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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 holo 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 holo 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 Å, which is expected to contribute to allosteric drug discovery.
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INTRODUCTION

Allostery, or allosteric regulation, regarded as ́ the second secret of lifeʹ, fine-tunes 

most biological processes and controls physiological activities1,2. 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 therapeutics3,4.

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 toxicity5-7. 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 screening8. 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 date9,10.

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 discovered11-13. 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 characterized8,14-16. 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 Allosite17, PARS18, and SPACER19.

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 sites20-22. 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 sites23,24. When 

the known allosteric proteins deposited into the Allosteric Database (ASD)9 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 holo 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 ASD9 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 1MAU)25, ERK/MAP kinase (MAPK) (PDB ID 4ANB)26, 

K-Ras4B (PDB ID 4LUC)27, GlmU (PDB ID 2V0I)28, MAO B (PDB ID 2XCG)29, and 

MIF (PDB ID 3IJJ)30 (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 holo 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 GlmU (PDB ID 2V0I)28, because there is a lack of an allosteric 

ligand. However, the crystal structure of GlmU in complex with an allosteric inhibitor 

(PDB ID 2VD4)31 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 field32, while the 

orthosteric ligands were modeled using the generalized AMBER force field (GAFF)33. 

Geometry optimization and the electrostatic potential calculations on the allosteric 

modulators or orthosteric ligands were performed at the HF/6-31G* level of 

Gaussian0934, and the partial charges were calculated with the restrained electrostatic 

potential (RESP) fitting method35. 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 database36. 

Each system was dissolved in a truncated octahedral box of TIP3P water37 and was 

neutralized with counter ions. 
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MD simulations

MD simulations for each system were performed using the AMBER11 package38-

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) method42. A cut-off of 10 Å was used for limiting the direct space 

interactions. The SHAKE method43 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 algorithm44.

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 Cα atoms during the MD simulation.45 The normalized cross-

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

                  (1)𝐶𝑖𝑗 =
〈∆𝑟𝑖(𝑡) ⋅ ∆𝑟𝑗(𝑡)〉

(〈∆𝑟𝑖(𝑡)〉2〈∆𝑟𝑗(𝑡)〉2)1 2

                      (2)∆𝑟𝑖(𝑡) = 𝑟𝑖(𝑡) ― 〈𝑟𝑖(𝑡)〉

where  and  are the spatial positions of Cα atoms corresponding residues i 𝑟𝑖(𝑡)  𝑟𝑗(𝑡)

and j at time t. The value of  is between -1~1.  indicated the Cα atoms 𝐶𝑖𝑗 𝐶𝑖𝑗 > 0

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

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

Cα 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 

MDpocket46. The results for all systems are displayed in the scatter diagram to 

intuitively show distance and volume ( ) variations (Figure 2). In TrpRS (Figure 𝑙𝑛𝑉

2A), ERK/MAP kinase (MAPK) (Figure 2B), K-Ras4B (Figure 2C), and GlmU (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 Å 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 GlmU (Figure 4A), the correlated motions of allosteric sites, orthosetric sites, 

and shared community remarkably increased in the holo 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 holo 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 holo forms, redocking of allosteric 

modulators to their corresponding allosteric sites in both the apo and holo forms was 

performed using Glide47. 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 
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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 GlmU (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 holo 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 
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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 ( ) and volume variations ( ) are shown in 𝑑 ∆𝑉

Figure 6. The fitted curve can be formulated as

                  (3)𝑦 = exp (𝑎 + 𝑏𝑥)

where  is the  of the allosteric site between the holo and apo forms, and  is the 𝑦 ∆𝑉 𝑥

 between the allosteric and orthosteric sites. The fitted constants a and b are 9.93 and 𝑑

-1.17, respectively. Goodness of fit was evaluated with the R-square (R2), where R2

.= 0.924

  Based on the curve, it is noticeable that if the distance between allosteric and 

orthosteric site is less than 5 Å, the  of the allosteric site alters significantly with ∆𝑉

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 Å, the variation of distance has a minor effect on the 

 of the allosteric site. ∆𝑉

CONCLUSIONS
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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 challenge4,48. Indeed, the majority 

of currently identified and characterized allosteric sites were adventitiously discovered 

by biochemical experiments.49-50 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 screening10. There is a lack of 

knowledge regarding the interplay between allosteric and orthosteric sites.51

The recent unified view of allostery introduced by Nussinov and Tsai emphasizes 

the existence of structural coupling between the allosteric and orthosetric sites3,52. 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.53 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 
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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 

Å, 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 

(GlmU) (PDB ID 2V0I), macrophage migration inhibitory factor (MIF) (PDB ID 3IJJ), 

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 GlmU (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). ʹSʹ and ʹAʹ 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 GlmU (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). ʹSʹ and ʹAʹ 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), GlmU (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 (GlmU) (PDB ID 2V0I), macrophage migration inhibitory 
factor (MIF) (PDB ID 3IJJ), 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. 

Page 24 of 29

ACS Paragon Plus Environment

Journal of Chemical Information and Modeling

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 2. Variations of the allosteric site volumes and bayonet residue distances in TrpRS (A), ERK/MAP 
kinase (MAPK) (B), K-Ras4B (C), and GlmU (D), MAO B (E), and MIF (F). 
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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). ʹSʹ and ʹAʹ 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 GlmU (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 
(orange), while anti-correlated motion occurring along the opposite direction is represented by negative 

correlation (green). ʹSʹ and ʹAʹ 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), GlmU (D), MAO B (E), and MIF (F). 
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Figure 6. Relationship between the distance of the centroids between allosteric and orthosteric sites and the 
allosteric site volume. 
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