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ABSTRACT: While most of the drugs available in the market are competitive inhibitors, there is a rapidly growing interest in
development of allosteric drugs, particularly to inhibit protein-protein interactions (PPI) with large interaction surface area. However,
it remains a challenge to identify a distal binding site that would be allosterically linked to the canonical ligand/substrate binding site.
Such allosteric hotspots are often cryptic sites with a less populated excited conformational state of the protein. In this work we
present a general strategy based on thermodynamic arguments to identify such distal cryptic sites as potential targets for allosteric
drugs. We demonstrate this on allosterically modulating the PPI between PCSK9 (proprotein convertase subtilisin/Kexin type 9) and
LDLR (low density lipoprotein receptor), which is a challenging and therapeutically important target towards treatment of hypercho-
lesterolemia (elevated plasma level of LDL). Using several us long molecular dynamics (MD) simulations, we demonstrate that on
binding with the EGF-A domain of LDLR, there is a significant conformational change (population shift) in a distal loop (residues
211-222) region of PCSK9. We have identified several (meta)stable and kinetically resolved conformational states of this loop and
demonstrated that there exists a clear correlation between the loop conformation and the binding affinity with LDLR. Using a ther-
modynamic argument, we establish that the loop conformations predominantly present in the apo state of PCSK9 would have lower
binding affinity with LDLR and they would be potential targets for designing allosteric inhibitors. We also elucidate the molecular
origin of the allosteric coupling between this loop and PCSK9-LDLR binding interface in terms of population shift in several specific
pair-wise interactions consisting of salt bridges and hydrogen bonds. Overall, our work provides a general strategy towards identifying
allosteric hotspots, where one should compare the conformational ensemble between the apo and substrate bound states of the protein
and identify distal differences, if any. Subsequently the apo-like conformations should be targeted for designing inhibitors that would

specifically bind to those conformations and stabilize them.

Cardiovascular diseases continue to be the leading cause of
death worldwide. They are usually associated with a buildup of
plaque on the interior wall of the arteries (atherosclerosis). The
primary risk factors for atherosclerosis include elevated plasma
levels of triglycerides, low-density lipoprotein (LDL)-choles-
terol (LDL-c; hypercholesterolemia), diabetes, high blood pres-
sure etc. While statins are being widely used to treat hypercho-
lesterolemia, many patients experience rhabdomyolysis or in-
sufficient efficacy, especially those who have very high base-
line LDL-c. Recently, PCSK9 (proprotein convertase subtil-
isin/Kexin type 9) has been discovered as a new member of li-
pid metabolism and is pursued as a new target to treat hyper-
cholesterolemia.'> PCSK9 competes with LDL-c to bind to
LDL receptors (LDLR). More importantly, unlike LDL-
¢/LDLR interactions, where LDLR recycles back to the cell sur-
face, PCSK9/LDLR interactions lead to degradation of LDLR
and decreasing LDLR density. This double whammy is obvious
in patients who have the gain-of-function mutation PCSK9 (fa-
milial hypercholesterolemia). These patients have very high
levels of LDL-c and die at a young age due to cardiovascular
complications. Thus, the main therapeutic goals are either to re-
duce circulating PCSK9 or block its interactions with LDLR.*
13 The former goal is successfully achieved with monoclonal
antibodies (Repatha), and other approaches such as siRNA and
gene silencing are underway.'* However, these therapeutic mo-
dalities have limited access because of cost, manufacturing
challenges, and scanty safety data. Oral small molecule

therapeutic approaches have proven to be most accessible and
cost-effective. But developing a small molecule to block pro-
tein-protein interactions between PCSK9 and LDLR is difficult.
The binding surface is very large (>500 A?) and is relatively
flat. Two main approaches are pursued to block PPIs- (1)
hotspot; and (2) allostery. The former approach relies on the fact
that some spots on the PPI surface act as anchors. Disrupting
these anchors either weakens or entirely unravels the entire PPL.
The latter approach has been known, in some form, for decades
(e.g., Hemoglobin cooperative binding or ATP-mediated inhi-
bition of phosphofructokinase). However, most of these cases
involve a well-defined active site to accommodate small mole-
cule modulators. Disrupting PPIs allosterically with a small

molecule is a novel concept and is an active area of research.!>
21

Recent studies have reported some preliminary success in al-
losterically disrupting PCSK9-LDLR PPIs, where druggable
binding sites are located far from the PCSK9-LDLR interaction
surface, and potential inhibitors have been identified using vir-
tual screening and in vitro binding assays.'>** However, the
search for such allosteric sites is somewhat ad hoc because these
sites only opened up, as low-lying, metastable states, in molec-
ular dynamics experiments but were otherwise unavailable in
crystal structures. Moreover, the mere identification of a distal
small molecule binding site is not sufficient unless they are al-
losterically (thermodynamically) coupled to the PCSK9-LDLR
binding interface. In this work, we propose a general design



strategy to identify the allosteric sites based on thermodynamic
arguments. Specifically, we demonstrate that the structural
plasticity of certain disordered loop regions in PCSK9 may be
exploited as promising drug binding sites and to disrupt
PCSK9-LDLR interactions.
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Figure 1. (a) Crystal structure of PCSK9:EGF-A complex (PDB
ID: 4NE9): Pro-domain (residue 61-152): silver, Catalytic domain
(residue 153-451): green, C-terminal domain (residue 452-682):
brown, and the EGF-A domain of LDLR: blue. (b) Superposition
of the representative conformations of the loop 211-222 from the
most populated clusters from the apo (Conf-A; ice blue) and EGF-
A bound (Conf-B; pink) trajectories. (c) Specific interactions (salt
bridges and hydrogen bonds) stabilizing the conformations (Conf-
A and Conf-B). (d) Principal Component Analysis (PCA) to char-
acterize the conformational space explored by the loop 211-222:
The trajectories projected on the top two PCs (PC1 and PC2) are:
(1) apo (dark blue dots), (ii) bound (salmon dots), and (iii) apo in
Conf-B (light blue dots) obtained after deleting the EGF-A domain
from the bound structure.

PCSKO9 is a multi-domain protein (see Fig.1a) consisting of
pro-domain (residue 61-152), catalytic domain (residue 153-
451) and C-terminal domain (residue 452-682). The catalytic
domain primarily interacts with the EGF-A domain of LDLR.
The crystal structure used in this study (PDB ID: 4NE9) con-
tains two structures: (i) PCSK9 bound to the EGF-A domain of
LDLR and (ii) the apo form. After modelling the missing resi-
dues (provided in Table S1 in the SI) of the protein and super-
imposing the EGF-A bound and apo structures of PCSK9, we
noticed that the loop 211-222 has a large difference in confor-
mation between these two states. In Fig. 1b these two extreme
conformations are marked as Conf-A (apo) and Conf-B
(bound).

In order to ensure that this large change in loop conformation
is not an artefact of the homology modeling, we have carried
out 2us long unbiased molecular dynamics (MD) simulations
starting from the respective crystal structures. Moreover, to test
whether the EGF-A bound conformation is indeed (meta)stable
in nature, we have deleted the EGF-A from the bound structure
to generate the “apo” state in the originally “bound” confor-
mation (apo state with loop being in Conf-B conformation). In-
terestingly, in all these three types of trajectories the loop con-
formation did not interconvert between the conformational
states indicating that indeed these are distinct and kinetically

resolved at a us timescale. Representative structures from the
most populated clusters obtained from the apo and bound tra-
jectories are shown in Fig.1(b), where Conf-A and Conf-B are
the conformations in the “apo” and “bound” states, respectively.
In Fig.1(c) we show the distinct set of specific interactions (salt
bridges and hydrogen bonds) responsible for stabilizing these
two distinct conformations.

In order to characterize the conformational space of the loop
sampled in the MD trajectories, we have performed principal
component analysis (PCA). Fig. 1d shows the projection of all
three trajectories (apo, EGF-A bound, and starting from bound
conformation after deleting the EGF-A) on the first two princi-
pal components (PC1 and PC2). It is quite evident that the con-
formational space sampled in the “apo” and “bound” states are
different and widely separated. Interestingly, even after deleting
the EGF-A domain, the loop conformation remains close to the
Conf-B state for the entire duration of the simulation (2us), and
it does not convert to the Conf-A conformation, which is the
ground/native state for the apo form. This clearly indicate that
the loop 211-222 may exist in at least 2 distinct conformations
separated by large free energy barrier, and binding with EGF-A
leads to a population shift in the conformational space. This is
also supported by Figure S9 in the SI. The free energy barrier
separating these conformational states must be large enough
such that the timescale of interconversion would be at least sev-
eral microseconds as indicated from the unbiased MD simula-
tions.
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Figure 2. Markov state model (MSM) for the apo (left column) and
bound (right column) systems: (top row) Free energy surfaces pro-
jected along first two TIC coordinates (IC1 and IC2) for (a) apo and
(b) bound; and (bottom row) representative structures from each of
macrostates for (c) apo and (d) bound systems. Here we have con-
sidered six macrostates for apo (Conf-A, IM-1, IM-2, IM3, IM4
and Conf-B) and four macrostates for bound (Conf-A, IM-1, IM-2
and Conf-B).

Based on the above observations we can safely conclude that
the EGF-A binding allosterically coupled to the loop confor-
mation at a distal site (211-222). But in order to compare the
relative stability of the distinct conformational states of the loop
in the presence and absence of EGF-A domain, we would need
to compute the underlying conformational free energy land-
scape. Given the lack of “structure” in the disordered loop re-
gion, it is challenging to define a suitable collective variable



(CV) to describe the conformational space sampled by the loop.
Here we have used a set of specific pair-wise contacts that un-
dergo significant changes between the Conf-A and Conf-B as
the feature set to build a Markov State Model (MSM) of the
conformational states (Table S3 and Figure S5 in the SI). The
TIC (time-lagged independent component) projections were
used to identify the slowest-relaxing collective degrees of free-
dom for identifying the macrostates and computing the free en-
ergy surfaces.”>* The MSM has been built using several short
trajectories (200-500ns long) generated in between the extreme
structures: Conf-A and Conf-B. The initial configurations for
the intermediate structures were generated using steered MD
runs. Details of the computational protocol have been provided
in the SL

Figs. 2a and 2b show the conformational free energy land-
scapes for the apo (without EGF-A) and bound (with EGF-A)
systems, respectively, as projected on the first two TIC vectors
(IC1 and IC2). Interestingly, both systems show existence of
several intermediate conformational states. In particular, both
extreme conformations Conf-A and Conf-B exist in both sys-
tems, only their relative stability changes on binding with EGF-
A. As expected, Conf-A and Conf-B are the global minimum
for the apo and bound systems, respectively. This alludes to the
conformational selection model of allostery, where several con-
formational states may pre-exist in a dynamic equilibrium, and
the ligand binding may lead to a population shift in the confor-
mational space. The computed free energy landscapes confirm
that binding with EGF-A significantly alters the conformational
landscape/population of the distal loop 211-222. While Conf-B
corresponds to the global minimum in the case of “bound” sys-
tem, as expected, there exist multiple metastable minima corre-
sponding to the various macrostates: IM-1, IM-2, and Conf-A
(Fig. 2b). These are the low-lying metastable states accessible
to loop 211-222 even in the presence of the EGF-A domain. We
show next that these metastable conformational states could be
potential targets to design PCSKO9 inhibitors.

So far, we have established that EGF-A binding allosterically
modulates the conformational free energy landscape of a distal
loop, which may exist in several distinct, metastable and kinet-
ically resolved conformational states. But is the reverse also
true? In other words, if we can control/tune the conformation of
this loop region, would that modulate the binding affinity of the
ligand (EGF-A), which is our therapeutic goal? Fig. 3 shows a
schematic thermodynamic cycle to establish this connection.
Here we assume that the allosteric site may exist in two (square:
S and triangular: T) conformations. The free energy difference
between these two conformations (hence, their relative popula-

tion) depends on the ligand binding status: AGhSo;T and

AGaSp jT are the free energy differences between the S and T

states for the holo and apo, respectively. Also, the ligand bind-
ing free energy depends on the conformational state of the allo-

steric site: AGbS and AGbT for the S and T states, respec-
tively. The thermodynamic cycle gives us:

AG, =AG; +(AG,," -AGS" )

apo

T s . S—T S—T PRI
Hence, AGb > AGb, if AGholo > AGapo , which im-
plies that the binding affinity will be lower for that

conformation (say, S) which has higher stability in the “apo”
state. Connecting this back to the PCSK9 system, since Conf-A
conformation has higher stability compared to Conf-B in the
apo state, this loop conformation should correspond to a lower
PCSK9-LDLR binding affinity.
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Figure 3. A thermodynamic cycle depicting the dependence of sub-
strate binding affinity on the conformation of a distant allosteric
site. The allosteric site may exist in two distinct conformations:
square (S) and triangular (T). The S and T conformations are dom-
inant in the ligand (red triangle) bound and apo states, respectively.

AG,

In other words, all loop conformations that have higher rela-
tive population in the apo state as compared to the EGF-A
bound state, should have lower EGF-A binding affinity. Thus,
if we can lock those loop conformations using small molecules
(inhibitors), our therapeutic goal would be achieved. To vali-
date our hypothesis, we have computed the binding energy be-
tween PCSK9 and EGF-A using MM/PBSA method for differ-
ent conformations of the loop 211-222. We have collected a few
hundred structures from each minimum (macrostate) of the free
energy surface for the bound system (Fig. 2b) and compared the
distribution of the binding energy for those macrostates sepa-
rately (Fig. 4a). Interestingly, the binding energy distribution
shows a systematic shift with the loop conformation following
the order Conf-A > IM-1 > IM-2 > Conf-B, which is same as
the order of stability of these conformations in the apo form.
The average binding energy values are provided in Table S5 in
the SI. Hence, we can safely conclude that the loop confor-
mations dominant in the apo form can serve as potential site for
designing inhibitors.
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Figure 4. (a) Probability distributions of the MM/PBSA binding
energies for the PCSK9-LDLR complex structures obtained from
each of the macrostates (minima in free energy surface of bound



system). The average binding energy follows the order: Conf-A <
IM2 < IM3 < Conf-B. (b) The network view of perturbation in the
pair-wise electrostatic interaction energy, given by: AE;; =
(Eij)souna — {Eij)apo- The blue spheres indicate residues involved
in the allosteric pathway. The lines connecting the pairs of residues
with significant energetic perturbation are depicted as follows (in
kcal/mol): (i) black: AE;; < -40, (ii) purple: -40 < AE;; < -20, (iii)
red: -20 < AE;; < -10, and (iv) green: -10 < AE;; < -1. Solid and
dashed lines represent the positive and negative values of AEj;, re-
spectively. (c) Representative structures for each of the macrostates
highlighting the pair-wise specific interactions responsible for sta-
bilization of these conformations.
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Figure 5. Population distribution of the minimum distance between
important residue pairs: (a) S153-D7 (D7 belongs to the EGF-A
domain of LDLR), (b) S153-D169, (c) R218-E366, and (d) D192-
R218.

Our work also highlights that even a so-called “structure-
less” or disordered loop may exhibit well-defined and distinct
conformational states.?® Moreover, these specific loop confor-
mations have distinct thermodynamic characteristics in terms of
their topology and interactions with rest of the protein. In Fig.
4c¢, we show that each of these conformational states are stabi-
lized by a set of specific interactions that varies across the con-
formational states. These interactions are responsible for the ki-
netic barrier towards interconversion between them. This sta-
bility or higher lifetime of these states make them suitable as
drug targets.

We have further dissected the molecular origin of the allo-
steric connectivity between the loop 211-222 and the EGF-A
binding interface of PCSK9. In our earlier work we have
demonstrated that the non-bonded interaction energy can be a
sensitive reporter of subtle conformational changes.**?” Using
similar ideas, we have built a network of the perturbation in av-
erage residue-pair-wise non-bonded interaction energy as fol-
lows: AEij = (Eij)Bound - (Eij)Apm where (Eij)Bound and
(Eij)apo are the average non-bonded interaction energy between
i-th and j-th residues. In Fig. 4b, we have visualized the connec-
tivity pattern between the residue pairs with large absolute val-
ues of AE;;. It is fascinating to note that this energetic pertur-
bation map shows a connection between these two distal re-
gions. The AE;; values for important residue-pairs are provided
in Table S8 in SI.

A close inspection of the AE;; values points to a local redis-
tribution of the electrostatic interactions through rearrangement
of pair-wise specific interactions. Here are a few examples: res-
idue S153 has a favorable interaction with D169 in Conf-A and
this interaction is absent in Conf-B. On the other hand the inter-
action between S153 and D7 (belongs to the EGF-A domain of
LDLR) becomes significantly stronger in the Conf-B. Strength-
ening of this S153-D7 interaction is consistent with the increase
in PCSK9-LDLR binding affinity in the Conf-B. Similarly, an-
other key residue R218 in the loop participates in a strong salt
bridge with E366 in Conf-B (absent in Conf-A), whereas it in-
teracts with D192 in Conf-A. In Fig. 5, we illustrate this phe-
nomenon using the probability distribution of the minimum dis-
tance between these residue-pairs. A strong peak around 0.2-0.3
nm would correspond to a salt-bridge or hydrogen bond for-
mation.

It is interesting to observe that breaking of one set of favora-
ble interactions in Conf-A is compensated by formation of a
different set of interactions in Conf-B. Thus, there are multiple
conformational states accessible within close energy range due
to this local cancellation or redistribution of the interaction en-
ergies. This large conformational entropy associated with the
loop conformations seems to be crucial for conformational se-
lection mode of allostery as reported earlier.®?* The important
role of conformational entropy in allosteric regulation has been

highlighted in prior literature as well.***!
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In summary, here we have presented a general framework of
identifying potential binding sites for allosterically modulating
PPIs. All we need to do is compare the conformational ensem-
ble of the ligand bound and apo forms of the target protein and
look for significant conformational changes that exist between
the two forms. If such conformations can be found and their
thermodynamically distinctiveness can be ascertained either in
the apo form or on the liganded form, they can be utilized for
virtual screening or structure-based drug discovery. This con-
cept has been schematically proven in the schematic thermody-
namic cycle presented in Fig.6. Based on this cycle, we



establish the
(AG, s —AG, o) =(AG)° —AGY).

AG;‘}IO > AGZ‘}’;’ would imply AGZ’ §> AGI?, ¢ In other
words, if the inhibitor (I) has higher binding affinity for the
“apo” conformation as compared to the “bound” conformation,
then it would imply that the substrate (S) binding affinity would
be lower in the inhibitor bound state. We must note that this
bidirectional nature of allostery has been discussed earlier in a
different context.'®*

identity:

Hence,

In this work, we have applied and validated this approach by
identifying a distal loop (residues 211-222) in PCSK9 that can
allosterically modulate the PCSK9-LDLR interaction through
rearrangement and re-wiring of the pair-wise hydrogen bonded
network. Our future work will focus on identifying suitable in-
hibitors targeted to stabilizing the loop conformations with
lower binding affinity with LDLR (e.g. Conf-A, IM-1 etc).
Moreover, this approach would be tested in other therapeuti-
cally important PPI as well towards allosteric drug discovery.
Our work presents a counterintuitive view that even disordered
loops can have well-defined structure(s) and low-lying metasta-
ble conformational states of proteins should be explored in fu-
ture drug discovery efforts. 26252
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