QUEEN’S

UNIVERSITY
BELFAST

ESTP1845

Are the Apo Proteins Suitable for the Rational Discovery of Allosteric
Drugs

An, X,, Lu, S., Song, K., Shen, Q., Huang, M., Yao, X, Liu, H., & Zhang, J. (2018). Are the Apo Proteins Suitable
for the Rational Discovery of Allosteric Drugs. Journal of Chemical Information and Modeling, 1-30. Advance
online publication. https://doi.org/10.1021/acs.jcim.8b00735

Published in:
Journal of Chemical Information and Modeling

Document Version:
Peer reviewed version

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights
Copyright 2018 American Chemical Society. This work is made available online in accordance with the publisher’s policies. Please refer to
any applicable terms of use of the publisher.

General rights

Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy

The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Open Access
This research has been made openly available by Queen's academics and its Open Research team. We would love to hear how access to
this research benefits you. — Share your feedback with us: http://go.qub.ac.uk/oa-feedback

Download date:28. Apr. 2024


https://doi.org/10.1021/acs.jcim.8b00735
https://pure.qub.ac.uk/en/publications/a1c876cf-5ed8-476a-925f-be2d96c4836c

Journal of Chemical Information and Modeling

This document is confidential and is proprietary to the American Chemical Society and its authors. Do not
copy or disclose without written permission. If you have received this item in error, notify the sender and

delete all copies.

Are the Apo Proteins Suitable for the Rational Discovery of

Allosteric Drugs?

Journal:

Journal of Chemical Information and Modeling

Manuscript ID

ci-2018-007355.R1

Manuscript Type:

Article

Date Submitted by the
Author:

27-Nov-2018

Complete List of Authors:

An, Xiaoli; Shanghai Jiao Tong University

Lu, Shaoyong; Shanghai Jiao Tong University,

Song, Kun; Shanghai Jiao Tong University School of Medicine,
Department of Pathophysiology

Shen, Qiancheng; Shanghai Jiao Tong University

Huang, Meilan; Queen's University Belfast, School of Chemistry and
Chemical Engineering

Yao, Xiaojun; Lanzhou University, Chemistry

Liu, Huanxiang; Lanzhou University, School of Pharmarcy

Zhang, Jian; Shanghai Jiao Tong University,

SCHOLARONE™
Manuscripts

ACS Paragon Plus Environment




Page 1 of 29

oNOYTULT D WN =

Journal of Chemical Information and Modeling

Are the Apo Proteins Suitable for the Rational Discovery of

Allosteric Drugs?

Xiaoli An"+#, Shaoyong Lu®#, Kun Song’, Qiancheng Shen', Meilan Huangf, Xiaojun
Yao$, Huanxiang Liu®", Jian Zhang™*

"Key Laboratory of Cell Differentiation and Apoptosis of Ministry of Education,
Clinical and Fundamental Research Center, Renji Hospital, Shanghai Jiao Tong
University School of Medicine, Shanghai 200127, China

School of Pharmacy, Lanzhou University, Lanzhou 730000, China

ISchool of Chemistry and Chemical Engineering, Queen’s University Belfast, Northern
Ireland BT9 5AG, United Kingdom

iState Key Laboratory of Quality Research in Chinese Medicine, Macau Institute for
Applied Research in Medicine and Health, Macau University of Science and
Technology, Taipa, Macau 999078, China

IMedicinal Bioinformatics Center, Shanghai Jiao Tong University, School of Medicine,
Shanghai, 200025, China

# These authors contributed equally.
*Correspondence to: Jian Zhang (Phone: +86-21-63846590-776922; Fax: +86-21-
64154900; E-mail: jian.zhang@sjtu.edu.cn)

*Correspondence to: Huanxiang Liu (Phone: +86-931-8915686; Fax: +86-931-
8915685; E-mail: hxliu@lzu.edu.cn)

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Chemical Information and Modeling

ABSTRACT

Allosteric modulators, by targeting the less-conserved allosteric sites, represent an
innovative strategy in drug discovery. These modulators have a distinctive advantage
over orthosteric ligands that attach to the conserved, functional orthosteric sites.
However, in structure-based drug design, it remains unclear whether allosteric protein
structures determined without orthosteric ligands binding are suitable for allosteric drug
screening. In this study, we performed large-scale conformational samplings of six
representative allosteric proteins uncomplexed (apo) and complexed (holo) with
orthosteric ligands to explore the effect of orthosteric site binding on the conformational
dynamics of allosteric sites. The results, coupled with the redocking evaluation of
allosteric modulators to their apo and holo proteins using their MD trajectories,
indicated that orthosteric site binding had an effect on the dynamics of the allosteric
sites and allosteric modulators preferentially bound to their 4olo proteins. According to
the analysis data, we constructed a new correlation model for quantifying the allosteric
site change driven by substrate binding to the orthosteric site. These results highlight
the strong demand to select 4olo allosteric proteins as initial inputs in structure-based
allosteric drug screening when the distance between orthosteric and allosteric sites in

the protein is below 5 A, which is expected to contribute to allosteric drug discovery.
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INTRODUCTION

Allostery, or allosteric regulation, regarded as 'the second secret of life’, fine-tunes
most biological processes and controls physiological activities'>. Dysregulation of
protein allostery can lead to human diseases; therefore, recovery of malfunctional
proteins to their normal functions by allosteric modulators provides a rich landscape for
new therapeutics®#.

Allosteric modulators, by targeting the less conserved allosteric sites that are
topologically and spatially distinct from the conserved, functional, orthosteric sites,
bear distinctive advantages compared to orthosteric ligands, including higher
specificity and lower toxicity>’. Despite a number of potential advantages endowed by
allosteric therapeutics, in recent years, the discovery allosteric drugs has been
challenging. Indeed, a vast majority of allosteric modulators have been identified
serendipitously by means of high-throughput screening®. This difficulty has severely
hindered progress in the development of allosteric drugs over the past several decades,
as demonstrated by the limited number of allosteric modulators reported to date®-1°.

Due to recent advances in X-ray and NMR spectroscopies, a considerable number
of allosteric proteins complexed or uncomplexed with their allosteric modulators have
been discovered'!-!3. With the characterization of allosteric proteins and allosteric
protein-modulator complexes, the unique hallmarks of allosteric proteins, allosteric
modulators, and allosteric sites have been increasingly characterized®!41°, The
increased availability of structural data, coupled with the advances in computer power,

facilitates the development of structure-based computational methods for detection of
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allosteric sites in proteins because identification of allosteric sites is the first step for in
silico screening of potential allosteric modulators. To date, a series of structure-based
predictive models have been developed to predict allosteric sites and deployed to web
servers, such as Allosite!’, PARS!®, and SPACERY.

A prerequisite for the success of in silico screening is to provide an input structure
that can represent a major physiological conformation in the cellular environment. As
in the case of protein allostery, binding of an allosteric modulator to its allosteric site
alters the shape and dynamic of the orthosteric site, suggesting that there is signal
propagation from allosteric to orthosteric sites?*-?2. Consistently, biophysical
experiments indicated that orthosteric site occupancy by its endogenous substrate or
exogenous ligands can also alter the conformational dynamics of allosteric site,
reflecting the bidirectional regulation between allosteric and orthosteric sites?324. When
the known allosteric proteins deposited into the Allosteric Database (ASD)? are under
intense scrutiny, a number of allosteric proteins are crystallized without the endogenous
substrates or exogenous ligands bound to their orthosteric sites (hereafter called apo
proteins). This observation raises a significant question: are the apo (orthosteric site-
unbound) protein structures suitable as initial conformations for in silico allosteric
screening?

To address this question, we sampled large-scale conformations of the apo and holo
(orthosteric site-bound) proteins to quantify the effect of orthosteric site binding on the
conformational dynamics of the allosteric site. Six representative allosteric proteins

were selected, including tryptophanyl-tRNA synthetase (TrpRS), human monoamine
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oxidase B (MAO B), N-acetylglucosamine-1-phosphate uridyltransferase (GlmU),
macrophage migration inhibitory factor (MIF), ERK/MAP kinase (MAPK), and
GTPase K-Ras4B oncoprotein. The analysis results revealed that the conformational
dynamics of allosteric sites changed significantly in response to orthosteric site binding.
Furthermore, redocking of allosteric modulators to the apo and holo proteins extracted
from the MD trajectories indicated that allosteric modulators preferentially bound to
their holo proteins. Finally, we constructed a new correlation model for evaluating the
allosteric site change driven by substrate binding into the orthosteric site. Taken
together, these results support the use of the /olo allosteric proteins as initial inputs in
structure-based drug screening, which is expected to contribute to allosteric drug

discovery.

METHODS

Dataset

First, we manually picked allosteric proteins from our constructed ASD? in which
the orthosteric site is adjacent to the allosteric site. Next, we examined the residues
located in orthosteric and allosteric sites and ruled out the proteins without shared
residues in the orthosteric and allosteric sites. The final selected proteins consisted of
six enzymes: TrpRS (PDB ID IMAU)?*, ERK/MAP kinase (MAPK) (PDB ID 4ANB)>?°,
K-Ras4B (PDB ID 4LUC)?’, GImU (PDB ID 2V0I)?¥, MAO B (PDB ID 2XCG)?%, and
MIF (PDB ID 31JJ)* (Figure 1). Moreover, the phylogenetic tree constructed for the
six allosteric proteins displayed a wide distribution of these allosteric proteins,

indicating that the allosteric proteins belong to different protein families.
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Preparation of simulated systems

In all six allosteric proteins, the #olo forms were obtained by removing the allosteric
modulators from the allosteric sites. The apo forms were obtained by removing both
allosteric modulators and orthosteric ligands from the allosteric and orthosteric sites.
The chain A was selected for the dimer of MAO B and K-Ras4B. The solvent molecules
except crystal water were deleted and the metal ions in pockets were kept. In the MAO
B, there has a flavin cofactor that was reserved in both holo and apo forms during
simulations. In each protein, a pair of face-to-face residues located in the middle of the
tunnel between the allosteric and orthosteric sites were defined as bayonet residues. In
addition, the orthosteric and allosteric site residues were annotated. Special case is the
crystal structure of GImU (PDB ID 2VO0I)?, because there is a lack of an allosteric
ligand. However, the crystal structure of GImU in complex with an allosteric inhibitor
(PDB ID 2VD4)?! reveals that allosteric site is adjacent to orthosteric site. We thus
aligned the two crystal structures to monitor the minimum distance between the two
ligands and define the bayonet residues.

The proteins were modeled using the AMBER FF99SB force field3?, while the
orthosteric ligands were modeled using the generalized AMBER force field (GAFF)?3.
Geometry optimization and the electrostatic potential calculations on the allosteric
modulators or orthosteric ligands were performed at the HF/6-31G* level of
Gaussian09**, and the partial charges were calculated with the restrained electrostatic
potential (RESP) fitting method?®. The force field parameters for the allosteric
modulators or orthosteric ligands were created by the Antechamber package. For the
metal atoms, GTP and ATP were obtained from the AMBER parameter database.
Each system was dissolved in a truncated octahedral box of TIP3P water?’ and was

neutralized with counter ions.
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MD simulations

MD simulations for each system were performed using the AMBERI11 package3®-
41 First, to remove bad contacts in the initial structures, steepest descent and conjugate
gradient algorithms were performed for energy minimization. After energy
minimization, each system was gradually heated from 0 to 300 K in 100 ps.
Subsequently, constant temperature equilibration at 300 K for 300 ps was performed to
adjusting the solvent density. Finally, 200-ns MD simulations were carried out for each
system in the NPT ensemble with periodic boundary conditions. An integration step of
2 fs was used, and the long-range electrostatic interactions were treated by the particle
mesh Ewald (PME) method*2. A cut-off of 10 A was used for limiting the direct space
interactions. The SHAKE method** was applied to constrain all covalent bonds
involving hydrogen atoms. Each simulation was coupled to at a temperature of 300 K
and a pressure of 1.0 atm by applying the Langevin algorithm**,
Dynamical cross-correlation matrices
Dynamic cross-correlation matrices (DCCM) were used to detect time-correlation
motion in protein, which is composed of the fluctuation cross-correlations coefficient
in the positions of Ca atoms during the MD simulation.* The normalized cross-

correlation function C;; was calculated according to Eq. (1):

R CICRYC) 0
Y (aro)Harm) "

AFy(t) = () — (Fi(D)) (2)
where 7(t) and ?j(t) are the spatial positions of Ca atoms corresponding residues i
and j at time ¢. The value of C;; is between -1~1. C;; > 0 indicated the Ca atoms

between residues i and j exhibited motions in same direction along a given spatial

coordinate, whereas C;; <0 indicated the Ca atoms between residues i and j exhibited
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motions in opposite directions along a given spatial coordinate. C;; =0 indicated the

Ca atoms exhibited motions between residues i and j independently. The correlations

were calculated by the ptraj module in AMBER.

RESULTS AND DISCUSSION

Correlation of allosteric site volume and bayonet residues

To test our assumption that binding to the orthosteric site has an effect on the dynamics
of allosteric site, we first monitored potential dynamic changes between two bayonet
residues using 5000 frames from the last 100 ns trajectories. Next, the allosteric pocket
volumes of the apo and holo forms, which have a cavity shape, were calculated using
MDpocket?6. The results for all systems are displayed in the scatter diagram to
intuitively show distance and volume (InV) variations (Figure 2). In TrpRS (Figure
2A), ERK/MAP kinase (MAPK) (Figure 2B), K-Ras4B (Figure 2C), and GImU (Figure
2D), both the allosteric site volume and bayonet residue distance increased significantly
in the holo forms compared to the apo forms. However, in MAO B (Figure 2E), no
appreciable differences in the allosteric site volume or bayonet residue distance
between the holo and apo forms were observed. This exception is partly due to the
evidence that the allosteric site is relatively far from the active site (Figure 1), thereby
leading to the subtle effect of orthosteric site binding on the dynamics of allosteric site
for our timescale. Unexpectedly, in MIF (Figure 2F), both the allosteric site volume
and bayonet residue distance decreased significantly in response to orthosteric site

binding. Overall, regardless of the enlargement or contraction of the allosteric sites, the
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topological structures of the allosteric sites changed remarkably in reaction to
orthosteric site binding.
Concerted atomic motions of orthosteric and allosteric sites

Given the influence of orthosteric site binding on the conformational dynamics of
the allosteric site, we next analyzed DCCM using 5000 frames from the last 100 ns
trajectories to reveal concerted atomic motions of orthosteric and allosteric sites in the
apo and holo forms, respectively. In this analysis, we primarily focused on the regions
formed by orthosteric and allosteric sites (the residues within 5 A of ligands), as well
as those between them, which are named a shared community. Furthermore, the
differences in DCCM between the apo and holo forms were calculated to understand
the altered motions of the allosteric site upon binding of the corresponding orthosteric
ligand.

In TrpRS (Figure 3A), ERK/MAP kinase (MAPK) (Figure 3B), K-Ras4B (Figure
3C), and GImU (Figure 4A), the correlated motions of allosteric sites, orthosetric sites,
and shared community remarkably increased in the 4olo forms compared to the apo
forms, strongly supporting the notion that orthosteric ligand binding to the orthosteric
site affects the conformational dynamics of the corresponding allosteric site. In the four
allosteric proteins, the allosteric sites are proximal to their orthosteric sites. As a result,
the fluctuations in the orthosteric sites induced by orthosteric ligand binding can readily
propagate to their nearby allosteric sites through the shared community. In MAO B
(Figure 4B), the correlated motions of the allosteric site were unaffected in the presence

of an allosteric ligand at the allosteric site because of the distant location of the allosteric
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and orthosteric sites. This result is consistent with the analysis of allosteric site volume
and bayonet residue distance in MAO B. In MIF (Figure 4C), the correlated motions of
the allosteric site in the #olo form slightly increased in relation to the apo form. Taken
together, the results of the DCCM analysis demonstrate that binding to the orthosteric
site has the potential to alter the dynamics of the allosteric site.
Evaluation of allosteric molecular binding mode

The assessment of the allosteric site volume and the coupled motions of the
allosteric site suggest the variation of the allosteric site’s topological structure as a
consequence of orthosteric site binding. To further verify the significance of
conformational variation in the allosteric sites of the #olo forms, redocking of allosteric
modulators to their corresponding allosteric sites in both the apo and holo forms was
performed using Glide*’. First, the hierarchical clustering analysis was performed with
the last 100 ns MD trajectories (10000 frames) of the apo and holo forms, and each
system was grouped into five clusters. Representative structure was extracted from each
cluster of the apo and holo forms of each system, respectively. The five representative
structures obtained after cluster analysis can represent a wide range of different
conformational states. Next, redocking of allosteric modulators to the allosteric sites of
the five respective structures in both the apo and holo forms was performed, and 32
docked poses were obtained for each allosteric modulator to the allosteric sites of apo
and holo forms, respectively. Herein, we only considered the re-docked binding poses
of allosteric ligands. Therefore, the root-mean-squared-deviation (RMSD) of each
allosteric modulator between the native binding mode and the re-docked binding mode

10
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was calculated, and the best result of each re-docked complex was used as an evaluation
criteria of the redocking binding mode.

In TrpRS (Figure 5A), ERK/MAP kinase (MAPK) (Figure 5B), K-Ras4B (Figure
5C), and GImU (Figure 5D), the RMSD of the allosteric modulators docked into the
holo forms was significantly smaller than those docked into the apo forms. In MAO B
(Figure 5E), docked conformations of the allosteric modulator to the allosteric sites of
the apo and holo forms had no remarkable differences, reflecting no significant effect
of orthosteric site binding on the topology of the allosteric site for our timescale. In
MIF (Figure 5F), the RMSD of the allosteric modulator to the 4olo form was slightly
smaller than that to the apo form.

The redocking results suggest a difference in the geometrical conformation of
allosteric sites in the presence and absence of orthosteric site binding. Moreover, the
allosteric modulators can fit snugly into their allosteric sites in the presence of
orthosteric ligands, highlighting the significance of orthosteric site binding in re-
shaping the allosteric site. This principle can be applied for structure-based allosteric
molecule screening against the crystal structures of orthosteric ligand-bound proteins.
Correlation of minimum distance between allosteric and orthosteric sites with
allosteric site volume

The analyses of allosteric site volume, DCCM, and redocking experiments
revealed that when allosteric sites are in close proximity to orthosetric sites, the
conformational variations in allosteric sites are apparent upon the binding of the
orthosteric site. Thus, we hypothesize that the extent of allosteric site conformational

11
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variations induced by the binding of the orthosteric site is dependent on the distance
between the allosteric and orthosteric sites. To validate this hypothesis, we correlated
the distance between allosteric and orthosteric sites with the perturbation of allosteric
site upon orthosteric site binding. The centroid distance between allosteric and
orthosteric sites was used as the location of the two sites, and the allosteric site volume
was used to evaluate the allosteric site conformational variation between the apo and
holo forms. The fitted curve of distances (d) and volume variations (AV) are shown in
Figure 6. The fitted curve can be formulated as

y =exp (a + bx) (3)
where y isthe AV of the allosteric site between the holo and apo forms, and x is the
d between the allosteric and orthosteric sites. The fitted constants @ and b are 9.93 and
-1.17, respectively. Goodness of fit was evaluated with the R-square (R2), where R?
= 0.924.

Based on the curve, it is noticeable that if the distance between allosteric and
orthosteric site is less than 5 A, the AV of the allosteric site alters significantly with
the variation of distance. This finding indicates that when the allosteric site is close to
its orthosteric site, the conformational dynamics of the allosteric site will be markedly
changed after orthosteric site binding. However, if the distance between allosteric and
orthosteric sites is larger than 5 A, the variation of distance has a minor effect on the

AV of the allosteric site.

CONCLUSIONS

12
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Due to the prominent functional importance of allostery in controlling
physiological activities and causing human diseases, allosteric drug development is an
innovative research strategy. Allosteric drugs do not compete with endogenous
substrates that occupy the conserved orthosteric sites. In contrast, they attach to the
structurally diverse allosteric sites, thereby possessing higher selectivity compared to
orthosteric drugs. However, the design of allosteric drugs is currently challenging
because unearthing the allosteric sites in proteins is a challenge**®. Indeed, the majority
of currently identified and characterized allosteric sites were adventitiously discovered
by biochemical experiments.**->* In addition, in structure-based allosteric drug design,
the hit rate for allosteric screening is extremely low with notably few instances of
allosteric modulator identification via computational screening!®. There is a lack of
knowledge regarding the interplay between allosteric and orthosteric sites.>!

The recent unified view of allostery introduced by Nussinov and Tsai emphasizes
the existence of structural coupling between the allosteric and orthosetric sites®>?. The
allosterically perturbed signals transmit from allosteric to orthosetric sites, thereby
affecting the functional activities of orthosteric sites. In a similar vein, using a Gaussian
network model to analyze motion correlation of allosteric proteins, Ma et al.>? revealed
pronounced correlations between allosteric and orthosteric sites in both monomeric and
oligomeric allosteric proteins. These studies are indicative of the bidirectional
modulation between allosteric and orthosteric sites. In other words, allosteric site
binding enables reshaping of the corresponding orthosteric site and vice versa.

In the allosteric drug design, the appropriate selection of the allosteric site in the

13
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three-dimensional structure becomes a high-priority goal, which determines the success
of allosteric modulator identification. In effect, a considerable proportion of allosteric
proteins are discovered without the presence of endogenous substrates or orthosteric
ligands bound to their orthosteric sites. To definitively elucidate the effect of orthosteric
site binding on the conformational dynamics of allosteric sites, we performed MD
simulations of six representative allosteric proteins in both apo and holo forms.
Through the analyses of allosteric site volume and correlated motions of allosteric and
orthosteric sites, we observed that when the allosteric and orthosteric sites are closely
positioned on the protein, the conformational plasticity of the allosteric site is markedly
affected by binding of the orthosteric ligand to the orthosteric site. As a result,
redocking experiments corroborated that the allosteric modulators prefer binding to
their corresponding allosteric proteins in the presence of a bound orthosteric site.
However, the correlation model indicates that the reverse regulation between allosteric
site and orthosteric site may depend on the distance between the two sites. Most likely,
when the distance between the orthosteric and allosteric sites in the protein is below 5
A, it is advisable to select the crystal structures of allosteric proteins with their
orthosteric ligands bound as the initial inputs to structure-based allosteric drugs

screening.
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FIGURES

Figure 1. Phylogenetic tree analyses of six representative allosteric proteins, including
tryptophanyl-tRNA synthetase (TrpRS) (PDB ID 1MAU), human monoamine oxidase
B (MAO B) (PDB ID 2XCG), N-acetylglucosamine-1-phosphate uridyltransferase
(GImU) (PDB ID 2V0I), macrophage migration inhibitory factor (MIF) (PDB ID 31JJ),
ERK/MAP kinase (MAPK) (PDB ID 4ANB), and GTPase K-Ras4B (PDB ID 4LUC).
Phylogenetic distance is proportional to branch length (the connecting lines). The
allosteric and orthosteric sites in the proteins are extracted and depicted by splitpea and
cyan, respectively. Allosteric modulators and orthosteric ligands in their corresponding

allosteric and orthosteric sites are depicted by stick models.

Figure 2. Variations of the allosteric site volumes and bayonet residue distances in
TrpRS (A), ERK/MAP kinase (MAPK) (B), K-Ras4B (C), and GImU (D), MAO B (E),
and MIF (F).

Figure 3. Dynamic cross-correlation maps (DCCM) reveal the extent of correlation for
the orthosteric and allosteric sites as well as the shared community between them in the
apo and holo forms of TrpRS (A), ERK/MAP kinase (MAPK) (B), and K-Ras4B (C).
The absolute values for the differences in DCCM between the apo and holo forms are
shown in the right panel. Motion occurring along the same direction is represented by
positive correlation (orange), while anti-correlated motion occurring along the opposite
direction is represented by negative correlation (green). 'S" and ‘A’ represent orthosteric

and allosteric sites, respectively.

Figure 4. Dynamic cross-correlation maps (DCCM) reveal the extent of correlation for
the orthosteric and allosteric sites as well as the shared community between them in the
apo and holo forms of GImU (A), MAO B (B), and MIF (C). The absolute values for
the differences in DCCM between the apo and holo forms are shown in the right panel.

Motion occurring along the same direction is represented by positive correlation
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(orange), while anti-correlated motion occurring along the opposite direction is

!

represented by negative correlation (green). 'S’ and 'A’ represent orthosteric and

allosteric sites, respectively.

Figure 5. Root-mean-squared-deviation (RMSD) of each allosteric modulator between
the native-binding mode and the re-docked binding mode for the five representative
structures extracted from the MD trajectory. The blue and orange bars represent the
RMSD for the apo and holo forms, respectively. TrpRS (A), ERK/MAP kinase (MAPK)
(B), K-Ras4B (C), GImU (D), MAO B (E), and MIF (F).

Figure 6. Relationship between the distance of the centroids between allosteric and

orthosteric sites and the allosteric site volume.
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Figure 1. Phylogenetic tree analyses of six representative allosteric proteins, including tryptophanyl-tRNA
synthetase (TrpRS) (PDB ID 1MAU), human monoamine oxidase B (MAO B) (PDB ID 2XCG), N-
acetylglucosamine-1-phosphate uridyltransferase (GImU) (PDB ID 2V0I), macrophage migration inhibitory
factor (MIF) (PDB ID 311J), ERK/MAP kinase (MAPK) (PDB ID 4ANB), and GTPase K-Ras4B (PDB ID 4LUC).
Phylogenetic distance is proportional to branch length (the connecting lines). The allosteric and orthosteric
sites in the proteins are extracted and depicted by splitpea and cyan, respectively. Allosteric modulators and
orthosteric ligands in their corresponding allosteric and orthosteric sites are depicted by stick models.
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28 Figure 2. Variations of the allosteric site volumes and bayonet residue distances in TrpRS (A), ERK/MAP
29 kinase (MAPK) (B), K-Ras4B (C), and GImU (D), MAO B (E), and MIF (F).

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Chemical Information and Modeling

apo holo differences
A
| |
< < ‘ <
i T !
LI - R sl | d -
w 09} n
s A S - s A i
B |
< < <|
] F 2 2 -
- + + ‘ | - | B -
[
[7p] [7p] ]
S A S S A
C \
< < ! < ‘
. | il i |
[7p] [72] w ‘
]
S A S S
-O.E 02 02 06 1|.0 0.‘0 02 04 06 0i8

ACS Paragon Plus Environment

Figure 3. Dynamic cross-correlation maps (DCCM) reveal the extent of correlation for the orthosteric and
allosteric sites as well as the shared community between them in the apo and holo forms of TrpRS (A),
ERK/MAP kinase (MAPK) (B), and K-Ras4B (C). The absolute values for the differences in DCCM between the
apo and holo forms are shown in the right panel. Motion occurring along the same direction is represented
by positive correlation (orange), while anti-correlated motion occurring along the opposite direction is
represented by negative correlation (green). 'S’ and 'A’ represent orthosteric and allosteric sites,

respectively.
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Figure 4. Dynamic cross-correlation maps (DCCM) reveal the extent of correlation for the orthosteric and
allosteric sites as well as the shared community between them in the apo and holo forms of GImU (A), MAO
B (B), and MIF (C). The absolute values for the differences in DCCM between the apo and holo forms are
43 shown in the right panel. Motion occurring along the same direction is represented by positive correlation

44 (orange), while anti-correlated motion occurring along the opposite direction is represented by negative

45 correlation (green). 'S’ and 'A’ represent orthosteric and allosteric sites, respectively.
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Figure 5. Root-mean-squared-deviation (RMSD) of each allosteric modulator between the native-binding
mode and the re-docked binding mode for the five representative structures extracted from the MD
trajectory. The blue and orange bars represent the RMSD for the apo and holo forms, respectively. TrpRS
(A), ERK/MAP kinase (MAPK) (B), K-Ras4B (C), GImU (D), MAO B (E), and MIF (F).

4
<
[m]
2,
o
0
1 2 3 4 5
clusters
E 3
<2
o
S
g
0.
1 2 3 4 5
clusters
M apo [Fholo

ACS Paragon Plus Environment

1. 2 3 4 5
clusters

1 2 3 4 5
clusters

Page 28 of 29



Page 29 of 29 Journal of Chemical Information and Modeling

oNOYTULT D WN =

11 600'

12 a!losterlc
site

allosteric
14 —~ regulation

15 :zf 400 reverse

~ regulation
17 > (av)

< ] active
19 site

20 200+
R?=0.924

6
28 d (A)

31 Figure 6. Relationship between the distance of the centroids between allosteric and orthosteric sites and the
32 allosteric site volume.
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