD-B) of PKGIb was perturbed by replacing the primary
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allosteric effector, cGMP, with its partial agonist, cAMP. The dual CHESPA pattern observed for
the ternary apo vs. cGMP vs. cAMP comparative analyses of PKGIb (Fig. 4B) revealed that cCAMP
partially stabilizes a third state that is distinct from the two states populated by the apo and
cGMP-bound PKGIb, yet it includes elements of both conformers into a single state. The ‘mixed’
third state helped rationalize the partial agonism of cAMP. Furthermore, the CHESPA X values
were used to compute the populations of the three conformers accessed by cAMP-bound PKGIb
CBD-B. This example illustrates the effectiveness of CHESPA in identifying three-state fast
exchanging equilibria and in elucidating the mechanism of action of partial agonists, and
possibly DRM:s.

Occasionally, two or three-state equilibria and NNEs alone may not be sufficient to
rationalize the observed CHESPA patterns. For example, when the X distribution is highly
scattered, e.g. significant residue-specific variations in X values are observed in more than two
regions of the protein and several residues exhibit |cos(0)| <1, it is likely that complex dynamics
are induced by the perturbation and a manifold (>3) of conformers is being sampled with
multiple regions undergoing at least partial disengagement from the native fold. This was
observed by Boulton et al. for the HCN4 mutation, S672R, which causes familial sinus bradycardia
(56). This mutation, which is located in the cAMP-binding domain (CBD) of the intracellular
region (IR) of HCN4, causes abnormally low resting heart rates and more negative activation
voltages than WT in either the absence or the presence of cAMP, indicating a loss-of-function
phenotype (84-88). However, the crystal structure of the cAMP-bound S672R IR tetramer does
not show major structural changes compared to the WT (89-91) Hence, CHESPA was performed
as a first step to understand how the mutation causes the loss-of-function phenotype, and thus
to test the hypothesis that S672R either causes partial reversal of the two-state equilibrium
toward the inactive conformation or gives rise to additional states that are not fully active nor
fully inactive (56).

The CHESPA analysis of holo (i.e. cAMP-bound)-S672R showed that the mutation shifts
the equilibrium toward a less activated state, indicated by cos(0) values of ~—1 and negative X
values for the majority of residues (Fig. 4C). However, residue-specific variations in X values
indicated that this reversal in equilibrium did not completely follow the two-state equilibrium
and pointed to a partially de-correlated state. For example, the C-terminal lid region showed X

values ranging from 0.2 to 1, while the N-terminal motif, known as N3A, showed X values close
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to 0.1. These regions are distant from the mutation site and are not directly involved in binding
cAMP and thus report only on the position of the conformational equilibrium. This partial de-
correlation is also reflected by several residues exhibiting |cos(8)| <1 in the holo-S672R CHESPA.
In the case of the apo-S672R CHESPA, a distinct active- or inactive-skewed pattern was not
observed, i.e. cos(0) and X values are quite homogeneously scattered from 1 to —1, suggesting
that the mutation-induced perturbations in apo HCN4 cause extensive de-correlated deviations
from the two-state equilibrium and possibly lead to enhanced dynamics. This was
independently confirmed through additional NMR experiments, such as "N-relaxation and

cAMP-binding kinetics, as discussed below in Sections 1.4.4 and 1.4.5.

1.4.3.2 Troubleshooting CHESPA

Critical parameters for a reliable CHESPA analysis include the cut-off threshold values for
both the reference vector (|B|) and the mutant versus WT CCS (|A|) (Fig. 2A). Since |B| is used to
normalize the X values, as a per Egs. (1), (2), and a small value of |B| will amplify experimental
errors. For this reason, it is advisable that the |B| cut-off value be large enough to minimize
amplification of such errors, possibly leading to false positives, but not too large to the extent
where informative X values, that may report on functionally relevant conformational shifts, are
lost, resulting in false negatives. With an excessively low |B| cut-off, a nearly random distribution
of Xand cos(0) values may prevail and meaningful patterns or distributions may become hidden,
making it difficult to analyze the CHESPA data. With an excessively high |B| cut-off, the X and
cos(0) values for potentially revealing residues will be filtered out and lead to an incomplete and
partial CHESPA analysis.

The |A| cut-off value is also important for minimizing errors in the X values and especially,
the cos(6) values, since |A| appears in the denominator of the cos(6) Eq. (2). Previous studies have
shown that using residues with |B| and |A| >0.05 ppm provided reliable CHESPA results (56, 79—
81). However, it is a good practice to optimize these parameters for a specific system by testing
multiple cut-off threshold values, when analyzing a given chemical shift data set. For our
systems, cut-off values typically fall in the 0.03-0.10 ppm range, but a broader window may be
required for other applications depending on the precision and accuracy of chemical shift
measurements, which is related to the linewidths and therefore to the size of the system and

the extent of intermediate chemical exchange. Setting the optimal cut-off values will filter out X
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values that are largely affected by errors, while keeping meaningful X values for informative
residues, thus achieving a viable compromise between false negatives and positives. In addition,
if the purpose of the chemical shift analysis is to find residues that report primarily on two-state
fast exchanging conformational equilibria, it is advisable to impose stringent cut-off thresholds
directly on the |cos(0)| values as well (i.e. values ~1) (62).

Another aspect to consider when troubleshooting CHESPA data, is that CHESPA offers
only an initial assessment of the multiple perturbations caused by a mutation (e.g. distortions or
NNEs vs. shifts in the conformational equilibrium of a protein). However, it is possible to further
separate the NNEs from conformational equilibrium changes using the CHEmical Shift
Covariance Analysis (CHESCA) approach. CHESCA relies on a targeted library of functionally
characterized perturbations, such as a series of mutations as opposed to only a single mutant,
and therefore goes beyond the simple ternary comparisons at the basis of CHESPA (61, 78, 92,
93). CHESCA allows for the identification of correlated residues in a functionally relevant
allosteric network through perturbations from mutations or chemically modified ligand
effectors. The distinct perturbations within a CHESCA set are typically selected to lock the active
vs. inactive conformational equilibrium at different positions, as confirmed by functional assays.
Sampling intermediate degrees of activation between the fully inactive and active extremes is
essential to dissect the allosteric networks linked to activation. Residue pairs that belong to the
same allosteric network give rise to perturbation-dependent chemical shift changes that are
linearly correlated, even when the magnitudes of these changes are different (Fig. 5A). This
allows for identifying correlations between residues that are undergoing conformational
changes with major chemical shift variations and residues undergoing dynamical changes
rather than major structural changes. The residues in the latter case thus exhibit only minor, yet
still significant, chemical shift variations. This means that the CHESCA analysis is able to detect
subtle conformational/dynamical changes that are possibly relevant for allosteric signal
propagation and are often elusive to commonly used structure determination methods.

Once the correlated residues are identified, they are partitioned into groups of coupled
residues or “clusters” (Fig. 5B). Each cluster is a network of residues that exhibit a similar response
to the common set of perturbations and are responsible for a specific functional role, such as
allosteric contribution or effector binding. Such roles are assigned to each identified cluster

through a transposed agglomerative clustering analysis or singular value decomposition (SVD).
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Since CHESCA extensively relies on linear correlations and is based on four or more states to
identify such correlations, as opposed to the ternary comparative analysis typical of CHESPA, it
serves as an excellent complementary method to elucidate the network of residues that sense
the position of the active/inactive equilibrium and are minimally perturbed by NNEs arising from
the mutation. For example, CHESCA analyses for a series of mutations utilized as perturbation
sets have been performed by Axe et al. to study the amino acid networks that regulate the
catalytic cycle of tryptophan synthase (67, 94). In addition, comparative wt vs. mutant CHESCA
analyses are an effective means to reveal allosteric sub-clusters perturbed by DRMs.

Similarly, to CHESPA, meaningful CHESCA results rely on careful choices of the CCS cut-
off values, to ensure that the smallest chemical shift changes across the CHESCA perturbation
set are only minimally affected by experimental errors. In addition, both CHESPA and CHESCA
assume fast exchange between active and inactive conformations. When this assumption fails,
alternative methods should be utilized to probe the thermodynamics and kinetics of
conformational transitions, such as NMR dispersion (NMRD) in the case of intermediate
exchange (95) and Nz-exchange or CEST in the case of slow exchange (59, 96-100). Another
complementary method to evaluate long-range allosteric effects of DRMs relies on double-
mutant cycles monitored through global unfolding analyses, such as chemical unfolding
monitored by fluorescence and/or thermal unfolding monitored by H/D exchange (101, 102).
Often these methods are applicable to high molecular weight (MW) proteins that are not easily
accessible to NMR and therefore they provide an opportunity to validate in full-length integral

proteins the results obtained by NMR on truncated constructs.
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Figure 5. Mapping mutation-induced perturbations through CHESCA. (A) Two representative residues
exhibiting a concerted response to a common perturbation set (a-d), such as a set of mutations or
chemically modified ligand effectors (left), resulting in a linearly correlated pairwise inter-residue plot
(right). The two axis report chemical shift changes. (B) An example of a dendrogram generated from
agglomerative clustering. The horizontal lines indicate the linked residues, while the vertical axis reports
on the magnitude of the correlation coefficient. Figure adapted from Ref. (78). Copyright 2011 National
Academy of Sciences.

1.4.4 NMR spin relaxation measurements

Chemical shift changes probing the position of the conformational equilibria and
allosteric networks might not be sufficient alone to fully capture all the FEL perturbations
induced by a DRM. Local enhancement or quenching of dynamics also plays a significant role in
explaining how a mutation alters protein function and thus leads to a disease phenotype. A wide
array of advanced NMR spin relaxation methods is available to probe protein dynamics at atomic
resolution and these experiments have been already extensively reviewed elsewhere (103-106).
Even the simplest NMR relaxation experiments, i.e. Ty, T, and HN-NOE measurements, have
proven to be extremely useful in monitoring changes of picosecond to nanosecond and
microsecond to millisecond dynamics induced by disease-related mutations (56, 74-76, 107-
109). Variations in dynamics within these time scales are effective means to evaluate long-range
perturbations, possibly reaching functional regions of the protein or distant allosteric loci, even

in the absence of resolvable structural changes. For example, in the Exchange Protein directly
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activated by cAMP (EPAC), long-range enhancements of dynamics generate an entropic penalty
that weakens inhibitory interactions (110).

Comparative NMR spin relaxation analyses serve also as an excellent complementary
method to confirm hypotheses generated based on CHESPA about DRM-induced de-
correlations, e.g. deviations from the two-state active vs. inactive equilibrium. For example, for
both the cAMP-binding domain of WT and of the bradycardia-related S672R mutant of HCN4
the °N T;, T, and HN-NOE observables were converted into reduced spectral densities, which
were then utilized to estimate order parameters (5% (56). The latter quantify the amplitude of
ps-ns dynamics and offer a valuable proxy of conformational entropy (111, 112), which is related
to the width of the free energy wells in the FEL. Therefore, the differences in the distribution of
the overall S? order parameters between the WT and the mutant reveal the effect of the
mutation on the width of the main free energy well for either the apo or holo sample. Such width
changes provide a basis for proposing hypotheses on how DRM modify the apo-to-holo free
energy barrier. These hypotheses can be further confirmed through measurement of effector-
binding kinetics, as discussed below. For instance, the apo state of the S672R mutant of HCN4
exhibited a redistribution of the S? order parameters towards lower values compared to the apo
WT (Fig. 6A), whereas WT holo and mutant holo do not reveal such significant shift (Fig. 6B) (56).
The redistribution observed for the apo states points to an increased amplitude in the ps-ns
motions and thus to the widening of the free energy well of the apo S672R vs. WT (Fig. 6C). The
broadening of the main apo free energy well suggests that the mutation shifts the equilibrium
of the apo state to an inactive state not through a simple two-state exchange, but rather through
a more complex mechanism involving partial de-correlation, which is consistent with the
CHESPA analysis. The widening of the FEL well also suggests lowering of the free energy barrier
for the apo-holo exchange, which was further confirmed through measurements of the cAMP

binding kinetics (discussed in Section 1.4.5.2).
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Figure 6. Probing changes in the width of the free energy landscape of allosteric regulation through
measurement of net shifts in S? order parameters extracted from NMR spin relaxation experiments. (A) S* order
parameter distribution of WT and mutant apo, showing a net shift of order parameters to lower values. (B)
Comparison of WT holo and mutant holo does not reveal a significant shift. (C) The net shift in S* order
parameter distribution points to broadening of the free energy well of the apo conformation of the
mutant (red) compared to the WT (black). Figures adapted from Ref. (56). Copyright 2017 the American
Society for Biochemistry and Molecular Biology.

1.4.4.1 Troubleshooting relaxation measurement experiments

Mutation-induced perturbations may cause partial protein unfolding, exposing
hydrophobic sites and resulting in aggregation. Aggregates may in turn lead to inaccurate
measurements of T, times, which are highly sensitive to the effective MW. A useful means to
identify systematic aggregation-induced errors in the measured T, values relies on HYDRONMR
(113). HYDRONMR predicts the T, values based on the protein structure and thus if the sample
undergoes aggregation or if multimerization of the solved structure occurs, the T, values will be
systematically lower than the values predicted by HYDRONMR. Another method to confirm the
accuracy of T, measurements is to perform a dilution control. If dilution reduces formation of

aggregates, the T, relaxation times will increase as the sample is diluted.

1.4.5 Measurements of effector binding dynamics

The previous sections focused on how to probe the relative inactive vs. active depths
and widths for the free energy wells in either apo or holo samples. However, a thorough map of
the DRM-modified free energy landscape requires also a determination of the relative apo vs.
holo free energy well depths (i.e. measurement of thermodynamic binding constants) as well as
an assessment of the free energy barrier between the apo and holo states (i.e. measurement of

kinetic binding constants).
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1.4.5.1 Measurement and interpretation of thermodynamic constants for ligand-effector
binding

An important step to understand an observed physiological phenotype of a DRM is to
investigate how it influences the affinity for a cognate ligand-effector. For example, a simple
explanation for a loss-of-function phenotype mutation is that the DRM weakens the interactions
between the receptor and the ligand-effector responsible for activation, resulting in an increase
in dissociation constants (Ks). While a wide array of techniques are available for measuring Kq
values, here we focus primarily on NMR methods. In particular, we discuss both ligand-based
methods, such as Saturation Transfer Difference (STD) experiments (114-120), and protein-
based approaches, such as HSQC-monitored titrations (77). In either case, it is critical that the
total protein concentration be <10 K4 to ensure a gradual transition between the initial binding
region and the final saturation plateau of the dose-response binding isotherm. Such gradual
transition is essential to enhance the precision and accuracy of the Ky measurement. Hence,
HSQC-monitored titrations are usually suitable to measure Kqvalues in the high yM-mM range.
For K4 values in this range, the corresponding ke are often sufficiently high to ensure a fast apo-
holo exchange at least for cross-peaks subject to minimal, yet still significant, chemical shift
changes upon ligand-effector binding and especially in the presence of large excess of free
ligand. In these cases, the fast apo-holo exchange ensures that the peak position (i.e. the
chemical shifts) is a population weighted average of the apo and holo states, which reports on
the position of the binding equilibrium. This allows for accurate quantification of the fraction of
bound protein through measuring the chemical shift changes at increasing ligand-effector
concentrations (77). The STD, on the other hand, looks at the ligand signal to measure the extent
of interaction with the protein (114-120). The protein signal is selectively saturated and this
saturation is transferred to the interacting ligand through the nuclear Overhauser effect. This
transfer of saturation is measured through the intensity measurement of the ligand signal,
which correlates with the extent of binding. The applications of STD in biological systems and
for quantitative measurement of protein-ligand interaction have been reviewed in depth
elsewhere (121-124). The STD experiments can be used to measure K4 values in the ~pM-mM
range. However, it is important to note that the efficiency of the saturation transfer, and hence

the STD signal, decreases as the Kq4 values approach the nM range. In this case, a competitive
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binding STD experiment is recommended, whereby a protein is pre-loaded with an excess
amount of a weaker binding ligand for the same binding site where the high affinity ligand binds.
The excess of competitive ligand is used to modulate the effective apparent K, for the ligand of
interest and bring it within a range suitable for STD applications (62, 125). Alternatively, K4 values
can also be obtained by measuring apo vs. holo global unfolding free energies as computed, for
example, based on maximal protection factors from H/D exchange NMR (61, 83, 126-128).

The measurement of Ky values serves as an initial assessment of the DRM-induced
changes. It is also possible to extend the analysis further and determine which factors cause the
DRM-induced variations in the Ky values. For example, the DRM may perturb non-covalent
interactions between the ligand and the protein that directly alter its affinity. However, Kq
changes may also arise from a shift in the position of the active-inactive equilibrium in the apo
state. This is because the observed association constant is a population weighted average of the
state specific association constants. As the populations of the conformational equilibrium
change, the weighting on the state specific association constants will modify the observed
average affinity. For example, when the ligand is known to exhibit a higher affinity for the active
vs. inactive state, a DRM-induced shift of the apo inhibitory equilibrium towards the inactive
state will increase the observed K4 value compared to WT. The effect of DRMs on the apo active-
inactive fast-exchanging equilibrium can be assessed through CHESPA, providing valuable

insight on how DRMs modulate ligand affinities.

1.4.5.2 Measurement and interpretation of kinetic constants for ligand-effector binding

It is possible that DRM-induced changes in affinities, as quantified by the Ky
thermodynamics constants, are necessary but not sufficient to fully explain the underlying
molecular mechanism of mutation-induced perturbations. For example, the kinetics of HCN
channel closing is controlled by cAMP binding and the S672R HCN4 bradycardia mutation is
known to accelerate channel deactivation. Boulton et al. observed that the S672R HCN4 mutant
exhibited similar K4 values for cAMP as WT HCN4 (56). Nevertheless, they were able to explain
the faster S672R vs. WT channel deactivation by measuring the kinetic rate constants (i.e. kogrand
kon). The DRM vs. WT comparison of kinetic rate constants revealed that the DRM reduced the
free energy barrier for the apo-holo exchange and led to an accelerated on/off CAMP exchange,

thus explaining, at least in part, the faster deactivation of HCN caused by the mutation.
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An effective means to measure on/off rate constants is the Nz-exchange experiment (99,
100). In the presence of sub-stoichiometric ratios of a ligand, residues that undergo slow
exchange give rise to distinct apo and holo HSQC cross-peaks. The Nz-exchange method is
ideally suited for systems with relatively low on/off exchange rates (ke <100s™") (129). This
means that for systems with high on/off exchange rates, a low ligand concentration is required
to observe a slow-exchange regime (Eq. (1)), which results in a weak holo peak, limiting the

ability to use the Nz-exchange experiment to quantify on/off rate constants.

kex: [Ligand]free : kon + koff (1 )

In such cases, a less quantitative approach can be taken, whereby chemical exchange
regimes in HSQC spectra are compared between the WT and the mutant (56). This approach
takes advantage of the fact that different exchange regimes are observed for different residues
depending on the differences in Hz between the apo and the holo resonance frequencies (Ava-
n) at a specific ke value. When kex << Ava-y, the peak for this residue will appear in the slow
exchange regime (Fig. 7A). When ke, = Ava_y, the residue will be in the intermediate exchange
regime. When kex >> Ava_y, the residue will appear in the fast exchange regime. By assessing the
chemical exchange regimes for each amino acid and sorting them in a decreasing order of Ava_
n values, a qualitative comparison of kex values for WT vs. the mutant is possible. For example,
this simple HSQC analysis was performed with the S672R mutant of HCN (56). The Ava_4 values
were plotted sorted in decreasing order for both WT and the S672R mutant and the Ava range
exhibiting intermediate regimes were defined and compared (Fig. 7B and C). For the S672R
mutant, the intermediate regime was observed at higher Ava_4values than for WT, suggesting
that the ke is significantly faster for the mutant vs. the WT. Alternatively, more quantitative
protein-based NMR approaches are available to measure the on-off exchange kinetics of
binding, such as CEST or NMRD, even when the minor state is not directly detectable in HSQC or
TROSY spectra (95-99).
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Figure 7. Protein- and ligand-based analyses of on-off chemical exchange regimes for assessing kinetic rate
constants. (A) Schematic illustration of different chemical exchange regime between apo and holo states
and the rationale for the comparison of ke and the differences in Hz between the apo and the holo
resonance frequencies (Ava). (B, C) The sorted Avay vs. residue label plot for WT (B) and the S672R
mutant of HCN4 (C). The chemical exchange regime is assessed for each residue and reported on the
sorted Ava_y plot. The dashed lines indicated the Ava_y range corresponding to the intermediate regime.
(D) ROESY spectra of the ligand-effector (CAMP) in the presence of protein (HCN4). Diagonal peaks
indicate the H8 of cAMP in either the bound (H8b) or the free (H8f) states. The cross-peak arising from the
chemical exchange between the bound and free state is indicated by H8b->f. (E) The cross-peak vs.
diagonal bound peak intensity ratio plotted against the ROESY mixing time. The initial slopes (s') are
indicated in the figure. (F) Schematic summary of the S672R-induced remodelling of the free energy
landscape (red arrows) for the HCN4 cAMP-binding domain, which provides a basis for understanding the
molecular mechanism of familial bradycardia. The horizontal arrows represent the enhanced
conformational entropy of the inactive state. The vertical arrows indicate that the S672R mutation shifts
the inhibitory equilibrium by destabilizing the active state and/or stabilizing the inactive state. Figures
adapted from Ref. (56). Copyright 2017 the American Society for Biochemistry and Molecular Biology.
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The protein-NMR based methods to quantify on/off kinetic rates can be complemented
by ligand-based NMR experiments, such as ROESY, which provide an independent assessment
of the on/off exchange rates (56, 130). With ligand-based NMR experiments, Eq. (1) is modified

to:

kex = [PrOtein]free : kon + koff (2)

Eq. (2) implies that, when ROESY spectra are acquired with excess ligand, slow exchange
is observed between the free and bound ligand peaks, even when fast exchange is detected
between the free and bound protein peaks under the same experimental conditions. The slow
exchange between the free and bound ligand peaks allows for the detection of ROESY cross-
peaks separated from the diagonal and with the same sign as the diagonal peaks (Fig. 5D). The
intensity of the ROESY cross-peak arising from the chemical exchange from bound to free state
is typically measured at different ROESY mixing times. The cross-peak vs. diagonal bound peak
intensity ratio is then plotted against the ROESY mixing time and the off-exchange rate is

extracted from the initial slope (Fig. 5E).

1.4.6 Conclusions

Remodelling of the FEL for allosteric regulation is one of the main mechanisms through
which DRMs lead to altered functional phenotypes and NMR is ideally suited to elucidate how
DRMs remodel the FEL at near-atomic resolution. Specifically, the NMR CHESPA and CHESCA
analyses enable the measurements of the relative populations of fast exchanging
conformational states and therefore report on DRM-induced changes in the relative depth of
the respective free energy wells. Furthermore, CHESPA is also useful to identify deviations from
two-state transitions and de-correlations that can be independently confirmed through
measurements of local ps-ns dynamics using spin relaxation measurements. The latter provide
the S? order parameters, which in turn report on the width of the free energy well. Changes in
the width of the free energy well may point to modulations of free energy barriers, which can
be assessed independently through kinetic binding measurements (i.e. ko, kon). The latter rely
on ligand-based NMR experiments, such as ROESY, and/or protein-based experiments, such as

Nz exchange and CEST or simply comparisons of chemical exchange regimes in the HSQC
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spectra of WT and mutant proteins. Last but not least, affinity measurements (K4) are necessary
to complete the assessment of the apo vs. holo free energy changes. In conclusion, the NMR
methods discussed here provide a thorough picture of the multiple concurrent perturbations
induced by DRMs on different FEL attributes (Figs. 6C and 7F), which is a necessary step towards
dissecting the molecular mechanisms underlying the pathological phenotypes of DRMs and

disease etiology.
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Chapter 2

Allosteric Pluripotency as Revealed by Protein kinase A
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2.2  Abstract

The functional response of a signaling system to an allosteric stimulus often depends on
sub-cellular conditions, a phenomenon known as pluripotent allostery. For example, a single
allosteric modulator of the prototypical Protein Kinase A (PKA) switches from antagonist to
agonist depending on MgATP levels. However, the mechanism underlying such pluripotent
allostery has remained elusive for decades. Using NMR spectroscopy, ensemble models, kinase
assays and molecular dynamics simulations, we show that allosteric pluripotency arises from
surprisingly divergent responses of highly homologous tandem domains. The differential
responses perturb domain-domain interactions and remodel the free energy landscape of
inhibitory excited states sampled by the regulatory subunit of PKA. The resulting activation
threshold values are comparable to the effective free energy of regulatory and catalytic subunit
binding, which depends on metabolites, substrates and mutations, explaining pluripotent
allostery and warranting a general redefinition of allosteric targets to include specific sub-

cellular environments.
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23 Introduction

Allosteric modulation is a proven approach to increase selectivity for target receptors
(1-6). Allosteric modulators are typically more selective than orthosteric ligands, which target
highly conserved active sites (3). However, the functional response of an allosteric system to an
allosteric stimulus may vary depending on the experimental conditions, a phenomenon known
as pluripotent allostery (7-10). For example, the breast cancer drug tamoxifen serves its
intended antagonist role for estrogen receptors (ERs) in breast tissue, but it acts as an agonist
for uterus ERs, enhancing the risk of endometrial cancer (8). Such undesired side effects are
rationalized through a three ligand-binding trimer model, which effectively explains the
therapeutically-relevant agonism-antagonism switch in ERs (7). However, pluripotent allostery
in other systems, such as kinases, remains still poorly understood. For example, the Rp-cAMPS
phosphorothioate analog of cAMP (Rp; Fig. 1A) has been known for decades to act as an
effective allosteric inhibitor of isoform 1a Protein Kinase A (PKA) in the presence of excess
MgATP, but as an allosteric agonist in the absence of excess MgATP (Fig. 1, Cand D) (11). Yet,
the mechanism underlying the MgATP-dependent allosteric switch of Rp is currently still elusive.

Understanding pluripotent allostery in PKA is a central unmet challenge in the kinase
field, not only because PKA serves as a prototype for the protein kinase superfamily, but also
because PKA is a cancer driver (12-14). Given the cancer predisposition caused by defective PKA
inhibition, hundreds of cAMP analogs have been screened for PKA antagonism (15, 16). Yet, to
date the only known cAMP antagonist of PKA is Rp (Fig. 1A), which remains the best currently
available lead for allosteric inhibition of PKA (15, 16). Hence, it is essential to understand the Rp
mechanism of action, including pluripotent allostery.

The PKA regulatory subunit (R) functions as a cAMP-dependent competitive inhibitor of
the PKA catalytic subunit (C) (77-79). In the inhibited PKA holoenzyme, two catalytic subunit
molecules bind to a dimeric regulatory subunit (R,) (Fig. 1B) (17). Upon cAMP binding, each
inhibitory R-subunit undergoes a conformational change, unleashing the catalytic activity of the
C-subunit to phosphorylate substrate proteins (Fig. 1B) (17). The full-length R-subunit, i.e. R1a
(1-379), includes an N-terminal dimerization domain, followed by a linker and two cAMP-
binding domains (CBD-A and CBD-B; Fig. 1E) (17). The linker includes an auto-inhibitory region

(Fig. 1E), and the monomeric R-subunit construct spanning this region and CBD-A and -B, i.e. R1a
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(91-379), or Ras (Fig. 1E), is sufficient for full inhibition and cAMP-dependent activation of PKA
(18-20).

In the inhibitory C:Ras complex, both CBDs adopt a conformation denoted as ‘off’ and
interact with the C-subunit, although the CBDs are not in close contact with one another (red
triangles, Fig. 1F). This inhibitory-competent CBD topology is denoted here as AqBor, with the
hyphen between A and B indicating that CBD-A and CBD-B are not interacting (18, 20). In the
non-inhibitory Rag:cAMP, complex (Fig. 1G), both CBDs switch to a conformation denoted as ‘on’
and come into contact with one another (green rectangles, Fig. 1G). This inhibitory-incompetent
CBD topology is denoted as AonBon, With the absence of the hyphen indicating that CBD-A and -
B are interacting (18-21). Hence, the terms ‘on/off’ refer to the inability/ability of each CBD to
promote inhibitory interactions of R with C that make C inaccessible to the substrate to be
phosphorylated. Allosteric effectors typically act by controlling the on/off transitions of each
CBD, which modulate the binding affinity of R for C and consequently the inhibition of PKA.

Rp binds both CBDs of R1a, but, unlike cAMP, forms a stable inhibitory complex in the
presence of MgATP, i.e. Rp4R»:C, (Fig. 1C) (15, 16, 22, 23). Despite extensive crystallization
attempts, the structure of this inhibitory complex is currently unknown. The closest system
amenable to crystallization so far has been Ras:Rp, without C, but the structure of Rae:Rp; is
surprisingly very similar to that of Ras:cAMP,, which cannot bind C (RMSD = 0.47 A; Fig.1,Gand
H) (23). Therefore the structure of Ras:Rp, may explain the agonism observed for Rp in the
absence of excess MgATP (Fig. 1D), but alone is not sufficient to rationalize the antagonism of
Rp in the presence of excess MgATP. Why does replacing cAMP with Rp in Ras:cAMP; make Rag
competent to bind and inhibit C without changing the structure of Ras? Without an answer to
this question the mechanism of action for Rp remains unclear, limiting further development of
allosteric inhibitors for PKA.

We hypothesize that the primary difference between the inhibitory Ras:Rp-and the non-
inhibitory Rag:cAMP, complexes is in the conformational dynamics. Here, we test this hypothesis
by investigating the interactions of Rp with Ras and C:Rag by NMR. Our comparative NMR
analyses reveal how Rp remodels the conformational ensemble accessible to PKA R1a and
provide a foundation to build an Ensemble Allosteric Model (EAM) for PKA. We show how to
measure input EAM parameters by NMR (24-27) and how based on the PKA EAM it is possible
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to relate microscopic dynamics to kinase function as measured by enzymatic assays, explaining

allosteric pluripotency.

A Rp-cAMPS (Rp) R B <AMP-Dependent Activation of PKA:
2
EA a Y RC, + 4cAMP & cAMPR + 2C
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Figure 1. Rp-cAMPS as Prototype of Allosteric Pluripotency. (A) The Rp-cAMPS cAMP analog. (B) Activation
equilibrium of Protein Kinase A (PKA). (C, D) Pluripotent allostery of Rp, which functions as an allosteric
antagonist or agonist in the presence or absence of excess MgATP, respectively (11). (E) Domain
organization of the regulatory (R)-subunit R1a and of the Rag construct (91-379). (F, G) Crystal structures
and respective cartoons of C:Ras (PDB:2QCS) (18) and Rag:cAMP; (PDB: 1RGS) (28), with the cAMP-binding
domains (CBDs) bridged by W260 of CBD-B interacting with cAMP in CBD-A. Bound nucleotides are shown
as stick or sphere representation. (H) As (G), but for the crystal structure of the Rag:Rp. complex (PDB:
1NE4, grey ribbon) (23) superimposed to the structure of Rag:cAMP, (PDB: 1RGS, green ribbon). The two
structures are virtually identical (RMSD = 0.47 A.
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24 Results

2.4.1 Rp-cAMPS Acts as an Antagonist for CBD-A and as an Agonist for the Homologous
CBD-B in the Absence of Inter-Domain Interactions

As afirst step to understand the effect of Rp on the ‘off’' vs. ‘on’ conformational equilibria
of Ras, we analyzed the W260A Ras mutant, which selectively silences the inter-domain
interactions without substantially perturbing the allosteric network within each domain (20).
The analysis of the W260A Rag:Rp, complex is expected to reveal how Rp controls the ‘off’ vs. ‘on’
conformational equilibrium of each separate domain. For this purpose, we compared the HN
TROSY spectrum of W260A Ras:Rp: to three key reference 'H,"’ N TROSY spectra, i.e., Ras:C (MW
~73 kDa), which traps the conformation of Rxsdomains in the ‘off’ state, Rag:cAMP, (MW ~33 kDa),
which is assumed to represent the ‘on’ state of each CBD, and the fully unbound apo Rae
spectrum. Our comparative analyses focused on cross peaks arising from Rag residues that are
sufficiently distant from the C- and cAMP-binding interfaces to report primarily on the ‘off’ vs.
‘on’ equilibria. For example, the cross peaks of L221 and S297 specifically report on the
conformational equilibria of CBD-A and CBD-B, respectively, and exhibit a linear pattern for the
aforementioned reference states (i.e., Ras:C, Ras:cAMP; and apo Rag), as shown in Fig. 2, A and B.
Such linearity points to a fast ‘off’ vs. ‘on’ exchange regime, in which linear chemical shift
averaging implies that cross-peak positions reflect the relative populations of ‘off' and ‘on’ states
within each domain. The intermediate position of the apo Ras cross peaks relative to those of
Rag:C and Rag:cAMP; (Fig. 2, A and B) means that each apo domain samples a nearly degenerate
equilibrium with comparable populations of ‘on’ and ‘off’ CBD conformers.

The comparative TROSY analysis of W260A Ras:Rp- relative to the three reference states
reveals that in the absence of inter-domain interactions, Rp shifts the conformational
equilibrium of apo CBD-A slightly to the ‘off’ state (Fig. 2A). In striking contrast to CBD-A, CBD-B
samples mostly the ‘on’ state in W260A Rag:Rp,, similar to Rag:cAMP, (Fig. 2B). Given the
homology between the two tandem domains, the differential CBD-A vs. -B response to Rp is
surprising and therefore we extended our analysis of W260A Rag:Rp, to a broader set of
conformational equilibria-sensing residues (Fig. 2, C and D). This broader analysis provides a
more quantitative measurement of the ‘off’ vs. ‘on’ state populations, ensuring that they are not
biased by the choice of a single residue within each domain. Specifically, the slopes of the (dwason

RRp2 — Orcamp2) VS. (Orc— Orcamp2) chemical shift correlation plots for CBD-A (Fig. 2C) and CBD-B (Fig.
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2D) indicate that the average fraction of the ‘off’ state sampled by W260A Ras:Rp: is ~60% for
CBD-A and ~5% for CBD-B. Overall, the chemical shift analyses of W260A Rag:Rp. unexpectedly
reveal that, in the absence of inter-domain interactions, Rp acts as an antagonist for CBD-A, but
as an agonist for the homologous CBD-B. We then examined how the two CBDs respond to Rp

in WT RAB.

2.4.2 WT Ras:Rp. Samples a Conformational Ensemble with a Ground State in a Closed
AcnB.n Topology Similar to WT Ras:cAMP; but Excited States in an Open Topology Lacking
Inter-Domain Interactions

To probe the contribution of inter-domain interactions to the conformational equilibria
sampled by Ras:Rp,, we also acquired an HN TROSY spectrum of WT Rag:Rp: (Fig. 2, E and F). We
observed that CBD-B samples mostly the ‘on’ state, similar to W260A Rag:Rp,, where the inter-
domain interactions are negligible (Fig. 2, F and H). Unlike CBD-B, CBD-A residues surprisingly
exhibit two sets of peaks in slow exchange and with different intensities (Fig. 2, E and G). The
major and minor peaks are at positions similar to WT Rag:cAMP,and W260A Rag:Rp,, respectively.
This unexpected observation indicates that in WT Rag:Rp2, CBD-A samples a conformational
ensemble with ground and excited (i.e. higher energy) states. In the ground state, CBD-A is in
the ‘on’ conformation similar to WT Rag:cAMP,, in which CBD-A interacts with the ‘on’ CBD-B
through the stacking of the W260 indole and the adenine base. This suggests that the inter-
domain interactions selectively stabilize the ‘on’ state of CBD-A.

In the excited state, the inter-domain interactions that stabilize the ground state are lost
and CBD-A samples a fast-exchanging equilibrium between ‘on’ and ‘off’ conformers. This result
is supported by the excellent match between the chemical shifts of the minor peaks in WT
Rag:Rp2 and of W260A Rag:Rp: (Fig. 2, E and I). Furthermore, the chemical shifts of the minor peaks
of CBD-A in WT Rag:Rp> match also those of the isolated CBD-A:Rp (Fig. 2J), confirming that the
minor peaks of CBD-A in WT Rag:Rp: arise from open topologies, where CBD-A does not interact
with CBD-B. The overall population of the open-topology excited state corresponding to the
minor peaks is 17 + 5 %, after correcting for the differential relaxation of open vs. closed
topologies (fig. S1). Considering that the population of ‘off’ state in the open topology is ~60%
(Fig. 20Q), the excited state of WT Rag:Rp2 includes 10 + 3 % and 7 £ 2 % of CBD-A in the ‘off’ and

43



Ph.D. Thesis — Olivia Jung Ah Byun McMaster University, Biochemistry

‘on’ conformations, respectively, while CBD-B remains in the ‘on’ conformer in all the detectable
states of the ensemble accessed by WT Rag:Rp- (Fig. 3C).

Interestingly, when the C-subunit of PKA is added to WT Rag:Rp.in the presence of excess
MgCl, and AMP-PNP, a non-hydrolazable analog of MgATP, it selectively binds to and stabilizes
the ‘off’ conformer of CBD-A (~90% ‘off’; Fig. 2, K and M, and fig. S2A). However, the C-subunit
only partially shifts the conformational equilibrium of CBD-B to yield a ~45% ‘off’ state (Fig. 2, L
and N, and fig. S2A), resulting in a two state conformational ensemble for C:Rag:Rp2 (Fig. 3F).
Hence, the excited state in the ternary Rag:Rp, complex with an open topology and CBD-A and B
in the ‘off’ and ‘on’ conformers, respectively, is inhibition-competent, because it becomes a
ground state in the inhibited quaternary C:Ras:Rp>complex (Fig. 3, Cand F). To better understand
how these two complexes form upon Rp binding, we titrated Rp into the apo Ras and C:Ras
samples and monitored the titration through HN TROSY spectra to measure domain-specific
binding affinities for Rp (fig. S3). The results show that Rp binds C:Ras with an ‘A-to-B’ order,
which is opposite to cAMP binding, and Rp binds to Apo R with a ‘B-to-A’ order similar to cAMP
(fig. S3 and Supplementary Text S1). Based on these results, it is possible to propose a qualitative
mechanism for the Rp antagonism-agonism switch in PKA, i.e. for pluripotent allostery (Fig. 3, A

to F).
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Figure 2. /dentifying the States Accessible to the Rss Ensemble in the Presence of Rp-cAMPS. (A, B)
Representative TROSY cross-peaks of "°N,?H-labeled W260A Rag:Rp- (pink) for residues sensing primarily
the ‘on’ vs. ‘off’ equilibria of CBD-A and CBD-B. The corresponding cross-peaks in apo Rag (black), Ras:cAMP,
(green) and WT Rag:C (red) are also show as comparison benchmarks. (C) Fractional inhibition of CBD-A in
W260A Rag:Rp2 through the chemical shift (5) correlation slope. Closed and open circles in (C-N) indicate
'H and "N chemical shifts downscaled by a 0.2 factor, respectively. (D) As (C) for CBD-B. (E, F) As (A, B)
including WT Rag:Rp2 (blue). (G, H) As (C, D) for the major cross-peaks of WT Rag:Rp:. (1) Correlation between
the chemical shifts of the minor peaks in WT Rag:Rp2 and the W260A Rag:Rp, mutant. (J) As panel (1) but vs.
the isolated CBD-A construct R1a (91-244) bound to Rp-cAMPS. (K, L) As (A, B) replacing W260A Rag:Rp2
with the WT C: Rag:Rp> quaternary complex (orange). (M, N) As (C, D) for the WT C:Rag:Rp> quaternary
complex.

2.4.3 A Qualitative Mechanism of Pluripotent Allostery in PKA

In the absence of the C-subunit, apo Ras samples an ensemble of states that are
accessible within a nearly degenerate free energy landscape (20). This consists of four states with
each non-interacting domain in fast-exchange between comparable populations of ‘off’ and the
‘on’ conformations (Fig. 3A) (20). Upon addition of Rp, it preferentially occupies CBD-B first
selectively stabilizing the ‘on” conformation of CBD-B, while CBD-A remains unoccupied and
thus inter-domain interactions are still negligible (Fig. 3B). As the concentration of Rp increases

further, Rp also binds to CBD-A, facilitating inter-domain interactions that partially stabilize a
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closed topology, where both domains of Ras:Rp, are in the ‘on’ conformation (AonBon; Fig. 3C).
However, Rag:Rp; also samples substantial populations (~20%) of open topologies, where CBD-
A is in fast exchange between the ‘off’ and the ‘on’ conformations, i.e., AcBon and Aon-Bon,
respectively (Fig. 3C).

When Rp is added to C:Rag, it preferentially binds to CBD-A first, stabilizing it in the ‘off’
state, and then to CBD-B, promoting a partial ‘off'-to-‘on’ transition (Fig. 3, D to F). When the
quaternary C:Ras:Rp, complex forms, Rag samples the As#Bon and Aos-Bosr states (Fig. 3F). In
marked contrast to Rp, when cAMP is added to C:Ras, it preferentially binds to CBD-B first,
transiently sampling the C:Rag:cAMP binding intermediate with Rag in the AqBon state (Fig. 3, G
and H). Then cAMP binds also to CBD-A, stabilizing both domains in an ‘on’ conformation and
releasing the C-subunit (Fig. 3I) (18). Hence, the Rp antagonism arises from the stabilization by
Rp of two inhibitory states of C:Ras:Rp>, i.e., Ac-Bot as in the inhibited C:Ras complex, and Aq-Bon,
which is a transient intermediate along the cAMP-dependent activation pathway, but is stably
trapped by C:Rag:Rp: (Fig. 3,D to ).

The model of Fig. 3 offers a qualitative rationalization of the Rp agonism-antagonism
switch in PKA. The ensemble of Rag:Rp: includes three main conformations: a ground closed state,
AonBon, and two excited open states: Aon-Bon and AosBon (Fig. 3C). The first two states are also
sampled by the Ras:cAMP, complex, albeit with different populations (Fig. 31), and are inhibitory
incompetent given their negligible affinity for the C-subunit. The third state (As«Bon) represents
instead a unique feature of Rag:Rp, that differentiates it from Ras:cAMP,, and is inhibitory
competent because it is populated also in the stable C:Ras:Rp: inhibited complex (Fig. 3F). Asa
result, the mixed ABon excited state sampled by Rag:Rp. drives Rp to act as an antagonist when
C binds Rag with sufficiently high affinity to selectively stabilize AsBon relative to AgnBonand Aon-
Bon, resulting in a stable C:Ras:Rp, complex and PKA inhibition. However, if the affinity of C for
Rae is reduced, for example due to lower MgATP levels (29-31), the inhibitory Ac+Bon state
remains excited in the presence of C, while the ground, most populated state is still AonBon, Which,
being inhibition incompetent, leads to PKA activation. Hence, the model of Fig. 3 (A to F)
provides a viable framework to explain the MgATP-dependent Rp agonism-antagonism switch

observed for PKA (11).
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Figure 3. Conformational Ensembles Accessible to Apo and C-Bound Rys as a Function of Rp-cAMPS Binding.
(A) States accessible within the degenerate free energy landscape of apo Rag (20). Red triangles and green
rectangles denote ‘off’ and ‘on’ conformations of each CBD, respectively. The ‘on/off’ notation refers to
the inability/ability of each CBD to promote inhibitory interactions of R with C. (B) States accessible to
Ras:Rp. No interdomain interactions occur when CBD-A is apo. (C) States accessible to Ras:Rp.. The dashed
lines indicate that the A.+Bon excited open state sampled by Rag:Rp: is also sampled by C:Rag:Rp,and is a
transient intermediate along the cAMP-dependent activation pathway. (D, E) Rp binds first preferentially
to CBD-A of C-bound Ras further stabilizing the inhibitory conformation of CBD-A. (F) States accessible to
the quaternary complex C:Rps:Rp,, showing that when CBD-B is bound to Rp it samples the ‘on’
conformation as well. (G-1) Traditional sequential binding of cCAMP to C:Rag, resulting in PKA activation.
Unlike the case of Rp binding to C:Ras, CAMP binds first to CBD-B and then CBD-A (18). The dashed lines
illustrate that the inhibition-incompetent Ras:cAMP, complex samples the same ground states as Rag:Rp-
as well as one of the excited states.

Given the potential of the model in Fig. 3 to account for the Rp agonism-antagonism
switch, we sought to validate it further by additional investigations of how inter-domain

interactions are coupled to the on-off equilibria within each domain. Such coupling is a central
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feature of our model (Fig. 3), as it suggests that when both domains are bound to cyclic
nucleotides, inter-domain interactions occur only if both CBDs are in the ‘on’ state (Fig. 3). When
either CBD adopts the ‘off’ state, domain-domain interactions are weakened and, conversely,
when inter-domain interactions are present, the conformational equilibrium of each CBD shifts
to the ‘on’ state. In order to refine this hypothesis, we performed MD simulations of both Ras:Rp-

and C:Rae:Rp: (Fig. 4, A, D and F, and figs. S4 to S6).

2.44 The Allosteric Pluripotency Mechanism Predicts that Domain-Domain
Interactions Are Coupled to Intra-Domain On-Off Equilibria

The MD simulations of Ras:Rp, were executed starting from the AoBon and AoiBorr
reference states as well as the mixed Aq#Bon state. The AonBonand Aos-Bosstates are based on the
crystal structures of Rag:Rp2 (PDB code: TNE4) (23) and C:Ras (PDB code: 2QCS) (18), respectively,
while the hybrid A+Bon States were generated by combining CBD-A from the crystal structure
of C:Ras and CBD-B from the crystal structure of Rag:Rp, with three different A/B boundaries
within the helices that connect the two domains, i.e., residues 242, 231, and 225 (Fig. 4A and fig.
S4, A to F), which reside close to the hinge points for the closed-to-open transition (18). The A/B
boundary dictates whether the center-of-mass (CM) distance between the two domains
approaches the closed vs. open topologies of the AqnBon vs. Aoi-Bos structures, with 242 and 231

sampling the open topology, and 225 approaching the closed topology (Fig. 4A).

To assess the structural propensities of each domain within the hybrid Ras structures,
RMSDs of the CBD-A and CBD-B from the Ras:Rp, and C:Rag X-ray structures were computed (Fig.
4, D and F, and fig. S5, A, D, F and G). As expected, CBD-B remains close to the conformation in
the T1NE4 control structure for all three hybrid structures (Fig. 4F and fig. S5G). Meanwhile,
the CBD-A domain remains close to the conformation in the C:Rag control structure for the 231
and 242 hybrid structures, but shifts to the conformation in the Rag:Rp, control structure for the
225 hybrid structure (Fig. 4D and fig. S5F). Therefore, a shift of the R-subunit to its closed
conformation, as in the 225 hybrid, appears to promote a shift of CBD-A to its ‘on’ conformation,

further corroborating our hypotheses based on the chemical shift analysis of Rag:Rp: (Fig. 3C).
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Figure 4. R, Inter-Domain Interactions Probed through MD Simulations and Paramagnetic Relaxation
Enhancements (PREs). (A) Simulated center-of-mass (CM) distances between CBD-A and B for Rag:Rp2 in the
Aoi-Boft, AonBon and hybrid A+Bon models with three different A/B boundaries (i.e. residues 242, 231 and
225, as shown in the bottom of panel (F)). (B, C) PRE design. The spin label is at Cys258 in CBD-B. Yellow
surfaces are within 25 A of the spin-label. In C-bound (cAMP,-bound) Rag inter-domain interactions are
minimal (maximal). (D) CBD-A RMSD vs. AsnBon . The closed topology induces the AuBon = AonBon
transition (black arrow). (E) PRE control. The lo/l:eq ratios (green circles) track the distance from the spin-
label (dark green line). Deviations occur in dynamic regions, e.g. flexible linker (grey highlight) (20, 32). (F)
As (D), but for CBD-B. (G) lox/lreq ratios for the Rag:C (red), Ras:C:Rp2 (orange), and Rag:Rp> (blue) complexes.
Dashed lines indicate the average lo/l.q ratio for the region with the largest 2QCS (red) vs. TRGS (green)
difference (cyan) in distance from the spin-label. Solid lines mark the respective average +/- one standard
deviation. (H-K) Representative HN-TROSY cross-peaks of oxidized and reduced samples. Contour levels
were adjusted according to the intensity normalization as per Materials and Methods to account for
aggregation.
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The MD simulations outlined above were also repeated in the presence of C-subunit (fig.
S4, G to |, fig. S5, B, C and E, and fig. S6). As in the case of the hybrid 225 Rag:Rp. complex, the
hybrid 225 As+Bon structure shifts to the AonBon state (fig.S6, E, G, | and J) with a closed
topology similar to cAMP-bound Ras (fig. S5C and fig. S6, A and C) and dissociates from the C-
subunit (fig. S5, B and E, and fig. S6, B, D and F). On the contrary, the more open hybrid 231 and
242 AcBon structures do not shift to the A.nBon closed state (fig. S6, E, G, | and J) and preserve
an open topology (fig. S5C and fig. S6, A and C), enabling CBD-A to remain in its ‘off’ state and
bound to the C-subunit (fig. S5B and fig. S6, B and D). However, CBD-B in the hybrid 231 and 242
Aoi-Bon structures is displaced away from the C-subunit more than in the A.+Bos case (fig. S5E
and fig. S6F), and as a result the A-B distance remains consistently shorter than in the canonical
C:Rag complex (i.e., AsiBos; fig. S5C), yet larger than in the closed AoBon topology (fig. S5C)
because CBD-A is still stabilized in the ‘off’ conformer by its binding interaction with the C-
subunit. Overall, based on the MD simulations, the A - B interdomain distances are predicted to
decrease in the order: C:Rag > C:Rag:Rp2 > Rag:Rp2 > Ras:cAMP,. We tested this prediction through

Paramagnetic Relaxation Enhancement (PRE) NMR measurements (Fig. 4, B, C, E and G to K).

2.4.5 PREExperiments Confirm The Coupling of Domain-Domain Interactions and Intra-
Domain On-Off Equilibria

PRE measurements are ideally suited to probe inter-domain distances by engineering a
spin label in one domain and observing the relaxation enhancement induced in the other
domain. In the case of Ras, we introduced a cysteine mutation at residue 258 to covalently link
the spin label to CBD-B and observe the relaxation enhancement in CBD-A, with the goal of
probing the transition between open and closed domain topologies (Fig. 4, B and C).

The PRE data were acquired for four different samples: Rag:cAMP,, Rag:Rp>, C:Ras and
C:Rag:Rp2 (Fig. 4, E and G to K). The lox/lred PRE ratios for Rag:cAMP;, correlate well with the distances
from residue 258 predicted based on the crystal structure of Ras:cAMP, (PDB code 1RGS; Fig. 4E)
(28), confirming the correct positioning of the spin-label at residue 258 and its efficacy in
inducing relaxation enhancements. To probe the inter-domain separation, we focused on the
region of CBD-A subject to the largest variations in the distance from residue 258 when going

from the C-bound (Ac+Bo#) to the cAMP-bound structure (AqnBon), i.e., residues 150-230 (Fig. 4G,
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cyan trace). We then calculated the average lo«/Ieq PRE ratios within this region for the Raz:cAMP,,

Rag:Rp2, C:Rag and C:Ras:Rp2 samples (Fig. 4G, dashed bars).

The average PRE ratios scale in the order: C:Rag > C:Rag:Rp2 > Rag:Rp2 > Ras:cAMP,, as
expected based on the proposed chemical shift-based Rp-antagonism-agonism model and MD
simulations (Fig. 3, Fig. 4. A, D and F, and figs. S4 to S6). Overall, the PRE data consistently confirm
the dependence of domain-domain interactions on the intra-domain on-off equilibria predicted
by the Rp-antagonism-agonism switch mechanism (Fig. 3, A to F), i.e. they confirm that the
probability of having CBD-A and/or CBD-B in the ‘off’ state scales with the weakening of the
inter-domain interactions. We then utilized the validated Rp-antagonism-agonism switch
mechanism (Fig. 3, A to F) to build and parametrize a general Ensemble Allosteric Model (EAM)
(33, 34) of pluripotent allostery for PKA, which enables quantitative predictions of kinase activity

and therefore stringent comparisons to data from kinase assays.

2.4.6 A Quantitative Ensemble Allosteric Model (EAM) of Pluripotent Allostery in PKA

In order to quantitatively relate the Ras dynamics (Fig. 3) to the regulation of kinase
function, we built an EAM of PKA inhibition and activation, as explained in the Supplementary
Text (Section S2). The EAM relies on four sets of input parameters (table S1): i. the ‘on’ vs. ‘off’
free energy difference for each apo CBD, denoted as AGa and AGg;ii. the state-specific association
constants of Rp for each isolated domain; iii. the free energy of interaction between the two
CBDs both in the ‘on’ state with CBD-A bound to the cyclic nucleotide, denoted as AGgg; iv. the
state-specific affinities of the C subunit for Ras. The key assumptions of our EAM are that (a) AGa
and AGg are not affected by C- or cNMP-binding; (b) AGgs is not affected by binding of C or a
second cNMP molecule to CBD-B; (c) the inhibition of PKA arises uniquely from R binding C and
competing with the kinase substrates; (d) allosteric effectors act by controlling the affinity of R
for C.

The EAM input parameters were measured based on the populations and free energies
determined by NMR chemical shift analyses and by H/D exchange protection factors for WT vs.
W260A, as explained in the Supplementary Materials (Text Section S3, table S1, and figs. S1 and
S2). In addition, a single scaling factor (y) was introduced for the state-specific association

constants of the C subunit (table S1), to account for the dependence of the R:C affinity on the
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concentration of MgATP (29). For example, at low [MgATP], the effective R:C affinity decreases,
requiring y values < 1. Based on input parameters i.-iv. (table S1), we modeled how cyclic
nucleotide binding rescales the normalized thermodynamic statistical weights for each of the
18 possible states of the Ras ensemble, resulting from the combination of on/off, open/close and
apo/holo equilibria for the two domains in Rag (table S2). Starting from the ensembles of both
apo and cyclic nucleotide-bound Rag, we utilized binding polynomials to compute R:C affinities
in both scenarios, which were in turn used to calculate the change in kinase activity occurring

upon addition of cyclic nucleotides (Supplementary Text and fig. S7).
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Figure 5. Remodeling of the Free Energy Landscape of apo Ras by Rp and the PKA C-Subunit Explains Allosteric
Pluripotency. (A) Effect of Rp binding on the ensemble of states accessible to apo Ras. As the Boltzmann
populations of the state decrease, the size of the cartoon is reduced. The inhibitory-competent
conformations of Rag:Rp- (red) are excited states. (B) Effect of PKA C-subunit binding on the ensemble of
states accessible to Rag:Rp». If the binding of the substrate to the kinase is sufficiently weak and the MgATP
level is sufficiently high, the inhibitory states “Aot — Bos” and “As¢ — Bon” become the most stable
conformations of Rags in the C:Ras:Rp, ensemble. The kinase is inactive. AGggap is the inhibitory excited vs.
non-inhibitory ground state free energy difference. (C) In the case of substrates that bind C with
sufficiently high affinity to compete with Rag or when the MgATP level decreases, due to the lower
effective affinity of Ras:Rp, for C, the most stable conformation of Ras accessible to the C:Rag:Rp, ensemble
is the “AonBon" state, which is non inhibitory. Hence, the kinase is active.
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To illustrate how the EAM explains the pluripotent allostery of PKA, we simulated how
the free energy hierarchy of the states accessible to the apo Ras ensemble is remodeled by Rp
and C-subunit binding (Fig. 5). When excess Rp binds to apo Ras in the absence of C, the Ao\Bon
closed state, the ground state, while the remaining states, which include the inhibitory-
competent states (i.e. the AoBor and Aos-Bon states), are at excited free energy levels (Fig. 5A).
When the C-subunit is introduced, the Ras:Rp; free energy level hierarchy is further remodeled
according to the effective affinity of C for Ras.

When the effective Ras:C affinity is high, e.g. presence of excess [MgATP] and a
competing kinase substrate with low affinity and/or concentration, the free energy levels of the
excited inhibitory states are lowered to the ground level by C binding, resulting in the formation
of a stable C:Ras:Rp, complex and PKA inhibition (Fig. 5B). When the effective Rag:C affinity is low,
e.g.lower [MgATP] or presence of a competing substrate with high affinity and/or concentration,
then the inhibitory states are not sufficiently stabilized by C binding to reach the ground level.
In this case, the C:Ras:Rp- inhibitory complex is unstable, resulting in PKA activation (Fig. 5C).
Hence, we hypothesize that not only the concentration of MgATP, but also the affinity and
concentration of the kinase substrate modulate the effect of Rp on PKA and trigger the Rp-
antagonism-agonism switch. In order to test this EAM-based prediction on the determinants of
pluripotent allostery and further validate the model, we compared the fractional changes in

kinase activity (¢p) computed through the EAM to experimental data from kinase assays.

2.4.7 The MgATP Concentration and Kinase Substrate Affinity Control the Pluripotent
Allostery of PKA by Remodeling the Free Energy Landscape of the R-Subunit

In order to test our predictions on how the MgATP concentration and the affinity of
competing kinase substrates modulate the activity of Rp bound PKA, we first computed the Rp-
dependent kinase activity (¢) in the presence (y= 1) and in the absence of high [MgATP] (y= 10
%) using the EAM and the measured input parameters (table S1). The predicted dose-dependent
kinase activity profiles clearly reflect the antagonism-agonism switch of PKA by Rp-cAMPS (Fig.
6A), in agreement with previous observations (11). In fact, the K, values and the Hill coefficient
predicted from the EAM are in excellent agreement with the experimental values measured for
full-length R1a subunit (Fig. 6A) (11), validating the EAM. Furthermore, based on the EAM, it is

possible to dissect the determinants of pluripotent allostery. For example, the EAM model
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reveals that when the effective R:C affinity is weak (y = 107), partial activation surprisingly
remains even in the absence of inter-domain interaction (AGag = 0 RT). Considering that CBD-A
is in the ‘off’ state when the two tandem domains don't interact (Fig. 3, A to F), this means that
the main drivers of the antagonism-to-agonism switch observed for the PKA - Rp system are
both domain-domain interactions and the ability of Rp to shift CBD-B to the ‘on’ state. The
significant contribution of CBD-B to the activation of PKA was largely unexpected given the
homology between the two tandem domains (28).

We also hypothesized that increasing the apparent affinity of the kinase substrates
triggers the antagonism-to-agonism switch of Rp, as kinase substrates and the inhibitory linker
of R compete for the active site of C, thus weakening the effective R:C affinity. In order to test
this hypothesis, we utilized two substrates with different apparent affinities: PKS (Kn= 1.5+ 0.2
M) and PKS2 (Kn = 26 + 4 uM) (Fig. 6, B and C) and we compared the respective experimental
kinase activities to the EAM predictions (Fig. 6E). As expected from our hypothesis, upon binding
of excess Rp, almost full agonism is observed with the high affinity substrate (i.e. PKS), while only
partial agonism is observed with the low affinity substrate (i.e. PKS2). Moreover, the predicted
kinase activities from the EAM are in agreement with the experimental values measured for full-
length R1a subunit, further validating the relevance of our model of pluripotent allostery for the

full-length integral PKA system.
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Figure 6. Changes in MgATP and/or Substrate Affinity Trigger the Rp Antagonism-to-Agonism Switch for PKA
R1a. (A) Antagonism-to-agonism switch triggered by [MgATP] reduction. Dose-dependent kinase
activation (¢) in the presence (red, y = 1) and absence of MgATP (green, y = 10°). The y scaling factor
models the reduction in R:C affinity occurring upon removal of MgATP (table S1). (B-E) Antagonism-to-
agonism switch triggered by substrate affinity increases. The substrates PKS and PKS2 exhibit K, values
different by ~one order of magnitude (B, C) and the increase in apparent affinity causes a switch to almost
full agonism for Rp-cAMPS (E), while cAMP acts as an activator for both substrates, irrespective of the
apparent affinity (D). In panel (E) blue bars are from kinase assays, while gray bars are computed based
on the EAM (see Materials and Methods). Error bars reflect the standard deviation from triplicate
measurements.
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2.5 Discussion

2.5.1 AnEnsemble Allosteric Model of Pluripotent Allostery in PKA

Based on our comparative NMR analysis of C:Ras:Rp>, Rag:Rp2, W260A Ras:Rp2, Rag:cAMP,
and apo R, we propose an ensemble model of pluripotent allostery for PKA (Fig. 5). The
proposed model addresses the long standing question of why Rp functions as an antagonist
under some conditions, but as an agonist under others. The main difference between Ras:cAMP,
and Rag:Rp- lies in the free energy gap between the inhibitory-competent excited states (Ao#Bon
and Ac+Bor) and the inhibitory-incompetent ground state (AonBon), which is common to both
ternary complexes. This free energy gap is denoted here as AGrgap. The AGggap is lower in Rag:Rp2
than in Rag:cAMP; and when the C-subunit binds the Ao+Bon and Acs-Bot States of Rag with high
affinity (e.g. in the presence of excess MgATP), they become more stable than the A,.B.n state,
resulting in the formation of the C:Rag:Rp: inhibited complex and in Rp antagonism (Fig. 5B).
When the affinity of the C-subunit for the excited inhibitory states is reduced (e.g. in the absence
of excess MgATP), the A..Bon state remains the ground state even in the presence of C and a
stable inhibited complex cannot form, leading to Rp agonism (Fig. 5C). In the case of Ras:cAMP,,
the free energy gap between the inhibitory-competent excited states and the inhibitory-
incompetent ground state is too large to result in antagonism, even in the presence of excess
MgATP.

The proposed model not only provides a simple but general rationalization of
pluripotent allostery, but it also offers an unprecedented view of the previously elusive C:Ras:Rp:
guaternary inhibitory complex, resolving prior apparent discrepancies in the available Rag crystal
structures. We show that while the C:Ras:Rp2 complex locks CBD-A in its off state, CBD-B samples
a degenerate free energy landscape with comparable populations of ‘on’ and ‘off’ states (Fig. 3F
and Fig. 5B). When in the ‘on’ state, CBD-B is disengaged from both the C-subunit and CBD-A
and becomes inherently dynamic, explaining why the C:Rag:Rp. complex is refractory to
crystallization attempts. Interestingly, the A#Bon Ras state in the C:Rag:Rp, complex (Fig. 3F)
resembles a transient cAMP-binding intermediate (Fig. 3H), given the B-to-A binding order of
cAMP, which is opposite to Rp. Our model also explains why the crystal structures of Rag:cAMP,
and Rae:Rp; are virtually identical (Fig. 1H) and why in the absence of CBD-B, CBD-A adopts
similar conformations when bound to C or 8-Br-Rp-cAMPS (35). The Ras:cAMP; and Ras:Rp2

complexes share similar ground states with a closed topology, stabilized by inter-domain
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interactions that selectively favor the A.nBon state (Fig. 5A). However, upon deletion of CBD-B,
the CBD-A/B contacts are lost and Rp-bound CBD-A samples the ‘off’ state, as in the open
topology of Ras:Rp.. Hence, our model is fully consistent with the previous crystallographic data.
While these structures offer an essential framework to understand the interactions between Rp
and the ground states of the R-subunit, it is clear that dynamics of the excited states sampled by
R must be factored in to explain the inhibitory mechanism of Rp and pluripotent allostery in
general (Fig. 5).

Another unique aspect of the model of Figure 5 is that it unveils the key drivers of
pluripotent allostery in PKA. The proposed EAM shows that agonism is driven by two key factors.
First, Rp acts as an agonist for the isolated CBD-B, but as an antagonist for the isolated CBD-A.
The CBD-B agonism was unexpected given the homology between the two tandem CBDs, but
it is a primary driver of PKA activation because it reduces the affinity of R for C (Fig. 6A). Second,
the A/B interdomain interactions promote agonism as they selectively stabilize the inhibitory-
incompetent A.Bon ground state with a closed inter-domain topology relative to the excited
states with open topologies (Fig. 5A), as consistently shown by both MD simulations and PRE
experiments (Fig. 4 and figs. S4 to S6). Together, the Rp-induced stabilization of the ‘on’ state of
CBD-B and the CBD-A/B interactions favor agonism, while the Rp-induced stabilization of the
‘off state of CBD-A promotes antagonism. The balance between these agonism- and
antagonism-driving interactions controls the free energy gap that separates the excited
inhibitory states from the ground non-inhibitory state of Rag:Rp2 (AGrgap). The AGgrgap defines a
critical threshold that must be overcome by the R:C affinity in order for antagonism to prevail

over agonism (Fig. 5, B and C).

2.5.2 Metabolomic, Proteomic and Genomic Triggers of Pluripotent Allostery in PKA
Based on the proposed threshold model of pluripotent allostery, the antagonism-
agonism switch occurs whenever the binding free energy for the association of the C-subunit
with the R-subunit inhibitory excited states exceeds the AGggap (Fig. 5, B and C). This simple
notion not only addresses the long-outstanding question of why the allosteric response of PKA
to Rp is MgATP-dependent (Fig. 6A), but it also reveals that the pluripotent allostery of PKA is a
general phenomenon, with the antagonism-agonism switch controlled by other factors as well.

These include the concentration and apparent affinity of kinase substrates (Fig. 6, B to E) and

58



Ph.D. Thesis — Olivia Jung Ah Byun McMaster University, Biochemistry

disease-related genetic mutations that weaken the R:C affinity. For example, Cushing’s
syndrome driver mutations reduce the affinity of C for R, leading to aberrant constitutive
activation of PKA (36). The Rp antagonism observed for WT PKA may suggest that Rp offers a
viable means to reduce the overactivation of PKA typical of Cushing’s disease. However, given
the marginal binding free energy between the mutated C-subunit and R, our pluripotent
allosteric model indicates that Rp is more likely to function as an agonist for Cushing’s patients.

The Cushing’s example illustrates the need to redefine the concept of allosteric drug
target beyond the allosteric receptor to also account for conditions. The definition of allosteric
target should include also the local metabolomic (e.g. MgATP), proteomic (e.g. kinase substrates)
and genomic (e.g. disease-related mutations) contexts, as they serve as critical determinants of
pluripotent allostery. An important implication of this broader redefinition of allosteric drug
target is that the response to a given stimulus by a given receptor may vary depending on sub-
cellular localization and on the specific signalosome in which PKA is integrated. Sub-cellular
localization and signalosomes dictate the effective local concentrations and types of substrates

and metabolites to which PKA is exposed (37, 38), potentially affecting pluripotent allostery.

2.5.3 Concluding Remarks

We have shown that the allosteric response of the prototypical cCAMP-dependent kinase
cannot be recapitulated by a simple on-off switch as in traditional allostery, but is more similar
to a three-way switch. In the latter, the response to one on-off switch is contingent upon another
switch, as expected for pluripotent allostery. We show that one of the simplest but most
effective explanations of such pluripotent allostery is a threshold response model in which the
outcome of a given allosteric stimulus depends primarily on the free energy gap that separates
the excited inhibitory states from the ground non-inhibitory state of the cNMP-bound R-subunit
(AGg gap). Notably, if both tandem domains responded similarly to Rp, AGgg.p would be either too
low or too high relative to the free energy of R:C binding, resulting in either antagonism or
agonism irrespective of experimental conditions. However, the differential response of the two
CBDs to Rp ensures that AGggap is tuned to values more similar to the effective free energy of R:C

association, leading to pluripotent allostery.
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As part of the pluripotent allosteric model of PKA, we have mapped through NMR the
sought-after dynamic conformational ensembles of the Rag:Rp, and C:Rag:Rp. complexes. These
ensembles serve as the foundation for a model of kinase pluripotent allostery, which in turn
enables quantitative predictions of kinase activity based on EAM input parameters measured
through NMR. Hence, the approaches utilized here illustrate a general strategy, in which
ensemble allosteric models bridge between dynamics as revealed by NMR and function as
measured by enzyme assays. We anticipate the results and the experimental design proposed
here to be transferable to other multidomain proteins functioning as molecular switches and

signal transducers.

2.6 Materials and Methods
Materials and Protein Expression and Purification

Rp-cAMPS (>99% purity) was purchased from Biolog, while cAMP (>98.5% purity) was
purchased from Sigma and S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro- 1H-pyrrol-3-yl) methyl
methanesulfonothioate (MTSL) was purchased from Toronto Research Chemicals. PKA R1a (91-
379, 33 kDa) , (119-379, 29 kDa) and (91-244, 17 kDa) constructs were expressed and purified
according to previously published protocols (32, 39). PKA C-subunit (40 kDa) was expressed (32)
or purchased (P2645, Sigma-Aldrich). AMP-PNP was purchased from Sigma. The kinase
substrates, PKS (GRTGRRNSI) and PKS2 (GRTGRANSI), were synthesized and purchased from

GenScript. The Kinase-Glo reagents were purchased from Promega.

General NMR Spectroscopy

NMR data were acquired on a Bruker Avance 700 MHz spectrometer equipped with a 5-
mm TCl cryo-probe. Unless otherwise specified, we processed the NMR data either using
NMRpipe or Bruker's Topspin with linear prediction, and a resolution enhancing 60° shifted sine
squared bell window function. Spectral analysis was implemented in NMRFAM-SPARKY using
Gaussian line-fitting. All experiments were acquired at 306 K in the NMR buffer (50 mM MOPS
pH 7.0, 100 mM NaCl, 10 mM MgCl,, 5 mM DTT, and 0.02 % sodium azide) with 5% ?H 0, unless
otherwise specified. TROSY triple-resonance 3D experiments (i.e. CBCA(CO)NH, HNCACB, HNCA
and HN(CO)CA) and/or spectral comparisons, if no ambiguities were present, were utilized for

spectral assignments
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Chemical Shift Analyses

Uniformly 2H,"°N-labeled PKA R1a (91-379) wild type, W260A and (91-244) wild type
were concentrated to 50 or 100 uM in the NMR buffer (50 mM MOPS, pH 7.0, 100 mM NacCl, 10
mM MgCl,, 5 mM DTT, with or without 1 mM cAMP or 2 mM Rp-cAMPS, 0.02 % sodium azide and
5 % 2H,0). The C-subunit-bound R1a (91-379) complex was prepared with 1 mM AMP-PNP
(Sigma-Aldrich) and with or without 2 mM Rp-cAMPS in the NMR buffer, as previously described
(32). Transverse-relaxation optimized spectroscopy (TROSY) 2D experiments were recorded
using 12 or 16 scans and a recycle delay of 1.7s with 80 and 1024 complex points and spectral
widths of 31.8 and 15.9 ppm for the °N and 'H dimensions, respectively. CHEmical Shift
Projection Analyses (CHESPA) were implemented as previously described (32). The positions of
the ‘on’ vs. ‘off’ equilibria of W260A R1a (91-379), wild type R1a (91-379) and C-bound wild type
R1a (91-379) were evaluated through chemical shift correlation slope analyses in the presence
of 2 mM Rp-cAMPS to ensure both Rp-cAMPS binding sites were saturated. Residues 156, 157,
159, 162, 179, 215, 216, 217, 220, 221, 223 were used for the CBD-A chemical shift correlation
analyses and residues 293, 296, 297, 317, 320, 339, 340, 343, 345, 347 were used for CBD-B.

Measurement of R1a Domain-Specific K, Constants of Rp-cAMPS

Binding of Rp-cAMPS to the apo and C-bound R1a (91-379) were monitored by titration
of Rp-cAMPS into 30 uM apo 2H, *N-labeled R1a (91-379) or 50 uM 2H, *N-labeled R1a (91-379):C
samples and acquiring for each titration point *N-'"H 2D TROSY spectra using 128 scans and a
recycle delay of 1.7s with 80 and 1024 complex points and spectral widths of 31.8 and 15.9 ppm
for the ®N and 'H dimensions, respectively. Peak intensity or chemical shifts were measured for
the probe residues N186, G193 and S297 to extract the Kp values of Rp-cAMPS for CBD-A and
CBD-B. The Kp constants of Rp-cAMPS for R1a (91-379):C were determined from binding
isotherms built through chemical shift changes, as the bound/unbound exchange is fast in the
Rp-cAMPS titration into R1a (91-379):C (fig. S3). The K, constants of Rp-cAMPS for apo R1a (91-
379) were determined from binding isotherms built through cross-peak intensities, as the
bound/unbound exchange is slow in the Rp-cAMPS titration into apo R1a (91-379) (fig. S3).
Dilution effects for the titration of the apo R1a (91-379) sample were corrected by using a peak
of a residue in the 3-barrel that did not undergo significant chemical shift change upon binding

of Rp-cAMPS (i.e. R340).The intensity or chemical shift change of the last titration point was used
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for normalization to calculate the domain-specific fraction bound (<v>). The domain-specific
dissociation constants and respective errors were estimated through linear Scatchard

regressions.

H/D Exchange Experiments

Protection Factor (PF) values were measured by NMR monitored H/D amide exchange
for the wild type and the W260A mutant of the R1a (119-379) construct. For this purpose, the
protein was concentrated to 100 uM in 50 mM MES (pH 6.5), 100 mM NaCl, 5 mM DTT, 2 mM
EDTA, 2 mM EGTA, 0.02 % sodium azide and 5 % 2H,0. The cAMP-bound sample was prepared
by adding excess 100 uM cAMP. Heteronuclear single-quantum coherence (HSQC) spectra using
a recycle delay of 1.0 s with 128 and 1024 complex points and spectral widths of 31.8 ppm and
15.9 ppm for the "N and 'H dimensions, respectively, were recorded. For the first 30 HSQC
spectra, 4 scans were acquired, while for the remaining 60 HSQC spectra 8 scans were utilized.
To provide data points for the slow decaying peaks, additional HSQC spectra were acquired once
per week. H/D exchange rates were measured using Levenberg-Marquardt non-linear least
square exponential fitting, as previously described (39). The maximal protection factor (PF) value
for domain A (i.e. residues 119-244) was determined by identifying first the maximum logPF
value and then selecting other CBD-A logPF values that fell within error from the maximum. The
average and the standard deviation of the logPF values selected according to this protocol were
utilized as the logPF...x and the related error, respectively, in both WT and W260A R1a (119-379)
constructs. The WT vs. W260A difference in the average logPFm.x values resulted in the AlogPFmax
utilized for equation (56) (Supplementary Text S3).

Paramagnetic Relaxation Enhancement Analysis

Position 258 was selected as spin-label attachment point as it meets multiple
requirements for optimal PRE measurements. Residue 258 is sufficiently removed from the C
and cAMP binding sites and the inter-domain interfaces to avoid significant perturbations of
these interactions by the introduction of the mutation and of the spin-labeled cysteine (Fig. 4B).
Residue 258 is also sufficiently distant from CBD-A in the absence of inter-domain interaction
(>30A; Fig.4B), but sufficiently close to CBD-A in the presence of inter-domain interaction (<30A;

Fig. 4C) to efficiently probe by PRE the transition between open and closed domain topologies.
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R1a (91-379) includes two Cysteines and both are located in CBD-B (i.e. residue 345 and 360).
These cysteines are shielded from solvent in both the cAMP- and C-bound structures (pdb: 1RGS
and 2QCS, respectively), exhibiting SASA values of 1.73 A2 (residue 345) and 1.96 A2 (residue 360)
in the 1RGS structure and 1.23 A2 (residue 345) and 1.17 A2 (residue 360) in the 2QCS structure.

Thus, we expect minimal or negligible attachment of MTSL to these Cysteines.

The Asp258Cys PKA R1a (91-379) mutant was prepared according to the protocol used
for WT R1a 91-379. The reducing reagent in the buffer was removed using a PD10 column before
the addition of the spin label (1- 1-oxyl-2,2,55-tetra-methyl-pyrroline-3-methyl-
16methanethiosulfonate; MTSL). The reduced Asp258Cys PKA R1a (91-379) was incubated with
threefold molar excess of MTSL for 3h at room temperature. Excess MTSL was then removed
with a PD10 column. The protein sample was then concentrated to 30 uM and 2 mM of cAMP or
Rp-cAMPS were added. For the R1a (91-379):C and R1a (91-379):C:Rp, samples, the MTSL was
first covalently attached to the Asp258Cys R1a (91-379) mutant, as described above. After
removing the excess MTSL with a PD10 column, the R:C complex was formed by incubating the
Asp258Cys R1a (91-379) attached to MTSL with 1.5 molar excess of C-subunit overnight at 4 °C
in the presence of 1 mM AMP-PNP and then performing Size Exclusion Chromatography (SEC)
to isolate the R:C complex. °N-"H 2D TROSY spectra using a recycle delay of 1.7s with 80 and
1024 complex points and spectral widths of 31.8 and 15.9 ppm for the "*N and 'H dimensions,
respectively, were acquired for the paramagnetic samples. To obtain the diamagnetic control, 5
mM DTT was added and incubated for 1 h at room temperature, after which we re-acquired
TROSY spectra. The total data acquisition time for PRE experiments was 30 h for each complex,
resulting in partial signal losses, presumably from partial aggregation of proteins, that needed
to be corrected for a reliable analysis of PRE experiments. For this purpose, two independent
approaches were taken. The first approach was to quantify the extent of sample decay by
monitoring the residue-specific cross-peak intensities over time through the acquisition of
multiple replicate TROSY spectra for each sample (ie. oxidized or reduced). The average
intensity loss was then calculated for both the oxidized (paramagnetic) and the reduced
(diamagnetic) samples. Based on the average intensity losses, the sample decay occurring
during PRE data acquisition was quantified and used to correct the PRE intensities accordingly.

The second approach was taken to validate the first method and relies on the residues in 37 of
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CBD-B, which do not undergo changes in distance from 258 in the ‘off and the ‘on’
conformations. These residues were used as reference to normalize all other residues. For all four
complexes analyzed by PRE (R:C, R:C:Rp,, C:Rp> and R:cAMP,) the two approaches resulted in
oxidized vs. reduced ratios within experimental error. The analysis resulting from the first
approach was used for the PRE plotsin Fig. 4, E and G to K. The error bars were generated starting
from the errors on the intensities estimated using the signal-to-noise ratios of each peak and

propagating these errors to the PRE intensity ratios (lox/lred).

Measurement of Michaelis-Menten Constants Through Kinase Assay

Phosphorylation in the presence of 10 nM PKA C-subunit (P2645, Sigma-Aldrich) and
increasing concentration of PKS (GRTGRRNSI; 0 uM — 30 pM; Genscript) or PKS2 (GRTGRANSI; 0
MM - 300 puM; Genscript) was allowed to progress for 25 min in 50 pL of the assay buffer (40 mM
Tris pH 7.5,20 mM MgCl,, 10 uM ATP, 0.1 mg/mL BSA). To reach the final reacting concentrations
stated above, we diluted the stock concentrations of PKA C-subunit and the substrates 10-fold.
The kinase-catalyzed reaction was terminated by adding 50 pL of the Kinase-Glo Luciferase
Reagent (Promega) and was incubated for 10 min at room temperature before measuring the
luminescence with a BioTek CYTATION 5 spectrophotometer in triplicates. The Michaelis-
Menten constant (K.) was determined through a non-linear fitting of the V, vs. [S] plot using the

Michaelis-Menten equation (Vo = Vomax [S)/(Kn+[S]).

Measurement of PKA Holoenzyme Activation by cAMP and Rp-cAMPS

Full-length PKA R1a (1-379) was purified following a protocol previously described (40).
The activity of PKA C subunit (P2645, Sigma-Aldrich) was determined by the luminescent kinase
assay (Kinase Glo, Promega). The reaction mixture of 10 nM PKA C-subunit, 12 nM R1a (1-379)
and 50 uM cAMP or 100 uM Rp-cAMPS was prepared in 40 mM Tris (pH 7.5), 20 mM MgCl,, 10
UM ATP, 0.1 mg/mL BSA. The reaction mixture was incubated for 15 min at room temperature,
after which 50 uM substrate (PKS or PKS2) was added and allowed to react for 2 h in 50 L of the
reaction mixture. To reach the final reacting concentrations stated above, we diluted the stock
concentrations of PKA C-subunit, PKA R1a, cyclic nucleotides and the substrates 10-fold. The
kinase-catalyzed reaction was terminated by adding 50 pL Kinase-Glo Luciferase Reagent

(Promega) and was incubated for 10 min at room temperature before measuring the
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luminescence with a BioTek CYTATION 5 spectrophotometer in triplicates. The relative kinase
activity was calculated by normalizing based on the luminescence values corresponding to
maximum activity of C (i.e. in the absence of R1a and cNMP) and maximum inhibition of C (i.e. in
the presence of R1a but in the absence of cNMP), as per equation (41) (Supplementary Text S2).
The kinase activation data measured under these experimental conditions are consistent with

AGpg and vy values of -4 (-2) RT and 0.4 (0.07), respectively.

Molecular Dynamics (MD) Simulations

MD simulations in explicit solvent were performed starting from several “hybrid”
structures of the PKA R1a (91-379) construct containing both CBDs of PKA R1a, either unbound
or in complex with the PKA 1a catalytic subunit (C-subunit; fig. S4 and table S3). The initial
conformations for the simulations were constructed based on X-ray crystal structures of the R-
subunit with Rp-cAMPS ligands bound to both CBD domains (representing the ‘on’ state of each
CBD; PDB ID “1NE4"), and the R-subunit/C-subunit complex without bound Rp-cAMPS
(representing the ‘off’ state of each CBD; PDB ID “2QCS"). The simulations starting from the
“TNE4” and “2QCS" X-ray structures served as controls during analysis (fig. S4 and table S3). With
the exception of the 2QCS control structure, all structures were simulated with Rp-cAMPS
ligands bound to both CBD domains (table S3), and when Rp-cAMPS needed to be added to the
2QCS-derived CBD-A and CBD-B domains, the addition was achieved via overlay of the CBD-A
and CBD-B domains with PDB structures “3PLQ" and “1NE4”, respectively (23, 35).

Initial Structure Preparation for MD Simulations

A construct spanning residues 91-379 of R1a was used for the Rp-cAMPS-bound R-
subunit simulations, and an additional construct spanning residues 13-350 of the PKA 1a C-
subunit was included for all C-subunit-bound R-subunit simulations (fig. 54 and table S3). Initial
structures for the TNE4 and 2QCS structure control simulations (fig. S4, A and F) were obtained
by first deleting all water molecules, and any R-subunit residues N-terminal to residue 91 or C-
terminal to residue 379, from the respective PDB structures, and using SwissPDB Viewer to
reconstruct partially missing side chains on the protein surface (41). In addition, other non-
protein components besides bound Rp-cAMPS were deleted from the structures, with the

exception of bound AMP-PNP and Mn?** ligands found in the C-subunit of the 2QCS PDB
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structure, which were modified to ATP and Mg?* by editing the PBD text file, in accordance with
the conditions used in kinase assays. An Rp-cAMPS-bound version of the 2QCS structure was
then obtained by docking Rp-cAMPS ligands into both CBD domains (table S3). The docking of
Rp-cAMPS into the CBD-A domain was achieved by overlaying the X-ray structure of the 8-Br-
Rp-cAMPS-bound CBD-A domain (PDB ID “3PLQ") onto the CBD-A domain of the 2QCS structure
at residues 152-226 (i.e. the CBD-A -core), deleting the 8-Br substituent to obtain bound Rp-
cAMPS, while docking of Rp-cAMPS into the CBD-B domain was achieved by overlaying the
“1NE4" X-ray structure onto the CBD-B domain of the 2QCS structure at the CBD-B base-binding
region (BBR; i.e. residues 297-302 and 311-316) and phosphate binding cassette (PBC; i.e.
residues 323-335) regions. An Rp-cAMPS-bound version of the 2QCS structure R-subunit lacking
the bound C-subunit was also constructed, by deleting the atomic coordinates for the C-subunit
(and its bound ATP and Mg?** ligands) from the Rp-cAMPS-bound 2QCS structure (fig. S4C and
table S3).

Initial structures for the “hybrid” structure simulations were obtained from the 1NE4
control and Rp-cAMPS-bound 2QCS structures by grafting the CBD-B domain from the 1NE4
control structure onto the CBD-A domain of the Rp-cAMPS-bound 2QCS structure via backbone
superimposition at three different locations along the intervening a-helical region between the
two CBD domains, saving the atomic coordinates for the 2QCS-derived CBD-A domain residues
and 1NE4-derived CBD-B domain residues as a new structure (fig. S4, Cto E, G to |, and table S3).
The three graft locations were selected in accordance with kinks that were observed in the
intervening a-helical region of the 1NE4 structure, but not in the 2QCS structure, resulting in
three distinct CBD-A/CBD-B grafts (fig. S4, C to E, G to |, and table S3). The atomic coordinates
for the 2QCS-derived C-subunit (and its bound ATP and Mg?** ligands) were deleted from the
grafted structures to obtain the three hybrid R-subunit structures lacking the bound C-subunit
(fig.S4, Cto E, and table S3), but were retained to achieve the respective C-subunit-bound hybrid
structures (fig. S4, G to |, and table S3). Molecular structure topology and CHARMM parameters

for Rp-cAMPS were calculated using the SwissParam software, as previously described (42).
MD Simulation Protocol
All MD simulations were performed using a previously described protocol (42) with box

dimensions of 108 A for the 1NE4 control structure, 116 A for the three hybrid R-subunit
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structures, or 134 A for the C-subunit-bound structures, and utilized 2.1 GHz 32-core Broadwell
compute nodes accelerated with two NVIDIA Pascal GPUs per node. These runs were executed
for 400 ns at constant temperature and pressure, saving structures every 100000 timesteps (i.e.

100.0 ps) for subsequent analysis, resulting in a total simulation time of 4.0 us.

Analysis of PKA Structural Dynamics

As an assessment of R-subunit structural propensities, root-mean-square deviations
(RMSDs) from the “1NE4” and “2QCS” X-ray structures were computed for the CBD-A/CBD-B
region of the R-subunit (i.e. residues 119-357 of PKA R1a), and the CBD-A and CBD-B domains
(i.e. residues 119-231 and 243-357, respectively), over the course of all simulations. While the
simulated PKA structures contain additional structural regions at the N- and C-termini of the R-
subunit, these more flexible regions were excluded from the RMSD calculations to avoid the
possibility of dynamics in these regions obscuring the structural dynamics of interest. These
flexible regions consist of R-subunit residues N-terminal to residue 119 (i.e. the N-terminal linker)
and C-terminal to residue 357 (i.e. the CBD-B domain C-helix and C-terminal tail, which adopt a
more disordered structure in "2QCS"). In addition, RMSDs from the “2QCS” X-ray structure were
computed for the CBD-A/CBD-B region of the R-subunit, and the CBD-A and CBD-B domains,
together with the bound C-subunit over the course of all C-subunit-bound structure simulations
to assess dynamics of the R- and C-subunits relative to one another, and the corresponding
RMSDs of the C-subunit alone from the “2QCS” X-ray structure (considering all C-subunit
residues present in the structure) were computed to check for structural dynamics (if any)
contributed by the C-subunit itself. The first 50 ns in each trajectory were not included in the
computations to account for equilibration. Inter-center-of-mass distances between domains
were computed as previously described (42). As in the RMSD calculations, residues 119-231 and
243-357 of the R-subunit were considered in the calculation of the centers of mass for the CBD-
A and CBD-B domains, respectively, while all C-subunit residues present in the structure were
considered in the calculation of the center of mass for the C-subunit. As for the RMSD

computations, the first 50 ns in each trajectory were excluded.
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Summary of Experimental Error Analyses

The errors on the populations of each conformational states were estimated from the
errors on the slopes of the linear regressions in Fig. 2, Cand D, G and H, M and N. The errors on
the dissociation constants (Kp) were estimated from the errors on the slopes of the Scatchard
regressions (fig. S3). The errors associated with the Protection Factors (PFs) in Fig. ST were
propagated from the errors on the H/D exchange rates obtained in the exponential fits. The
errors on the minor vs. major peak intensity ratio of R:Rp, and the errors on the WT vs. W260A
Ras:cAMP, TROSY intensity ratio were calculated through the standard deviations of the intensity
ratios distributions (fig. STA). Similarly, the errors for the average fractional inhibition of C:Ras:Rp:
were calculated through the standard deviation of the fractional inhibition distribution from
multiple residues (fig. S2A). The errors for the PRE intensity ratios (lox/lr.d) were obtained from the
errors on the intensities estimated based on the signal-to-noise ratio of each peak and error
propagation. The errors for the kinase activities were obtained from the standard deviation of
triplicate measurements. Other reported errors were obtained through error propagation. As to
the boxplots used for the MD simulation data, the middle, bottom, and top lines of the central
box correspond to the median, 25" percentile, and 75™ percentile of the data set, respectively,
while the whiskers denote points falling within 1.5*IQR above the 75™ percentile or below the
25" percentile. The IQR is the difference between the 75" and 25" percentiles. The square
symbol within the box and the two “x” symbols represent the mean and the 1 and 99*

percentiles of the data set, respectively.
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Chapter 3

Ensemble Allosteric Model for PKA
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3.2  S1.Rp Binds C:Ras with an ‘A-to-B’ Order Opposite to cAMP and to Apo Ras
with a ‘B-to-A’ Order Similar to cAMP.

The apo/holo exchange falls in the fast exchange regime during the Rp titration onto the C:Ras
complex (fig. S3, D and F), suggesting that chemical shifts are population-weighted averages
and are suitable to build domain-specific Rp binding isotherms (fig. S3B). Figure S3B shows that
Rp binds CBD-A with one-order of magnitude higher affinity than CBD-B (table S1), resulting in
a‘A-to-B’ binding order (Fig. 3, D to F), which is the reversal of what is expected for cAMP binding
to C:Ras (Fig. 3, G to I) (7). However, when the titration starts from apo Ras, slow apo/holo
exchange is observed (fig. S3, C and E) and the CBD-A vs. B affinities of Rp are switched, with
CBD-B exhibiting now the highest affinity (fig. S3A, Fig. 3, A to C, and table S1). The ‘A-to-B’ to
‘B-to-A’ switch in Rp binding order in going from C:Ras to apo Ras (Fig. 3, A to F), reflects the
different positions of the ‘off’ vs. ‘on’ CBD equilibria prior to adding Rp, i.e. both CBDs sample
primarily the ‘off’ state in C:Rag, while both CBDs shift to comparable ‘off’ vs. ‘on’ populations in
apo Ras (2). This result is in full agreement with Rp functioning as an antagonist for the isolated
CBD-A, whereby Rp exhibits ‘off’ vs. ‘on’ state selectivity for CBD-A, and as an agonist for CBD-B,
whereby Rp exhibits a reversed ‘on’ vs. ‘off’ state selectivity for CBD-B (Fig. 2, A to D).

3.3 S2. An Ensemble Allosteric Model (EAM) for Protein Kinase A Pluripotent
Allostery

To build an ensemble allosteric model (EAM) of PKA inhibition and activation, we focused first
on the ensemble of apo R1a, i.e. R1a in the absence of cyclic nucleotides and of catalytic subunit,

as this represents the simplest starting point.

S2.1. The Apo R1a Ensemble. Previous NMR investigations of a two-domain construct of apo R1a,
ie. R1a (91-379) (2), have shown that (a) each cAMP-binding domain (CBD) samples two
conformations, an ‘off’ state, denoted as “0”, which is similar to the C-bound structure (7), and
‘on’ state, denoted as “1”, which is similar to the cAMP-bound structure (3); (b) in the absence of
cyclic nucleotide the two tandem CBDs do not interact (2). Hence, apo R1a samples four states

(i.e. “00”, “01”, “10” and “11”, where the first binary digit denotes the state of CBD-A and the
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second the state of CBD-B) with Boltzmann statistical weights (Sqp.,) simply dictated by the “1”
vs. “0” free energy difference for each CBD, denoted as AGa andAGg:

Sapooo = 1 (1)
Sapo,10 = e~ AGa/RT (2)
Sapo,o1 = e~ AGB/RT 3)
Supot1 = e~ (BGa+AGR)/RT 4)

The corresponding probabilities are obtained by normalizing with respect to the binding

polynomial for apo R1a:

Qapo = Sapo,00 T Sapo,10 + Sapo,01 + Sapo,11 (5)
Yielding:
S
Papo,OO = ZP;O'OO (6)
apo
S
Papo,lo = Zp;o'lo (7)
apo
S
Papo,Ol = Zp;o.ol (8)
apo
S
Papo,ll = Zp;o'u 9
apo

The next step to build the EAM of PKA is to quantify how cyclic nucleotide binding remodels the

free energy landscape accessible to the apo R1a ensemble and the respective statistical weights.

52.2. Remodeling of the Apo R1a Ensemble by Cyclic Nucleotide Binding. Cyclic nucleotide mono

phosphates (cNMPs), such as cAMP or Rp-cAMPS, bind both CBDs of R1a with state-specific
association constants that depend both on the CBD (i.e. A vs. B) and the state it adopts (i.e. “0"
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vs.“1"). Hence, in the absence of inter-CBD interactions, the statistical weights of the four states

accessed by R1a are modulated by cNMP-binding according to:

Senmp,00 = (14 Kaox)(1 + Kpox) (10)
Senmp,i0 = (1+ Kgx)(1+ Kpox)e 464/RT (11)
Senmpo1 = (1 + Kuox)(1+ Kpyx)e 46e/RT (12)
Senmpir = (1+ Kaix)(1+ Kpyx)e (B0a+ AGe)/RT (13)

where x denotes the concentration of unbound (free) ctNMP, K. and Ki the association
constants of the cNMP ligand for states “0” and “1” of CBD-A, respectively, and Kz and Kz the

association constants of cNMP for states “0” and “1” of CBD-B, respectively.

In the presence of cNMP, it is essential to consider that CBD-B in state “1” interacts with the cNMP
bound to CBD-A in state 1, as the indole of W260 in CBD-B caps the base of the cNMP in CBD-A
(“trans-domain lid") (3, 4). This means that equation (13) for state “11” needs to be modified as
follows to take into account that inter-domain interactions stabilize the bound form in CBD-A

such that a correction is needed for Ka::

AG B
"TRT

’ 1+e
S'enmpa1 = [1+ Kaq (T

)x](l + Kgyx)e (AGatAGR)/RT  (14)

AGgg is the free energy of interaction between the two CBDs when both are in the ‘on’ state (“1”)
with CBD-A bound to the cNMP. The AGgpg free energy is negative for stable inter-domain
interactions between the ‘on’ states of CBD-A and B. The e™%*®RT term in equation (14)
effectively scales up the affinity of cNMP for CBD-A in the 11 state (Ka;), as a result of the
interaction of CBD-B with the cNMP bound to CBD-A, which stabilizes the ‘closed’ inter-domain

11 topology:

75



Ph.D. Thesis — Olivia Jung Ah Byun McMaster University, Biochemistry

_AGAB
1 RT
Ky1, = Kaq <—+e > ) (15)

The “1” addendum in this equation takes into account residual populations of ‘open’ inter-
domain topology, in which the two domains do not interact. Division by 2 is required for internal
normalization of the Ka; scaling factor, so that when AGag = 0, equation (14) becomes equivalent
to equation (13), as expected. The respective state populations in the presence of cNMP are

obtained by normalizing through the binding polynomial for cNMP-bound R1a:

Qcvmp = Scnmp,o0 + Scnmp,10 + Sevmp,o1 + S enmp,1 (16)
Yielding:
ScNMP,00
Penmpoo = ——— (17)
QcNMmP
ScNMP,10
Penmpio = ——— (18)
’ QcNmP
ScNMP,01
Penmpor = ——— (19)
’ QcNmP
s
Penmpi1 = = cNMP11 (20)
’ QcNmP

In the absence of ctNMP (i.e. x = 0), equations (17-20) are equivalent to equations (6-9) above,
respectively, as expected. In the presence of ctNMP (i.e. x > 0), the statistical weights and
probabilities of each microstate are computed through equations (10-20) (table S2). If saturation
by the cNMP is reached, i.e. x >> max (1/Ka1, 1/Kao, 1/Ks1, 1/Kso), then equations (17-20) become

considerably simpler:

1

Penmpgy,00 = )}1_{1010 Penmpoo = py— (21)
a
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pae—AGa/RT

Penmpgy,10 = )}1_{1010 Penmpio = e (22)
a
—AGg/RT
1 _ ppge °"B
Penmpgy01 = )}1_{1010 Penmpor = Oenmren (23)
a

AG»p
OSpApB(1+e_ RT >e—MGA+AGBVRT

Penmpgynr = Iim Peyypiq = (24)
X—00

QcNMPgy;

where psand psare the ratio of state specific association constants for CBD-A and B, respectively:

K
pa=""/g (25)

K,
pe ="k (26)

and the binding polynomial at cNMP saturation becomes:

AG

AB
Qcvmpgy, =1 + pae A0aRT 4 poe=AGB/RT 4 0.5p,pp (1 +e rT )e_(AG“‘+ AGR)/RT (27)

Equations (6-9) and (21-27) define the populations of the four states accessible to the tandem
domains of R1a either in the absence of ctNMP or in the presence of saturating amounts of cNMP,
respectively, and provide the foundation for computing the affinity of the catalytic subunit of

PKA (C) in both scenarios.

52.3. Computation of R:C Affinities and of cNMP-Induced Changes in Kinase Activity. When the C

subunit binds R1a in the absence of cNMP, the binding polynomial of apo R1a becomes:

Qcno eNMP = 2i=00,01,10,11 Sapo,i(1 + Kci[C])  (28)
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where [C] is the concentration of unbound (free) catalytic subunit, the i subscript is a state index
and Kcoo, Kco1, Kcio and Kciy are the association constants for C binding to states “00”, “01”, “10”
and “11”, respectively. From equation (28), it is possible to calculate the average fractional

saturation of R1a by C as (5):

91nQcno cnmp
(VYo cnmp = —Qmicl I:E)CC] (29)
or.
i= S iKcil[C
(V>C,no cNMP = Zl 00,01,10,11°apo,i cilC] (30)

2i=00,01,10,11 Sapo,i(1+Kci[C])
which can be re-written as:

(KC,no cNMP)[C] (3-')

v
( >C'no cNMP 1+ (K¢no enmp)(C]

where:

(Kcno cnmp) = 2i=00,01,10,11 Papo,iKci (32)

is the affinity of C for R1a in the absence of cNMP and of substrate, as a function of the apo state
populations provided by equations (6-9). Essentially, equation (32) means that the effective
association constant of the complex between C and apo R1a is an average of the state-specific
association constants and the weighing coefficients in the average are the populations of the

apo R1a states prior to C binding.

When the C subunit binds R1a in the presence of saturating amounts of cNMP, the binding

polynomial of cNMP-saturated R1a becomes:

Qc,ceNmPsy = 21i=00,01,10,11 Senmpggi(1+ Kei[C]) (33)

78



Ph.D. Thesis — Olivia Jung Ah Byun McMaster University, Biochemistry

Proceeding similarly to equations (29-32), the average fraction of cNMP-saturated R1a bound

to Cis (5):

9InQcenmpgy, (Kcenmpgg,)C]
v = ' = —¢ 34
Vheenmpsa d1n[c] 1+ (K¢, eNMP g, [C] (34)
where:
(Kc,cnMPgg) = 2i=00,01,10,11 Penmpg,,iKci (35)

is the affinity of the C-subunit for cNMP-saturated R1a as a function of the populations provided
by equations (21-27). Similar to equation (32), equation (35) formulates the effective association
constant of the complex between C and cNMP-saturated R1a in the absence of substrate as an
average of the state-specific association constants, where the weighing coefficients are the R-
subunit state populations prior to C-subunit binding. If the concentration of ctNMP is not
sufficiently high to reach full saturation, the weighting factors for the state-specific affinities (Kc)

are computed utilizing equations (17-20) rather than (21-24):

(Kcenmp) = Xi=00,01,10,11 Penmp,iKci (36)

The effective R:C association constants provided by equations (32) and (36) enable the
computation of the concentration of R-subunit not bound to the C-subunit in the absence and
presence of excess ctNMP (i.e. [R]no cume and [Rlowme, respectively). Simply utilizing a classical

guadratic equation, if the total concentrations of R and C are [Rlrot. and [Clrot, then:

[R]no cNMP = [R]Tot. - O-S(bno cNMP — \/brzzo cNMP — 4'[R]Tot.[C]Tot. ) (37)

1

with: bno ¢cNMP — [R]Tot.+ [C]Tot. + ( (38)

(KC,no cNMP)

And similarly, for the concentration of R-subunit not bound to C-subunit in the presence of

cNMP:
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[Rlewmp = [Rlror. — 0.5(benmp — v b2ymp — 4[Rl7oe[Clror.)  (39)

1

with:  boymp = [Rlroe+ [Clror. + ( (40)

(Kc,cnmp)

Once the concentration of C-unbound R-subunit is computed in the absence and presence of
excess cNMP through equations (37-40), the fractional change of kinase activity (¢p) caused by
the addition of cNMP is quantified as:

¢ = VenmP—Vno cNmP (41)
Vo R, no cNMP~Vno cNMP

where the initial phosphorylation rates (V) are obtained through the Michaelis-Menten
equations in the absence and presence of competitive inhibition by the R-subunit, computed

assuming that the substrate S is present in excess (i.e. [Slrot >> [Clroy):

kcat[ClTot.[S]Tot.
Vo R, no cNMP = W (42)
— kcat[C]Tot.[S]Tot.
Vo enmp = STroe+ Km(+(Keno enmtp RImo e (43)
VCNMP — kcat[ClTot.[S]Tot. (44)

[SlTot.+ Km(1+{Kc,cnmp)[Rlcnmp)

While k.4 is included in equations (42-44) for the sake of completeness, it is clear that ¢p does
not dependent on k.,; and therefore the substrate-dependency of ¢ is dictated primarily by

the Michaelis-Menten constant K,,, as well as [S]ot.

In summary, the ensemble allosteric model formalized by equations (1-44) enables us to
quantify the extent of kinase activation or inhibition (i.e. ¢) occurring upon binding of a given
cNMP ligand to the R-subunit. The computed ¢ value is a function of the following input

parameters:
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i the free energies of the ‘off’ (“0”) to ‘on’ (“1”) state conformational transition for the
apo domain A (AGa) and B (AGg);

ii. the ratio of state-specific association constants for each isolated (non-interacting)
domain (px = Kai/ Kao and pg = Kz 1/ Kzo). If the cNMP does not reach full saturation,
the ratios of state-specific association constants are not sufficient, and the actual
state-specific affinities (Ky1, Kao, K1 and Kz o) are needed to implement equations (17-
20).

iii. the free energy of interaction between the cNMP-bound ‘on’ states (“11”) of the two

tandem domains (AGag) when the cNMP ligand is bound to CBD-A;

iv. the state-specific affinities of the catalytic kinase subunit C for R (Kcoo, Kco1, Kcio and
Ken);

V. the total concentrations of R and C ([Rlror. and [Clrot);

vi. the substrate concentration and the respective Michaelis-Menten constant ([Sltot.
and Ky)

The measurement of these PKA EAM input parameters is outlined in the next section and a

summary of all the EAM input parameters and their sources is provided in table S1.

3.4 S3.Measurement of Input Parameters for the EAM Model

S3.1. EAM Input i. The AGa and AGg free energies are determined considering that the exchange

between the “0/1” states of each domain is fast in the NMR chemical shift time scale for both
apo CBD-A and apo CBD-B in two-domain R1a constructs and therefore the observed chemical
shifts are linear averages of those in the “0” and “1” states for each domain (2). If the C-bound
and cAMP-bound samples are assumed to represent the “0” and “1” states of each CBD,
respectively, correlative NMR chemical shift analyses, such as CHESPA, indicate that apo CBD-A
samples the “0” and “1” states with similar probabilities (i.e. AGa = 0), while CBD-B samples the
“0" and “1” states with 70% and 30% populations, respectively (ie. AGs = 0.85 RT) (2, 6).
Considering that RT is ~0.6 kcal/mol under physiological conditions, these data suggest that apo
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R1a accesses a highly degenerate free energy landscape with comparable populations for the

four accessible states, “00”, “01”,“10” and “11” (Fig. 5A) (2).

53.2. EAM Input ii. The ratio of state-specific association constants for each isolated (non-

interacting) domain (p. and ps) are measured by quantifying the shift in the 0 vs. 1
conformational equilibrium of each CBD that occurs upon binding saturating amounts of the
Rp-cAMPS in the absence of inter-domain interactions. This is because in the presence of a large

excess of free Rp ligand (i.e. Kao [Rp] >> 1, Ka1 [Rp] >> 1, Kso [Rp]l >> 1 and Ks; [Rp]l >> 1):

(1 _xRpSat'AO)/ *RpsqtA0

(1_xApo,A0)/ XApo,Ao

Pa = (45)

where Xz, sataoand Xapo 40 are the average fractions of ‘off’ (“0”) states for CBD-A in the Rp-saturated

and apo samples, respectively (44). Similarly, for CBD-B:

(1_xRpSat'BO)/ *RpsqeBO

(1_xApo,BO)/ XApo,Bo

Pp = (46)

While Xapo40 and Xapos0 are already available from input i. as explained above (i.e. Xapo.20 = 0.5 and
Xapogo = 0.7), Xrp satao and Xgp satgo are measured at ctNMP saturation through chemical shift
correlation analyses given the fast “0” vs. “1” conformational exchange (2, 7, 8). These chemical
shift analyses were applied to the W260A mutant to ensure that domain-domain interactions
are silenced, as px and pgare defined in terms of association constant for cNMP binding in the
absence of domain — domain interactions. If the R:C and R:cAMP, complexes lock the CBDs in
the “0” and “1” states, respectively, the slope of the plot of Swasonre - Owr.camp VS. Swrc - Owr.camp
chemical shift differences yield directly the Xap sata0 and Xz, sats0 Values, provided that such a plot
is confined to residues that report primarily on the 0 vs. 1 conformational equilibria as opposed
to binding or nearest neighbor effects (Fig. 2, Cand D) (2, 7, 8). Figure 2, C and D indicate that

Xepsatao = 0.6 +/- 0.1 and Xgp sato ~ 0. This result means that pa = 0.7 +/- 0.3, whereas oz >> 1.
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Considering that xg, sats0 approaches a null value, it remains challenging to accurately measure
ps through chemical shift correlations alone and equation (46). Hence, we resorted to titrating
Rp into Ras, either in the absence or presence of the C-subunit, to measure the state-specific
association constants that define ps, i.e. Kso and Kz ; (fig. S3, A and B). The dissociation constants
for Rp from CBD-B in the C:R:Rp, and R:Rp> complexes (table S1) provide a valuable means to
determine ps. If CBD-B is assumed to adopt the ‘off’ (“0”) state in the R:C complex, then Kz =
1/127 uM™. If CBD-B in apo Ras samples the “0” and “1” states with 70% and 30% probabilities,

respectively, then:

1 0.7
= 03Kgy + ——
1.3 uM 127 uM

(47)

Hence, Kz = 2.6 +/- 0.4 uM™ and, based on equation (26), ps = 330 +/- 57. Furthermore, if CBD-A
is in the ‘off’ (“0”) state in the R:C complex, then 1/Kx = 8 uM and, since px = 0.7 +/- 0.3, Ka; can
be estimated based on equation (25) as: 1/Kx1= 1/(0a Kao) = 8-20 uM.

53.3. EAM Input iii. The free energy of interactions between the two domains (AGas) was

measured through two independent approaches. The first approach is based on the intensity of
the minor TROSY peak observed for R:Rp; (Fig. 2A), while the second relies on the WT vs. W260A
difference in the domain-specific free energy of unfolding as gauged through H/D exchange
kinetics. The first method capitalizes on the notion that the minor and major set of peaks
observed for R:Rp, (Fig. 2A) correspond to the open and closed domain topologies in slow
exchange (Fig. 3C) and therefore the relative minor vs. major peak intensities report on the free
energy of domain-domain interactions (AGas). However, the minor vs. major intensities are also
affected by the different relaxation rates of the open vs. closed domain conformations. In the
open topology the two tandem domains do not interact and therefore the effective correlation
time is expected to be shorter than in the closed topology. In order to take into account the
effect of the open vs. closed topology differential relaxation, the minor vs. major intensity ratios
for R:Rp, were corrected based on the WT vs. W260A R:cAMP, intensity ratios, resulting in an
open vs. closed population ratio of 0.21 +/- 0.07, i.e. in an open topology fraction of 17 +/- 5%

(fig. STA.
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The next step focused on translating the experimental open topology fraction
measured for the R:Rp, sample into a AGas determination. For this purpose, we relied on the
EAM and inputs i. and ii. The state populations of R:Rp. are provided by equations (21-24) and

based on them it is possible to compute the open topology fraction as a function of AGge:

0.5pppe~(AGa+AGR)/RT 4, o—AGR/RT
AGap
1+pe~BGa/RT 4 ppe—AGR/RT 0,5pApB(1+e_—RT >e_(AGA+ AGR)/RT

POpen Topology,R:Rp2 — (48)

This equation stems from the observation that the open topology corresponding to the minor
peakincludes both the open “01” and the open “11” states (Fig. 2). Using the data for input i. and
ii. (table S1), equation (48) results in the Pogen topology VS. AGag plot shown in figure S1B. Figure S1B
indicates that AGas must fall in the [-2.6 RT, -3.3 RT] range in order to reproduce the experimental
value of the open topology fraction (17 +/- 5%), measured based on the minor peak intensities
of R:Rp; (fig. STA).

As an independent validation of the AGas measurement through TROSY peak intensities, we also
probed the strength of domain-domain interactions through a second and independent
method based on H/D exchange, which exploits the relationship between free energies of

unfolding of the holo (e.g. cAMP-bound) samples and the respective cAMP affinity:

AGunf,WT,holo = AGunf,WT,apo + RTIn(1 + K4q,[cAMP]) + RTIn(1 + Kg,1[cAMP]) (49)
AGunfw260ah0t0 = AGunfwae0aapo + RTIN(1 + Ku1[cAMP]) + RTIn(1 + Kg1[cAMP]) (50)

Assuming that the W260 indole does not significantly affect the affinity of cAMP for CBD-B and
the free energy of unfolding for the apo samples, since the stacking and hydrogen-bond
interactions with the W260 indole are lost in the absence of ligand (2), the difference of

equations (49) and (50) leads to:

14K 4, 1[cAMP]

AAGunfolding,holo = RTIn( 1+K 4[cAMP]

) (51)
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The AAGunfoldingholo is measured based on the WT vs. W260A difference in the maximal H/D
exchange protection factors for CBD-A of WT and W260A R-subunit (fig. S1C), denoted as
AlogPF max:

AAGunfolding,holo = RTln(loAlogPFmax) (52)

Combining equations (51) and (52), we obtain:

14K 4, 1[cAMP]

10Al0gPFmax —
1+K 4[cAMP]

(53)

Considering that the H/D exchange data was acquired in the presence of 100 uM excess free
cAMP (i.e. [CAMP] = 100 uM), which is more than two orders of magnitude higher than the

dissociation constants for cAMP from R1a (6), equation (53) can be simplified as:

10AlogPFnax — Kar (54)
Ka

which, based on equation (15), becomes:

_AGAB
102M09PFmax = 1¥€ T (55)
2
or: AGug = —RT In (2 * 10209PFmax — 1) (56)

Hence, if AlogPFm.x = 1.0 +/- 0.2 (fig. S1C and Materials and Methods section), the AGas free
energy of interactions between the two domains falls in the [-2.5 RT, -3.4 RT] range. This AGas
range is remarkably similar to the range independently determined above through the minor
peak intensities of R:Rp, and the EAM model, i.e. [-2.6 RT, -3.3 RT]. Based on this agreement, we
conservatively conclude that AGgg falls in the [-2 RT, -4 RT] range.
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53.4. EAM Input iv. The state-specific association constants of C for R were determined assuming

that Kco1 and Kcir are in first approximation provided by the affinities of R1a (91-244) for the C-
subunit measured in the presence of excess Rp or cAMP, i.e. K4 values of 410" and 3*10%8 M,
respectively (9). Hence, considering the population of CBD-A in Rp:R1a (91-244) is ~0.5 (6), we
obtained: Kcor = (2/4)¥10"" = 50 (1/nM) and Kci1 = (1/3)*108 = (1/3)*107" (1/nM). In order to take
into account that the R:C affinities depend on the concentration of ATP and Mg* ions (10, 11)
which may vary in different experiments, we introduce a scaling factor () so that: Kco1 = 50 »
(1/nM) and Kci1 = (7/3)*107 (1/nM). The two remaining state-specific R:C association constants
(i.e. Kcoo and Kcio) were determined based on the CBD-B “0” vs. “1” populations in the C:R:Rp2
complex, as measured by chemical shift correlations (Fig. 2N). For this purpose, we modeled the
state populations of the C:R:Rp, quaternary complex by modifying equations (21-24) for the

state populations of R:Rp, to take into account the effect of C-binding:

(1+[C]K coo)
Pc.p. = — 57
C:R:Rp,00 Qc:R:Rp, (57)
—AG4/RT
pae 2CAIRY (1+[ClK c10)
PC:R:Rp2,10 = 4 0 €20 (58)
C:R:Rpy
-AGg/RT
ppe 2B/ (1+4[ClKco1)
PC:R:RpZ,Ol = =2 0 <o (59)
C:R:Rpy
AGyp
T O e
Pe.rrp,11 = (60)

Qc:R:Rp>

where the binding polynomial for R:C:Rp: (i.e. Qcrrp2) is the sum of the numerators in equations

(57-60). If we define the ratio of state specific association constants for CBD-B as:

— KCOO — KClO
Pc = /KC01 - /KCll (61)

then it is possible to compute the fraction of CBD-B sampling the “0” state within the R:C:Rp.

complex as a function of p. using equations (57) and (58):
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Xcgo-8oin crap2 = Pe.r:rp,,00 T Peir:Rp,,10 (62)

The plot of xeps0in C:RIRp2 vs. log(pc) indicates that p; = 1.2 x 102 +/- 22 reproduces the
experimental value of Xcsps0 (0.45 +/- 0.06) (Fig. 2N). This result still applies, if Kc10 equals Kciras
opposed to pc Ko (fig. S2B), showing that the measurement of p. = 1.2 x 102 +/- 22 is robust

with respect to the assumption in equation (61) about the KC“’/KC11 ratio. Once p¢ is

determined from equation (61), together with the Kqo; and Kci1 values determined above, it

provides the values for Kcopoand Kcio (table S1).

S3.5. EAM Inputs v. and vi. The total concentrations of R and C ([Rlrot. and [Clrot) are typically in

nM - tens of nM range (72). Finally, the concentration of free substrate [S] is often assumed to
match the total concentration of substrate, as typically [Slrot. >> [Clrot, while the respective
Michaelis-Menten constants (Fig. 6, B and C) were measured as explained in Materials and

Methods section.
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3.5 Supplementary Figures
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Figure S1. Measurements of the inter-domain interaction free energy (AGas, EAM input .iii). (A) Box plot
illustrating how the open vs. closed R:Rp, population ratio was measured. The minor vs. major TROSY
cross-peak intensity ratios were first measured for CBD-A residues for which a well-resolved minor peak
was detected in TROSY spectra of Ras:Rp2 (leftmost box plot). Then we utilized the WT vs. W260A Ras:cAMP,
TROSY intensity ratios for the same residues to correct for the enhanced relaxation of the open vs. closed
Ras topology (central box plot). The product of these two ratios provides the open vs. closed Rag:Rp-
population ratio (0.21 +/- 0.07). Based on this average ratio we determined the experimental population
of open Rag:Rp; states (0.21/1.21=0.17), which was compared with the respective populations calculated
based on the EAM model using equation (48), as shown in (B). The AGas measurement was obtained by
comparing the calculated (black line) and experimental (red area) populations of the open domain
topology in R:Rp,. To correct for concentration differences when measuring the WT vs. W260A Ras:cAMP,
TROSY intensity ratios, all intensities were normalized to the C-terminal intensity for residue 379, as this
residue is highly dynamic in the ps-ns time scale (2) and only minimally sensitive to the changes in overall
tumbling rates between the closed and open topologies. In all box plots, whiskers are 2.5, 10, 90 and 97.5
percentiles and median values are shown for each type of ratio. (C) AGas measurement through the
Protection Factors (PF). PF values were measured by NMR monitored H/D amide exchange for WT (black
circles) and W260A (green circles) Rag, i.e. R1a (119-379), constructs. The residues that exchanged
completely at the first acquired HSQC spectrum are shown as circles at a PF of 0. The triangles indicate the
residues which did not exchange appreciably during the H/D exchange experiment. Secondary structure
is reported as dashed lines.
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Figure S2. Measurements of “1” vs. “0” relative C affinities of CBD-B (pc = Kcoo/ Kcor; EAM input .iv). (A) Domain-
specific CHESPA analysis of the C:Ras:Rp> complex. The panel on the right illustrates the definition of the
CHESPA vectors, where vector B serves as reference onto which vector A is projected. (B) Plot of the
calculated fraction of CBD-B in the “0” state for the C:Ras:Rp, quaternary complex in the presence of
saturating amount of Rp, [Clret. = 60 M, [Rlror. = 50 uM. The red arrow indicates the pc value corresponding
to the experimental fraction of CBD-B in the “0” state from Fig. 2N. No significant variations are observed
if AGus switches from -2.6 RT to -3.3 RT or if Kc;o varies from Kei1to oc Keii.

89



Ph.D. Thesis — Olivia Jung Ah Byun McMaster University, Biochemistry

A ApoR,, B CRR,,

T T T T T
CBD-A ® —K =59.7+9.1uM
CBD-B 0 —K=13+02uM

T T T T
CBD-A ® _ K =8+1uM
CBD-B 0 — K,=127+10 uM

10 A0 oo
N 0. N
N CBD-A o CBD-B > wood CBD-B]
V gnnm %ﬂ. 0.4 V g.. ;a' 0.002 1
osk 2 2 o 3 Z oot 7 000 1
3 3 o $ ) i
0. 00 h N o
o, e
0.0 n,s<v>1.n 15 .0 oiv;.n 15 0 06 <J£ T4 05 <V|>u 15|
0 L 1 ! 1 . 1 . 1 . 1 . 1
hud 10 20 30 0 20 40 60 80
[Rp-cAMPS], /[PKA], [Rp-cAMPS], /[PKA],,
CBD-A
108.5 114.0
£
S 300 uM
109.0 £ 1145
R,g:CRp,
1mM
109.5 115.0
9.05 9.00 8.95 8.90 8.85 8.45 .40 835 830 825
E F "H ppm
110.0
CBD-B
110.5
110.5 €
Q.
Q
= 1110
111.0
1115
7.90 7.85 7.80 7.75 7.70 8.00 7.95 7.90 7.85 7.80 7.75

H ppm

Figure S3. Rp Binding Isotherms From NMR Monitored Titrations of Apo and C-Bound Rag with Rp-cAMPS. (A)
Isotherms for the binding of Rp to each CBD of apo Ras. (B) Isotherms for the binding of Rp to each CBD
of C:Ras . In panels (A) and (B), three binding isotherms are shown corresponding to the main Kp value
(solid curve) +/- the respective error (dashed curves). The Scatchard plots are shown as insets in A and B.
(C) Titration of Rp-cAMPS into apo Ras as monitored by intensity changes in TROSY cross-peaks for
representative residues in CBD-A (N186). Cross-peak intensities are used to gauge the fraction bound in
each CBD due to the slow bound-unbound exchange. (D) Titration of Rp-cAMPS into C:Ras as monitored
by changes in TROSY cross-peak positions for representative residues in CBD-A (G193). Cross-peak
positions are used to gauge the fraction bound in each CBD, due to the fast bound-unbound exchange.
(E, F) As (C, D) but for CBD-B using residue 5297.
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(R-subunit)

D 2acs91-231)/1NE4(232-379)  E 2QCS(91-242)/1NE4(243-379)
(R-subunit) (R-subunit)

G 2QCS(91-225)/1NE4(226-379) H 2QCS(91-231)/1NE4(232-379) I 2QCS(91-242)/1NE4(243-379)
(C-subunit-bound) (C-subunit-bound) (C-subunit-bound)
Iy

Figure S4. Outline of the hybrid R-subunit and C-subunit-bound R-subunit starting structures used in the MD
simulations of PKA 1a. (A) Control ‘AonBon” R-subunit, derived from PDB structure “1NE4”; (B) R-subunit
portion of the PDB structure “2QCS”; (C-E) hybrid R-subunit structures, consisting of the CBD-A domain
from PDB structure “2QCS”, and the CBD-B domain from PDB structure “1NE4”, grafted together at
residues 225-226, 231-232 or 242-243, respectively; (F) control ‘AsBoi’, C-subunit-bound R-subunit,
derived from PDB structure “2QCS”; (G-1) hybrid C-subunit-bound R-subunit structures, consisting of the
CBD-A domain and C-subunit from PDB structure “2QCS”, and the CBD-B domain from PDB structure
“TNE4”. In all panels, the R-subunit and C-subunit residues derived from PDB structure “2QCS” are shown
asred and gray ribbons, respectively, the R-subunit residues derived from PDB structure “1NE4" are shown
as green ribbons, and the CBD-A (“A”) and CBD-B (“B”) domains and C-subunit (“C") are labelled. To
facilitate comparison of the structures, the R-subunit structures in panels (A-E) are all shown with their
CBD-A domain -cores in the same orientation, and the C-subunit-bound R-subunit structures in panels
(F-1) are all shown with their CBD-A domain -cores and C-subunits in the same orientation.
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Figure S5. MD simulations of Ras:Rp,and C:Ras:Rp; (A) Boxplots of the RMSD relative to the full-length 1NE4
structure with the closed AoBon topology. The same MD simulation trajectories for Ras:Rp, and color codes
as in Fig. 4, A, D and F are utilized in this figure. The header at the top of the figure illustrates the initial
structures utilized for the MD simulations of Ras:Rp2 and the respective color code. (B) Boxplots of the
center-of-mass (CM) distance between CBD-A and the C-subunit for the C:Rag:Rp, simulations. The headers
at the top of the figure illustrate the initial structures utilized for the MD simulations of C:Ras:Rp, and the
respective color code. A notable shift toward CM distance values similar to the 1NE4 structure that was
observed in the simulations is indicated by a black arrow. (C) As in panel (B), but for the CBD-B / C-subunit
distances. (D) As in panel (A), but for the RMSD relative to the full-length 2QCS structure with the open
Aq#Bot topology. (E) As in panel (B), but for the CBD-A / B distances. For the CBD-A / B distances presented
here, only residues from CBD-A and CBD-B that were probed by the paramagnetic relaxation
enhancement (PRE) experiments (i.e. CBD-A residues 150-230 and CBD-B residue 258) were considered in
the CM calculation, in order to facilitate comparison of the results with the corresponding PRE data. (F) As
in panel (D), but for the RMSD confined to CBD-A. (G) As in panel (D), but for the RMSD confined to CBD-
B. A notable shift toward RMSD values similar to the TNE4 structure is indicated by a black arrow.
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Figure. S6. MD simulations of C:Ras:Rp, — RMSD Analyses. Boxplots of the RMSDs of the C:Ras:Rp, complex
relative to either the closed As\Bon structure of the Ras:Rp2 complex (1NE4), or the C:Rag complex with an
open AqBosr Ras topology (2QCS). The RMSD values are calculated for different moieties of the C:Rag:Rp>
complex: R-subunit relative to 1NE4 (A); R- and C-subunits together (B); R-subunit relative to 2QCS (C);
CBD-A and C-subunit together (D); CBD-A alone relative to TNE4 (E); CBD-B and C-subunit together (F);
CBD-A alone relative to 2QCS (G); C-subunit alone (H); and CBD-B alone (I, J). and The headers at the top
of the figure illustrate the initial structures utilized for the MD simulations of C:Ras:Rp, and the respective
color code. Notable shifts toward RMSD values similar to the TNE4 structure that were observed from the
simulations are indicated by black arrows.
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. N

Measurements:

P worion of Apo R, RRRp, and C:R:Rp, from chemical shify analyses (e.g. CHESPA; Fig. 2, fig. S2A)

Domain-domain interactions from mutation (Fig. 2), MD sim. (Fig. 4, A, D and F, fig. S4-56, Table S3);

PRE (Fig. 4, B, C, E, and G-K) and H/D (Fig. S1)

Domain specific K, for Rp binding to R (Fig. S3)

K, for C:R +/- cCAMP (Table S1)
N J
e N

Ensemble Allosteric Model Input Parameters (Table S1):

AGconformation: AGA’ AGB and AGAB

Ang binding toR" Ag=-RT In(K) with i = A1, AQ, B1, BO (equations 45- 47)

Ag. binding to Ag}: -RT In(Kj) withj=C11,C10,C01, CO0 (equations 57 - 62)

AG,;: free energy of domain A:Rp-B interaction (equations 48 - 56)
A\ J

Ensemble Allosteric Model of PKA R Allostery (Fig. 3A-1, 5A-C; Table S2)

Prediction of Kinase Activity Changes in Response to Rp (Equations 1-44)

‘ Kinase Assays based on chemiluminescence (Fig. 6B-E) ’

[ Allosteric Pluripotency and Redefiniton of Kinase Target (Fig. 5, 6) ’

Figure S7. General Scheme for Building the Ensemble Allosteric Model (EAM) of PKA. The NMR and affinity
data are utilized to measure the free energies required by the EAM, which is essential to relate the
dynamics of the R ensemble to kinase assays and predict how PKA function is modulated by allosteric
ligands. Relevant Tables, Figures and equations for each step are specified.
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3.6 Supplementary Tables

Table S1. Summary of Input Parameters Required for the Ensemble Allosteric Model (EAM) of PKA Allosteric

Pluripotency
Input CBD-A CBD-B Source
i. AGof apo CBD 1 vs.0 AGA,=0RT AGg=0.85 RT CHESPA of apo R (20)
ii. State-specific association | 1/K4 =8 +/- 1 uM 1/Kpo =127 +/- 10 uM Rp titrations (fig. S3)
constant for each isolated pa = Kuil Kuo 5 =K1/ Kgo
domain =0.7+/-0.3 =330 +/- 57
iii. Free energy of AGyg =[-2, -4] RT TROSY minor peak
interaction between intensities and WT vs.
domains both in state 1 W260A APF H/D (fig.
S1)
iv. State-specific affinities Kcoi = y50 (1/mM) Ref. (22) and CHESPA
of C forR Ken = (7/3)%10° (1/mM) of C:R:Rp. (Fig. 2; fig.
Keoo = Y% Kcor S2)
Kcio = [Kcii, LPc Kci]
with po = 1.2 * 10% +/- 22
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Table S2. States of the Ensemble Allosteric Model of R1a (91-379)

State “ Symb()l AGC()nformmion AgLigand Binding StatiStical Welghts (Sz) b

1 A A 00 0 0 1

> | AA 00 0 Agso Kuox

3 “ 00 0 Agso Kgo x

4 “ 00 0 Agao+Agso Ko Kso X2

5 . A 10 AGa 0 exp(~AGA/RT)

6 | muA 10 AGa Agai exp(~AGART) Ky x

7 | A 10 AGa Agso exp(—AGA/RT) Kgo x

8 'S A 10 AGA AgAl + AgBO exp(—AGA/RT) KA[ KBO )C2

9 A_ . 01 AGg 0 exp(—~AGy/RT)

10 | A us 01 AGs Agao exp(—AG/RT) Ko x

11 A, ., 01 AGg Aga: exp(~AGe/RT) K x

12 A_ﬁ ‘, 01 AGs Agno+Age: exp(—AGs/RT) Ko Kp; 2

13 | oo 11 AG. + AGs 0 exp(—~AGA/RT) exp(—AGs/RT)

14 | pad_me 11 AGa + AGs Aga; 0.5 exp(—~AGA/RT) exp(—AGs/RT) K x

15 Ryl HB 11 AGa + AGg Aggi exp(—AGa/RT) exp(—AGg/RT) Kp; x

16 | At we 11 AGa+AGs | Agai+Ags 0.5 exp(—~AGA/RT) exp(—AGs/RT) KK X°

- 11 AGa + AGs R 0.5 exp(—~AGA/RT) exp(—AGs/RT)
s closed + AGag gl exp(—~AGas/RT) Ky, x

3 el 11 AGy+AGy | , 0.5 exp(—~AGA/RT) exp(—AGs/RT)
A losed + AGas AIT A8pI exp(—AGas/RT) KuiKp1 22

“For each domain, red triangles denote the inhibitory or “0” conformation, while green rectangles represent the
non- inhibitory or “1” conformation. Black squares indicate the bound ligands, e.g. the Rp-cAMPS cyclic
nucleotide. Microstates 1, 5,9 and 13 are all apo. Unless otherwise specified, microstates are “open”, i.e. the two
tandem domains do not interact. A “closed” inter-domain topology, where the tandem domains interact, is
possible for the 11 conformation in the presence of cNMP bound to domain A. ° The degeneracy of each
microstate is one. x is the concentration of free ligand, Ag;=-RT In(K;) or K;=exp(—Ag;/RT), with i = Al, A0,
B1 or BO. The sum of the 18 statistical weights results in the partition function Q.vup in equation (16).
Normalization of each statistical weight (S;) through the partition function results in the probability or population
(P;) of each state j = 1-18.
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Table S3. Summary of the Initial PKA 1a Structures Used in the MD Simulations®

Structure R-Subunit Residues Bound R,-cAMPS C-subunit
from from for included? (Y/N) included?
2QCS 1NE4 | grafting® n in CBD- (Y/N)
CBD-A? B?

1NE4 control n/a 91-379 n/a Y Y N

2QCS control 91-379 n/a n/a N N Y

Ro-cAMPS-bound 2QCS 91-379 n/a n/a Y Y Y

Ro-cAMPS-bound 2QCS 91-379 n/a n/a Y Y N

R-subunit

2QCS(91-225)/1NE4(226-379) 91-225 | 226-379 | 219-226 Y Y N
hybrid R-subunit

2QCS(91-231)/1NE4(232-379) 91-231 | 232-379 | 227-231 Y Y N
hybrid R-subunit

2QCS(91-242)/1NE4(243-379) 91-242 | 243-379 | 237-242 Y Y N
hybrid R-subunit

2QCS(91-225)/1NE4(226-379) C- | 91-225 | 226-379 | 219-226 Y Y Y

subunit-bound hybrid
2QCS(91-231)/1NE4(232-379) C- | 91-231 | 232-379 | 227-231 Y Y Y
subunit-bound hybrid
2QCS(91-242)/1NE4(243-379) C- | 91-242 | 243-379 | 237-242 Y Y Y

subunit-bound hybrid

¢ The total simulation time is 4.0 ps. ®PDuring construction of the hybrid structures, backbone
superimposition of the “2QCS” and “1NE4” structures at these residues was used to align the structures,
in order to achieve the desired graft between the structures. Further details are available in the Materials
and Methods section.
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Chapter 4

State-Selective Frustration as a Key Driver of Allosteric

Pluripotency

4.1 Author’s Preface
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4.2 Abstract

Allosteric pluripotency arises when an allosteric effector for a given receptor switches
from agonism to antagonism depending on the experimental conditions. For example, in the case
of Protein Kinase A (PKA), the Rp-cAMPS ligand switches from agonist to antagonist as the MgATP
concentration increases and/or the substrate affinity or concertation decreases. Understanding
allosteric pluripotency is essential to design effective allosteric therapeutics with minimal side
effects. We have previously shown that the allosteric pluripotency of PKA arises from divergent
allosteric responses of two homologous tandem cAMP-binding domains, resulting in a free energy
landscape for the Rp-cAMPS-bound PKA regulatory subunit R1a in which the ground state is kinase
inhibition-incompetent and the kinase inhibition-competent state is excited. The magnitude of the
free energy between the ground non-inhibitory and excited inhibitory states (AGeap) relative to
the effective free energy of R1a binding to the catalytic subunit of PKA (AGg.) dictates whether
the antagonism-to-agonism switch occurs. However, the key drivers of AGgs, are not fully
understood. Here, by analyzing a R1a mutant that silences allosteric pluripotency, we show that a
major determinant of AGrap arises from state-selective frustration that destabilizes the ground
inhibition-incompetent state of Rp-cAMPS-bound R1a. Such frustration is caused by steric clashes
between the phosphate-binding cassette and the lid, which interact with the phosphate and base
of Rp-cAMPS, respectively. These clashes are absent in the excited inhibitory state, thus reducing

the AGgcap to values comparable to AGg.c, as needed for allosteric pluripotency to occur.
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4.3 Introduction

Allosteric inhibition, whereby an allosteric inhibitor targets and modulates a site distant
from the orthosteric active site, provides enhanced selectivity for target systems (1-3). However,
some challenges may arise when the same allosteric inhibitor by targeting the same allosteric site,
induces not only antagonism, but also agonism under different environmental conditions. Such
phenomenon is defined as allosteric pluripotency (4—6). Allosteric pluripotency has been observed
in clinical settings, but explanations on the underlying molecular mechanisms remain still very
sparse. Recently, cAMP-dependent protein kinase (PKA) has been utilized as a model system to
elucidate the molecular basis of allosteric pluripotency (5). PKA is an essential kinase in the cAMP
signalling network and regulates critical cellular processes (7—11). PKA over-activation has been
linked to tumors, such as breast and lung cancers as well as pancreatic, thyroid and pituitary
tumours (12-15). Despite extensive screening for PKA antagonists (16, 17), the only known
allosteric inhibitor of PKA to date is Rp-cAMPS (Rp) (Fig. 1A). Rp inhibits PKA isoform 1a in the
presence of high [MgATP], but actives it in the absence of MgATP (18). Hence, Rp acts as an
allosterically pluripotent ligand for the PKA regulatory subunit R1a.

The PKA regulatory subunit (R) is a cAMP-dependent inhibitor of the PKA catalytic subunit
(C) (19-21). R is composed of an N-terminal dimerization domain, followed by a linker that
includes an auto-inhibitory region and is followed by two cAMP-binding domains (CBDs; CBD-A
and CBD-B) (Fig. 1B) (21). Although the PKA holoenzyme includes two C-subunits bound to a
dimeric R-subunits, the monomeric R-subunit construct spanning the auto-inhibitory region, CBD-
A and CBD-B, i.e., Ras (residues 91 to 379), is sufficient for full inhibition and cAMP-dependent
activation of PKA (19, 20, 22). In the inhibited PKA, the R-subunit mediates interaction with the C-
subunit mainly through the CBD-A and the inhibitory linker that binds to the active site of C-
subunit (Fig. 1C) (19). This interaction is further stabilized through the binding of MgATP (23, 24).
Upon cAMP binding, each CBD undergoes a conformational change and the indole sidechain of
W260 in CBD-B caps the base of cAMP bound to CBD-A, facilitating inter-domain interactions and
releasing the C-subunit to phosphorylate substrate proteins (Fig. 1D) (19).

The tandem CBDs of PKA R1a exhibit divergent responses to Rp, whereby Rp-bound CBD-

A partially samples the ‘off’ state, but Rp-bound CBD-B samples mainly the ‘on’ state (5).
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Additionally, the inter-domain interaction facilitates the conversion of CBD-A to the ‘on’ state (5).
The interplay between the intra-domain on-off equilibrium and the inter-domain open-close
equilibrium leads to a conformational ensemble of Rp-bound R1a where the ground state adopts
a closed-topology with both domains in the ‘on’ state (i.e. AonBon), and the excited states feature
an open-topology in which CBD-A samples the ‘on’ and the ‘off’ states (i.e. Aon-Bon and Aof-Bon) (Fig.
1G). The Ao#-Bon state is the inhibitory-competent state that can bind the PKA C-subunit and inhibit
the kinase (Fig. 1H). The free energy difference between the A,nBonand the Aq-Bon statesis called
the AGg,gap, and is the threshold that the effective free-energy of R:C association has to overcome
in order to inhibit PKA. In the presence of excess MgATP or low-affinity substrates that stabilize
the R:C affinity, the free-energy of R:C association is larger than AGg,zap and PKA is inhibited. In the
absence of MgATP or the presence of high-affinity substrates that de-stabilize the R:C affinity, this
threshold is not reached, and the PKA remains active (5).

Interestingly, this agonism-antagonism switch is silenced by the R209K R1a mutation (18).
For R209K R1a, Rp acts as an agonist both in the presence and the absence of excess MgATP (Fig.
1F) (18). R209 is a highly conserved phosphate-binding residue in the phosphate-binding cassette
(PBC) of CBD-A and salt bridges with the phosphate moiety of cAMP (Fig. 1E) (25),(26). Due to its
unique physiological response of consistent Rp-induced agonism, the R209K mutation, in
combination with Ensemble Allosteric Modeling (EAM) (5) and Nuclear Magnetic Resonance (NMR)
methods (4, 5, 27-29), serves as an excellent tool to identify the key drivers of allosteric
pluripotency. The R:C affinity has been shown to increase with the R209K mutation compared to
WT (26), as opposed to decreasing, as we would hypothesize based on our EAM model (5). Hence,
the perturbation in the R:C affinity is not the main driver for the observed Rp-induced agonism,
which opens up the question as to which factors within R1a are perturbed by R209K and how do

they contribute to the loss of agonism-antagonism switch.
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Figure 1. PKA, Rp-cAMPS and its mechanism of action.

(A) Structure of Rp-cAMPS, a phosphorothioate

analog of cAMP. (B) Domain architecture of the PKA R1a subunit. (C, D) Auto-inhibition and cAMP-
dependent activation of PKA and the crystal structures of (C) R1a (91-379):C (PDB: 2QCS) (19) and (D) R1a

(91-379):cAMP, (PDB: 1RGS) (25). cAMP binds to eac

h of the cAMP-binding domain (CBD) of the

regulatory subunit, R1a, which leads to release of the catalytic subunit, C. (E) cAMP (sticks) bound to

CBD-A and its interaction with R209 in the phospha

te binding cassette (PBC) of CBD-A and with W260 in

CBD-B. (F) Summary of MgATP-dependent allosteric effects of Rp on PKA activity for WT and R209K. (G)

Conformational ensemble of R (91-379):Rp,, as reve

aled by NMR (5). (H) The C subunit selectively

stabilizes the inhibition-competent states, where CBD-A is in the off state (5).
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Here, we show that R209K shifts the equilibrium of CBD-A:Rp partially towards the ‘on’
state relative to wt, while stabilizing the inter-domain interaction typical of the closed-topology.
As a result, R209K lowers the free-energy level of the closed A.nBon inhibition-incompetent ground
state relative to the Aq-Bon inhibition-competent excited state and increases AGg,gap. The
increased AGg,gp Value explains why for the R209K mutant Rp elicits agonism irrespective of
whether MgATP is present or not. Using a double-mutant cycle and MD simulations, we also
demonstrate that R209K stabilizes the ground closed AonBon Vs. excited open Aqs-Bon state by
selectively releasing frustration arising from steric clashes between the PBC and the adjacent B-
helix in the closed topology of Rp-bound wt Rla. Overall, the R209K mutant reveals that state

selective frustration is a major driver of allosteric pluripotency.

4.4 Results

4.4.1 TheRp-bound R209K CBD-A samples larger ‘on’ state populations compared to wt

One of the simplest explanations for the consistent activation induced by Rp in R209K is
that the mutation increases the population of the ‘on’ state sampled by CBD-A:Rp. This would lead
to a decrease in the population of the inhibitory-competent states where CBD-A is in the ‘off’ state,
hence increasing the AGg,ap, and hindering the PKA inhibition. The EAM can be used to
guantitatively predict the population of ‘on’ and ‘off’ states sampled by CBD-A:Rp needed to
ensure PKA activation even in the presence of high [MgATP]. For such purpose, the critical EAM
parameter is the ratio of state-specific association constant of Rp to CBD-A, denoted as pa. The pa
value can be related to the fraction of ‘off’ CBD-A in the apo and in the Rp-bound form through

equation (1):

P4 = Kp.on / ~ (1-xRpgqpaiors)/ XRpgqpaofs
KA:off (1_xApo,A: off)/ XApo,A:of f

(1)
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where Kj refer to the state-specific association constant of Rp to CBD-A either in the ‘on’ or the
‘off’ state (5). The x refers to the fraction of ‘off’ state of CBD-A in either the apo form or in the

presence of large excess of Rp.

Figure 2A shows a contour plot where the variables are the pavalue and the corresponding
parameter for CBD-B, i.e. ps. The contours in Figure 2A with different colors represent the
predicted fractional change of kinase activity (¢) caused by addition of excess Rp in the presence
of MgATP. Assuming that the mutation does not perturb the conformational equilibria of CBD-B
and thus the ps remains similar to WT, the minimal pa value required for PKA to be activated
beyond 90% is predicted to be ~90, which is two orders of magnitude larger than the pavalue of

WT, i.e. 0.7.
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Figure 2. Effect of R209K on the conformational equilibrium of CBD-A. (A) Contour plot representing the
effect of pa and ps on the maximal activation (¢) of PKA at high concentrations of MgATP (y=1). With the
experimentally determined pg value of 330, PKA activation (¢ ~ 0.8) at requires a pa values of ~100 and
above. The blue star represents the position for WT and the orange star represents the position where
Rp would act as an agonist even in the presence of high [MgATP]. (B) Representative HSQC cross peaks
of WT Ra (96-244):cAMP (green), WT Ra apo (grey), WT Ra:Rp (blue), R209K Ra:Rp (orange), R209K Ra apo
(pink), and WT R (91-244).C (red). (C) Chemical shift correlation plot for apo R209K R (96 — 244). This
graph compares (Swrrc — Swrreamp) O (Oraook  apo — Owr reame). Open circles represent the downscaled °N
chemical shifts (multiplied by 0.2), while the closed circles represent the 'H chemical shifts. (D) Similar to
panel (C) but for Rp-bound R209K R (96 — 244).

To test our hypothesis on the contribution of pa, i.e. the conformational equilibrium of
CBD-A:Rp, to the loss of agonism-antagonism switch in R209K, we acquired the *N-'H HSQC NMR
spectrum of R209K R1a CBD-A (i.e. Ra) apo and Rp-bound samples. Through comparative chemical
shift analyses with reference samples (i.e. cAMP-bound sample assumed to represent the ‘on’
state and C-bound sample assumed to represent the ‘off’ state) (30), it is possible to estimate the

position of the ‘on’ vs. ‘off’ conformational equilibrium for apo or Rp-bound R209K Ra. Such

106



Ph.D. Thesis — Olivia Jung Ah Byun McMaster University, Biochemistry

estimation is legitimate when the ‘on’ vs. ‘off’ exchange regime is fast on the chemical shift NMR
time scale, as suggested by the linear pattern that the reference samples conform to. Hence, the
relative cross-peak positions reflect the relative population of ‘on’ and ‘off’ states for CBD-A,
provided that such positions are measured for a residue sufficiently distant from the cAMP-
binding sites to report primarily on the conformational equilibrium (Fig. 2B). Comparison with the
WT reference states shows that R209K Ra:Rp samples larger population of the ‘on’ state compared
to the WT Ra:Rp (Fig. 2B). the other hand, the R209K Ra apo samples slightly more of the ‘off’ state
compared to the WT apo. Using multiple residues that meet the above mentioned criteria, similar
to L221, and performing correlative analyses (Fig. 2C, D), we estimated the fraction of the ‘off’
states of the R209K Ra apo and Rp-bound to be 65% and 24%, respectively (Fig. 2C, D). Using these
values, the paof R209K was calculated through equation (1) to be 5.88, which is approximately
one order of magnitude higher than the WT. This finding confirmed our initial hypothesis on the
increase in the population of the ‘on’ state of CBD-A:Rp and its contribution to the Rp-induced
agonism in the presence of high [MgATP]. However, the experimental value of pais still lower than
the predicted minimum pa required to induce such physiological effect (i.e. ~90), suggesting that
the perturbation on the ‘on’ vs. ‘off’ conformational equilibrium alone is not sufficient to explain
the loss of agonism-antagonism switch in R209K and pointing to contributions from additional

factors.

4.4.2 The R209K mutation stabilizes inter-domain interactions in the Rp-bound R-
subunit

Another critical parameters of our EAM for allosteric pluripotency is the free energy of
interaction between the two CBDs (i.e. AGag) when both are in the ‘on’ state and CBD-A is bound
to Rp. A negative AGas value indicates stable CBD-A:Rp / CBD-B interactions. If AGas becomes
more negative, the non-inhibitory ground state is stabilized relative to the inhibitory excited state
and therefore AGgcap increases, thus contributing to the Rp-induced agonism at high [MgATP].
The main driver of inter-CBD interactions is the capping of the cAMP base in CBD-A by W260 in
CBD-B, which functions as a lid for cAMP. This inter-domain interaction facilitates the transition
of CBD-A to the ‘on’ state (5). Therefore, a favourable inter-domain interaction, represented

through a lower (more negative) AGas value, will shift the conformational equilibrium of Rp-bound
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CBD-Ato the ‘on’ state, thus selectively stabilizing the inhibition-incompetent AonBon ground state
relative to the inhibition-competent Aore-Bon excited state and leading to PKA activation.

The EAM was used to quantitatively predict the effect of a decreased AGag value on the
Rp-dependent fraction of PKA activation ((rp-cames; Fig. 3A). In Figure 3A, the drp-cames profiles were
predicted at multiple AGag values ranging from -2 RT to -7 RT, which go beyond the AGag range of
[-2, -4] RT expected for WT R1a (5). If R209K R1a exhibited a similar AGag range to WT, then the
highest fraction of activation reached at high [MgATP] is ~50% (Fig. 3A). Hence, we hypothesized
that AGas decreases to a more negative value, which leads to an enhanced PKA activation induced
by Rp binding (Fig. 3A).

As a first step to test our AGas hypothesis, we acquired the *N-H TROSY NMR spectrum
of R209K R1a 91-379 (i.e. Ras), which spans both CBDs, in the presence of excess Rp. In WT, the
overall population of the open-topology states, where the two CBDs do not interact, sampled by
the Rap:Rp2 was measured to be ~20% (5). Such estimation is possible since the open- and closed-
topology states are in slow exchange in NMR time scale, resulting in two separate cross peaks with
different intensities (Fig. 3B, D). The minor and the major cross peaks of CBD-A residues arise
from the open- and closed-topologies, respectively (5, 22). Through minor vs. major cross-peak
intensity comparisons, the relative populations of open- and closed-topology states were
measured, and from these the AGag for WT was determined (5). Here, if our AGag hypothesis for
the R209K mutant is correct, we expect that the population of the open-topology states will
decrease compared to WT, and therefore we anticipate a loss in the intensity of the minor peak.
This is in fact what we observe. Figure 3B-E shows that in the R209K mutant the minor cross-peak
detected for WT Rag:Rp2 disappears, despite similar signal-to-noise ratios to the WT spectrum, as
shown by the CBD-B residue peak comparisons (Fig. 3G, H). Overall, the data in Figure 3B-H
suggests a decrease in the population of the open topology, confirming our hypothesis that R209K

leads to a more negative AGag value relative to WT.
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Figure 3. The R209K mutation favors inter-domain interactions in Ras:Rp,. (A) Predicted PKA kinase
activation induced by Rp at low and high [MgATP] and multiple AGag values. The parameters for CBD-A,
such as the pa AGa(the ‘on’ vs. ‘off’ free energy difference for apo CBD-A), and the state specific
association constants of Rp to CBD-A as measured by NMR and urea unfolding (Fig. 4; Fig. S1) were
updated from the WT to the R209K values. (B, D) The enhanced inter-domain interactions of R209K
Ras:Rp2 lead to loss in R209K Ras:Rp2 (orange) of the minor TROSY cross-peak of *N-H WT Rag:Rp: (blue)
for CBD-A. A W260A Rs:Rp, TROSY spectrum expansion (grey) is also shown as reference. The proton 1D
cross-sections at the >N dimension indicated by the red dashed lines are shown in (C, E). (F) The
experimentally determined population of the open-topology of Ras:Rp, can be used to estimate the AGps
through comparison with the curves generated with eq. (2), which predicts how the population of the
open-topology depends on AGus. The black curve and the shaded grey region are the computed and
experimentally determined populations of open-topology for WT, respectively (5). The red curve and the
shaded red region are the computed and experimentally determined populations of open-topology for
the R209K mutant, respectively. The red arrow indicates the upper limit AGag value for R209K. (G, H)
Representative TROSY cross-peak of >N->°H WT Rag:Rp2 (blue) and R209K Ryg:Rp2 (orange) from CBD-B.
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In the case of WT, the AGag value was determined from the experimentally determined
population of the open-topology (i.e. Popen Topology,r:rp2) @S Measured from the intensity ratio of the
minor to the major peak corrected for differential relaxation effects (5). Such relationship is

depicted through equation (2):

0.5pppe~(AGa+AGR)/RT 4, o—~AGR/RT
2Gap
14pae~BGA/RT . o o=AGR/RT 4 O-SPAPB(1+€_—RT >e—(AGA+ AGg)/RT

(2)

POpen Topology,R:Rp2 —

where the paand pgrefer to the ratio of state-specific association constants of Rp to CBD-A and -
B, respectively, and the AGaand AGgrefer to the ‘on’ vs. ‘off’ free energy difference for apo CBD-
A and -B, respectively. For WT, these parameters were measured by NMR and are inputted to
build a function as shown in Fig. 3F (black plot). However, for R209K, the minor peaks
representative of the open-topology states fall below the noise of our NMR spectrum. Based on
the noise level, we can estimate the upper limit for the AGag value in R209K. The average noise
was ~10 % of the signal, suggesting an upper limit for Popen Topology,:rp2 Of ~0.017. Using the EAM
plot for R209K in Figure 3F (red), this Popen Topology,R:Rp2 Value translates into a AGag of -4.7 RT for
R209K (Fig. 3F; red arrow). These are just upper limits, so the actual Popen Topology,r:rp2 aNd the AGag
values are actually lower than 0.017 and -4.7 RT, respectively (Fig. 3F; red shaded region). For
example, a AGagvalue of -7 RT, which leads to agonism in the presence of both high or low [MgATP]
(Fig. 3A), is fully consistent with the NMR data in Figure 3B-H.

Taken together, our NMR data and EAM analyses suggest that the hypothesis that R209K
lowers and stabilizes inter-CBD interactions is viable. To obtain a more quantitative assessment of
AGagsas well as to further elucidate the mechanism underlying the stabilization of the inter-domain
interaction in R209K relative to WT and how this mechanism is involved in driving the allosteric
pluripotency, we performed a double-mutant cycle that combines the R209K and CBD-B deletion
mutations. This domain deletion was included because it is CBD-B that contribute the capping
residue (i.e. W260) for cAMP in CBD-A, where R209 is located. The read-out measurement in this
cycle was the K4 determination for Rp binding to CBD-A, either WT or R209K, in the presence and
absence of CBD-B (Fig. 4A, B).
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4.4.3 The measurement of Rp affinities for the R209K/CBD-B deletion double-mutant
cycle provides a quantitative assessment of AGag

We assumed that the mutations-induced changes in the K4 value reflects mainly changes
in the Rp-bound form and, therefore, that differences in Kq values provide insights on the coupling
between the PBC (R209) and the lid (W260 in CBD-B). This assumption is supported by the
negligible effect of CBD-B on apo CBD-A (22) and by the WT vs. R209K CBD-A similarities in the
absence of Rp, as shown by the apo cross-peaks in Figure 2B. The Ky of Rp binding to R209K CBD-
A in the absence of inter-domain interaction was measured by utilizing the Ra construct and
monitoring the Rp titration through chemical shift changes, which were then translated into the
fraction of Rp-bound CBD-A (Fig. 4C, E). The resulting Kq is 476 £ 77 uM for Rp binding to R209K
CBD-A in the absence of inter-domain interactions. The corresponding K4 value in the presence of
inter-domain interactions was measured by utilizing the Rag construct and observing the chemical
shift changes of a CBD-A residue, i.e. N218 (Fig. 4D, F). The resulting Kq value is 24 £ 6 uM, pointing
to a significant increase in the affinity of Rp for R209K CBD-A upon addition of CBD-B (Fig. 4D).

The marked reduction in the Ky value for Rp binding to R209K CBD-A upon inclusion of
CBD-B was independently confirmed through urea-induced unfolding experiments monitored by
intrinsic fluorescence (Fig. S1). With the exception of W260, which serves as a link between CBD-
A and CBD-B, the tryptophan residues of PKA Rla are clustered in CBD-A, therefore the Ky
measurements with both the Ra and Ras constructs obtained through the urea unfolding are
assumed to reflect primarily the affinity of Rp for CBD-A. The Kq of Rp to CBD-A of Ra and Rag
measured through urea-induced unfolding are 396 £ 98 uM and 17 & 3 uM, respectively, further
validating the K4 values measured from NMR (Fig. 4B and Fig. S1). Similar experiments were also
extended to WT Ra and Rag in the same condition as R209K to ensure a reliable K4 comparison (Fig.
S2). Interestingly, the Kqvalues measured for the WT do not exhibit significant difference between
the Ra and Rag constructs. This WT vs. R209K difference in the Rp K4 dependence on CBD-B is
suggestive of a non-additive effect, whereby the Rp-binding free energy change caused by the
double mutations are not recapitulated by the sum of the changes induced by the two single
mutations. Such non-additivity reflects the coupling between two critical sites for cAMP binding,
i.e. the PBC (R209K) and the lid (W260). The corresponding free energy of coupling (AGcoupiing) Can

be calculated as (31):
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KR, KR
AGeoupling = —RT st Bmess (3)
AB " TAR209K

where the Kgra, Kras, Krar200k and Kras r20ok refer to the respective association constants measured
for CBD-A of WT Ra, WT Rag, R209K Ra, and R209K Rag constructs. Using the affinity measurements
from the urea-induced unfolding experiment, the AGeoupiing is calculated to be  -3.4 RT, pointing
to positive cooperativity between the R209K substitution and the introduction of the lid in Rp-
binding. This positive cooperativity fully supports our hypothesis that R209K silences allosteric

pluripotency also by stabilizing domain-domain interactions in the R1a:Rp. complex.
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Figure 4. Dissociation constants of Rp from R209K in the absence and presence of inter-domain interaction.
(A) Double-mutant thermodynamic cycle for the R209K mutation and the deletion of CBD-B, which
mainly contributes as the W260 lid to Rp binding in CBD-A. This cycle is used to compute the coupling
free energy of the R209 (PBC) and the W260 (lid) in the presence of Rp. (B) K4 values of Rp for WT and
R209K Ra and Rag constructs were measured through urea-induced unfolding (Fig. S1). (C) Isotherm for
the binding of Rp to CBD-A in the absence of inter-domain interaction (i.e. Ra construct) using the NMR
monitored titration shown in (E). (D) Similar to panels (C) but in the presence of inter-domain
interactions (i.e. Ras construct). (F) Similar to panels (C) but in the presence of inter-domain interactions.

4.5 Discussion

Our results, based on comparative R209K vs. WT analyses combined with EAM
computations and urea-induced unfolding experiments, have revealed two key drivers for the Rp
agonism-antagonism switch in PKA, j.e. the conformational dynamics of the isolated CBD-A
domain and the free energy of inter-domain interactions. The first allosteric pluripotency driver is

the dynamic ‘on’ vs. ‘off’ conformational equilibrium within CBD-A, where shifting of the
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equilibrium to the ‘on’ state increase the probability of Rp-induced agonism, whereas shifting of
the equilibrium to the ‘off’ state increase the probability of Rp-induced antagonism. However,
shifts in the CBD-A ‘on’/’off’ equilibrium alone are insufficient to fully recapitulate the observed
silencing of allosteric pluripotency by the R209K mutation. The contribution of inter-domain
interaction is also a critical factor for driving allosteric pluripotency.

Our analyses provide new insight on the determinants of inter-domain interactions in PKA
R1a. The non-additivity of the R209K and CBD-B contributions to the free energy of Rp-binding to
CBD-A is likely to arise from the steric frustration occurring in WT R1a when both R209 and W260
interact with Rp. This is clear from the K4 measurements for Rp binding to WT R1a, which shows
the K4 for CBD-A does not significantly decrease upon introduction of inter-domain interactions,
in clear contrast with R209K (Fig. 4E). Given the larger VanderWalls radius of sulfur relative to
oxygen, the phosphorothioate substitution of Rp in CBD-A pushes the PBC towards an ‘out’
conformation. This in turn leads to a steric clash with the adjacent aB helix (i.e. aB:A), which is
locked in the ‘in’ conformation due to the lid engagement driven by the base-capping interaction

of W260 from oA of CBD-B (Fig. 1E, and Fig. 5).
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Figure 5. Schematic showing the steric frustration caused by Rp-binding in CBD-A. The R209 from the
phosphate binding cassette (PBC) and W260 from the aA helix pf CBD-B (c.A:B) interact with the
phosphate and the base of Rp, respectively. When W260, which serves as the lid, caps the base and
stabilizes the ‘in’ conformation, it brings the aB:A helix inward. However, the bulky phosphorothioate
substitution at the equatorial position of the phosphate forces the PBC towards the ‘out’ conformation,
causing a steric clash with the adjacent aB:A helix (red/orange star burst).
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On one side, the Rp phosphorothioate forces the PBC and the aB:A towards the ‘out’
orientation, similar to the ‘off’ state, whereas on the other side, the Rp base engages the lid in the
‘in” orientation, similar to the ‘on’ state (Fig. 5). These opposite tendencies lead to frustration in
the close-topology of the R1a:Rp> complex and non-additive binding effect. The mixed response
of the PBC and lid partially destabilizes the closed-topology (A:nBon), leading to sampling of both
the open and closed topology states in WT R1a:Rpz. In such scenario, the free energy difference
between the inhibition-competent state in the open-topology and the inhibition-incompetent
state in the closed topology (i.e. AGg,gap) is tuned to be similar to the effective free energy of
association of R:C complex (i.e. AGg:c vinding), Which in turn leads to allosteric pluripotency, i.e. Rp
agonism or antagonism depending on the environmental conditions that modulate the R:C affinity
(Fig. 6A, B) (5).

In the case of the R209K mutant, the Arg to Lys substitution in CBD-A allows the PBC to
accommodate the bulky sulfur in the phosphorothioate group, allowing both the lid and the aB:A
helix to remain in the ‘in’ conformations, relieving the steric frustration of the closed-topology
observed in WT, and leading to selective stabilization of the closed-topology where both CBDs are
in the ‘on’ state (Fig. 6C). This simple but effective model explains why the inter-domain
interaction is more favourable in R209K relative to WT and why the ground non-inhibitory states
is stabilized by R209K more than the excited inhibitory state. Hence, in R209K the AGg,¢., becomes
larger than the free energy of association of R:C complex, providing a viable explanation for how
the agonistic effect of Rp prevails and the allosteric pluripotency is silenced in the R209K mutant.
We also anticipate that, if both the lid, the aB:A helix and the PBC all preferred the ‘out’
conformation, the closed-topology state would be de-stabilized, providing an avenue for
consistent Rp-induced antagonism, with again suppression of allosteric pluripotency (Fig. 6D). It is
only when the AGg,gp and AGr.cbinding free energy differentials are tuned to comparable values by
the frustration selectively present in the closed- but not open-topologies, as observed for the WT
PKA R1a:Rp. complex (Fig. 6E, F), that allosteric pluripotency becomes possible.

To summarize, we were able to identify two key drivers for the Rp allosteric pluripotency
observed in PKA. One is the conformational equilibrium of CBD-A sampling distinct populations of
both ‘off’ and ‘on’ states. The other is the mixed response of the PBC (and its adjacent aB:A helix)

and the lid region that causes steric frustration and destabilization of the closed-topology ground
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state. Such frustration enables the R1a:Rp> complex to sample both the open and the closed
topologies in significant populations. Together, these two drivers modulate the AGg,gap, i.e. the
free-energy gap between the inhibition-competent excited state (Ao#-Bon) and the inhibition-
incompetent ground state (AonBon). Allosteric pluripotency occurs when the AGg,gspis similar to the
effective free energy of R:C association. When the identified drivers modulate the AGg,g.p to be
significantly larger or smaller than the free energy of R:C association, then allosteric pluripotency
is lost in favor of consistent agonism or antagonism. These results are significant for PKA, which
serves as a prototype for other signaling hubs. In addition, we anticipate that the approaches

illustrated here are applicable also to other allosteric systems exhibiting allosteric pluripotency.
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Figure 6. The mixed response to the phosphate and base allosteric drivers within R1a leads to allosteric
pluripotency. (A) When PBC and the lid exhibit a mixed response, such as PBC ‘out’ and lid ‘in’ state, as in
the case of WT, the closed-topology is only partially destabilized, leading to a conformational ensemble
sampling both closed- and open-topologies, which is critical for driving allosteric pluripotency. (B) The
free-energy landscape of WT Ras:Rp. is remodelled by C-subunit binding. Since the AGgga.pand the AGgc
binding are similar, environmental conditions that modify AGg. binding, SUCh as variations in MgATP levels,
cause an agonism-antagonism switch (5, 18). (C) When both the PBC and the lid are ‘in’, as in the case of
R209K, the closed topology state is stabilized and therefore AGg gap >> AGgric binding, l€ading to consistent
agonism for Rp, as demonstrated by the free energy landscape shown in panel (D). (E) When both the
PBC and the lid are ‘out’, the closed topology state is destabilized and therefore AGg gap << AGRre bindings
leading to consistent antagonism for Rp, as demonstrated by the free energy landscape shown in panel

(F).
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4.6 Materials and Methods

NMR Acquisition

NMR data were acquired with a Bruker AVANCE or NEO 700-MHz spectrometer equipped
with a 5 mm TCI cryopbrobe. All NMR experiments were acquired in the NMR buffer (50 mM
MOPS pH 7.0, 100 mM NacCl, 10 mM MgCl,, 5 mM dithiothreitol, and 0.02% sodium azide) with 5%
2H,0 and at 306 K. NMR data were processed using either NMRPipe or Topspin. Spectral analyses
were performed using NMRFAM-SPARKY (32) using Gaussian line fitting.

NMR Chemical shift analysis

Uniformly H,>N-labelled PKA R209K Ra (96-244) was expressed and purified following
previously published protocols (30). The proteins were concentrated to 100 uM in the NMR buffer
with and without 3 mM Rp-cAMPS (>99% purity; Biolog) and >N-'H 2D HSQC experiments were
acquired. The position of the ‘on’ vs. ‘off’ equilibria of R209K apo Ra and R209K Ra:Rp were
measured through chemical shift correlation slope analyses using residues 104, 112, 114, 115, 151,

156, 157, 159, 162, 178, 180, 188, 221, and 223.

NMR cross-peak intensity comparison

Uniformly 2H,%>N-labelled PKA R209K Rag (91-379) was expressed and purified following
previously published protocols (22, 30). The protein was concentrated to 20 uM in the NMR buffer
and 2 mM of Rp-cAMPS was added prior to acquiring the ®N-*H 2D TROSY spectrum. The noise
level of the R209K Rag:Rp2 spectrum near the position of the minor peak of WT Rag:Rp2 was
measured through Topspin. Using multiple minor peak positions of WT Rag:Rp3, the average signal-
to-noise ratio for the minor peaks was calculated. This value was used to estimate the upper limit

population of the minor states in the R209K mutant.

Measurement of Rp-cAMPS K, values for R1a CBD-A using NMR
Rp-cAMPS was titrated into either 100 uM *H,**N-labelled PKA R209K Ra (96-244) or the
20 uM 2H,"N-labelled PKA R209K Ras (91-379) and the binding was monitored by measuring the

chemical shift of the cross peaks for G193 and N218, respectively, at each titration point. The
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chemical shift change of the last titration point was used as a reference for normalization to
determine the fraction of bound (<v>). The dissociation constants and the associated errors were
calculated through fitting the curve to the equation Y= Bma™X/(Ka+X) using GraphPad Prism

(GraphPad Software), where Y refer to the fraction of bound and X refer to the [Rp-CAMPS]free

(1M).

Measurement of Rp-cAMPS Ky values for R1a CBD-A using urea-induced unfolding

The WT and R209K Ra (91-244) and Rag (91-379) constructs were expressed with BL21(DE3)
E. coli using LB and 2xYT broth media, respectively, following previously published protocols (30).
Urea-induced unfolding experiments were performed with 5 uM of Ra or Rag construct either WT
or R209K, in the absence and presence of excess Rp-cAMPS (500 uM for WT Ra, Rag and R209K Rag;
2 mM for R209K Ra). The dissociation constants were measured following previously published

protocol (30).

Prediction of pa and AGas values using the Ensemble Allosteric Model

A contour plot to illustrate the impact of pa and ps on the maximal activation of PKA in the
presence of excess Rp-cAMPS and high concentration of MgATP (represented through y = 1 (5)
were generated using the following parameters: AGag = -4.00 RT, [Siotat = 50 UM, Ky = 14 uM,
[Rltotal = 12 NM, [Cltotal = 10 NM, [Rp-cAMPS] = 10°> nM, AGa = 0.00 RT, and AGa = 0.85 RT. The
contour plot was generated using a python script. The impact of AGas on the Rp-induced activation
of R209K PKA was predicted in the presence of low and high [MgATP] (i.e. y = 102 and y = 1,
respectively) and varying AGag values ranging from -2 to -7 RT. The following parameters were
used: [Sltotal = 50 UM, K = 14 pM, [R]iotal = 12 NM, [Cliotal = 10 NM, AGa = 0.62 RT, AGg = 0.85 RT, pa
=5.88, ps = 330, and Kap (association constant of Rp to ‘off’ state of CBD-A) =1 /1072 uM. The AG,,
pa, and Kap values were determined from the NMR and urea-induced unfolding experiments of
R209K R1la. The Kao was calculated using the Ky of Rp to Raas measured from the urea-unfolding
experiment (K4= 386 uM) and using the fraction of ‘off’ and ‘on’ states sampled by the apo, which

is 0.65 and 0.35, respectively. Then, the pa=5.88 was used to compute for Ko,
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4.8 Supplementary Materials
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Figure S1. Urea-induced unfolding curves for R209K. (A) Urea-induced unfolding curve for apo R209K Ra
(91-244). (B) Similar to (A) but in the presence of excess Rp-cAMPS (2 mM). (C) Similar to (A) but for the
Rag (91-379) construct. (D) Similar to (B) but in the presence of excess Rp-cAMPS (500 uM).
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Figure S2. Urea-induced unfolding curves for WT. (A) Urea-induced unfolding curve for apo WT Ra (91-
244). (B) Similar to (A) but in the presence of excess Rp-cAMPS (500 uM). (C) Similar to (A) but for the Rag
(91-379) construct. (D) Similar to (B) but for Raz (91-379) construct.
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Chapter 5

Mechanism of allosteric inhibition in the Plasmodium

falciparum cGMP-dependent protein kinase

5.1  Author’s Preface
The work presented in this chapter has previously been published and is reproduced here with
permission from the Journal of Biological Chemistry, the American Society for Biochemistry and
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Melacini, G. (2020) Mechanism of allosteric inhibition in the Plasmodium falciparum cGMP-

dependent protein kinase. J. Biol. Chem. 295, 8480-91.
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5.2  Abstract

Most malaria deaths are caused by the protozoan parasite Plasmodium falciparum. Its
life cycle is requlated by a cGMP-dependent protein kinase (PfPKG), whose inhibition is a
promising antimalaria strategy. Allosteric kinase inhibitors, such as ¢cGMP analogs, offer
enhanced selectivity unlike competitive kinase inhibitors. However, the mechanisms underlying
allosteric PPKG inhibition are incompletely understood. Here, we show that 8-NBD-cGMP is an
effective PPKG antagonist. Using comparative NMR analyses of a key regulatory domain, PfD, in
its apo, cGMP-, and cGMP analog-bound states, we elucidated its inhibition mechanism of
action. Using NMR chemical shift analyses, molecular dynamics simulations, and site-directed
mutagenesis, we show that 8-NBD-cGMP inhibits PfPKG not simply by reverting a two-state
active versus inactive equilibrium, but by sampling also a distinct inactive ‘mixed’ intermediate.
Surface-plasmon resonance indicate that the ability to stabilize a mixed intermediate provides
a means to effectively inhibit PPKG, without losing affinity for the cGMP analog. Our proposed
model may facilitate the rational design of PPKG-selective inhibitors forimproved management

of malaria.
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5.3 Introduction

Malaria is a serious health risk for about 40 % of the world’s population, with more than
200 millions of diagnoses and 400 thousands deaths globally estimated in 2018 (1). Most of
malarial deaths are caused by Plasmodium falciparum with life cycles in both the human and the
mosquito hosts (2, 3). The regulation of such cycles relies on cyclic-nucleotide signalling
pathways (4).

Specifically, the P. falciparum cGMP-dependent kinase (PfPKG) plays a major role in both
replication and transmission of the Plasmodium parasite, including exflagellation and
gametogenesis in the asexual blood stage, invasion of hepatocytes by sporozoites, and gliding
motility of ookinetes (5-9). Hence, PfPKG has emerged as a promising target for development
of antimalaria therapies complementary to current malaria drugs, whose effectiveness is limited
by increasing resistance (2, 10, 11). Furthermore, PfPKG inhibition is an effective and novel
strategy not only for malaria treatment, but also for malaria prophylaxis (2, 6, 12-15).

One strategy to inhibit PPKG is through targeting the active site in the kinase domain.
Inhibitors that target such kinase active site are effective, but poorly selective, since the active
sites are highly conserved among eukaryotic kinases (16). One approach to circumvent this is to
target allosteric sites, such as the cGMP-binding sites in PfPKG.

PfPKG consists of an N-terminal regulatory region followed by a C-terminal catalytic
domain (Fig. 1A), similarly to mammalian PKG (17-19). In the absence of cGMP, the regulatory
region of PfPKG auto-inhibits the catalytic domain. Upon cGMP binding to the regulatory region,
the PfPKG auto-inhibition is allosterically removed, resulting in activation. The regulatory
domain is composed of four cGMP binding domains (CBDs): A, B, C and D (Fig. 1A). CBD-C is
degenerate and does not bind to cGMP (20). CBD-D (here referred to as “PfD") is adjacent to the
catalytic domain (Fig. TA) and exhibits the highest affinity and selectivity towards cGMP with a
Ks of 40 nM, compared to Kg = 1 uM for CBD-A and CBD-B (14). In addition, the construct
spanning only PfD and the catalytic domain displays low basal activity in the apo state and is
efficiently activated by cGMP (21). Hence, PfD serves as the critical controlling unit for both
PfPKG auto-inhibition and activation.

PfD is composed of a contiguous B-subdomain and non-contiguous a-subdomain (Fig.
1B) (14, 22). The B-subdomain forms a B-barrel critical for cGMP recognition and includes the

Base Binding Region (BBR) and the Phosphate Binding Cassette (PBC) (Fig. 1B, C), whereas the a-
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subdomain mediates inhibitory interactions with the catalytic domain and includes three N-
terminal and two C-terminal helices, called N3A motif and aB-aC, respectively (Fig. 1B, D). In the
apo form, the N3A contacts the B-barrel, while the C-terminal helices point away from it (Fig. 1B)
(14). Upon cGMP binding, the N3A moves away from the -subdomain, while the C-terminal
helices are recruited to it by an arginine residue in the PBC, R484 (Fig. 1B). R484 bridges the PBC
to two residues in the aC and defines a unique cGMP capping triad (Fig. 1B), markedly distinct
from human PKG, in which cGMP is capped by a Tyr in the C-terminal helix (23). Disruption of
the PfPKG-specific capping triad by mutations blocks proliferation in P. falciparum (14),
confirming that PfD is an excellent target for treating malaria. Additionally, R528 in the aC plays
a pivotal role in regulating PfPKG activity by controlling the aC conformation through a
hydrogen-bond with Y480, which stabilizes the active conformation (Fig. 1D) (14, 21, 24).

The allosteric transition of PD provides a simple model to rationalize the cGMP-
dependent activation of the full length protein through a four-state allosteric thermodynamic
cycle, which arises from the coupling of the PfD inactive-active auto-inhibitory equilibrium and
the apo-holo cGMP-binding equilibrium (Fig. 1E) (25-27). Out of the four states (Fig. 1E), the
holo-inactive is particularly relevant for inhibition. This state is selectively stabilized by partial
agonists and/or antagonists, which decouple binding from the intramolecular allosteric
pathways necessary for activation. We hypothesize that the stabilization of the holo-inactive
state arise from a reversal of the two-state inactive/active conformational equilibrium (Fig. 1F)
or from a multi-state equilibrium sampling a distinct intermediate conformation that exhibits
components of both the inactive and the active states of PfD in different regions (Fig. 1G).

In order to test these hypotheses and understand the mechanism of action of allosteric
partial agonists and antagonists that serve as leads for new PfPKG selective inhibitors, we use
comparative NMR to analyze PfD in its apo, cGMP-bound, and cGMP-analog bound forms. The
cGMP-analogs investigated here include 8-NBD-cGMP, 8-pCPT-cGMP, and PET-cGMP (Fig. 11-K).
Our results reveal that 8-NBD-cGMP and 8-pCPT-cGMP significantly reduce the kinase activity
and induce major perturbations throughout PfD by stabilizing an additional intermediate
conformer that is distinct from both the native apo-inactive and holo-active conformations. This
‘mixed’ intermediate state exhibits comparable inhibitory potential to the apo inactive state, as
the C-terminal lid is disengaged, but it preserves an affinity similar to cGMP, as the key cGMP
binding regions, including the PBC and the adjacent aB, are still engaged. Hence, the
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stabilization of an allosterically mixed intermediate emerges as a new strategy for selectively

inhibiting PPKG with high potency and efficacy.

5.4 Results and Discussion

5.4.1 The apo vs. cGMP-bound comparative NMR analyses of PfD reveal pervasive
allosteric perturbations

As afirst step to probe the allosteric effects of cGMP on the PfD construct (401-542) used
in our NMR studies, we acquired NH HSQC spectra of apo and cGMP-bound PfD (Fig. 2A). The
cGMP-bound spectrum was assigned through triple resonance NMR experiments and selective
amino acid labelling. However, the apo construct was prone to precipitation during acquisition
of 3D NMR data sets. Hence, the apo assignments were obtained by transferring the holo
assignments to the apo spectrum through 2D-N,-exchange (Fig. 2B, D) and 2D-difference N,-
exchange experiments acquired in the presence of sub-stoichiometric amounts of cGMP (Fig.
2C, E). Based on these assignments the cGMP-induced residue-specific compounded chemical
shift changes (ACCS) were measured (Fig. 2F).

The majority of the residues exhibit significant ACCS values upon cGMP binding (Fig. 2F).
As expected, significant ppm shifts are observed in the PBC and BBR regions, which directly
interact with cGMP, as well as the 2-3 loop, which is adjacent to the PBC (Fig. 2F). Furthermore,
major ppm changes are also detected for several a-helical regions, especially the oA, aB and a.C
helices (Fig. 2F). The ppm shifts in aB-aC are consistent with the cGMP-dependent structural
changes for these regions, as shown by the local RMSD between the apo vs. cGMP-bound
structures (Fig. 2G). The aB-a.C structural changes also affect adjacent regions, such as the aA
helix and the B8 strand (Fig. 2F), although such regions are not subject to major structural
changes upon cGMP binding (Fig. 2G). Hence, the cGMP-dependent ACCS values (Fig. 2F) are in
full agreement with the structures of apo and holo PfD, providing an initial validation of our NMR
assignments.

Our NMR assignments were further validated by the agreement between the measured
and the computed Ca and CB chemical shift values based on the apo and holo PfD structures
(Fig. 2H,1). Once the NMR assignments were validated, we extended our analyses to evaluate the

effects of cGMP analogs.
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Figure 1. Structural architecture of PfCBD-D and hypothetical models of inhibition. (A) Domain organization
of PfPKG, including a regulatory region with four cyclic-nucleotide binding domains (CBD) and a C-
terminal catalytic kinase domain. CBD-C is degenerate and does not bind cGMP. (B) Structures of apo
(red) and cGMP-bound (green) CBD-D.The invariant f-subdomain is grey in both structures. (C) cGMP
binding pocket of P/D and selected cGMP-interacting residues. Black dashed lines represent hydrogen
bonds. Red dashed line represents hydrophobic interaction. (D) Similar to panel (B) but with 180°
vertical rotation, highlighting the Y480-R528 interaction. (E) Four-state thermodynamic equilibrium of
the essential regulatory CBD (i.e. CBD-D). The apo CBD-D samples an auto-inhibitory equilibrium
between inactive and active states, which is coupled to the cGMP-binding equilibrium. (F, G)
Hypotheses to explain PPKG inhibition, as reversal of a two-state equilibrium (F) or stabilization of an
intermediate with mixed active and inactive features and diminished activation competency (G). (H-K)
Base-substituted cGMP-analogs investigated here. (L) Maximum PfPKG kinase activities induced by
cGMP and the cGMP-analogs in panels I-K.
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Figure 2. The apo vs. cGMP-bound comparative NMR analyses of PfD reveal pervasive allosteric
perturbations. (A) Overlay of *N-"H HSQC spectra of apo (black) and cGMP-bound (green) PfD samples
with representative assignments. N,-Exchange (B,D) and N,-exchange difference experiments (C,E)
utilized to transfer the assignments from the cGMP-bound to the apo spectra. (F) Compounded "°N-'H
Chemical Shift (CCS) differences between the apo and cGMP-bound samples. The secondary structure of
PfD is depicted on the top of the plot. The cGMP-binding regions BBR and PBC as well as the adjacent
[32-3 loop are highlighted in grey background. (G) Local apo (PDB: 40FF) vs. cGMP-bound (PDB: 40FG)
RMSD for PfD. The secondary structures obtained from the apo and cGMP-bound crystals are reported as
red and black dashed lines, respectively. (H) Cp3 chemical shift values of cGMP-bound PfD obtained from
NMR triple resonance experiments versus the theoretical Cp3 chemical shift values predicted form the
structure (PDB code: 40FG) using the ShiftX software (54). (I) Similar to (H) but for the Ca chemical shifts.
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5.4.2 cGMP-Analog vs. cGMP chemical shift differences report on inhibitory
conformational changes of PfD

We focused on three cGMP analogs with distinct base modifications: 8-NBD-, 8-pCPT-
and PET-cGMP (Fig. 11-K), as they act as PfPKG activators to different degrees. While PET-cGMP
acts as an agonist as shown by kinase assays (Fig. 1L), 8-pCPT- and 8-NBD-cGMP elicit
progressively increasing potential as antagonists. 8-NBD-cGMP is the most potent inhibitor of
PfPKG (Fig. S1), followed by 8-pCPT-cGMP. This range of kinase responses (Fig. 1L) makes this
group of cGMP-analogs an excellent toolset to investigate the mechanisms underlying the
allosteric inhibition of PfPKG. For this purpose, we first measured the cGMP-analog vs. cGMP
differences in compounded chemical shifts (Fig. 3A). The overall distributions of such ppm
differences (Fig. 3B) rank in full agreement with the inhibitory potencies of the cGMP analogs
(Fig. 1L). Furthermore, the pervasiveness of the effects caused by the cGMP modification (Fig.
3A, C-E) also reflects the extent of inhibition. The perturbations resulting from the replacement
of ¢cGMP with either 8-NBD-cGMP or 8-pCPT-cGMP extend throughout the PfD structure,
whereas, the least inhibitory analog, PET-cGMP, perturbs only a relatively limited region near
the cGMP binding pocket (Fig. 3A, C-E).

Overall, the data of Fig. 3 suggest that chemical shifts are ideally suited to investigate
the dynamical allosteric transitions underlying PfPKG inhibition. This notion is fully consistent
with the fast exchange between the inactive and the active states of CBDs (27-33), whereby the
observed NMR peak positions are population-weighted averages of the pure inactive and active
ppm values. Hence, chemical shifts report on the position of the dynamic inactive-active CBD
conformational equilibrium. The CHemical Shift Projection Analysis (CHESPA) is an effective
means to evaluate the perturbation of such dynamic equilibria caused by ligand modifications
(28, 29, 31, 32). In the CHESPA analysis, the NMR peak positions of the cGMP-analog bound
sample are evaluated relative to a reference vector connecting the peaks of the apoinactive and
the cGMP-bound active samples (Fig. 4A, D). Specifically, the angle (0) arising from the cGMP-
analog bound vs. cGMP bound vector relative to the reference vector and the normalized
projections onto the reference vector (i.e. fractional shift, X) are quantified through CHESPA (Fig.
4A, D). The cos(0) values report on the direction of the cGMP-analog induced shifts, while the X

values gauge the extent of such shift towards inhibition or activation.
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Figure 3. cGMP-Analog vs. cGMP chemical shift differences report on inhibitory conformational changes of
PfD. (A) Compounded Chemical Shift difference (ACCS) between cGMP and 8-pCPT-cGMP (orange), 8-
NBD-cGMP (red), PET-cGMP (blue) bound PfD plotted against residue numbers. Dashed line indicates
the average ACCS + 2 S.D. of PET-cGMP. (B) Box plot (10-90% percentile) of ACCS differences between
cGMP-bound and the 8-NBD-cGMP, 8-pCPT-cGMP, and PET-cGMP-bound samples. Residues included in
the box plot correspond to residues that are assigned in all samples and with at least one of the three
ACCS > average + 2 S.D. of PET-cGMP (dashed line in Panel A). (C-E) Residues with CCS changes greater
than the dashed line in (A) mapped onto the active structure of PfD for the 8-NBD-cGMP (C), 8-pCPT-

c¢GMP (D) and PET-cGMP (E) bound samples.

5.4.3 The CHemical Shift Projection Analyses (CHESPA) of the cGMP-analog bound PfDs
reveal the presence of a third ‘mixed’ conformer with an engaged pre-lid but a disengaged
lid

The CHESPA of 8-NBD-cGMP shows that the majority of residues exhibit negative X
values (Fig. 4B), suggestive of most residues shifting towards the inactive state upon binding of
8-NBD-cGMP. However, the magnitudes of the X values are highly residue-dependent, pointing
to deviations from the pure inactive-active two-state equilibrium, which predicts similar X values

for residues outside the binding site. Another characteristic of a two-state model is the co-
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linearity of the perturbation and reference vectors (i.e. |cos(8)| ~ 1) for residues outside the
binding site. However, the CHESPA of 8-NBD-cGMP reveals that several residues not in the
binding site exhibit |cos(6)| values significantly < 1 (Fig. 4C), suggesting deviations from the two-
state model and pointing to the presence of additional state(s) sampled by the PfD:8-NBD-cGMP
complex. Similar trends are observed for the 8-pCPT-cGMP-bound sample (Fig. 4E, F).

The presence of multiple conformational equilibria is further supported by the width of
the X value distributions (Fig. 4G). The X distributions measured for 8-NBD-cGMP and 8-pCPT-
c¢GMP bound PfD are significantly wider compared to PET-cGMP (Fig. 4G), which is nearly a full
agonist and samples mainly the active state (Fig. S2). These observations suggest that the PfD:8-
NBD-cGMP and PfD:8-pCPT-cGMP complexes sample a multi-state ensemble, including not only
the inactive and active conformers represented by the apo and cGMP-bound crystal structures,
but also an additional state or states.

To simplify the analysis, we focused on the C-terminal helices that are directly linked to
the catalytic domain and are one of the allosteric elements most critical in the inhibition and
activation of the kinase (14, 21, 24). The C-terminal helices span two regions with clearly distinct
average X values (<X>) in the PD:8-NBD-cGMP complex: residues 515-530, denoted as the pre-
lid with <X> =-0.48, and residues 534-535, denoted as the lid with <X> =-0.88 (Fig. 4B, H, I). This
means that for the PfD:8-NBD-cGMP complex, the pre-lid only shifts ~halfway towards the
inactive state, whereas the lid region shifts almost completely to the inactive state. A similar
trend is observed for the PfD:8-pCPT-cGMP complex with average X values of -0.30 and -0.64 in
the pre-lid and the lid regions, respectively.

One of the simplest models to explain both the enzymatic and the NMR data in Figs. 1L
and 4, respectively, is a three-state equilibrium mechanism involving an inactive, an active, and
an intermediate state (Fig. 5A). The inactive state is similar to the apo PfD structure, where both
the pre-lid and the lid are disengaged. The active state is similar to the cGMP-bound structure,
where both the pre-lid and the lid are engaged. The intermediate state exhibits a mixed
character, as the pre-lid is engaged similarly to the active state, but the lid is disengaged,
similarly to the inactive state (Fig. 5A). Next, we checked if it is possible to utilize this three-state

model to back calculate the relative kinase activities.
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Figure 4. CHemical Shift Projection Analysis (CHESPA) of cGMP-analog bound states reveals a third conformer
with a disengaged lid. CHESPA vector scheme, fractional shift (X) and cos(6) values plotted against
residue number for 8-NBD-cGMP (A-C) and for 8-pCPT-cGMP (D-F). The secondary structure of cGMP-
bound PfD is depicted on the top of each plot. Pre-Lid and Lid motifs are highlighted in pink and purple
background, respectively. The PBC and BBR are highlighted in grey background. The average <X> values
for residues common in both 8-NBD-cGMP bound and 8-pCPT-cGMP bound sample are indicated with a
dashed and a solid line for the Pre-Lid and the Lid motifs, respectively. (G) Distribution of X values for 8-
NBD-, 8-pCPT-, and PET-cGMP bound samples. (H, I) HSQC overlay expansions for representative
residues in the pre-lid and lid regions of the apo (black) and the 8-NBD-cGMP (red), 8-pCPT-cGMP
(orange), PET-cGMP (blue) and cGMP (green) bound samples.
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Figure 5. Proposed model for PfD inhibition by 8-NBD-cGMP and comparison of calculated vs. measured
kinase activities. (A) Inhibition occurs through a three-state equilibrium, sampling a distinct holo-inactive
intermediate state, where the pre-lid and PBC are engaged, similarly to the active state, but the lid is
disengaged, similarly to the inactive state. The population of each state (P) is indicated. The structural
shifts of the aB and aC helices are indicated with black arrows. The B-barrel is indicated with a
rectangular box. The yellow starburst indicates the steric clash between the 8-NBD substituent and the
R528 side chain. (B) Correlation plot of experimental vs. predicted relative kinase activities. The kinase
activity prediction is based on the populations of inactive, intermediate, and active states (Table S1).

5.4.4 The CHESPA-based three-state model of PfD inhibition explains the experimental
kinase activities

Using the average X values for the pre-lid and the lid regions (Fig. 4B, E; Fig. S2A), the
populations of the inactive, intermediate, and active states were estimated. Since the pre-lid is

disengaged only in the inactive state, the average X of the pre-lid represents the population of
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the inactive state. Similarly, the lid is engaged only in the active state. Hence, the population of
the active state is estimated as 1 - <X>iq. The population of the intermediate is the percentage
not accounted by the other two states. Using this approach, the populations of the inactive,
intermediate, and active states for the PfD:8-NBD-cGMP complex are 48 + 12 %, 40 + 12 %, and
12 + 1 %, respectively (Fig. 5A; Table S1). Similarly, the three state-populations can be calculated
for the 8-pCPT-cGMP and PET-cGMP-bound PfD complexes based on the respective CHESPA
data (Fig. 4E; Fig. S2; Table S1). Using these populations and assuming that the inactive and
intermediate states are fully inhibitory, given the lid disengagement (14), while the active state
is non-inhibitory, the relative kinase activity at ligand saturation induced by these cGMP-analogs
was predicted. The predicted activation values correlate well with the experimental kinase
activity values (Fig. 5B).

The ability of our three-state model to recapitulate the enzymatic data has three key
implications. First, the measurements on the PfD construct are relevant for the longer PPKG
construct used in the kinase assays to probe the PPKG function. Second, the NMR chemical shift
projection analysis and the resulting fractional shift values are suitable for predicting the
populations of different functional states. Third, the mixed intermediate state, where only the
lid region is disengaged, is inhibitory to an extent similar to the inactive state, further
corroborating the pivotal role of the lid region in activation. Hence, we further probed the

inhibitory mixed intermediate stabilized by the 8-NBD-cGMP analog.

5.4.5 8-NBD-cGMP binds to PfD in a syn conformation and perturbs interactions critical
for activation

As a first step towards investigating the mixed intermediate, we examined the base
orientation of 8-NBD-cGMP as bound to PfD. Typically, the base of cyclic nucleotides is oriented
either in syn vs. anti relative to the ribose ring (34-38). To determine whether the guanine base
of 8-NBD-cGMP is syn or anti, we could not rely on NOE based assessments, as this cGMP analogs
lacks non-exchangeable protons in the base. Hence, we focused on the chemical shifts of the
Cy? methyl of 1465, which in the PD:cGMP complex is in direct contact with the guanine base,
and of the Cy methyl of T493, whose hydroxyl interacts with the amino group of cGMP (Fig. 1C).
The chemical shifts of both 1465 Cy* and T493 Cy show only marginal changes when cGMP is
replaced by 8-NBD-cGMP (Fig. 6A, B), suggesting that the 8-NBD-cGMP guanine base binds in a

136



Ph.D. Thesis — Olivia Jung Ah Byun McMaster University, Biochemistry

syn conformation, similar to cGMP. This conclusion was confirmed also by the 3D map of 8-NBD-
c¢GMP vs. cGMP NH CCS changes for residues in the B-barrel (Fig. 6C, red surface). Since residues
in the B-barrel do not undergo significant structural changes upon cNMP binding, the
perturbations sensed by the ACCS report mainly on direct binding contacts (33, 39-41). The
ACCS map is fully consistent with 8-NBD-cGMP binding in syn rather than anti guanine
orientation (Fig. 6C, residues within the red surface). Similarly, we confirmed through the 3-
barrel ACCS map that a syn orientation is preserved also for the guanine base of PET-cGMP (Fig.
6D, blue surface). For this analog, the substitution is at the 1 and 2 rather than the 8 position (Fig.
11, K), causing the most significant CCS changes to cluster at the opposite side of the B-barrel for
PET-cGMP compared to 8-NBD-cGMP, when both analogs maintain a syn guanine orientation
(Fig. 6C,D; blue vs. red surfaces).

Although 8-NBD-cGMP preserves a syn guanine orientation when bound to PfD, similar
to cGMP, the introduction of the 8-NBD- moiety has a profound effect on the conformational
ensemble accessed by PfD, as shown by the NMR-based three-state model of Fig. 5A. Out of the
three PfD conformers in Fig. 5A, the mixed intermediate is the least characterized. Hence, we
utilized MD simulation to further investigate this intermediate. For this purpose, we built an
hybrid structure to resemble the intermediate state proposed based on the CHESPA data (Fig.
5A), relying on the cGMP-bound coordinates (PDB code: 40GF) (14) for residues 401-532 and on
the apo coordinates (PDB code: 5DYK) (24) for residues 534-542, which span the lid region. The
hybrid model provided the initial coordinates for a 1 us MD trajectory and Fig. 6E-F show
representative structures selected based on the cluster analysis of such trajectory (Table S2).

In agreement with the data of Fig. 6A-C, Fig. 6E shows that the PD-bound 8-NBD-cGMP
preserves a syn guanine orientation. Fig. 6F illustrates that the lid region of the intermediate
state is disengaged, while the pre-lid is engaged. Fig. 6G shows that when the intermediate
conformation is overlaid with the cGMP-bound structure (PDB code: 40FG), the R528 side chain
of 40FG clashes with the NBD moiety of 8-NBD-cGMP (Fig. 6G; grey sticks). The steric clash
explains why in the simulated intermediate structure, the R528 side chain moves away from the
8-NBD-cGMP and rotates outward, breaking the interaction with Y480 (Fig. 6G; red sticks).
Considering that the Y480-R528 interaction is critical for activation (14, 21), the perturbation of
R528 caused by 8-NBD is consistent with the lack of kinase activity observed upon replacement

of cGMP with 8-NBD-cGMP.
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Figure 6. Syn conformation of 8-NBD-cGMP bound to PfD and effect of 8-NBD on the Y480-R528 interaction.
(A, B) Overlaid *C-"H HSQC spectral expansions of apo (black), cGMP bound (green) and 8-NBD-cGMP
bound (red) PfD, zoomed into (A) 1465 ("*C*?) and (B) T493 (*C"), which interact with the guanine base of
c¢GMP. The apo peak for T493 (*C) could not be assigned. (C, D) Map of residues in the B-barrel that
exhibit ACCS relative to cGMP-bound PfD greater than the average ACCS + 2 S.D. of the PET-cGMP vs.
cGMP ACCS for the (C) 8-NBD-cGMP- and (D) PET-cGMP-bound PfD. Circles indicate the cGMP portion of
the analog in its syn orientation (PDB: 40FG). The dashed circles represent the region where the base
substituents (i.e. 8-NBD or PET) are expected to be located when the cGMP portion of the analogs is in
the syn orientation. (E) Overlay of the structure of cGMP:PfD (PDB code: 40FG) and representative
structures of 8-NBD-cGMP:PfD generated from MD simulations (Table S2). The cGMP (dark grey) aligns
with the cGMP portion of the 8-NBD-cGMP (green:C, white:H, blue:N, red:O, yellow:S, orange:P). (F)
Aligned representative structures of 40FG (grey) and 8-NBD-cGMP:PfD (red) generated from MD
simulations. The dashed box indicates the portion of the C-terminal aC helix that becomes disordered in
the 8-NBD-cGMP:PfD intermediate. (G) Similar to (F), but zoomed into the Y480-R528 region. The yellow
starburst indicates the steric clash of 8-NBD moiety with the R528 side chain in the 40FG structure. The
arrow indicates the structural shift of the R528 side chain upon binding of 8-NBD-cGMP. (H) 'H-">"N HSQC
spectra of apo (black), cGMP-bound (green) and 8-NBD-cGMP-bound (red) samples overlaid and
zoomed in on Y480. (I) WT vs. R528K CCS differences for cGMP- (green) and 8-NBD-cGMP- (red) bound
samples. Residues assigned in both the cGMP-bound and the 8-NBD-cGMP bound samples are plotted.
The distance (A) measured from R528 using the cGMP-bound structure (PDB code: 40FG) is shown in
grey line. The secondary structure of cGMP-bound PfD is depicted on the top of each plot. The
highlighted region indicates residues near Y480, where the perturbation induced by the R528K
mutation in the cGMP-bound complex is lost when cGMP is replaced by 8-NBD-cGMP. The black arrow
indicates Y480, while the black star denotes R528.
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This perturbation revealed by the MD simulations is consistent with the significant 8-
NBD-cGMP vs. cGMP chemical shift changes occurring at or near Y480 (Fig. 3A). The Y480 NH
HSQC cross-peak of the cGMP:PfD complex moves completely towards the apo position when
cGMP is replaced by 8-NBD-cGMP (Fig. 6H), confirming that the 8-NBD moiety perturbs the
Y480-R528 interaction. To further corroborate this result, we generated the R528K mutant and
compared the R528K vs. WT chemical shifts for both cGMP- and 8-NBD-cGMP-bound samples
(Fig. 6l). For the cGMP:PfD complex the largest R528K vs. WT ACCS values cluster primarily close
to Y480 (Fig. 6l), as expected based on the R528-Y480 interaction observed in the cGMP:PfD
structure (14). However, when cGMP is replaced by 8-NBD-cGMP, the R528K vs. WT CCS changes
in the vicinity of Y480 are markedly suppressed (Fig. 6l), confirming that in the 8-NBD-cGMP:PfD
complex the R528-Y480 interaction is significantly weakened compared to the cGMP:PfD
structure.

Similar analyses were carried out to probe the effect of 8-NBD-cGMP on the capping
triad interactions between R484, Q532, and D533, which are also critical for activation (14). We
found that the R484-D533 interaction is perturbed in the simulated intermediate structure of
the 8-NBD-cGMP:PfD complex (Fig. S3A). To confirm such perturbation, we measured the CCS
changes between WT and the R484A mutant for both the cGMP- and 8-NBD-cGMP-bound
samples (Fig. S3B). Fig. S3B reveals that the R484A vs. WT CCS changes in the C-terminal helices,
especially in the vicinity of Q532-D533, are suppressed when cGMP is replaced with 8-NBD-
c¢GMP, confirming that 8-NBD-cGMP perturbs the capping interaction between R484 and the C-
terminal helices. These results are in full agreement with the MD simulations, suggesting that
the 8-NBD substituent destabilizes also the capping triad.

Hence, we conclude that upon introduction of the NBD group at the 8-guanine position,
the syn base orientation is preserved but the Y480-R528 contact and the capping triad
interactions are significantly perturbed, thus compromising the full engagement of the C-helix
and explaining why 8-NBD-cGMP functions as an effective allosteric antagonist of the PPKG

kinase.
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5.4.6 Sampling a mixed intermediate state is beneficial for maximizing kinase inhibition
while minimizing affinity losses

The three-state model with the mixed intermediate state featuring an engaged pre-lid
and a disengaged lid (Fig. 5A) provides an excellent strategy for PfPKG kinase inhibition without
significantly compromising affinity. Reconciling high inhibitory efficacy and potency would be
more challenging for a simple two-state model. In this case, the disengagement of the lid
necessary for inhibition also implies the concurrent disengagement of other PfD elements
necessary for high-affinity binding, such as the PBC in its entirety. On the contrary, in the mixed
intermediate state (Fig. 5A), which exhibits a similar inhibitory effect as the inactive state,
maintains the pre-lid and the adjacent PBC engaged. For example, while the capping
carboxylate of D533 is displaced away from R484 in the PBC, the side chain of this arginine in
the mixed intermediate remains in an orientation similar to the active conformation (Fig. S3A),
thus minimizing perturbations of the interactions with the cyclic nucleotide. Hence, based on
the three-state model of Fig. 5A, we hypothesize that the 8-NBD-cGMP preserves an affinity
comparable to the endogenous allosteric effector, cGMP.

Our hypothesis is confirmed through surface-plasmon resonance (SPR) measurements
(Fig. 7) showing that the affinities of 8-NBD-cGMP and cGMP are comparable (i.e. Ks =59 + 4 vs.
51 + 7 nM; Table S3), despite their markedly different efficacies in terms of kinase activation (Fig.
1L; Fig. STA). This conservation of affinity is especially important, since 8-NBD-cGMP acts as a
competitive antagonist (Fig. S1B). Hence, 8-NBD-cGMP serves as an excellent example for how
sampling a mixed intermediate state enables significant inhibition without major affinity losses
by selectively disengaging only structural units strictly necessary for kinase activation. Similar
inhibition strategies are anticipated to inform the design of future PfPKG allosteric inhibitors,

which may serve as anti-malaria drug leads.
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Figure 7. Surface plasmon resonance binding studies of cGMP and 8-NBD-cGMP to PfPKG 401-853 (PfD -
catalytic domain) demonstrate similar binding kinetics. Direct binding assays were performed by capturing
poly-histidine tagged PfPKG 401-853 on a Ni-NTA sensor chip and injecting a dilution series of (A) cGMP
for 45 s and (B) 8-NBD-cGMP for 70 s, respectively. Rate and equilibrium binding constants are reported
in Table S3. A Langmuir 1:1 model was applied for fitting.

5.5. Experimental Procedures

Expression and Purification

The PfPKG CBD-D construct (401-542) (i.e. PfD) within a His-tagged expression vector
pQTEV (14) was expressed in the E. coli strain BL21 (DE3). The transformed E. coli was grown in a
minimal media enriched with "NH,Cl and "*C-glucose and supplemented with D-biotin,
thiamine HCI, MgSO,, and CaCl.. The cells were grown at 37 °C to an optical density of 0.7 (at A =
600nm), induced with 0.5 mM IPTG and then incubated for an additional 18 h at 18 °C. Cells were
harvested, resuspended in the lysis buffer (50mM Tris, pH 7.4, 500mM NaCl, 1mM BME) and lysed
using a cell disruptor. The cell debris was removed through centrifugation and then the
supernatant was loaded onto a Ni** Sepharose resin. The cell lysate was allowed to flow through
and the column was rinsed with 50 mM Tris, pH 7.4, 500 mM NaCl, T mM BME, and 20 mM
imidazole. After thorough rinsing, the protein was eluted with 50 mM Tris, pH 7.4, 500 mM NadCl,
1 mM BME, and 300 mM imidazole. The eluted protein was then dialyzed in 50 mM Tris, pH 7.4,
100 mM NaCl, TmM BME with TEV protease for 24 h at 4 °C. The cleaved products were loaded
on the Ni** Sepharose resin. The protein without the His-tag was obtained through collecting
the flow-through and was further purified with a HiLoad 16/60 Superdex 75 gelfiltration column
(GE healthcare) equilibrated with NMR buffer (50 mM Tris, pH 7, 100 mM NacCl, 10 mM MgCl2,
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TmM DTT). The His-tagged PfPKG401-853 construct including the catalytic domain was
expressed in E. coli TP2000 and purified using Ni-NTA and size exclusion chromatography, as

previously described (21).

NMR Spectroscopy

NMR experiments were performed on a Bruker Avance 700 MHz spectrometer equipped
with a 5-mm TCI cryoprobe or a Bruker Avance 850 MHz spectrometer equipped with a triple
resonance TXI probe. All experiments were acquired at 306 K in NMR buffer (50 mM Tris, pH 7,
100 mM NaCl, 10 mM MgCI2, 1 mM DTT) with 5% D-O. All NMR spectra were processed with
NMRPipe (42) and analyzed using Sparky (43). Three-dimensional triple-resonance NMR
experiments (i.e. HNCACB, CBCA(CO)NH, HNCA, HN(CO)CA, HNCO, HCCH-TOCSY, and
(H)CC(CO)NH) were acquired and used to assign the two-dimensional 'H-">"N HSQC and 'H-"*C
HSQC NMR spectra of cGMP-bound PfD. Since the apo sample was prone to precipitation, 2D-
N.-exchange, 2D-Difference N,-exchange, and 2D-C,-exchange experiments with mixing time of
250 ms were used to transfer the chemical shift assignments from the cGMP-bound PfD to the
apo PfD spectra. The cGMP-analog bound spectra were assigned through spectral comparison
with cGMP-bound spectra, if no ambiguities were present, and through 2D-N,-exchange and
2D-Difference N,-exchange with the apo state. Chemical shift assignments of R528K:cGMP and
R528K:8-NBD-cGMP were obtained through spectral comparison with WT spectra, if no

ambiguities were present.

Chemical Shift Analyses

All spectra utilized for chemical shift analyses were acquired with 100 uM PfD and
saturating amounts of cGMP or cGMP-analogs (2 mM) or without any cNMP addition for apo
spectra. For accurate chemical shift comparisons, an internal reference (i.e. °N-labeled N-
acetylglycine) was used to align the spectra in Sparky and the resulting chemical shift values
were used to compute the compounded chemical shift differences and perform the Chemical
Shift Projection Analysis (CHESPA) following previously described protocols (29, 30, 34, 44, 45).
The fractional shift (X) values and cos(6) values were computed for residues with cGMP-analog
bound vs. cGMP-bound CCS difference > 0.05 ppm. The average <X> values for the pre-lid and

the lid were calculated using residues that were assigned in all five samples (i.e. apo, cGMP-

142



Ph.D. Thesis — Olivia Jung Ah Byun McMaster University, Biochemistry

bound, 8-NBD-cGMP-bound, 8-pCPT-cGMP-bound, and PET-cGMP-bound PfD), had X values
between 0 and -1 and ACCS (cGMP-analog bound vs. cGMP-bound) values greater than 0.05
ppm, ensuring reliable X and cos(6) values. The distribution of X values for cGMP-analogs were
computed using the residues that exhibited |cos(8)| > 0.75 to minimize biases from nearest-

neighbour effects.

Site-Directed Mutagenesis

The R528K mutation was created through site-directed mutagenesis using a KOD Hot
Start Master mix (Novagen) and primer pairs (synthesized by IDT), forward -
CTGGCCCACTTGGAAGAGAAGATTAAGATGCAGGATAC and reverse -
GTATCCTGCATCTTAATCTTCTCTTCCAAGTGGGCCAG. The reaction protocol provided by the
KOD Hot Start kit was followed. Template DNA was degraded with Dpnl for 2 h at 37 °C and the
reaction product was used for transformation of E. coli top10 cells. The transformed colony was
grown in LB media for 18 h at 37 °C. Plasmids were isolated from the E. coli using the GeneJET
Plasmid Miniprep Kit (Thermo Fisher Scientific). The purified plasmids were sequenced to verify
the mutation. The expression and purification of PD R528K were carried out using the same

protocol as for the WT PfD.

Kinase Assays

Specific  kinase activities were determined using an enzyme coupled
spectrophotometric assay (46). In a quartz cuvette, purified PfPKG 401-853 was mixed with the
reaction buffer (100 mM MOPS pH 7.0, 10 mM MgCl,, 5 mM f-mercaptoethanol 1 mM ATP, T mM
phosphoenolpyruvate, 230 uM NADH, 15 U/ml lactate dehydrogenase, 8.4 U/ml pyruvate
kinase). The reactions were started by adding 1 mM PKStide (GRTGRRNSI; GeneCust,
Luxembourg) and monitored in the absence and presence of 100 uM of each cyclic nucleotide
(cGMP, 8-pCPT- and PET-cGMP) for at least 1 minute. Specific kinase activity was calculated
according to the Lambert Beer law.

Kinase activity induced by 8-NBD-cGMP was measured by microfluidic mobility shift
assay using a Caliper DeskTop Profiler (PerkinElmer, Waltham, MA, USA). Here, 100 uM of cGMP
or 8-NBD-cGMP were mixed with assay buffer (20 mM MOPS (pH 7), 300 mM NacCl, 10 mM MgCl,,
1mM ATP, 1 mM DTT, 990 uM PKStide, 10 uM FITC-PKStide (FITC-GRTGRRNSI; GeneCust,
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Luxembourg, 0.05% L-31) and a fixed protein concentration and continued as previously
described (21). The assay was also conducted with multiple concentrations of 8-NBD-cGMP or
c¢GMP, ranging from 0.1 nM to 300 uM. For the competition assay, the protein was pre-incubated
with 350 nM ¢cGMP and varying concentration of 8-NBD-cGMP was added to the reaction and
substrate conversion was monitored over 2 hr.

The combined kinase inhibition data were further analysed and normalized using

GraphPad Prism 8.3.0 (GraphPad Software).

Surface Plasmon Resonance (SPR)

Direct binding data was obtained via SPR using a Biacore T200 (GE Healthcare Life
Sciences). Briefly, 200-300 RU of Ni** (5 mM NiCl; in running buffer) were immobilized on a poly
NTA derivatized sensor chip (NIHC 1000M; XanTec bioanalytics GmbH). Subsequently, His-
tagged PfPKG 401-853 in running buffer (20 mM HEPES, 150 mM NacCl, 50 uM EDTA, 0.01% P20,
pH 7.3) was captured at a flow rate of 10 yL/min to an immobilization level of 500-2500 RU. Next,
association was measured by injection of a dilution series of the respective cyclic nucleotide for
45-75 s. Then running buffer was injected for 60-180 s to initiate dissociation. Regeneration of
the sensor chip surface was achieved by consecutively injecting 0.5 M EDTA (pH 8) for 600 s,
followed by injections of 3 M guanidinium HCI, 0.5 % SDS and 3 M guanidinium HCI for 240 s
each. Unless stated otherwise, all kinetic measurements were performed at 25 °C in running
buffer and a flow rate of 50 puL/min. Data was evaluated with the Biacore T200 Evaluation
Software 3.0 using a global fit and assuming a 1:1 Langmuir binding model. Further data

processing was performed using GraphPad Prism 8.3.0 (GraphPad Software).

Molecular Dynamic Simulations

Initial Model Preparation. The structure of 8-NBD-cGMP in a syn conformation was
generated using RDKit (47). A model of the mixed intermediate state sampled by the PfD:8-NBD-
cGMP complex was then built using residues 401-533 from the active PfD:cGMP crystal structure
(PDB code: 40FQG) (14), and lid region residues 534-542 from the inactive apo PfD crystal
structure (PDB code: 5DYK) (24). The 8-NBD-cGMP ligand was docked into the resulting mixed
structure of PfD using AutoDock4 with default parameters generated by AutoDockTools (48).
Residues 463-494, where the PBC and BBR regions are located, were assigned as the binding

144



Ph.D. Thesis — Olivia Jung Ah Byun McMaster University, Biochemistry

pocket for AutoDock. The structure in which the ribose-phosphate and guanine moieties of the
docked ligand were best aligned with the position of cGMP in the cGMP-bound active structure
(PDB code: 40FG) (14) was selected as initial coordinates for MD simulations.

Molecular Dynamic Simulation Protocol. All simulations were performed using the
AMBER 16 software PMEMD.CUDA (49) on the Shared Hierarchical Academic Research
Computing Network (SHARCNET). The Amber ff99SBnmr force field was employed for the
protein, while RESP charge and the general Amber force field were applied to generate the
parameters for 8-NBD-cGMP using the Gaussian09 program (50) and the antechamber module
implemented in AMBER 16, as previously described (51). The TIP3P water model was applied in
the form of a rectangular MD solvent box surrounding the PfD:8-NBD-cGMP structure, with a
minimum distance of 12 A between the PfD:8-NBD-cGMP structure and the box edge. To mimic
the experimental conditions, the charged residues and N-/C-termini were set to the protonation
states expected at pH 7, following a protocol similar to that implemented in (52), and Na+ and
Cl- ions were added to mimic a 100 mM salt concentration.

The simulations started with an energy minimization performed with harmonic
restraints on the protein backbone (with a force constant of 5 kcal/mol-A2). The system was then
gradually heated from 0 K to 100 K at constant volume and then heated from 100 K to 306 K in
the NPT ensemble, and all the heating process employed harmonic restraints on protein
backbone (with a force constant of 3 kcal/mol-A?) for a total of 1 ns followed by an equilibration
period of 1.2 ns with main chain atoms restrained with a force constant of 1 kcal/mol-A2. Then a
1 us production MD trajectory was generated in the NPT ensemble at 306 K and 1 atm with
weak-coupling algorithm, saving structures every 10 ps for subsequent analysis. A cluster
analysis for 20000 frames recorded from the MD trajectory (i.e. the structures recorded at 50 ps

intervals) was performed, with 3-core alignment, using the CPPTRAJ protocol (53).

Data availability
The NMR chemical shift assignment for cGMP-bound PfD has been deposited in
Biological Magnetic Resonance Data Bank (BMRB) with the code 50203. All remaining data are

contained within the article.
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Supplementary Information

Table S1. Population of inactive, intermediate and active states sampled by the complexes of PfD and|
8-NBD-cGMP, 8-pCPT-cGMP, or PET-cGMP*

8-NBD-cGMP 8-pCPT-cGMP PET-cGMP
Inactive 48 + 12% 30+ 9% 0+1%
Intermediate 40 + 12% 34+ 16% 0+11%
Active 12+ 1% 36 £13% 103 £11%

*The populations were estimated from the average fractional shift (X) values of the pre-lid and the
lid region obtained from the CHESPA analysis (Fig. 4 and S2).

Table S2. Cluster distribution from a 1 us MD trajectory of PfD:8-NBD-cGMP*

Cluster Frames Fraction
1 19086 0.954
2 610 0.03
3 81 0.004
4 70 0.004
5 36 0.002
6 34 0.002
7 33 0.002
8 27 0.001
9 19 0.001
10 4 0

* Representative structures from the most populated cluster (i.e. cluster 1) were used in Fig. 6.

Table S3. Direct binding measurements of cGMP and cGMP-analogs to PfPKG 401-853 (CBD-D — Catalytic domain)*

cGMP 8-NBD-cGMP 8-pCPT-cGMP PET-cGMP
kass [10° M 's™] 276 +£0.53 1.94 +0.20 42.0+32.7 6.52+1.29
kaiss [s'] 0.14 +0.03 0.11 £0.01 0.06 +0.03 0.02 £ 0.01

Ka [nM] 51+7 50+4 1.7+0.7 26+03

* Association and dissociation rate constants were obtained employing SPR (Fig. 7). SD was determined using

at least triplicates.
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Figure S1. Partial agonistic and antagonistic properties of 8-NBD-cGMP on PfPKG activation. (A)
Kinase activation with cGMP (black) and 8-NBD-cGMP (red). PPKG (401-853) was incubated
with different concentrations of cGMP and 8-NBD-cGMP, respectively, and the kinase activity
was measured using microfluidic mobility shift assays. Activity refers to conversion of the
substrate peptide PKStide. (B) PPKG (401-853) was pre-activated to about 50% of the
maximum kinase activity with 350 nM cGMP. The influence of 8-NBD-cGMP on kinase activity

was tested by adding a dilution series of 8-NBD-cGMP to the reaction. Subsequently, substrate
conversion was monitored over 2 h.
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Figure S2. CHemical Shift Projection Analysis (CHESPA) of PfD:PET-cGMP. (A) CHESPA vector
scheme, fractional shift (X) and (B) cos(B) values plotted against residue. The secondary structure
of cGMP-bound PD is depicted on the bottom of the X plot.
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Figure S3. Effect of the 8-NBD Substituent on the Capping Triad Interactions. 8-NBD-cGMP binding
to PD perturbs the interaction of R484 with the C-terminal helices and the capping triad. (A)
Aligned representative structures of cGMP:PfD (grey; PDB code: 40FG) and 8-NBD-cGMP:PfD
(red) generated from MD simulations and zoomed into the capping triad region (R484, Q532,
D533). The arrow indicates the shift of the D533 side chain upon binding of 8-NBD-cGMP. (B) WT
vs. R484A CCS differences for the cGMP- (green) and 8-NBD-cGMP- (red) bound PfD samples.
Only residues assigned in both samples are plotted. The distance (A) measured from R484 using
the cGMP-bound structure (PDB code: 40FG) is shown in grey line. The secondary structure of
cGMP-bound PfD is depicted at the top of the plot. Pre-Lid and Lid motifs are highlighted in pink
and purple background, respectively. The black arrows indicate residues Q532 and D533, which
are part of the capping triad, while the black star denotes R484.
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Chapter 6

Conclusion and Future Perspectives:

Inhibition Explained through Conformational Ensembles Sampling

Distinct “Mixed” States

6.1  Author’s Preface:
The work presented in this chapter has previously been published and is reproduced here with
permission from the Computational and Structural Biotechnology Journal, Elsevier. Full citation

is as follows:

Byun, J. A., VanSchouwen, B., Akimoto, M., and Melacini, G. (2020) Allosteric Inhibition Explained
through Conformational Ensembles Sampling Distinct “Mixed” States. Comput. Struct. Biotechnol.

J. In press.

This review article encompasses the summaries of all the findings from the previous chapters
and puts them in the context of current literature. It discusses the common emerging theme of
“mixed” state playing an essential role in explaining the mechanisms of observed allosteric

inhibition. Hence, | have decided to include this review as the concluding chapter.
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6.2  Abstract

Allosteric modulation provides an effective avenue for selective and potent enzyme
inhibition. Here, we summarize and critically discuss recent advances on the mechanisms of
allosteric partial agonists for three representative signalling enzymes activated by cyclic
nucleotides: the cCAMP-dependent protein kinase (PKA), the cGMP-dependent protein kinase
(PKG), and the exchange protein activated by cAMP (EPAC). The comparative analysis of partial
agonism in PKA, PKG and EPAC reveals a common emerging theme, i.e. the sampling of
distinct “mixed” conformational states, either within a single domain or between distinct
domains. Here, we show how such “mixed” states play a crucial role in explaining the observed
functional response, i.e. partial agonism and allosteric pluripotency, as well as in maximizing
inhibition while minimizing potency losses. In addition, by combining Nuclear Magnetic
Resonance (NMR), Molecular Dynamics (MD) simulations and Ensemble Allosteric Modeling
(EAM), we also show how to map the free-energy landscape of conformational ensembles
including “mixed” states. By discussing selected case studies, we illustrate how MD simulations
and EAM complement NMR to quantitatively relate protein dynamics to function. The
resulting NMR- and MD-based EAMs are anticipated to inform not only the design of new
generations of highly selective allosteric inhibitors, but also the choice of multidrug

combinations.
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6.3 Introduction

Allostery is a ubiquitous mechanism adopted by macromolecules to respond to
external stimuli. An allosteric perturbation typically induces structural and/or dynamical
changes that regulate function. Allosteric stimuli include not only binding of small ligands or
partner proteins, but also mutations and post-translational modifications. Allosteric sites are
usually distant from the orthosteric sites, such as the enzyme substrate binding site, and are
less conserved relative to the orthosteric sites due to lower evolutionary pressure (1, 2). Hence,
allosteric modulation is a promising approach for eliciting selective and potent enzyme
inhibition. This realization has prompted a plethora of studies for understanding allosteric
communication and networks (3-5), allosteric drug design (6-9), as well as the mechanisms of
allosteric inhibitors and partial agonists. The latter typically target the allosteric domains of
enzymes such as kinases (10-12), guanine nucleotide exchange factors (13, 14), tyrosine
kinases (15, 16), and proteases (17, 18), or protein-protein interfaces such as molecular
chaperone-client interactions (19).

Considering that allosteric mechanisms are fundamentally dynamic in nature, nuclear
magnetic resonance (NMR) spectroscopic methods serve as an excellent tool to map at atomic
resolution the free energy landscape sampled by the conformational ensemble of dynamic
allosteric domains. However, it is advisable to complement experimental methods with
computational approaches to identify potential allosteric sites and refine hypotheses on
rational design of allosteric drugs (20, 21). For example, molecular dynamics (MD) simulations
combined with coordination propensity (CP) analysis, which permits an assessment of the
intrinsic flexibility of proteins and the changes associated with ligand binding, were used to
identify residues that are distant from the catalytic site, yet highly correlated (21). Another
computational method known as the structure-based statistical mechanical model of allostery
(SBSMMA), which quantifies energetics and cooperativity of allosteric communication,
provides predictions on novel allosteric sites (5, 20).

Allosteric modelling is also crucial in providing insights on observable allosteric
phenomena. In the EAM, the populations of each microstate are modeled through normalized
Boltzmann factors, which are in turn dictated by the free energies of conformational change
within each (sub)domain and of inter-(sub)domain interactions (10, 22-25). Knowledge of such

populations enables the prediction of key observables, such as affinities and degrees of
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activation/inhibition. Here, we provide examples to illustrate how complementing NMR with
Molecular Dynamics (MD) simulations and Ensemble Allosteric Modeling (EAM) provides
unique insight on protein dynamics and their relation to function and allosteric regulation.

In the first part of the review, we will summarize and analyze recent findings on the
mechanisms of partial agonists for representative allosteric signalling enzymes: the cAMP-
dependent protein kinase (PKA), the cGMP-dependent protein kinase (PKG), and the exchange
protein activated by cAMP (EPAC) (10-14, 26-30). The goal of this initial section is to reveal
emerging trends, such as stabilization of novel “mixed” states that play essential roles in
explaining the observed functional response. In the second part of the review, we will discuss
how MD simulations and EAM play critical roles in complementing the NMR data and leading
to allosteric models that quantitatively and verifiably predict protein function.

This review does not claim to be exhaustive and we will focus primarily on illustrative
cases from our own work on cyclic nucleotide monophosphate (cNMP)-binding domains
(CBDs) (10-14). CBDs share a conserved fold architecture with a non-continuous K-subdomain
and a continuous K-subdomain (Fig. 1A, B of Ch. 5). The N-terminal helices are collectively
referred to as the N3A, while the cNMP-phosphate binding cassette (PBC) is located within the
K-subdomain (Fig. 1B of Ch. 5). CBDs are prototypical conformational switches, and we will
focus on CBDs that serve as the central controlling unit for closed-to-open transitions, which
are common in the regulation of signaling pathways. Nevertheless, we refer the reader to
other excellent reviews and articles for a more comprehensive assessment of the field (22, 31-

39).

6.4 Partial agonism in isolated allosteric domains reveals a common inhibitory
mechanism where sampling of ‘mixed’ intermediate states maximizes inhibition

while minimizing potency losses

Although allosteric signaling systems are often multi-domain proteins, here we will
initially focus on a single allosteric domain, as this is the simplest case to start with, and it offers
an essential ‘building block’ to understand more complex systems. In addition, it is often

possible to identify a single domain that functions as the main ‘central controlling unit’ for the
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whole multi-domain protein, such as CBD-D of P. falciparum PKG in Fig. 1A. When a partial
agonist binds and induces changes in a single domain, functional modulations arise from at
least two possible scenarios: (1) a simple shift of a two-state inactive-active conformational
equilibrium to the inactive state (Fig. 1F of Ch. 5); or (2) a multi-state equilibrium sampling a
distinct intermediate ‘mixed’ state that displays different degrees of resemblance to the
inactive and active states in different regions of the domain (Fig. 1G of Ch. 5).

Recent studies on the mechanisms of partial agonists that target the CBDs of
allosterically regulated enzymes show an emerging trend, where partial agonism is best
accounted for in terms of sampling multi-state equilibria with mixed intermediate states (11-
14). A common feature shared by these mixed intermediate states is the differential allosteric
response of the C-terminal helix and the PBC (Fig. 1B of Ch. 5). The PBC directly interacts with
the phosphate of the cNMP, while the C-terminal helix of the allosteric domain serves as a
capping lid for the cNMP (Fig. 1B of Ch. 5). In PKG and EPAC, the C-terminal helix also directly
links the CBD to the catalytic domain or region. The mixed states (Fig. 1G of Ch. 5) offer a

simple but effective explanation for the mechanism of inhibition of these enzymes.

hPKG. One of the first cases in which mixed intermediates were reported to explain
partial agonism in a CBD pertains to human cGMP-dependent protein kinase (hPKG) and cAMP
(12). hPKG includes two tandem CBDs (CBD-A and CBD-B) preceding the kinase domain (26,
40). Although the CBD-B of hPKG preferentially binds cGMP relative to cAMP, the higher
intracellular concentration of CAMP suggests that additional mechanisms promote selective
cGMP-dependent activation of hPKG in conjunction with the cGMP-versus-cAMP affinity
differential (26, 40-42). For example, another difference that contributes to cGMP-versus-cAMP
selective activation is that cCAMP acts as a partial agonist for hPKG. To determine the
mechanism of such partial agonism, NMR chemical shift projection analyses (CHESPA) and "N
relaxation measurements aimed at characterizing internal dynamics were utilized (12).

CHESPA revealed a non-uniform distribution of fractional activations indicative of
cAMP-bound CBD-B sampling a three-state equilibrium among the inactive state, the active
state, and a mixed intermediate state (Fig. TA). In the inactive state, the N-terminal helices
(N3A) are in the ‘in’ conformation, and the PBC and C-terminal helices are in the ‘out’

conformation and flexible, as confirmed by *N relaxation measurements. The opposite is true
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for the active state. In the mixed intermediate state, the orientation of both the N3A and PBC
resembles that of the active state, but the C-terminal helices are disengaged and more
dynamic, similar to the inactive state (Fig. 1A; dashed box). This disengagement of the C-
terminal helices, which directly link CBD-B to the catalytic domain, alters the relative
positioning of the catalytic domain to CBD-B, and thus, the accessibility of the kinase
substrates to the catalytic binding pocket. This allows the mixed state to preserve at least
partial kinase inhibition and provides a viable explanation as to why even if cAMP binds hPKG
due toits high intracellular concentration, it leads to only minimal cross-activation of cGMP-

and cAMP-dependent signalling pathways.

PFPKG. PKG is also involved in proliferation of the Plasmodium falciparum parasite, one
of the primary pathogens responsible for malaria (43-48). Elucidating the mechanism of
allosteric inhibition through targeting the cGMP-binding domain of P. falciparum PKG (pfPKG)
may potentially help in designing new drugs to combat malaria, as is needed due to an
increasing resistance to current treatments. For this purpose, a cGMP-analog which activates
pfPKG only partially, known as 8-NBD-cGMP, was investigated in complex with CBD-D of pfPKG
(11). pfPKG contains four tandem CBDs (Fig. 1A of Ch. 5), but CBD-D is the domain primarily
responsible for the autoinhibition and the cGMP-dependent activation of pfPKG (49, 50).

The CHESPA analysis of the CBD-D of pfPKG shows that the 8-NBD-cGMP-bound CBD-D
samples a conformational ensemble that includes its native inactive and active states, as well
as a mixed intermediate state. In this mixed state, the pre-lid region, which includes a helix that
rotates in conjunction with the PBC, resembles the active state, whereas the lid in the C-
terminal helix is disengaged, similar to the inactive state (Fig. 1B; dashed box) (11). MD
simulations were performed starting from a model of the mixed intermediate built based on
the structural information gathered from NMR. The MD trajectories corroborated the
hypotheses on the conformation of the bound 8-NBD-cGMP, and the overall structure of the

otherwise elusive mixed intermediate state (vide infra).
The combined CHESPA and MD results show that sampling a mixed intermediate state

allows the inhibitor to preserve high affinity to the allosteric domain through the engagement

of essential elements of the binding site, such as the PBC that stabilizes the interaction with
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the phosphate of the analog. On the other hand, the lid disengagement makes the domain
inhibition-competent by failing to form interactions critical for activation. Hence, we
hypothesized that inhibitors which stabilize the mixed intermediate state relative to the native
inactive or active states are more potent than those that simply target purely inactive or active
states. Targeting the fully inactive state alone is likely to lead to affinity losses and poor
potency, while targeting the fully active state compromises the efficacy of the inhibitor.
Targeting the mixed intermediate, however, provides an opportunity to enhance the

inhibition without excessively compromising the potency.

EPAC. The guanine Exchange Protein directly Activated by cAMP (EPAC) is another
cyclic nucleotide-regulated enzyme that serves as a potential drug target for the treatment of
a wide range of diseases, from pancreatic (51, 52) to breast cancer (53), diabetes (54) and viral
infections such as SARS and MERS (55). Recent mechanistic studies have focused on
elucidating the mechanisms of two different EPAC allosteric partial agonists discovered
through screening: 1942 (13) and CE3F4R (14). Both 1942 and CE3F4R are non-cNMP ligands
acting on the CBD of EPAC isoform 1 (EPAC1), and both stabilize mixed intermediate states, yet
through very distinct mechanisms (13, 14).

1942 is a competitive partial agonist with respect to cAMP (13, 27), and its mechanism
of action conforms to the pattern observed in the previously discussed mechanisms based on
an ensemble of three states, including a purely inactive, a purely active, and a mixed
intermediate state (Fig.1C) (13). The distinguishing feature of this mixed intermediate state is
that the PBC adopts the ‘in’ conformation, similar to the active state, while the C-terminal
hinge helix, which is responsible for orienting the catalytic region relative to the regulatory
region, is in the ‘out’ conformation, similar to the inactive state (Fig. 1C; dashed box). Hence,
the 1942 partial agonism arises through stabilization of both inactive and intermediate states
(Fig. 1C).

Sampling of a mixed EPACT CBD state is also central to the mechanism of CE3F4R,
which is an unconventional partial agonist since it is uncompetitive with respect to cAMP (14,
29). CE3F4R binding to EPACT is conditional on cAMP binding, and partial agonism arises via
formation of a ternary complex involving the EPACT CBD, cAMP and CE3F4R (29). CE3F4R
binding occurs at the o/f3 subdomain interface, as opposed to the cAMP binding site (Fig. 1D).
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This binding mechanism allows CE3F4R to act as a wedge that stabilizes a cCAMP-bound mixed
intermediate state where the PBC is engaged by cAMP (i.e. active PBC conformation), but the
hinge helix is in the inactive conformation.

Due to the inactive orientation of the hinge in the presence of CE3F4R, EPACT adopts a
closed topology where the catalytic domain is inaccessible to its Rap substrate (Fig. 1D). This
mechanism of stabilization of the mixed intermediate state not only explains why CE3F4R is
selective for EPAC1 vs. the EPAC2 isoform, but also provides critical insight into the use of
allosteric inhibitor combinations. In EPAC2 a glutamine residue in the EPAC1 PBC is replaced
by a lysine, which forms a salt bridge with a glutamate in the hinge helix, thus stabilizing its
active conformation and destabilizing the mixed intermediate preferred by CE3F4R. The
mixed state also provides a basis to understand why CE3F4R cannot be used in combination
with the phosphorothioate cAMP analog Rp-cAMPS, which is a well-known allosteric
antagonist of EPACT (56). Rp-cAMPS binds to the cAMP binding site and stabilizes the PBC in
the ‘out’ conformation due to the presence of the bulky sulfur atom, thus destabilizing the
mixed state to which CE3F4R selectively binds.

The CE3F4R/Rp-cAMPS example highlights the importance of elucidating the
mechanism of allosteric inhibition to guide the choice of inhibitor mixtures. In principle, ideal
multidrug combinations could be identified solely based on ‘blind’ screening campaigns (57).
However, inherent combinatorial complexity is a notorious bottleneck in combination
therapies, as it limits the feasibility of exhaustively searching all possible drug-pairs from
conventional libraries (58, 59). Hence, knowledge of allosteric mechanisms is anticipated to be
valuable for filtering ligand libraries into more targeted subsets to enable more efficient

combinatorial screening.
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Figure 1. Sampling mixed intermediate states of isolated CBDs enables partial agonists to maximize
inhibition without significantly compromising affinities. (A) CBD-B of human PKG bound to cAMP samples
inactive and active conformers as well as an intermediate state (dashed box), where only its C-terminal
switch helix (SW) is disengaged and dynamic (12). The figure was reproduced with permission and was
originally published in the Journal of Biological Chemistry. VanSchouwen B, Selvaratnam R, Giri R, Lorenz
R, Herberg FW, Kim C, et al. Mechanism of cAMP Partial Agonism in Protein Kinase G (PKG). J. Biol. Chem.
2015; 290:28631-38641. © the American Society for Biochemistry and Molecular Biology. (B) Plasmodium
falciparum PKG bound to 8-NBD-cGMP. The mixed intermediate state (dashed box) features an engaged
pre-lid region to promote inhibitor binding, but the C-terminal lid remains disengaged to ensure
inhibition (11). The figure was reproduced with permission and was originally published in the Journal
of Biological Chemistry. Byun JA, Van K, Huang J, Henning P, Franz E, Akimoto M, et al. Mechanism of
allosteric inhibition in the Plasmodium falciparum cGMP-dependent protein kinase. J. Biol. Chem.
2020;295:8480-91. © the American Society for Biochemistry and Molecular Biology. (C) EPAC1 bound to
1942. The mixed intermediate (dashed box) includes a PBC “in” and C-terminal hinge helix (H) “out”
conformation (13). The out conformation of the hinge helix leads to inhibition of the catalytic region
(CR) as it obstructs access to its Rap1 substrate. (D) EPACT bound to cAMP and CE3F4R, which
uncompetitively binds to EPAC1 and stabilizes the mixed intermediate state (dashed box), where the
PBCis “in” and the C-terminal hinge (H) is “out” (14). The figures are adapted with permission from
Boulton S, Selvaratnam R, Blondeau J-P, Lezoualc’h F, Melacini G. Mechanism of Selective Enzyme
Inhibition through Uncompetitive Regulation of an Allosteric Agonist. J Am Chem Soc 2018;140:9624—
37. Copyright 2018 American Chemical Society.
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In general, the examples discussed above illustrate how diverse partial agonists
enhance their effectiveness to bind and inhibit target enzymes through sampling mixed
intermediate states. The mixed intermediates are ideally suited for maintaining stable binding
interactions with the ligands through the engaged PBC, while retaining the ability to inhibit
enzymatic function by disengaging the C-terminal helix that links the regulatory and catalytic
domains or regions, thus perturbing interactions required for activation. However, the partial
agonism mechanisms discussed so far are based on the effect of the allosteric modulator on
single isolated domains. Considering that signaling proteins are often multi-domain, it is
critical to explore whether mixed states also play a central role in longer constructs that better

recapitulate multi-domain complexity.

6.5 Sampling of ‘mixed’ intermediate states by an allosteric multi-domain

system explains allosteric pluripotency

Mixed intermediate states are relevant also for multi-domain proteins, especially when
different domains bind the same allosteric ligand, but with different allosteric responses. An
example of this type of mixed state for a multi-domain system was observed in the cAMP-
dependent protein kinase (PKA) bound to Rp-cAMPS (Rp). Rp (Fig. 1A of Ch. 2) is the primary
allosteric inhibitor for PKA known to date, despite extensive screening efforts aimed at
inhibiting the cancer-driver function of PKA (60-64). Interestingly, in the presence of MgATP,
Rp acts as an antagonist for PKA, but in the absence of MgATP, it acts as an agonist (65). This
phenomenon is referred to as allosteric pluripotency. Understanding allosteric pluripotency is
essential to translate allosteric modulators into effective therapeutics, because when the effect
of an allosteric ligand depends on the environmental conditions, undesired side effects may

arise (66).

PKA. A distinct difference between PKA and the allosteric enzymes discussed above
(PKG and EPAC) is that the PKA regulatory subunit (R) and catalytic subunit (C) belong to
separate polypeptide chains (Fig. 1E and 3F, G of Ch. 2) (67-69). In the absence of cAMP, the R-
subunit binds and inhibits the C-subunit (Fig. 3F of Ch. 2) (67). The R-subunit of PKA includes
two tandem CBDs (CBD-A and B). When cAMP binds to each of the CBDs (A and B),
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conformational changes occur within the R-subunit (Fig. 3G of Ch. 2) that allow the release of
the C-subunit (67). The main R:C interaction is through CBD-A, especially though the inhibitory
linker in CBD-A that docks into the active site of the C-subunit (68). This interaction is further
stabilized through binding of MgATP (Fig. 3F of Ch. 2) (70).

When both CBDs adopt an 'on’ state similar to the cAMP-bound state (Fig. 3G of Ch. 2),
the R-subunit is inhibition-incompetent and the kinase function of PKA is turned on. When
CBD-A shifts to the ‘off’ state, similar to the C-subunit-bound structure, the R-subunit is
inhibition-competent and has the potential to turn off the kinase function of PKA. CHESPA
shows that when Rp binds to the R-subunit in the absence of C-subunit and of inter-CBD
interactions, Rp turns off CBD-A and turns on CBD-B (10). However, the inter-CBD interaction,
which relies on the capping of the cNMP base moiety in CBD-A by residue W260 of CBD-B (71,
72), facilitates the conversion of CBD-A to the on state, as confirmed through NMR and
independent MD simulations (vide infra) (10). This conversion leads Rp-bound R-subunit to
sample a complex conformational ensemble that includes a ground state, where both CBDs
are in the on state and interacting with each other, and multiple excited states in which the
inter-CBD interaction is absent (Fig. 5A of Ch. 2). One of the excited states of the R:Rp, complex
is inhibition-competent as CBD-A is in the ‘off’ state (Fig. 5A of Ch. 2). The relative population of
each state in the ensemble was computed through EAM, resulting in a map of the free energy
landscape for the R-subunit (Fig. 3E).

The free energy landscape of PKA R rationalizes the allosteric pluripotency observed
for Rp. In the presence of MgATP, the R:C interaction is favoured, and the mixed inhibition-
competent state becomes the ground state upon C-subunit binding, forming a stable C:R:Rp.
complex and leading to PKA inhibition (Fig. 5B of Ch. 2). In the absence of MgATP, the R:C
interaction is less stable, and thus, the mixed state remains at a high free energy level and the
kinase is active, as the ground state of R:Rp, does not bind PKA C (Fig. 5C of Ch. 2). Hence, the
main driver of the allosteric pluripotency is the mixed excited state where CBD-A is off and
CBD-B is on (Fig. 5A of Ch. 2).

Overall, the comparative analysis of partial agonism in hPKG, pfPKG, EPAC (Fig. 1) and
PKA (Fig. 5A of Ch. 2) reveals that mixed conformational states, either within or between
domains, provide critical explanations of allosteric modulation and meaningful insights into

potential drug design strategies. The mixed intermediate states were primarily identified by
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NMR spectroscopy. NMR enables Chemical Shift Projection and Covariance Analyses (CHESPA
and CHESCA), which have proven instrumental in determining the mechanism of partial
agonism and allosteric pluripotency (10-14). Further insight is obtained when NMR is
complemented with additional structural and dynamical information from MD simulations and
related to function through an EAM. In the second half of this review, we will discuss how MD
simulations and EAM can be implemented to complement NMR and bridge the gap between

protein dynamics and function.

6.6 MD simulations provide a glimpse of the otherwise elusive ‘mixed’
inhibitory intermediate states, and means to generate targeted and testable

hypotheses

In conjunction with experimental analyses, MD simulations can be used to assess or
confirm allosteric features that are not easily accessible by experimentally, as well as to
formulate hypotheses for further experimental work. An example is illustrated by the recent
study of the mechanism of inhibition of PfPKG by the cGMP analogue 8-NBD-cGMP (11). As
discussed in the previous section of the review, through functional and NMR-based analyses it
was determined that upon binding 8-NBD-cGMP, the critical CBD of PfPKG (i.e. CBD-D) samples
an inhibition-competent intermediate structure in which the pre-lid region is in an active-like
arrangement, while the C-terminal lid remains disengaged as in the inactive state (Fig. 2B). To
further investigate the molecular details of the intermediate structure, MD simulations were
performed on the cGMP-bound active structure of PAPKG CBD-D, and on an 8-NBD-cGMP-
bound hybrid structure of PfPKG CBD-D, which represents the intermediate state. The latter
consists of the N-terminal a-helices, B-core and pre-lid region of the active structure, and the
C-terminal lid of the inactive structure grafted onto the end of the pre-lid region, with 8-NBD-
c¢GMP docked into the cGMP binding pocket (Fig. 6E, F of Ch. 5).

Representative structures were selected from each simulation via cluster analysis and
overlaid to compare the structural tendencies in each simulation (Fig. 6E-G, S3A of Ch. 5). In
agreement with the NMR data, the overlaid structures suggested that the guanine base and

ribose-phosphate moieties of 8-NBD-cGMP preserve a binding pose similar to that of cGMP
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(Fig. 6E of Ch. 5). More notably, the structures suggested that the side chain of lid residue R528
would sterically clash with the 8-NBD moiety of 8-NBD-cGMP in the active structure, but notin
the intermediate structure, thus favoring disengagement of the lid via disruption of the key
Y480/R528 interaction that forms in the active-state arrangement of the lid (Fig. 6F, G of Ch. 5)
(50). The intermediate structure also perturbs the capping triad, leading to disengagement of
the R484/D533 lid interaction (Fig. S3A of Ch. 5). Indeed, subsequent NMR-based comparisons
of the R528K and R484A mutants with wild-type PfPKG CBD-D revealed that the mutations
produced visible perturbations within cGMP-bound PfPKG CBD-D, while the perturbations
were largely suppressed within 8-NBD-cGMP-bound PfPKG CBD-D (Fig. 61, S3B of Ch. 5),
suggesting that the Y480/R528 and R484/D533 interactions are disrupted in 8-NBD-cGMP-
bound wild-type PfPKG CBD-D, and thus confirming the conclusions drawn from the MD
simulations. This example illustrates the synergy between MD simulations and NMR analyses
of regulatory conformational equilibria.

Another example of the use of MD simulations is illustrated by the recent study of
allosteric pluripotency that occurs upon binding of the cAMP analogue R,-cAMPS (Rp) to the
tandem CBDs of the PKA regulatory subunit (10). In particular, NMR-based analyses of the PKA
R-subunit both with and without bound PKA C-subunit suggested that coupling between the
conformational equilibria within the CBD-A and CBD-B domains of the R-subunit, and the
previously-reported inter-domain interaction between CBD-A and CBD-B, is a key contributor
to the allosteric pluripotency observed upon Rp binding. To refine this hypothesis, MD
simulations were performed on Rp-bound structures of the R-subunit, and the R-subunit in
complex with the C-subunit (Fig. S4 of Ch. 3). The simulations were started from available
structures with the R-subunit in its fully-inactive (i.e. with both CBD-A and CBD-B in their ‘off’
conformations, and not interacting with one another; Fig. S4A, B of Ch. 3) or fully-active
conformation (i.e. with both CBD-A and CBD-B in their ‘on’ conformations, and interacting with
one another; Fig. S4C of Ch. 3), as well as from a series of hybrid structures with CBD-A in its
‘off’ conformation and CBD-B in its ‘on’ conformation (Fig. S4D-I of Ch. 3). The latter structures
were generated by grafting the CBD-B from the active structure onto the CBD-A from the
inactive structure. Specifically, the structures of the tandem CBDs were joined at points along
the intervening a-helix where kinks are present in the active structure but not in the inactive

structure, resulting in hybrid structures with varying distances between the CBD-A and CBD-B
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domains (Fig. S4D-l of Ch. 3 and Fig. 4A of Ch. 2). The structures generated from each
simulation were then analyzed by computing RMSDs from the inactive and active structures,
and distances between the centers-of-mass (CMs) of the constituent domains, to assess the
structural tendencies during each simulation (Fig. 4A, D, F of Ch. 2).

In agreement with the original NMR-based hypothesis, the simulation results
suggested a coupling between the conformational equilibria within the CBD-A and CBD-B
domains, and the inter-domain interaction between the CBD-A and CBD-B domains.
Specifically, while CBD-B remained close to its ‘on’ conformation for all hybrid structures (Fig.
4F of Ch. 2 and S5G, S6l-J of Ch. 3), CBD-A consistently exhibited a shift to its ‘on’ conformation
in the hybrid structures where CBD-A and CBD-B were closer together (i.e. the “225” hybrid
structures shown in Fig. S4D, G of Ch. 3), but remained closer to its ‘off’ conformation in the
hybrid structures where CBD-A and CBD-B were further apart (i.e. the “231” and “242" hybrid
structures shown in Fig. S4E, F, H, | of Ch. 3; Fig. S5F and S6E, G of Ch. 3; Fig. 4D of Ch.2). These
results corroborated that formation of the inter-domain interaction between CBD-A and CBD-B
promotes a shift of CBD-A to its ‘on’ conformation. In addition, the CBD-A domain and C-
subunit moved apart from one another in the “225” hybrid structure, but remained close to
one another in the “231” and “242" hybrid structures (Fig. S5B of Ch. 3), highlighting a coupling
between intra-R-subunit conformational shifts and C-subunit binding. Finally, it was predicted
based on the simulation results that the distance between the CBD-A and CBD-B domains
should vary among the different types of R-subunit complexes in the order C-subunit:R-
subunit > C-subunit:R-subunit:(Rp). > R-subunit:(Rp), > R-subunit:(cAMP),. This MD-based
prediction was then tested, and confirmed, through paramagnetic relaxation enhancement
(PRE) NMR experiments. This example on PKA, together with the previous example on PfPKG,
illustrates how comparative analyses of MD simulations are an effective tool to refine
hypotheses on the conformational ensembles accessed by dynamic systems. These
hypotheses can then be tested through targeted ad hoc NMR experiments. However, MD
simulations and NMR data alone are not always sufficient to enable the formulation of
allosteric models that quantitatively predict function. To address this limitation and enable
guantitative predictions, it is advantageous to complement MD and NMR with ensemble

allosteric modeling, as explained in the next section.

168



Ph.D. Thesis — Olivia Jung Ah Byun McMaster University, Biochemistry

6.7 Ensemble Allosteric Models (EAMs) bridges dynamics to function

It is often challenging to bridge the gap between dynamics and function by relying
solely on NMR data, especially when dealing with a complex system. Thus, ensemble allosteric
models (EAMs) are valuable for bridging the state dynamics mapped at atomic resolution by
NMR to functional predictions testable through low-resolution assays such as enzymatic assays
and electrophysiology (10). EAMs are a statistical mechanical description of the free energy
landscape, in which free energy levels are translated into specific state populations through
normalized Boltzmann factors. As a result, EAMs enable the prediction of macroscopic
averaged observables, such as binding affinities and degrees of activation/inhibition (10, 23).

To build an EAM, the first step is to define all of the microstates that are sampled by the
system. To this end it is convenient to start from the simplest system, i.e. the apo form of the
macromolecule, which typically samples ‘on/off’ conformational states. Further states can then
be added to the EAM by including inter-domain interactions (e.g. closed vs. open states) and
binding events (e.g. apo vs. bound states). For example, in the case of PKA and Rp (Fig. 3E),
these states arise by considering combinations of (a) the ‘off’ and ‘on’ states of each domain;
(b) the apo and Rp-bound states; and (c) the presence and absence of CBD-A:CBD-B
interaction. The Boltzmann statistical weights of these states can then be estimated based on
input parameters that include (i) the free energy difference of ‘off’ vs. ‘on’ states, (ii) the state-
specific association constant of the ligand for each domain, (iii) the free energy of inter-domain
interaction, and (iv) the state-specific association constant of the C-subunit to the R-subunit.
Most of these input parameters can be measured through NMR, as discussed in the following

section.

6.8 Measuring EAM input parameters by NMR

The input parameters of EAM can be effectively determined based on NMR data, such
as chemical shifts and H/D exchange rates (10). For example, in the case of the PKA/Rp system,
the first parameter to determine is the free energy difference of ‘off' vs. ‘on’ states in the apo

form of each domain, i.e. input (i) for CBD-A and B, defined as AGa and AGg, respectively. The
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AGu and AGg free energies are determined considering that the exchange between the ‘on’ vs.
‘off’ states of each domain is fast in the NMR chemical shift time scale for both apo CBDs (Fig.
2A). This allowed us to measure the fraction of ‘on” and ‘off’ states of the apo CBD-A and CBD-B
based on the NMR chemical shifts (Fig. 2B). Such fractions were then converted into the AGa
and AGg parameters assuming a two-state ‘on’/’off’ Boltzmann equilibrium for each domain
(Fig. 5A of Ch. 2).

To see how the ensemble of states sampled by the apo R-subunit is remodelled by Rp
binding (Fig. 5A of Ch. 2), it is necessary to measure input parameter (ii), which refers to the
state-specific association constants of the ligand to each domain. To simplify the
measurement, we first measured for each CBD the ratio of state-specific association constants
(paand pg) based on the relative fractions of ‘off’ states in the apo and Rp-saturated CBDs,
which are simply measured through NMR chemical shift analyses (Fig. 2C, D). We then
measured the association constant of Rp for the ‘off’ state by titrating Rp into the R:C complex,
which locks the R-subunit in the ‘off’ state, and monitoring the resulting NMR chemical shift
changes. Based on the paand ps values, and the respective association constants of Rp to the
‘off’ state, we then obtained also the association constant of Rp for the ‘on’ state of each
domain.

Next, we measured input parameter (iii), which is the free energy of inter-domain
interaction (AGag). AGas was measured through two independent approaches. The first method
relies on the intensity of the cross-peak arising from the open topology (i.e. absence of inter-
domain interaction) and on comparing that intensity to that of the cross-peak arising from the
closed topology (i.e. presence of inter-domain interaction; Fig. 2E, F). This method can be used
when the open and closed topologies are in slow exchange in the NMR chemical shift time
scale. However, since the open and closed topologies exhibit different relaxation properties,
the intensity measurements need to be corrected for the differential relaxation in the open vs.
closed topologies. This can be done by utilizing mutations or ligands that lock the system in

the open topology or the closed topology.
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Figure 2. Measuring EAM input parameters by NMR. (A) Representative NMR TROSY cross-peaks of apo R-
subunit (CBD-A and CBD-B) and the reference cAMP-bound and C-bound R-subunits. (B) Chemical shift
correlation plots of CBD-A and CBD-B for the apo sample, where the slope represents the fraction of ‘off’
states in each domain. The closed and open circles represent 'H and "°N chemical shifts, respectively.
Figures are adapted from Akimoto M, McNicholl ET, Ramkissoon A, Moleschi K, Taylor SS, Melacini G.
Mapping the Free Energy Landscape of PKA Inhibition and Activation: A Double-Conformational
Selection Model for the Tandem cAMP-Binding Domains of PKA Rla. PLoS Biol. 2015;13:e1002305. (C)
Similar to panel (A), but with the addition of the W260A:Rp, TROSY spectrum. (D) Similar to panel (B),
but for the W260A:Rp, sample. (E) Similar to panel (C), but with the addition of the WT:Rp, TROSY
spectrum. (F) Based on the TROSY cross-peaks in panel (E), the intensities of the minor and major peaks
are measured, allowing for the calculation of the open vs. closed population ratios. This population is
used to estimate the AGag as shown in panel (G). (H) Similar to panel A (right), but with the addition of
the C:R:Rp, TROSY spectrum. (I) Similar to panel (D), but for CBD-B of the C:R:Rp, complex. (J) The
fraction of ‘off’ state of CBD-B in the C:R:Rp, sample can be used to estimate the ratio of state-specific
association constants of C-subunit for R-subunit (pc). Figures were adapted from Byun JA, Akimoto M,
VanSchouwen B, Lazarou TS, Taylor SS, Melacini G. Allosteric pluripotency as revealed by protein kinase
A. Sci Adv 2020;6:eabb1250. Reprinted with permission from AAAS.
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Once the population of the open topology of the Rp-bound state is estimated, the
free-energy of inter-domain interaction can be obtained by calculating through the EAM how
the open topology population depends on AGas (Fig. 2G). The second approach we adopted
to independently cross-check the AGag value obtained from the first method relies on H/D
exchange rates. By measuring the difference in the maximal protection factors (PFs) of the
amide hydrogens in CBD-A of the WT vs. the W260A mutant (which silences the inter-domain
interaction), it is possible to estimate the free energy of inter-domain interaction AGag. The two
approaches provided comparable values for AGag.

Using similar approaches (Fig. 2H-J), we measured the last set of input parameters (iv),
i.e. the state-specific affinities of the C-subunit for the R-subunit. To take into account how
these affinities depend on the concentration of MgATP (70), we introduced a scaling factor (y),
with y =1 in the presence of MgATP and y << 1 in the absence of MgATP. These R:C affinities
are important for determining the average fraction of R-subunit bound to C-subunit in the
absence and presence of cNMP, which in turn lead to the fractional change of kinase activity
upon cNMP addition.

After the EAM parameters were determined by NMR, it was possible to compute the
statistical weights of each state in the conformational ensemble, and to quantitatively predict
kinase activities upon addition of ligands such as cyclic nucleotides. Specifically, the average
effective R:C association constants in the absence and presence of excess cNMP, such as Rp,
were calculated as averages of state-specific association constants weighed by the populations
in the apo or cNMP-bound forms (both in the absence of C-subunit). With these effective R:C
association constants, the concentration of R-subunit not bound to the C-subunit ([R]) in the
absence and presence of excess cNMP was computed through a classical quadratic equation

(Eq. (1-4)).

[R]no cNMP = [R]Tot. - O-S(bno cNMP — \/brzm cNMP — 4[R]Tot.[C]Tot. ) (1)

. 1
with: bro cnmp = [R]Tot.+ [C]Tot. + ( (2)

(KC,nocNMP)
[Rlewmp = [Rlror. = 0.5(benmp — vbiymp — 4[R1rot.[Clror.) 3)
. 1

with: benmp = [Rlroe.t [Clroe. + (—— 4)

(Kc.cnmp)
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where the Kcvalues refer to the average effective R:C association constants either in the
absence or presence of excess cNMP. With these [R] values and the effective R:C association
constants, the fractional change of kinase activity (¢p) caused by the addition of cNMP was then
computed based on classical Michaelis-Menten kinetics, in which the R-subunit serves as a
competitive inhibitor of the C-subunit. Reference (10) includes detailed explanations on the
derivations of relevant equations, and the construction of the EAM for PKA allosteric

pluripotency.

6.9 The EAM enables dissection of key allosteric drivers

With a fully parametrized EAM,, it is possible to predict the kinase activity under
different conditions, such as high or low concentrations of MgATP, varying substrate affinities
(i.e. Km constants) and concentrations, and different R:C concentration ratios. As shown in Fig.
6A of Ch. 2, the kinase activities predicted through the EAM with high and low y values are in
good agreement with the kinase activities measured experimentally for PKA:Rp in the
presence and absence of MgATP (65). Similar to the effect of MgATP, the affinity of the kinase
substrate also affects the R:C affinity and therefore contributes to varying responses of PKA to
Rp, as is confirmed through both the EAM and enzymatic assays (Fig. 6E of Ch. 2). These results
illustrate how the EAM bridges the dynamical information revealed through NMR experiments
to the functional activity measured through enzymatic assays.

Another distinct feature of the EAM is that it can also be used to dissect which factors
within the system contribute to the agonism-to-antagonism switch (i.e. allosteric
pluripotency). For example, we can estimate what the effect on kinase function would be if the
inter-domain interactions were absent. By setting the AGas parameter to O, the kinase activity
was predicted, which still exhibited significant activation (Fig. 6A of Ch. 2). This allowed us to
propose that the agonism observed with Rp arises not only from the inter-domain interaction
that stabilizes CBD-A in the ‘on’ state, but also from the CBD-B shifting to the ‘on’ state upon
binding of Rp.

Another relevant prediction of the EAM is that if the ‘mixed’ state is not sampled by the
multi-domain protein, i.e. if both domains respond similarly to an allosteric effector, then full

allosteric pluripotency will not be observed. For instance, using the PKA and Rp example, when
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Rp acts as an agonist for both CBD-A and CBD-B, the EAM predicts that Rp agonistically
activates the kinase function of PKA in both the absence and presence of MgATP. On the other
hand, when both CBDs are turned ‘off’ by binding to Rp, only antagonism or partial agonism is
anticipated for Rp in the presence and absence of MgATP. These scenarios show how the
‘mixed’ state plays an essential role in driving allosteric pluripotency in a multi-domain system
and provide a compelling example of the added allosteric insight offered by the EAM.

Overall, the MD/EAM combination has played an important role as a predictive tool,
and for developing critical hypotheses. MD simulations have provided insights on the
conformational transition of CBD-A that were otherwise elusive. Such insight on the selective
interaction of CBD-B with the ‘on’ state of CBD-A was critical for setting up the EAM. For
example, when determining the statistical weight of the A.nBon state, it allowed for an
important correction of the state-specific association constant of Rp to the ‘on’ state of CBD-A
based on the free-energy of inter-domain interaction. EAM then further predicted the
functional outcome under different environmental conditions or properties of the system,
such as the state-specific association constants or the free-energy of inter-domain interaction.
This is a valuable resource to propose and examine hypotheses on the mechanisms underlying

the observed function of a mutant or an analog-bound system.

6.10 Concluding remarks

In this review, we have shown how the combination of NMR, MD and EAM has
revealed a plethora of partial agonism mechanisms. An emerging feature common to several
mechanisms of partial agonism is a deviation from the classical two-state model of allostery
(i.e. the active-inactive equilibrium). Such deviation arises primarily from the sampling of a
‘mixed’ state, in which different structural moieties within the same protein molecule exhibit
different degrees of similarity to the active vs. inactive conformers. The mixed state may
already be transiently sampled as a binding intermediate for the endogenous unmodified
allosteric effectors, such as cAMP or cGMP.

Here, we have discussed a few examples of systems that sample such mixed states

upon binding of allosteric partial agonists, specifically the cNMP-binding domains of different
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enzymes. However, mechanisms based on mixed states are not limited only to the systems
discussed here, suggesting that such mechanisms represent a potentially more generic
phenomenon. For example, when imatinib, a clinically approved allosteric cancer therapeutic,
binds to its target Abl kinase, the complex exhibits a ‘mixed’ state, where parts of the structure
(i.e. the aC and P-loop) resemble the active state and other parts of the structure (i.e. the
catalytic DFG motif) resemble the inactive state (Fig. 3) (73). The DFG motif in the ‘out’

conformation, similar to the inactive state, allows the imatinib to inhibit the kinase (73).
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Figure 3. Abl kinase bound to imatinib adopts a ‘mixed’ conformation. The structures of Abl in the active
state (left), the two inactive states (I; and I; middle), and the imatinib-bound state (right) are shown. The
imatinib-bound state exhibits DFG and A-loop conformations resembling the |, inactive state, and aC
and P-loop conformations resembling the active state (73). The figure was adapted from Xie T, Saleh T,
Rossi P, Kalodimos CG. Conformational states dynamically populated by a kinase determine its function.
Science 2020;370:eabc2754. Reprinted with permission from AAAS.

In general, the ability of modified ligands to stabilize and at least partially ‘trap’ a
mixed intermediate reflects the presence of ‘mixed’ allosteric drivers within the same partial
agonist (Fig. 4). For example, in the case of 8-NBD-cGMP, the unmodified cyclic phosphate
moiety stabilizes the PBC of pfPKG in the ‘on’ conformation, similar to cGMP, while the
modified base moiety stabilizes the C-terminal lid in the ‘off’ conformation. The opposite is
true for Rp-cAMPS, where the modified cyclic phosphate stabilizes the PBC in the ‘off’ state,

while the unmodified base favors native lid interactions in PKA, similar to cAMP, allowing
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‘on’/’on’ inter-domain interactions to occur. It is the balance between these diverging allosteric
drivers within the same ligand (Fig. 4) that dictates whether a mixed state is stabilized by a
given partial agonist.

When a partial agonist stabilizes a mixed state, such mixed conformations often play a
key role in the mechanism of partial agonism. For example, the mixed intermediate state
stabilized by a partial agonist in an isolated domain may serve as an effective means to
enhance the affinity of a partial agonist, as loss of activation is achieved with minimal
disengagement of key binding elements, as in the case of 8-NBD-cGMP binding to pfPKG.
Mixed states also rationalize the isoform selectivity of allosteric modulators, as in the case of
the CE3F4R and EPAC. Furthermore, we anticipate that mixed states play a key role in dictating
the non-additivity of functional group contributions to the free energy of ligand binding, as
recently reported (74). In addition, the mixed conformational state in a multi-domain system,
where domains respond differently to the same allosteric ligand, is an essential driver of
allosteric pluripotency.

Overall, mixed conformational states within or between domains not only provide
essential explanations for the observed functional responses, such as enzyme inhibition or
allosteric pluripotency, but also offer new opportunities for drug design and therapeutic
strategies, including synergistic multidrug combinations. For example, the allosteric
pluripotency model proposed for PKA predicts that Rp-cAMPS is more likely to function as an
antagonist than an agonist if administered together with an ‘adjuvant’ that weakens inter-
domain interactions. In the case of EPAC, a mixed inhibitory intermediate explains why CE3F4R
is an effective inhibitor in the presence of the cAMP agonist but not of the Rp-cAMPS reverse

agonist.
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Figure 4. Different allosteric drivers within the same partial agonist can lead to ‘mixed’ conformational states.
The cyclic nucleotide cGMP, which forms interactions with a CBD mainly through its base moiety
(allosteric driver 1) and its ribose-phosphate moiety (allosteric driver 2), is shown as an example. The
base is stabilized in the binding pocket through interactions with the base-binding region and capping
lid of the CBD, whereas the phosphate binding cassette (PBC) of the CBD interacts with the ribose-
phosphate of the cyclic nucleotide. When the ribose-phosphate is modified, for example, by replacing
the equatorial oxygen with a bulkier sulfur, steric clashes with the PBC lead to the PBC sampling the
“out” orientation, typical of the inactive conformation. On the other hand, when the base is modified, for
example, by introducing additional aromatic motifs, engagement of the capping lid interaction, typical
of the active conformation, may be perturbed. If two distinct allosteric drivers within the same ligand
preferentially bind different conformations (e.g. active vs. inactive), mixed intermediate states are
stabilized.

Considering that the cNMP binding domain is quite ubiquitous and serves as a
prototype for conformational switches, the mixed conformational states we detected are also
likely to be observed in other allosterically regulated proteins. Since the main determinant for
the mixed conformational states lies in the mixed nature of the ligand, which includes drivers
of inhibition and activation, and in how tightly these different drivers are coupled to different

protein sections (i.e. domains or subdomains), we anticipate that any protein:ligand complex
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with such properties may sample mixed conformational states. The functional implications of
sampling mixed states are best appreciated through quantitative allosteric models.
Quantitative models can be assembled by exploiting the synergies between NMR
spectroscopy, MD simulations and EAM calculations. NMR is critical to identify the key states in
the conformational ensemble. Starting from these states, MD enables the formulation of
specific targeted hypotheses that can often be further tested by NMR, thus providing a higher-
resolution picture of the ensemble. Based on the identified ensemble, an EAM model is built
and parameterized by NMR to quantitively relate dynamics to function as measured by low-
resolution assays (e.g. enzyme assays, electrophysiology, etc.) (Fig. 5). The ability to implement
quantitative dynamics-function relationships is a first critical step towards tapping the
translational potential of protein dynamics by facilitating the design of new allosteric

modulators.
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Figure 5. Synergies between NMR, MD and EAM enable quantitative modeling of enzyme function. NMR
provides an initial map of the states within the conformational ensemble of a protein:partial-agonist
complex, which serves as a basis to build initial structures for MD simulations and an EAM. The MD
simulations serve as an effective means to generate refined targeted hypothesis to be tested by NMR.
The EAM input parameters can often be measured by NMR. The fully parametrized EAM model enables
to bridge from protein dynamics to quantitative predictions of enzymatic function (e.g. kinase activity).
Figures are adapted from Byun JA, Akimoto M, VanSchouwen B, Lazarou TS, Taylor SS, Melacini G.
Allosteric pluripotency as revealed by protein kinase A. Sci Adv 2020;6:eabb1250. Reprinted with
permission from AAAS.
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