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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 cAMP-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 maximiz-
ing 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 containing ‘‘mixed” states. By dis-
cussing selected case studies, we illustrate how MD simulations and EAM complement NMR to quantita-
tively 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.

� 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Allostery is a ubiquitous mechanism adopted by macro-
molecules to respond to external stimuli. An allosteric perturbation
typically induces structural and/or dynamical changes that regu-
late 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 inhi-
bition. This realization has prompted a plethora of studies for
understanding allosteric communication and networks [3-5], allos-
teric drug design [6-9], as well as the mechanisms of allosteric
inhibitors and partial agonists. The latter typically target the allos-
teric domains of enzymes such as kinases [10-12], guanine nucleo-
tide 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) spectro-
scopic methods serve as an excellent tool to map at atomic resolu-
tion 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 hypothe-
ses on rational design of allosteric drugs [20,21]. For example,
molecular dynamics (MD) simulations combined with coordina-
tion 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 with the catalytic site [21].
Another computational method known as the structure-based sta-
tistical 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. When allostery was initially con-
ceptualized, the two leading allosteric models were the Monod-
Wyman-Changeux’s (MWC) [22] and the Koshland-Nemethy-
Filmer’s (KNF) [23], also known as the ‘symmetric’ and ‘sequential’
models, respectively. These two models explain allostery of multi-
meric proteins, where the subunits undergo conformational
change between two major structural end states, i.e. the low-
affinity and high-affinity forms. The main idea of the MWC model
is the pre-existing conformational equilibrium that shifts with con-
servation of symmetry upon binding of a regulator or ligand [22].
On the other hand, the KNF model 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 [23]. 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 antag-
onism upon binding to the same ligand. The ensemble allosteric
model (EAM) successfully addresses these limitations by interpret-
ing the dynamics of allostery in terms of thermodynamic ensem-
bles 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 inter-
actions [10,24-27]. Knowledge of such populations enables the
prediction of key observables, such as affinities and degrees of acti-
vation/inhibition. Here, we provide examples to illustrate how
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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 represen-
tative allosteric signalling enzymes: the cAMP-dependent protein
kinase (PKA), the cGMP-dependent protein kinase (PKG), and the
exchange protein activated by cAMP (EPAC) [10-14,28-32]. The
goal of this initial section is to reveal emerging trends, such as sta-
bilization 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 allos-
teric 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 nucleo-
tide monophosphate (cNMP)-binding domains (CBDs) [10-14].
CBDs share a conserved fold architecture with a non-continuous
a-subdomain and a continuous b-subdomain (Fig. 1A, B). The N-
terminal helices are collectively referred to as the N3A, while the
cNMP-phosphate binding cassette (PBC) is located within the b-
subdomain (Fig. 1B). CBDs are prototypical conformational
switches, and we will focus on CBDs that serve as the central con-
trolling 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 compre-
hensive assessment of the field [3,24,33-40].
2. 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 whole multi-domain protein,
such as CBD-D of P. falciparum PKG in Fig. 1A. When a partial ago-
nist binds and induces changes in a single domain, functional mod-
ulations arise from at least two possible scenarios: (1) a simple
shift of a two-state inactive-active conformational equilibrium to
the inactive state (Fig. 1C); or (2) a multi-state equilibrium sam-
pling a distinct intermediate ‘mixed’ state that displays different
degrees of resemblance to the inactive and active states in different
regions of the domain (Fig. 1D).

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 sam-
pling 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). 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). In PKG and EPAC,
the C-terminal helix also directly links the CBD to the catalytic
domain or region. The mixed states (Fig. 1D) 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



Fig. 1. Inhibition by allosteric partial agonists through perturbation of conformational equilibria. (A) An example of domain organization in a cyclic-nucleotide activated
enzyme, i.e. the cGMP-dependent protein kinase (PKG) of Plasmodium falciparum. In this example, the regulatory and catalytic regions are in the same polypeptide chain, and
thus the C-terminal cyclic-nucleotide binding domain (CBD) is directly linked to the catalytic region. (B) An example of the CBD structural architecture in the apo inactive
state (red) and the holo active state (green). The grey region indicates the largely invariant b-subdomain. The N-terminal helices (N3A), the C-terminal helices (‘‘B” and ‘‘C”),
and the phosphate binding cassette (PBC) undergo significant structural changes upon binding to the cGMP effector. (C) When an allosteric domain equilibrates between
inactive and active states, binding of its endogenous allosteric effector (activator) typically shifts the equilibrium to the active state. A partial agonist or antagonist can either
shift the equilibrium towards the inactive state, or sample an ensemble of conformations where an additional ‘‘mixed” intermediate state is sampled, as shown in panel (D).
The mixed nature of this intermediate is manifested in its ability to resemble more closely the active state in some regions, and the inactive state in other regions, as depicted
by the green/red color pattern. The figure 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. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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includes two tandem CBDs (CBD-A and CBD-B) preceding the
kinase domain [28,41]. Although the CBD-B of hPKG preferentially
binds cGMP relative to cAMP, the higher intracellular concentra-
tion of cAMP suggests that additional mechanisms promote selec-
tive cGMP-dependent activation of hPKG in conjunction with the
cGMP-versus-cAMP affinity differential [28,41-43]. For example,
another difference that contributes to cGMP-versus-cAMP selective
activation is that cAMP acts as a partial agonist for hPKG. To deter-
mine the mechanism of such partial agonism, NMR chemical shift
projection analyses (CHESPA) and 15N relaxation measurements
aimed at characterizing internal dynamics were utilized [12].

CHESPA revealed a non-uniform distribution of fractional acti-
vations indicative of cAMP-bound CBD-B sampling a three-state
equilibrium among the inactive state, the active state, and a mixed
intermediate state (Fig. 2A). 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 con-
firmed by 15N relaxation measurements. The opposite is true 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. 2A; 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
and CBD-B, and thus, the accessibility of the kinase substrates to
the catalytic binding pocket. This allows the mixed state to pre-
serve at least partial kinase inhibition, and provides a viable expla-
nation as to why even if cAMP binds hPKG due to its 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
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malaria [44-49]. 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 com-
plex with CBD-D of pfPKG [11]. pfPKG contains four tandem CBDs
(Fig. 1A), but CBD-D is the domain primarily responsible for the
autoinhibition and cGMP-dependent activation of pfPKG [50,51].

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. 2B; dashed box)
[11]. MD simulations were performed starting from a model of
the mixed intermediate built based on 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 essen-
tial elements of the binding site, such as the PBC that stabilizes the
interaction with the phosphate of the analog. On the other hand,
the lid disengagement makes the domain inhibition-competent
via failure to form interactions critical for activation. Hence, we
hypothesized that inhibitors which stabilize the mixed intermedi-
ate state relative to the native inactive or active states are more
potent than those that simply target purely inactive or active



Fig. 2. 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 I942. The mixed
intermediate (dashed box) includes PBC ‘‘in” and C-terminal hinge helix (H) ‘‘out” conformations [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) EPAC1 bound to cAMP and CE3F4R, which uncompetitively binds to EPAC1 and stabilizes the mixed
intermediate state (dashed box), where the PBC is ‘‘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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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 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 [52,53] to breast cancer [54], diabetes
[55] and viral infections such as SARS and MERS [56]. Recent mech-
anistic studies have focused on elucidating the mechanisms of two
different EPAC allosteric partial agonists discovered through
screening: I942 [13] and CE3F4R [14]. Both I942 and CE3F4R are
non-cNMP ligands that act on the CBD of EPAC isoform 1 (EPAC1),
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and both stabilize mixed intermediate states, yet through very dis-
tinct mechanisms [13,14].

I942 is a competitive partial agonist with respect to cAMP
[13,29], 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. 2C) [13]. The distin-
guishing 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 cat-
alytic region relative to the regulatory region, is in the ‘out’ confor-
mation, similar to the inactive state (Fig. 2C; dashed box). Hence,
the I942 partial agonism arises through stabilization of both inac-
tive and intermediate states (Fig. 2C).
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Sampling of a mixed EPAC1 CBD state is also central to the
mechanism of CE3F4R, which is an unconventional partial agonist
since it is uncompetitive with respect to cAMP [14,31]. CE3F4R
binding to EPAC1 is conditional on cAMP binding, and partial ago-
nism arises via formation of a ternary complex involving the EPAC1
CBD, cAMP and CE3F4R [31]. CE3F4R binding occurs at the a/b sub-
domain interface, as opposed to the cAMP binding site (Fig. 2D).
This binding mechanism allows CE3F4R to act as a wedge that sta-
bilizes a cAMP-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, EPAC1 adopts a closed topology where the catalytic
domain is inaccessible to its Rap substrate (Fig. 2D). This mecha-
nism 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 can-
Fig. 3. The multidomain PKA regulatory subunit bound to an allosteric inhibitor, Rp-cAMP
Structure of Rp-cAMPS. (B) Domain organization of the regulatory subunit. (C) In the a
inhibitory site linked to CBD-A docks into the active site of the C-subunit, and is further st
When cAMP binds to each of the CBDs, conformational changes occur that allow the C-s
conformations of the CBDs. (E) The free-energy hierarchy of apo R and free energy chan
competent ‘‘mixed” state (Aoff-Bon) is one of the excited states (red dashed box). (F) Wh
competent states (red bars) are stabilized and become the ground states. (G) When the C-
and the inhibition-competent states remain excited. Since the ground state conformer e
from Byun JA, Akimoto M, VanSchouwen B, Lazarou TS, Taylor SS, Melacini G. Allosteric
with permission from AAAS. (For interpretation of the references to color in this figure
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not be used in combination with the phosphorothioate cAMP ana-
log Rp-cAMPS, which is a well-known allosteric antagonist of
EPAC1 [57]. Rp-cAMPS binds to the cAMP binding site and stabi-
lizes the PBC in the ‘out’ conformation due to the presence of a
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 combina-
tions could be identified solely based on ‘blind’ screening cam-
paigns [58]. However, inherent combinatorial complexity is a
notorious bottleneck in combination therapies, as it limits the fea-
sibility of exhaustively searching all possible drug-pairs from con-
ventional libraries [59,60]. Hence, knowledge of allosteric
mechanisms is anticipated to be valuable for filtering ligand
libraries into more targeted subsets to enable more efficient com-
binatorial screening.

In general, the examples discussed above illustrate how diverse
partial agonists enhance their effectiveness to bind and inhibit tar-
get enzymes through sampling mixed intermediate states. The
mixed intermediates are ideally suited for maintaining stable bind-
ing interactions with the ligands through the engaged PBC, while
S, samples an excited ‘‘mixed” state (Aoff-Bon) that drives allosteric pluripotency. (A)
bsence of cAMP, the regulatory subunit (R) inhibits the catalytic subunit (C). The
abilized by MgATP (or MnAMP-PNP, which is a non-hydrolyzable ATP analogue). (D)
ubunit to be released. The inter-CBD interaction through W260 stabilizes the ‘‘on”
ges upon binding of Rp. The AonBon becomes the ground state, and the inhibition-
en the C-subunit is added to R:Rp2 in the presence of high [MgATP], the inhibition-
subunit is added to R:Rp2 in the absence of MgATP, the R:C interaction is less stable,
xhibits low affinity for PKA C, the kinase function is activated. Figures are adapted
pluripotency as revealed by protein kinase A. Sci Adv 2020;6:eabb1250. Reprinted
legend, the reader is referred to the web version of this article.)
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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 acti-
vation. However, the partial agonism mechanisms discussed so far
are based on the effect of the allosteric modulator on single iso-
lated 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.
3. 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 allos-
teric ligand, but with different allosteric responses. An example
of this type of mixed state for a multi-domain systemwas observed
in the cAMP-dependent protein kinase (PKA) bound to Rp-cAMPS
(Rp). Rp (Fig. 3A) is the primary allosteric inhibitor for PKA known
to date, despite extensive screening efforts aimed at inhibiting the
cancer-driver function of PKA [61-65]. Interestingly, in the pres-
ence of MgATP, Rp acts as an antagonist for PKA, but in the absence
of MgATP, it acts as an agonist [66]. This phenomenon is referred to
as allosteric pluripotency. Understanding allosteric pluripotency is
essential to translate allosteric modulators into effective therapeu-
tics, because when the effect of an allosteric ligand depends on the
environmental conditions, undesired side effects may arise [67].

PKA. A distinct difference between PKA and the allosteric
enzymes discussed above (PKG and EPAC) is that the PKA regula-
tory subunit (R) and catalytic subunit (C) belong to separate
polypeptide chains (Fig. 3B-D) [68-70]. In the absence of cAMP,
the R-subunit binds and inhibits the C-subunit (Fig. 3C) [68]. The
R-subunit of PKA includes two tandem CBDs (CBD-A and B). When
cAMP binds to each of the CBDs (A and B), conformational changes
occur within the R-subunit (Fig. 3D) that allow the release of the C-
subunit [68]. 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 [69]. This interaction is further stabilized through
binding of MgATP (Fig. 3C) [71].

When both CBDs adopt an ’on’ state similar to the cAMP-bound
state (Fig. 3D), 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 interac-
tions, Rp turns off CBD-A and turns on CBD-B [10]. However, the
inter-CBD interaction, which relies on capping of the cNMP base
moiety in CBD-A by residue W260 of CBD-B [72,73], facilitates
the conversion of CBD-A to the on state, as confirmed through
NMR and independent MD simulations (vide infra) [10]. This con-
version leads Rp-bound R-subunit to sample a complex conforma-
tional 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. 3E). One of the excited states of the R:Rp2 complex is
inhibition-competent as CBD-A is in the ‘off’ state (Fig. 3E; dashed
red box). The relative population of each state in the ensemble was
computed through EAM, resulting in a map of the free energy land-
scape 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:Rp2 complex and leading to PKA inhibition (Fig. 3F). In
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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:Rp2 does not bind PKA C (Fig. 3G).
Hence, the main driver of the allosteric pluripotency is the mixed
excited state where CBD-A is off and CBD-B is on (Fig. 3E; dashed
red box).

Overall, the comparative analysis of partial agonism in hPKG,
pfPKG, EPAC and PKA (Figs. 2 and 3E) reveals that mixed conforma-
tional 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 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 simula-
tions, 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.
4. 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 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 ana-
logue 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 arrange-
ment, while the C-terminal lid remains disengaged as in the inac-
tive state (Fig. 2B). To further investigate the molecular details of
the intermediate structure, MD simulations were performed on
the cGMP-bound active structure of PfPKG CBD-D, and on an 8-
NBD-cGMP-bound hybrid structure of PfPKG CBD-D, which repre-
sents the intermediate state. The latter consists of the N-terminal
a-helices, b-subdomain 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-cGMP docked into the cGMP
binding pocket (Fig. 4A, B).

Representative structures were selected from each simulation
via cluster analysis, and overlaid to compare the structural tenden-
cies in each simulation (Fig. 4A-C, E). 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 (Fig. 4A). 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 struc-
ture, but not in the intermediate structure, thus favoring disen-
gagement of the lid via disruption of the key Y480/R528
interaction that forms in the active-state arrangement of the lid
(Fig. 4B, C) [51]. The intermediate structure also perturbs the cap-
ping triad, leading to disengagement of the R484/D533 lid interac-
tion (Fig. 4E). 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 sup-
pressed within 8-NBD-cGMP-bound PfPKG CBD-D (Fig. 4D, F), sug-
gesting that the Y480/R528 and R484/D533 interactions are



Fig. 4. Effect of 8-NBD-cGMP bound to pfPKG CBD-D on C-terminal helix interactions necessary for kinase activation. (A) Overlay of the bound ligands from cGMP-bound
CBD-D, and from representative structures of 8-NBD-cGMP-bound CBD-D generated from MD simulations. The syn orientation of cGMP is preserved in 8-NBD-cGMP. (B)
Aligned representative structures of cGMP-bound CBD-D (grey) and 8-NBD-cGMP-bound CBD-D (red) generated from the MD simulations. The dashed box indicates the C-
terminal lid region that becomes disordered in the 8-NBD-cGMP-bound CBD-D, as schematically shown in Fig. 2B. (C) Similar to panel (B), but zoomed into the Y480-R528
region. The yellow starburst indicates the steric clash of the 8-NBD substituent with the R528 side chain in the active structure, and the arrow indicates the structural shift of
the R528 side chain upon binding of 8-NBD-cGMP. (D) WT-versus-R528K chemical shift differences for cGMP-bound (green) and 8-NBD-cGMP-bound (red) CBD-D. The
distance from R528 (as measured in the cGMP-bound structure) is shown as a grey line, and the secondary structure in the cGMP-bound CBD-D is indicated at the top of the
plot. The mutation site is indicated by a black star, and the grey highlight indicates residues near Y480 (black arrow), where perturbations induced by the mutation in the
cGMP-bound complex are lost when cGMP is replaced by 8-NBD-cGMP. (E) Similar to panel (C), but zoomed into the capping-triad region (i.e. R484, Q532, D533) to highlight
the shift of the D533 side chain (arrow) upon binding of 8-NBD-cGMP. (F) Similar to panel (D), but for the R484A mutant of CBD-D. Pre-lid and lid residues are indicated by
pink and purple highlights, respectively, and capping-triad residues Q532 and D533 by black arrows. The figures were adapted with permission and were 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. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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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 bind-
ing of the cAMP analogue Rp-cAMPS (Rp) to the tandem CBDs of
the PKA regulatory subunit (Fig. 3A-D) [10]. In particular, NMR-
based analyses of the PKA R-subunit both with and without
bound PKA C-subunit suggested that coupling between the con-
formational equilibria within the CBD-A and CBD-B domains of
the R-subunit, and the previously-reported inter-domain interac-
tion between CBD-A and CBD-B, is a key contributor to the allos-
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teric pluripotency observed upon Rp binding. To refine this
hypothesis, MD simulations were performed on Rp-bound struc-
tures of the R-subunit, and the R-subunit in complex with the
C-subunit (Fig. 5). 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. 5A, B) or fully-active conformation (i.e.
with both CBD-A and CBD-B in their ‘on’ conformations, and
interacting with one another; Fig. 5C), as well as from a series
of hybrid structures with CBD-A in its ‘off’ conformation and
CBD-B in its ‘on’ conformation (Fig. 5D-I). The latter structures
were generated by grafting the CBD-B from the active structure
onto the CBD-A from the inactive structure. Specifically, the struc-



Fig. 5. Outline of the hybrid PKA R-subunit initial structures used for MD simulations. (A, B) Fully-inactive structure of the R-subunit (i.e. CBD-A ‘off’/CBD-B ‘off’), without (A)
and with (B) bound C-subunit. (C) Fully-active structure of the R-subunit (i.e. CBD-A ‘on’/CBD-B ‘on’). (D-F) Hybrid R-subunit structures, consisting of the inactive CBD-A and
active CBD-B (i.e. CBD-A ‘off’/CBD-B ‘on’). (G-I) As in (D-F), but with bound C-subunit. In all structures, the R-subunit and C-subunit residues derived from the inactive
structure are shown in red and grey, respectively, while the R-subunit residues derived from the active structure are shown in green. 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. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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tures of the tandem CBDs were joined at points along the inter-
vening 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 domains
(Fig. 5D-I and 6A). 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 tenden-
cies during each simulation (Fig. 6).

In agreement with the original NMR-based hypothesis, the sim-
ulation 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. 6C, E, H, I), CBD-A consistently exhib-
3810
ited a shift to its ‘on’ conformation in the hybrid structures where
CBD-A and CBD-B were closer together (i.e. the ‘‘225” hybrid struc-
tures shown in Fig. 5D, G), but remained closer to its ‘off’ conforma-
tion in the hybrid structures where CBD-A and CBD-B were further
apart (i.e. the ‘‘231” and ‘‘242” hybrid structures shown in Fig. 5E, F,
H, I; Fig. 6B, D, F, G). 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. 6J), 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



Fig. 6. Analysis of the MD simulations of PKA. (A) Inter-center of mass (CM) distances between CBD-A and CBD-B, computed from MD simulations of the PKA R-subunit
structures lacking bound C-subunit. (B) RMSDs of CBD-A relative to the fully-active structure, computed from MD simulations of the PKA R-subunit structures lacking bound
C-subunit. (C) As in (B), but for the RMSDs of CBD-B relative to the fully-active structure. (D, E) As in (B, C), but for the RMSDs relative to the fully-inactive structure. (F, G) As
in (B, D), but for MD simulations of the PKA R-subunit structures with bound C-subunit. (H, I) As in (C, E), but for MD simulations of the PKA R-subunit structures with bound
C-subunit. (J) Inter-CM distances between CBD-A and the C-subunit, computed from MD simulations of the PKA R-subunit structures with bound C-subunit. The headers at
the top of the figure illustrate the initial structures utilized for the MD simulations (Fig. 5), and the respective color codes in the plots. Notable shifts toward inter-CM
distances or RMSD values similar to the fully-active structure that were observed from the simulations are indicated by black arrows. 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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C-subunit:R-subunit > C-subunit:R-subunit:(Rp)2 > R-subunit:
(Rp)2 > R-subunit:(cAMP)2. This MD-based prediction was then
tested, and confirmed, through paramagnetic relaxation enhance-
ment (PRE) NMR experiments. This example on PKA, together with
the previous example on PfPKG, illustrates how comparative anal-
yses of MD simulations are an effective tool to refine hypotheses on
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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 limita-
tion and enable quantitative predictions, it is advantageous to
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complement MD and NMR with ensemble allosteric modeling, as
explained in the next section.
5. Ensemble allosteric models (EAMs) bridge 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 res-
olution 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/in-
hibition [10,25].

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 asso-
ciation 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. 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
CBD-B, defined as DGA and DGB, respectively. The DGA and DGB

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. 7A). 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. 7B). Such frac-
tions were then converted into the DGA and DGB parameters
assuming a two-state ‘on’/’off’ Boltzmann equilibrium for each
domain (Fig. 3E).

To see how the ensemble of states sampled by the apo R-
subunit is remodelled by Rp binding (Fig. 3E), 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 (qA and qB) based on the rela-
tive fractions of ‘off’ states in the apo and Rp-saturated CBDs,
which are simply measured through NMR chemical shift analyses
(Fig. 7C, 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 qA and qB values, and the
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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 (DGAB). DGAB 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. 7E, 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 proper-
ties, the intensity measurements need to be corrected for the dif-
ferential 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.

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 DGAB (Fig. 7G). The second approach we
adopted to independently cross-check the DGAB 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 DGAB. The two
approaches provided comparable values for DGAB.

Using similar approaches, we measured the last set of input
parameters (iv), i.e. the state-specific affinities of the C-subunit
for the R-subunit (Fig. 7H–J). To take into account how these
affinities depend on the concentration of MgATP [71], we intro-
duced a scaling factor (c), with c = 1 in the presence of MgATP
and c � 1 in the absence of MgATP. These R:C affinities are
important for determining the average fractions 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 pos-
sible to compute the statistical weights of each state in the confor-
mational 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 aver-
ages of state-specific association constants weighed by the popula-
tions in the apo or cNMP-bound forms (both in the absence of C-
subunit). With these effective R:C association constants, the con-
centration 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)):

R½ �nocNMP ¼ ½R�Tot: � 0:5ðbnocNMP �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2
nocNMP � 4 R½ �Tot: C½ �Tot:

q
Þ ð1Þ

with:

bnocNMP ¼ R½ �Tot:þ C½ �Tot: þ ð 1
hKC;nocNMPiÞ ð2Þ

R½ �cNMP ¼ ½R�Tot: � 0:5ðbcNMP �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2
cNMP � 4 R½ �Tot: C½ �Tot:

q
Þ ð3Þ

with:

bcNMP ¼ R½ �Tot:þ C½ �Tot: þ ð 1
hKC;cNMPiÞ ð4Þ

where the KC values refer to the average effective R:C association
constants either in the absence or presence of excess cNMP. With



Fig. 7. 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 1H and 15N 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 RIa. PLoS
Biol. 2015;13:e1002305. (C) Similar to panel (A), but with the addition of the W260A:Rp2 TROSY spectrum. (D) Similar to panel (B), but for theW260A:Rp2 sample. (E) Similar
to panel (C), but with the addition of theWT:Rp2 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 ratio is used to estimate theDGAB, as shown in panel (G). (H) Similar to panel (A) right, but
with the addition of the C:R:Rp2 TROSY spectrum. (I) Similar to panel (D), but for CBD-B of the C:R:Rp2 complex. (J) The fraction of ‘off’ state of CBD-B in the C:R:Rp2 sample
can be used to estimate the ratio of state-specific association constants of C-subunit for R-subunit (qC). 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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these [R] values and the effective R:C association constants, the
fractional change of kinase activity (/) 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.
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7. The EAM enables dissection of key allosteric drivers

With a fully parameterized EAM, it is possible to predict the
kinase activity under different conditions, such as high or low con-
centrations of MgATP, varying substrate affinities (i.e. Km con-
stants) and concentrations, and different R:C concentration ratios.
As shown in Fig. 8A, the kinase activities predicted through the



Fig. 8. The EAM reproduces the functional data for PKA and reveals new drivers of allosteric pluripotency. (A) The kinase activity upon addition of Rp is correctly predicted
using EAM. The absence and presence of high [MgATP] is simulated with low and high c values, respectively. The predicted Ka and Hill coefficients agree with the
experimental data within error [66]. Both the inter-domain interaction, and the shifting of CBD-B to the ‘on’ state upon binding of Rp, contribute to the observed agonism. (B)
The PKA kinase activity was measured with Rp in the presence of high- and low-affinity substrates (i.e. PKS and PKS2, respectively). The experimentally measured kinase
activation values are in good agreement with the predicted values from EAM analysis. 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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EAM with high and low c values are in good agreement with the
kinase activities measured experimentally for PKA:Rp in the pres-
ence and absence of MgATP [66]. 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 con-
firmed through both the EAM and enzymatic assays (Fig. 8B). These
results illustrate how the EAM bridges the dynamical information
revealed through NMR experiments to the functional activity mea-
sured 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 theDGAB param-
eter to 0, the kinase activity was predicted, which still exhibited
significant activation (Fig. 8A). 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 allos-
teric pluripotency will not be observed. For instance, using the PKA
and Rp example, when 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 transi-
tion of CBD-A that were otherwise elusive. Such insight on the
selective interaction of CBD-B with the ‘on’ state of CBD-A was crit-
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ical for setting up the EAM. For example, when determining the
statistical weight of the AonBon 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 inter-
action. 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.

8. Concluding remarks

In this review, we have shown how the combination of NMR,
MD and EAM has revealed a plethora of partial agonism mecha-
nisms. 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 dif-
ferent structural moieties within the same protein molecule exhi-
bit 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 enzymes. How-
ever, mechanisms based on mixed states are not limited only to the
systems discussed here, suggesting that such mechanisms repre-
sent 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
and A-loop) resemble the inactive state (Fig. 9) [74]. The DFG motif
in the ‘out’ conformation, similar to the inactive state, allows the
imatinib to inhibit the kinase [74].



Fig. 9. Abl kinase bound to imatinib adopts a ‘mixed’ conformation. The structures of Abl in the active state (left), the two inactive states (I1 and I2; middle), and the imatinib-
bound state (right) are shown. The imatinib-bound state exhibits DFG and A-loop conformations resembling the I2 inactive state, and aC and P-loop conformations
resembling the active state [74]. 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.

Fig. 10. Different allosteric drivers within the same partial agonist can lead to
‘mixed’ conformational states. The cyclic nucleotide cGMP, which forms interac-
tions 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.
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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. 10). For example, in the case of 8-NBD-cGMP, the unmodified
cyclic phosphate moiety stabilizes the PBC of pfPKG in the ‘on’ con-
formation, similar to cGMP, while the modified base moiety stabi-
lizes 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 ‘on’/’on’ inter-
domain interactions to occur. It is the balance between these
diverging allosteric drivers within the same ligand (Fig. 10) that
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dictates whether a mixed state is stabilized by a given partial
agonist.

When a partial agonist stabilizes a mixed state, such mixed con-
formations often play a key role in the mechanism of partial ago-
nism. 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 activa-
tion is achieved with minimal disengagement of key binding ele-
ments, as in the case of 8-NBD-cGMP binding to pfPKG. Mixed
states also rationalize the isoform selectivity of allosteric modula-
tors, as in the case of 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 [75]. In addition, the mixed conformational
state in a multi-domain system, where domains respond differ-
ently to the same allosteric ligand, is an essential driver of allos-
teric 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 combi-
nations. 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 ‘adju-
vant’ 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.

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 determi-
nant 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 with such properties may sample
mixed conformational states. The functional implications of sam-
pling mixed states are best appreciated through quantitative allos-
teric models.

Quantitative models can be assembled by exploiting the syn-
ergies between NMR spectroscopy, MD simulations and EAM cal-
culations. NMR is critical to identify the key states in the
conformational ensemble. Starting from these states, MD enables



Fig. 11. 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 hypotheses to be tested by NMR. The EAM input parameters can often be measured by NMR. The fully parameterized EAM model enables
bridging 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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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. 11). 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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