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The Glutamine-Binding Protein (GlnBP) of Escherichia coli is responsible for the first step in the active
transport of glutamine across the cytoplasmic membrane. In present work, we explored the allosteric
pathway of GlnBP from the open to closed states during the substrate binding process with the adaptive
anisotropic network model (aANM). The results show that the allosteric transition proceeds in a coupled
way and is more likely to be driven by the movement of hinge regions. The large-scale hinge-bending
motion between the large and small domains occurs, accompanied by an interdomain twisting motion
which proceeds mainly in the middle stage. The cooperative motion between the dominant hinge-bend-
ing motion and the twisting motion exerts a crucial role in the open-closed motion of GlnBP. These results
are in close agreement with previous experimental and theoretical data, implying that the topology
structure plays a crucial role in the allosteric transition process of GlnBP.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Complex macromolecular systems such as pumps, enzymes and
ATP-Binding Cassette (ABC) transporters need to change their
shapes and visit many conformational states in order to perform
their functions. The Glutamine-Binding Protein (GlnBP) from
Escherichia coli, a representative periplasmic binding protein in
the ABC transporter superfamily, is in charge of the first step in
the active transport of glutamine across the cytoplasmic mem-
brane [1,2]. Many studies have proposed that the process of glu-
tamine binding transport is accompanied by large-scale
cooperative motions between the two domains of GlnBP [3,4].
Hence, the identification of its conformational transition pathway
is important for our understanding of the physical mechanism
for the functional motion of the GlnBP.

The crystal structures of GlnBP in two end-states, i.e., the
ligand-bound closed and the ligand-free open forms, have been
solved by X-ray crystallography [5,6]. GlnBP involves a single
polypeptide chain of 226 residues that form a tertiary structure
with two similar globular domains. The large domain contains both
the C- and N-terminals of the protein, with two separate peptide
segments, residues 1–84 and 186–226. This domain includes eight
b-sheets and five a-helices. The small domain is comprised of resi-
dues 90–180, with three a-helices, four parallel and one anti-par-
allel b-sheets linked by a large loop (residues 96–109). These two
domains are connected by two peptide hinges, residues 85–89
and 181–185 (Fig. 1, highlighted with black color). According to
the previously proposed process [6–9], when the ligand glutamine
enters the periplasmic region, some of them will bind to the
ligand-free open GlnBP with a high affinity. The ligand binding
induces the structural change of the hinge regions from a discon-
tinuous b-sheet to a continuous one, which enhances softness of
the hinges and modifies its direction to enable closing. This is the
first step in the successful transport of glutamine across the cyto-
plasmic membrane. Although many studies have suggested that
the interactions between hinge residues and the ligand may be
the triggering mechanism that results in the closure of both
domains, it is still not clear that how the conformational changes
take place. The identification of the transition pathway can provide
us an ‘in-depth’ understanding of the allosteric mechanism of the
protein.

To understand allosteric transition mechanisms of macro-
molecules, one needs to go beyond the static information and
determines how they change their conformations as a function of
time. In practice, experimentally obtaining direct structural data
about a transition pathway has been a challenge due to the tran-
sient nature of the high energy intermediates, and the multiplicity
of pathways. However, computational methods can help generate
physically plausible pathways for allosteric transitions which can
then serve as ‘‘hypotheses” to be tested and refined experimentally
[10–12]. Wriggers and Schulten [13] presented an algorithm based
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Fig. 1. The structures of GlnBP at the ligand-free open state (A) and the ligand-
bound closed state (B). The hinge regions are highlighted with black color. The
ligand glutamine is shown in the scaled ball and stick model.
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on the crystallographic structures to identify and visualize the
movements of rigid domains about common hinges in proteins.
Given two conformations of a protein, Hayward and Lee [14] have
developed a program to analyze the conformational change in
terms of dynamic domains and hinge-bending regions. Addition-
ally, some molecular dynamics simulation (MD) methods such as
constrained MD [15], targeted and steered MD [16,17], as well as
non-equilibrium MD [18] have been developed and applied to
probe protein functional motions. However, the time-scale gap
between the computational and experimental trajectories has
made MD simulations too expensive and time-consuming for the
study of the large-scale functional motions. Recently, the coarse-
grained models have been proposed to solve this problem, among
which the elastic network model (ENM) has been proved to be a
very effective computational technique [19–22]. On the basis of
the theories of ENM, Yang et al. [23] introduced a new approach,
referred to adaptive anisotropic network model (aANM), to identify
potential allosteric transition pathways between the known end
conformations. This method utilizes the slow motion modes from
the anisotropic network model (ANM) method to guide the confor-
mational transitions along the directions intrinsically favored by
the instantaneous inter-residue contact topology, and it has been
successfully applied to the identification of the allosteric transition
pathways of the maltose transporter and GroEL-GroES complex
[23,24].

In the present work, we made use of the aANM method to
explore the allosteric dynamics of GlnBP from the open to closed
states, and the results present the entire allosteric process of the
conformational transition. The movements between the large and
small domains are studied based on the analyses of the changes
in distances between some critical residues and cross-correlations
among residues.

2. Materials and methods

2.1. Protein system

The crystal structures of the ligand-bound closed form and the
ligand-free open form can be obtained from the Protein Data Bank
(PDB codes: 1WDN (residues 4–226) and 1GGG (residues 5–224),
respectively) [5,6]. We deleted one N- and two C-terminal residues
from the structure 1WDNwith the common parts (residues Leu5 to
Glu224) of them remained, which has nearly no influence on the
fluctuations of 1WDN. The adaptive anisotropic network model
method was performed on the common parts of these two systems
to investigate the allosteric process. During aANM calculation, it
should be noted that the closed state was built based on the struc-
ture with the ligand glutamine eliminated from the ligand-bound
closed form.

2.2. Adaptive anisotropic network model

In aANM, a protein is considered as an elastic network, in which
each residue is reduced to a node at its Ca atom, and the residue
pairs within a cutoff distance are linked by elastic springs. The low-
est frequency motion modes calculated from ANM are used to
guide the conformation transition along the directions intrinsically
favored by its instantaneous inter-residue contact topology, and
the detailed information can be seen in the aANM paper by the
Yang et al. [23].

During the simulation of the allosteric transition, the two end

structures Rð0Þ
O (open state) and Rð0Þ

C (closed state) are used to gen-

erate the structures of the intermediate conformers, RðkÞ
O and RðkÞ

C ,
where k is the kth iteration. After a total number of ktot iterations,
a series of conformations generated along the allosteric pathway
can be represented as:

fRð0Þ
O ;Rð1Þ

O ; � � �;RðktotÞ
O ;Rðktot Þ

C ; � � �;Rð1Þ
C ;Rð0Þ

C g ð1Þ
The conformations are represented as 3N-dimensional vectors,

corresponding to the coordinates of the Ca atoms. The distance

vector dðkÞ between the pair of conformations produced at the kth
iteration is given by:

dðkÞ ¼ RðkÞ
C � RðkÞ

O ð2Þ

The original distance vector dð0Þ is computed after the optimal

superimposition of the Rð0Þ
O and Rð0Þ

C structures.

dð0Þ ¼ Rð0Þ
C � Rð0Þ

O : ð3Þ

The deformation vectors v ðkÞ
O and v ðkÞ

C used to produce the kth
conformations are defined and calculated by the following formula
as:

v ðkÞ
O ¼ RðkÞ

O � Rðk�1Þ
O

v ðkÞ
C ¼ RðkÞ

C � Rðk�1Þ
C

ð4Þ

The root mean square deviation (RMSD) at kth iteration can be
written as:

RMSDðRðkÞ
O ;RðkÞ

C Þ ¼ jdðkÞjffiffiffiffi
N

p ð5Þ

The iteration procedure is described as follows:

i. Produce two sets of intermediate conformers starting from
both ends. The following equation can be used to create

the kth conformation RðkÞ
O :
RðkÞ
O ¼ Rðk�1Þ

O þ v ðkÞ
O ¼ Rðk�1Þ

O þ sðkÞO

XmðkÞ
O

i¼1

ðdðk�1Þ � uðkÞ
iO ÞuðkÞ

iO ð6Þ
A similar expression holds for RðkÞ
C . In this equation,
uðkÞ
iO ð1 6 i 6 mðkÞ

O Þ are the dominant, i.e., low frequency
eigenvectors obtained by the ANM for the conformation

Rðk�1Þ
O . The step sizes sðkÞO and sðkÞC are simultaneously deter-

mined at iteration k, as a fraction f (scaling factor) of those,

sðkÞOm and sðkÞCm, which minimize dðkÞ. Usually, f ¼ 0:2 (adopted
here) can make an optimal balance between accuracy and
efficiency [24,25].
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ii. Determine the number of the selected modes mðkÞ
O used for

producing the kth conformaton. First of all, the cumulative
squared cosine is expressed as:
½CðmðkÞ
O Þ�2 ¼

XmðkÞ
O

i¼1

cos2ðdðk�1Þ
;uðkÞ

iO Þ ð7Þ
It has been confirmed that CðmðkÞ
O Þ is identical to the correla-
tion cosine between the instantaneous deformation vector

v ðkÞ
O and the distance vector targeted, i.e., dðk�1Þ [23,25].
CðmðkÞ
O Þ ¼ cosðdðk�1Þ

; v ðkÞ
O Þ: ð8Þ
Then, Fmin, as a threshold squared cosine, defines the maxi-
mal angular departure between v ðkÞ
O and dðk�1Þ. The minimal

number of modes, starting from the low frequency end of

the spectrum, that satisfy the inequality ½CðmðkÞ
O Þ�2 P Fmin

are selected to guide the structural transition. According to
the previous researches, Fmin ¼ 0:5 is adopted here [23].
iii. Determine the number of iteration steps. The process
described above is repeated until the RMSD between the
two intermediate conformers becomes sufficiently small. In
this work, the iteration stops when the RMSD is less than
1.0 Å.

The cross-correlation between the displacements of the ith and
jth residues at the kth iteration is given as:

CðkÞ
O;ij ¼ cosðhðkÞ

O;i ; h
ðkÞ
O;jÞ; ð9Þ

where hðkÞ
O;i and hðkÞ

O;j are respectively the displacements of the ith and

jth residues generated from the deformation vector v ðkÞ
O :

hðkÞ
O;i ¼ ðv ðkÞ

O;3i�2; v
ðkÞ
O;3i�1;v

ðkÞ
O;3iÞ ð10Þ

hðkÞ
O;j ¼ ðv ðkÞ

O;3j�2; v
ðkÞ
O;3j�1;v

ðkÞ
O;3jÞ; ð11Þ

where the deformation vector mðkÞO is from the Eq. (6). The cross-cor-
relation value ranges from �1 to 1. The positive (negative) values
represent that the residues move in the same (opposite) direction.

To calculate the energies of the conformations along the path-
way, a double minima quadratic energy function is adopted in
aANM [23]:

U ¼ 1
2
ðUO þ UC �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðUO � UCÞ2 þ 4b2

q
Þ; ð12Þ

where the parameter b sets the height (and smoothness) of the
energy barrier. The larger value of b makes the energy landscape
smoother and the lower value makes the energy barrier higher.
The potentials UO and UC are defined as:

UO ¼ c
2

X
rij<rc

ðjrijj � jrOij jÞ
2

UC ¼ c
2

X
rij<rc

ðjrijj � jrCij jÞ
2

ð13Þ

Here |rij| is the instantaneous distance between residues i and j
(based on Ca atoms), |rijO| and |rijC| are the equilibrium distances in

the original conformations Rð0Þ
O and Rð0Þ

C respectively, and the sum-
mations are performed over all pairs of residues located within a
cutoff distance rc. The aANM trajectories are generated using Eq.
(13) in each iteration by assuming that rijO and rij

C are the final con-
formations of the previous iteration. In this work, we set the values
b = 10 kcal/mol, c = 0.7 kcal/(mol�Å2) and rc = 7.3 Å which are simi-
lar to the previous studies [3,23]. Due to the simplicity of the
energy function, the energies reported in the results provide infor-
mation on the shape, rather than absolute values, of the energy
profile.

3. Results and discussion

3.1. Operating modes

The lowest frequency ANM modes are used in the aANM to
guide the structure transitions along the softest modes, or energet-
ically favorable pathways, and thus selecting of lowest frequency
modes is very crucial for aANM simulations [23,26]. Table 1 sum-

marizes the mðkÞ
O and mðkÞ

C values for all steps along the forward
and backward transitions. The original RMSD between the end
points is 10.33 Å. After nineteen iterations, the RMSD between
the instantaneous intermediate conformers reduces to lower than
1.0 Å. Notably, when the conformations shift away from the origi-
nal states, the selected mode sets are gradually complemented by
increasingly bigger subsets of higher frequency modes. As we
know, the low frequency modes correspond to global or large-
amplitude collective motions [27,28]. At the initial stages of the
allosteric transition, there exist large and mainly global conforma-
tional differences between the two instantaneous endpoint confor-
mations. Therefore, a small number of low frequency modes can

meet the criterion ½CðmðkÞÞ�2 P Fmin. And the structural changes dri-
ven by the slow modes produce substantial decrease in the RMSD
between the instantaneous endpoints. From Table 1, during the
first eight iterations, no more than 9 lowest frequency modes
(1.38% of 654 nonzero eigenvectors) are selected for each iteration
and there is a big decline in RMSD from 10.33 to 3.44 Å, making up
73.53% of the total drop. Then, the two instantaneous intermediate
conformers get close to each other in conformational space as the
iteration proceeds. At this moment, the structural changes involve
some more local conformational adjustments which, we know,
correspond to the higher frequency modes [27,28]. This is the rea-
son why the broader numbers of higher frequency modes are
recruited as the allosteric transition goes on. These imply that
the slowest modes play a predominant role at the early steps of
allosteric transition, and continue to exert a role throughout the
entire trajectory, although they are gradually complemented by
increasingly larger subsets of higher frequency modes. These
results calculated by aANM agree well with previous studies about
the allosteric process of GroEL and MsbA transporter [23,29].

Additionally, we want to know whether the modes recruited
along the transition represent the most of the mean square fluctu-
ations of the residues. In ANM, the contribution of the normal
mode to the residue fluctuations scales with the reciprocal of its
eigenvalue. Thus, we computed the percentage (called fluctuation
percentage for simplicity) of the fluctuation contributed by the
selected modes in residue fluctuations. It is identical to the ratio

of
PmðkÞ

i¼7 1=ki to
P3N

i¼71=ki, where ki is the ith eigenvalue. The results
are listed in Table 1 (see columns 3 and 5). It can be seen that at the
first iteration, 3 (0.46% of 654 nonzero eigenvectors) and 5 (0.76%)
modes contribute 58.18% and 41.65% to residue fluctuations,
respectively. In the succeeding iterations, as the increasingly larger
subsets of modes are adopted, the fluctuation percentage increases
gradually. At the last iteration, 80 (12.23%) and 83 (12.69%) modes
contribute 94.92% and 88.47% to residue fluctuations, respectively.
These results indicate that the modes recruited along the transition
are responsible for the most of the fluctuations in the system.

3.2. Allosteric sequence and energy profile during the transition

After nineteen iterations based on the aANM approach, thirty-
eight intermediate conformers were generated, and six representa-
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tive snapshots along the allosteric pathway are shown in Fig. 2.
Before exploring the interdomain movement, we analyzed the
interdomain movement for large and small domains. The average
RMSDs of Ca atoms for the large (small) domain in the thirty-eight
intermediate and final closed conformers from that in the initial
open structure were calculated respectively after the former were
superimposed on the latter using VMD [30]. The results show that
the average RMSDs are 0.54 Å and 0.83 Å for large and small
domains, implying that both domains move approximately as a
rigid body respectively during the allosteric transition. To detect
the interdomain movement, besides the six representative snap-
shots, the change of RMSDs of Ca atoms for the large (small)
domain in the thirty-eight intermediate and final closed conform-
ers relative to that in the initial open structure were also calculated
respectively after their hinge regions superimposed along the
Table 1
Numbers of ANM motion modes recruited at each iteration along the transition.

Iteration (k) mðkÞ
O

Fluctuation Percentage* (%)

0 – –
1 3 58.18
2 2 48.95
3 5 67.48
4 7 73.53
5 7 73.53
6 7 73.53
7 7 73.53
8 7 73.53
9 7 73.53
10 7 73.53
11 7 73.53
12 8 75.35
13 8 75.35
14 9 76.84
15 14 82.2
16 28 88.85
17 47 92.49
18 57 93.47
19 80 94.92

* The percentages of the fluctuations contributed by the selected mðkÞ
O and mðkÞ

C modes

Fig. 2. Representative conformations sampled along the allosteric pathway. The l
counterclockwise. The hinge region is highlighted. The acute angle between the two
illustrate that the open-to-closed transition of GlnBP is not a simple closing motion.
transition process (Fig. 3). From the upper snapshots in Fig. 2, it
can be seen that both domains get close to each other around the
hinge regions, indicating that allosteric transition is more likely
to be driven by the movement of hinge regions. Many studies have
reported that the allosteric transition of GlnBP is triggered by
ligand binding which modifies the motion direction of the hinge
region to enable closure correctly [9,31,32]. Additionally, from
the change of the acute angle formed between the two black lines
respectively connecting residue pairs Y86-K174 and Y86-W220
(Fig. 2), evidently for the upper snapshots the angle decreases
gradually with the proceeding of the open-to-closed transition,
while it seems to increase for the lower snapshots (obtained by
rotating the corresponding upper ones 90� counterclockwise). This
suggests that the open-to-closed transition of GlnBP is not a simple
closing motion, and the movement in detail will be analyzed in the
mðkÞ
C

Fluctuation Percentage* (%) RMSD (Å)

– – 10.33
5 41.65 9.08
5 41.65 8.11
5 41.65 7.30
8 52.64 6.68
9 54.96 5.63
9 54.96 4.76
9 54.96 4.04
9 54.96 3.44
12 60.48 2.94
14 63.36 2.51
19 68.95 2.18
20 69.93 1.92
20 69.93 1.70
26 74.46 1.52
28 75.62 1.39
32 77.67 1.26
41 81.22 1.14
74 87.49 1.05
83 88.47 0.96

in residue fluctuations, respectively.

ower snapshots are obtained by rotating the corresponding upper ones 90�
lines respectively connecting residue pairs Y86-K174 and Y86-W220 is used to



Fig. 3. Change of RMSD values of Ca atoms for the large (small) domain in the thirty-eight intermediate and final closed conformers relative to that in the initial open
structure after their hinge regions superimposed along the allosteric transition of GlnBP.
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following section. Furtherly from Fig. 3, comparing the RMSDs of
the small and large domains, we note that the small domain has
a much larger scale movement than the large domain during the
transition, hinting that the movement of the small domain plays
a dominant role for the allosteric transition process of GlnBP. Over-
all from Fig. 2, we can see the entire allosteric transition process of
GlnBP from open to closed states, and the detailed transition infor-
mation will be described below.

To evaluate if the resulting pathway obtained by aANM is ener-
getically favorable, its energy profile calculated based on the dou-
ble-well potential given by Eq. (12) is compared with that of the
transition pathway obtained by the method of Cartesian interpola-
tion (Fig. 4) [25]. The reaction coordinate is the projection of the

cumulative displacement v ðnÞ ¼ RðnÞ � Rð0Þ
O on the original distance

vector d0Þ, that is, xðnÞ ¼ dð0Þ �vðnÞ

jdð0Þ j2 , with the open and closed states rep-

resenting the respective limits xðnÞ ¼ 0 and 1. From Fig. 4, the
energy peaks for the two methods are located in the later middle
term of the allosteric transition (around x(n) = 0.60), and the
energy barrier for aANM is much lower than that obtained by the
interpolation method, which suggests that the aANM trajectory is
Fig. 4. Energy profiles of GlnBP along the reaction coordinate for the two transition
pathways obtained by aANM and Cartesian interpolation methods. The reaction
coordinate refers to the normalized projection of the cumulative displacement on
the original distance vector.
energetically favorable. The linear interpolation corresponds to
the rigid motion, and this kind of motion will undergo much higher
barrier than that produced by aANM [25]. The results from previ-
ous studies on the intact Chaperon GroEL and fucose transporter
are similar to ours [23,25].
3.3. Detailed conformational motions of GlnBP during the transition

During which stages of the allosteric transition do the main
structural changes of different parts take place? How is the rela-
tionship among the orders of these structural changes? These are
the important questions in allosteric transitions. To this end, the
changes of distances between some critical residues as a function
of the reaction coordinate are analyzed during the transition from
the open to closed states (Fig. 5A) and these critical residues are
labelled on the structure (Fig. 5B). Previous studies have shown
that residues A12, V14, A67, T118 and D157 are important for
ligand binding [33], and residues N160, I165, E181 and W220 are
essential for ligand binding-induced conformational movements
[9,34]. Thus in this part, we use the distances of residue pairs
A12-T118 to reflect the movement of the doorkeeper region, the
residue pairs V14-E181 (located in the binding pocket and hinge
region respectively) to describe the hinge motion, the residue pairs
A67-D157 (both situated in the binding pocket) to reflect the open-
to-closed transition of the binding pocket, and residue pairs V14-
N160 (the first H-bond formed in the closing event) and I165-
W220 (situated respectively at helix VI involving residues 158–
167 and helix VIII composed of residues 212–220) to describe
the closing motion between the small and large domains.

We know from the analyses on the allosteric sequence that the
allosteric transition of GlnBP is not a simple open-close movement,
but a complex one, in fact a hinge-bending movement accompa-
nied with a twist one. Thus we also analyzed the twist motion
between them. As both domains can be considered approximately
as rigid bodies respectively, the change of the orientation deviation
(orientation angle) of the line connecting a residue pair (here
Lys125-Gly147 selected) in the small domain from that in the ini-
tial open structure during the transition process (the large domains
superimposed together) can reflect the twist movement between
the two domains (Figs. 5A, 6A). From Fig. 5A, this allosteric process
can be divided into 3 stages according to the variation tendencies
of the residue pair distances. For stage 1, we can see that the orien-



Fig. 5. Changes of the distances (A) of some critical residue pairs (B). (A) Also shows the change of the orientation deviation (orientation angle) of the line connecting the
residue pair Lys125-Gly147 (Fig. 6A) in the small domain from that in the initial open structure during the transition process with the large domains superimposed together.

Fig. 6. Twist motion between the large and small domains. (A) The orientations of
the line running through Lys125 and Gly147 in the small domain in the three
intermediate conformations along the allosteric transition with the large domain
superimposed together. (B) The deformation vectors utilized to generate the twelfth
iteration intermediate conformation from the eleventh are labelled on the eleventh
iteration structure along the forward transition with black arrows.
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tation angle shows a little increase (1.3�), and at the same time the
four residue pair distances except for one pair I165-W220 have an
evident descending trend, which indicates an obvious closing and a
not big twist movements occur during this stage. For stage 2, the
orientation angle displays a considerable increase (11.4�), which
means that GlnBP is experiencing a large amplitude twist motion
in this stage. And affected by the twist motion, the distance of resi-
due pair V14-E181 has an increase to some extent, which cannot
be caused by the closing movement. To depict the twist motion
clearly, as a representative, the deformation vectors utilized to
generate the twelfth iteration intermediate conformation from
the eleventh are labelled on the eleventh iteration structure along
the forward transition with black arrows (Fig. 6B, generated by
VMD plugin Normal Mode Wizard [30]). From Fig. 6B, we can see
an obvious twisting motion between two domains. Still for this
stage, although the twist motion is obvious, its extent is weaker
than that of the closing movement, which can be seen from the
remarkable decline in the distances of residue pairs A12-T118
and A67-D157, indicating a large-scale closing motion for the door-
keeper region and binding pocket. For the stage 3, the distances of
residue pairs and the orientation angle become gradually stable,
which means the open-to-closed transition is almost over. During
stage 3, it should be noted that there is an obvious increase in
the distance between residues I165 of helix VI and W220 of helix
VIII, which has been proved to be necessary to achieve closure
between the two domains by MD simulations and principal com-
ponent analysis (PCA) [9]. Overall, the allostatic transition of GlnBP
can be described as the dominant hinge-bending motion accompa-
nied by a twist motion which occurs at the beginning and becomes
more obvious in middle stage. Some studies have shown that along
the open-to-closed conformational transition of GlnBP the
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dominant hinge-bending motion is accompanied by a twist motion
[9,35–37].

3.4. Movement coupling between the small and large domains

To study the movement coupling between the two domains of
GlnBP, the cross-correlations between residues were calculated
based on formulas (9–11), respectively for the initial (Fig. 7A), final
(Fig. 7C) and the 15th (from the closed state) (Fig. 7B) iteration
steps along the allosteric transition. The recruited low frequency
eigenvectors obtained by ANM for the three states are used to com-
pute the cross-correlations. These eigenvectors reflect the inherent
motion modes determined by the topological structure of GlnBP.
Thus, the cross-correlation analyses below are closely related to
the topological structures of GlnBP in the three states.

From the cross-correlation equation (9–11), its value ranges
from �1 to 1; The positive values represent that the residues move
in the same direction and the negative values represent that they
move in the opposite direction; The higher the absolute value,
the more correlatedly the two residues move. As shown in Fig. 7A,
overall, the residues within the small (large) domain have positive
correlations with each other, indicating the small (large) domain
moves nearly as a whole. The region labelled with ‘a’ in small
domain (residues 110–150) shows the highly consistent move-
ments. Lai et al. have indicated that some residues in this region
have a large fluctuation decrease during the open-to-closed transi-
tion [35]. In addition, the negative correlations exist between the
two domains, indicating their opposite-direction movements and
implying the open-to-closed allosteric transition. Many studies
have confirmed that accompanying the conformational transition,
the residues within large and small domains individually move
Fig. 7. Cross-correlations between residues respectively for the initial (A), 15th (from the
Some correlation regions are highlighted by rectangles and circles.
in a highly coupled way [3,38–40]. Compared with the cross-corre-
lations in the initial iteration step, in the final iteration step
(Fig. 7C), the correlations between some residues in large and small
domains turn towards positive (rectangle regions c and f), espe-
cially for the residue pairs between Ala12, Asp49, Thr72, and
Leu91, Gly117, Pro137, Thr167 (black circles), which is consistent
with the observation by Lai et al. and D’Auria et al. that residue
clusters Asp10–Arg75 in large domain and Lys115–Asn160 in small
domain tend to form a contact and more compact rigid part with a
lower extent of fluctuation during the open-to-closed transition
[35,41]. On the other hand, the correlations between residues in
the large domain become weak or change towards negative
(regions b, d, e, g and h), which may be due to the fact that more
residue contacts form between the two domains, especially
between the residues in the jaws of the ligand binding pocket in
the later stage of the allosteric transition [3,35], thus weakening
the interactions between some residues in the large domain. Addi-
tionally, for the cross-correlation map from the 15th iteration in
Fig. 7B, evidently, the residual cross-correlations are between
those for the initial and final iterations. Overall, the cross-correla-
tion analyses are in good agreement with the previous studies by
ENM [3] and structure-based double-well model [35] methods.

It should be noted that the residues around Thr72 of the large
domain have strong correlations with small domain residues, even
in the initial state. From the structure, they are near the ligand-
binding pocket and the back-door channel gate of GlnBP. The X-
ray crystallographic study has shown that residue Thr70 interacts
with the glutamine directly, and is responsible for the tight binding
of the ligand [6]. Using a perturbation method, we have shown that
residues Arg75 and Gly119 (both in large domain) exert a key role
in the regulation of the open-closed motion of the back-door
closed state) (B) and final (C) iteration steps along the allosteric transition of GlnBP.
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channel gate [42]. Thus, we think that the strong correlations of the
residues around Thr72 with the small domain residues are impor-
tant for ligand binding and for the regulation of the open-closed
motion of the back-door channel gate in the transition.

3.5. The effects of the parameters of aANM method on the results

The aANM calculations involve two parameters, Fmin and f. The
former controls the direction of motion, and the latter its size.
Smaller Fmin values permit us to proceed via lower energy ascent
directions, at the cost of longer excursions. Smaller f implies smal-
ler displacements at each iteration. Here we adopted their default
values 0.5 and 0.2 respectively. In order to detect how the energy
barrier depends on the step size of the iterations, the aANM calcu-
lations were repeated with f = 0.1, 0.2, 0.3, and the results show the
values of the energy barrier are 281, 285 and 327 (arbitrary unit)
respectively. Therefore, f = 0.2 is selected as a scaling factor that
optimally balances between efficiency and accuracy. Additionally,
we also explored how the pathways depend on the step size and
the value of Fmin through monitoring the changes of the Ca-Ca dis-
tances of some critical residue pairs along the transition pathways
simulated with different values of Fmin (=0.4, 0.5, 0.6) and f (=0.1,
0.2, 0.3) (see Fig. S1). From Fig. S1, the relative relationships among
the distance changes of these residue pairs have almost no much
change for different Fmin and f value sets. The results indicate that
the transition of GlnBP from open to closed states is of robustness
to some extent over a relatively broad range of aANM parameters
(0.4 � Fmin � 0.6 and 0.1 � f � 0.3), which is consistent with the
results obtained by aANM for bacterial chaperonin GroEL [23].

3.6. Discussion of the simulation method

In fact, for allosteric proteins, besides protein architecture,
sequence specificities also play crucial roles in encoding motions
[43,44]. Additionally, clearly nonlinearity should be of central
importance when proteins pass through their transition states for
rearrangement. In order to consider these issues, Li et al. developed
a multi-basin model which combines an atomic interaction-based
coarse-grained (AICG) model with sequence-specific and nonlinear
interactions taken into account with the perfect funnel model to
study protein allosteric transitions [45,46]. Thus, the multi-basin
model developed by Li et al. should be more reasonable compared
with aANM method [45,46]. However, the latter has also its advan-
tages. Specifically, ANM model is of simplicity, robustness, low
computational cost and relatively high accuracy [47] because its
harmonic potential is very simple with only two parameters (dis-
tance cutoff and spring constant), ANM modes can be easily
obtained analytically and more importantly quasi-harmonic fluc-
tuations are encoded largely in the native three-dimensional archi-
tecture [45,46]; And besides in aANM method, the allosteric
process is simulated iteratively with no need for molecular dynam-
ics simulations. Theoretically, the low frequency modes corre-
spond to large-amplitude collective or functional motions [48],
and therefore the allosteric pathway obtained by aANM through
guiding the structure transitions along the lowest, or softest
modes, or energetically favorable pathways is of reasonability to
some extent. aANM method may serve as a first approximation
for exploring the transitions between not-too-distant pairs of pro-
tein functional states [23].

It should be noted that the elucidation of the allosteric transi-
tion mechanisms of macromolecules has been a challenge, both
experimentally and computationally, because of the transition nat-
ure of the high energy conformers and the multiplicity of pathways
[24,29]. The aANM method by definition aims at sampling those
probable, structurally favored paths [23]. Actually, some of our cal-
culation results about the allosteric pathway of the GlnBP are in
good accordance with the experimental and theoretical data from
other methods. However, the allosteric transition pathway pre-
dicted by aANM method may only approximate the real transition
path. One reason is the modes calculated by the ANM are those
exclusively based on inter-residue contact topology and no other
specific interactions are taken into consideration during the itera-
tion process [23]. Thus, these obtained results by aANM method
should be further verified by more experimental and theoretical
observations in the future.
4. Conclusions

In our present work, we have used the adaptive anisotropic net-
work model to investigate the allosteric transition and dynamics of
GlnBP. We have shown that aANM is a valuable tool in exploring
functional global motions and allosteric dynamics of proteins.
The calculations of cross-correlations between residues confirm
the allosteric transition of GlnBP proceeds in a cooperative way.
The changes of the orientation angle and the distances between
some critical residues reveal that the allosteric transition can be
described as the large-scale dominant hinge-bending motion
accompanied by a twist motion which occurs at the beginning
and becomes more obvious in the middle stage. Additionally, our
results suggest that the topological structure plays an important
role in the allosteric transition of GlnBP. Finally, although limita-
tions exist, we envision that aANM represents a potentially useful
tool for understanding of the allosteric mechanism of GlnBP.
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