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Protein Structural Change Upon Ligand Binding: Linear Response Theory
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A simple formula based on linear response theory is proposed to explain and predict the structural
change of proteins upon ligand binding. By regarding ligand binding as an external perturbation, the
structural change as a response is described by atomic fluctuations in the ligand-free form and the protein-
ligand interactions. The results for three protein systems of various sizes are consistent with the
observations in the crystal structures, confirming the validity of the linear relationship between the
equilibrium fluctuations and the structural change upon ligand binding.
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Proteins undergo structural changes upon ligand binding
and control the succeeding steps of protein functions [1].
Recently, various experimental observations have illumi-
nated the correlation between the equilibrium fluctuations
in the ligand-free state and the structural change upon
ligand binding [2]. Computational studies have also found
that the low-frequency normal modes calculated for the
free state can well explain the observed structural changes
occurring upon ligand binding [3–5]. As the low-
frequency normal modes describe the global pattern of
the equilibrium fluctuations [6], both experimental and
theoretical studies indicate that the structural change
upon ligand binding occurs mostly within the conforma-
tional ensemble in the ligand-free state [7,8]. This expla-
nation leads to linear response theory (LRT), which states
that the response behavior is related to the equilibrium
fluctuations in the unperturbed state [9]. In this study, the
response of protein structures to ligand binding is formu-
lated based on LRT and the structural changes are predicted
from the structural information of the ligand-free state.

The structural change upon ligand binding is described
as the response of the protein atoms to the perturbing
interactions of the ligand molecule, as in the model of
the induced fit [10,11]. The Hamiltonian of the bound state,
H1, can be described in terms of that of the free state, H0,
and the perturbation from the ligand molecule as follows:

H1 � H0 �
X
i

Z
drVi�r��i�r�; (1)

where �i�r� � ��r� ri�, ri is the position of protein atom
i, and Vi is the perturbation potential at atom i. The
response, ��i�r� [ � h�i�r�i1 � h�i�r�i0], is evaluated to
the first order as

��i�r� ’ �	
X
j

Z
dr0h��i�r���j�r0�i0Vj�r0�; (2)

where hxi� �
R
drxe�	H�=

R
dre�	H� [� � 0 (free) or 1

(bound)], and 	 � 1=kBT with Boltzmann factor kB and
absolute temperature T. Equation (2) is simply a static
formulation of the LRT, indicating that the structural
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change is related to the perturbation, Vj, and the response
function, h��i�r���j�r0�i0, defined in the free state.

In the process of ligand binding, however, the response
frequently extends over wide spatial and temporal ranges
such that the actual time course of the response follows a
complicated pathway on the rugged potential surface, ex-
ceeding the linear regime [12,13]. To describe such large
complicated fluctuations in proteins, the quasiharmonic
description in protein dynamics [6,14] is adopted in the
present scheme. Rather than defining the response function
for an instantaneous structure, the function is taken as an
average along a long trajectory of a molecular dynamics
(MD) simulation in a quasiharmonic manner. This means
that the response, ��i�r�, will also be predicted at the
resolution of the quasiharmonic approximation.
Equation (2) is rewritten in the form of the expectation
values as follows:

�ri ’ 	
X
j

h�ri�rji0fj; (3)

where �ri � �
R
drr��i�r�� is the expectation of the co-

ordinate shift of atom i, h�ri�rji0 is the variance-
covariance matrix of the atomic fluctuations in the
ligand-free state, and fj is the external force acting on
atom j. The details of the above equations are found in
the online supplementary material [15]. Equation (3) al-
lows the structural change to be predicted using the quasi-
harmonic response function derived from an MD
simulation in combination with an appropriate model of
the external force mimicking ligand binding. Structural
changes upon ligand binding were calculated for three
protein systems of various sizes: ferric binding protein
(FBP) [16,17], citrate synthase [18], and F1-ATPase
[19,20], the ligand-free and ligand-bound crystal structures
which are available from the Protein Data Bank. The
variance-covariance matrix in the free state, h�ri�rji0,
was calculated from a 10-ns MD simulation in explicit
solvent for FBP and citrate synthase and from inversion
of the Hessian calculated using the elastic network model
[21] for F1-ATPase. As a first test of the LRT formula, the
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perturbing force, fj, representing ligand-protein interac-
tions, was modeled by a single vector with reference to
the correct binding site in the bound form [17,18,20].

The MD simulations for FBP and the citrate synthase in
the free state were carried out using the program MARBLE

[22] with the AMBER96 force field for proteins and the
TIP3P model for water [23,24]. In the case of F1-ATPase, a
10-ns MD simulation was not sufficient to derive the
variance-covariance matrix suitable for representing the
structural changes, due to the large size of the system
and the long relaxation time. Therefore, the elastic network
model [21] was employed, in which the harmonic con-
straints are imposed only on C� atoms. Details of the
methods are found in the online supplementary material
[15].

In the calculation of the variance-covariance matrix,
each structure was divided into a smaller domain and a
larger domain using the program DynDom [25]. The ex-
ternal motions of the latter were eliminated by superposi-
tion such that the structure change could be identified as
the motion of the smaller domain (moving domain) relative
to the larger domain (fixed domain). This superposition
method avoids the complicated domain motions that arise
when the external motions of the whole molecule are
removed. Although the elastic network model used for
F1-ATPase is not compatible with this superposition
method, superposition of the whole molecule effectively
removed the external motion of the fixed domain, because
the fixed domains are much larger than the moving do-
mains. In the case of citrate synthase, due to the sym-
metrical nature of the homodimeric form, the variance-
covariance matrix was symmetrized by superimposing the
original trajectory onto the trajectory for the monomer-
swapped form.
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FIG. 1 (color). Structural change of FBP upon binding of Fe3�. (a) E
atoms, represented by arrows on the backbone trace of the average str
experimental displacement is the difference between the ligand-free f
of Fe3� (gray sphere), the moving domain (residues 1-82, 88-101, 22
fixed domain (residues 83-87, 102-225, 277-307; right part). The m
depicted by a yellow arrow. (b) The magnitudes of the experimenta
agreement (correlation coefficient, 0.98). The scale was adjusted so a
prediction is robust with respect to the direction and position of the
force vectors (yellow arrows) on O"1 of Glu58 and the attractive fo
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The ligand interaction was mimicked by an attractive
force between an atom in the moving domain and the
center of the ligand. The ligand position was determined
by the superposition of the free and bound structures by the
method described above. The interacting atom was se-
lected as the atom interacting with the ligand in the bound
form. In the case of the elastic network model, an appro-
priate C� atom was chosen as the interacting atom. As the
displacement calculated by Eq. (3) is proportional to the
imposed force, the magnitude of the force was adjusted so
as to make the average displacement the same as that of the
experimental data. It should be noted that this single-vector
model was adopted for the sake of simplicity and is not
necessarily indicative of the real kinetic process of ligand
binding.

The results for FBP are summarized in Fig. 1. The
structure of FBP changes upon binding of a ferric ion,
the influence of which was modeled by an attractive force
between O"1 of Glu57 in the moving domain and the ion in
the fixed domain [the yellow arrow in Fig. 1(a)]. The
displacement of C� atoms predicted by Eq. (3) is well
correlated with the observations of the crystal structures
(Fig. 1), with a correlation coefficient between the pre-
dicted and experimental displacement vectors of 0.95.

The predicted result is not sensitive to the force model
employed, or the direction and position of the applied force
[Fig. 1(c)]. The robustness originates from the nature of
protein dynamics. When the variance-covariance matrix is
diagonalized, Eq. (3) is rewritten by

�ri ’ 	
X
k

v�k�i ��k�
X
j

v�k�j � fj; (4)

where ��k� and v�k�i are the eigenvalue and the eigenvector
for atom i and the kth normal mode, respectively. It is
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xperimental (red) and predicted (green) structural changes of C�
ucture in the simulation (blue) (correlation coefficient, 0.95). The
orm (PDB ID: 1D9V) and the bound form (1MRP). Upon binding
6-276, 308-309; left part) undergoes a closure motion against the
odel force applied to O"1 of Glu58 (magenta, ball and stick) is
l (red) and predicted (green) displacements of C� atoms are in
s to make the average the same as that of the observation. (c) The
applied force. Correlation coefficients of >0:8 are obtained for
rces toward the ligand from the C� atoms (red).
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known that only a small number of ��k�, corresponding to
low-frequency normal modes, are large enough to make
significant contributions to the fluctuations [6]. Thus, pro-
teins change their structures in the limited space spanned
by the highly collective low-frequency normal modes. The
role of protein-ligand interactions is to select and merge the
low-frequency normal modes with signs and weights de-
termined by the inner product between the eigenvector and
the force vector. Therefore, a single normal mode is not
sufficient to predict the displacement. When using the
response function calculated using each of the five lowest
frequency modes separately, the correlation coefficients
between the predicted and crystal structures decrease
from 0.95 to 0.79, 0.54, 0.20, 0.04, and 0.12.

Citrate synthase forms a homodimer under native
conditions, and the monomer has an active site that
catalyzes the reaction of oxaloacetate � acetyl -
coenzyme A $ citrate � coenzyme A. Oxaloacetate
induces the closure of the moving domain to form the
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FIG. 2 (color). Structural change of citrate synthase dimer.
(a) Experimental (red) and predicted (green) structural changes,
represented by arrows on the backbone trace of the average
structure in the simulation (blue) (correlation coefficient, 0.78).
The experimental displacement is the difference between the
ligand-free form (PDB ID: 1CTS) and the bound form (2CTS).
The moving domain (residues 1-4, 56-65, 273-379, 436-437)
undergoes motion against the fixed domain (residues 5-55, 66-
272, 380-435). Citrate and coenzyme A are represented by
orange and gray spheres, respectively. The force applied to N"
of His58 (magenta, ball and stick) is denoted by a yellow arrow.
(b) The magnitudes of the experimental (red) and predicted
(green) displacements of C� atoms are well correlated (correla-
tion coefficient, 0.83).
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binding pocket for acetyl-coenzyme A (Fig. 2) [18]. The
external force, indicated by yellow arrows in Fig. 2(a), was
applied to both monomers at the same time to predict the
crystal structure of the bound form, in which both mono-
mers bind citrate [18]. The force was modeled between
N"2 of His320 in the moving domain and the center of the
reaction product, citrate, in the fixed domain based on the
fact that citrate binds at the same position in the fixed
domain as oxaloacetate [26]. The conformational change
predicted by Eq. (3) well reproduces the experimental
observation (Fig. 2) with a correlation coefficient of 0.78.
When using the response function calculated by each of the
five lowest frequency modes separately, the correlation
coefficients are 0.00, 0.66, 0.01, 0.35, and 0.10. The near-
zero coefficients for the first and third-lowest frequency
modes arise from the antisymmetric motions of the homo-
dimer in these modes, opposing the symmetric motion in
the response. Calculation of the variance-covariance ma-
trix from another 10-ns MD simulation for the isolated
monomer provides very poor agreement with the observed
crystal structures, with a correlation coefficient of �0:05.
This means that the functional motion occurs in the con-
formational ensemble in the dimeric form and differs sig-
nificantly from that in the monomer form.

The last example is F1-ATPase. ATP binding to the open
	E subunit in F1-ATPase causes a closure motion, which in
turn induces rotation of the central � stalk. The crystal
structure of the bound form contains ADP and SO4 in the
corresponding 	 subunit [20]. The external force mimick-
ing nucleotide binding was directed from C� of Gly161 in
the P loop of the 	E subunit toward the center of the
phosphate of ADP in the fixed domain [Fig. 3(a)]. The
predicted motion of the 	E subunit correlates well with the
difference between the two crystal structures, with a cor-
relation coefficient of 0.84 (Fig. 3). However, the predicted
rotation of the � stalk occurs in the opposite direction to
that of the crystal structure [close-up in Fig. 3(a)]. This
difference is considered to arise from the fact that the
nucleotide bound form of the crystal structure represents
the posthydrolysis and preproduct-release step on the ATP
synthesis pathway [20]. ATP binding to the 	E subunit
should cause rotation of the � stalk in the direction of the
ATP hydrolysis pathway, opposite to the ATP synthesis
pathway. Therefore, the present prediction indicates the
correct direction of the rotation.

The three examples above confirmed the linear relation-
ship between the equilibrium fluctuations in the ligand-free
form and the structural change upon ligand binding, as
expressed in the simplistic LRT formula of Eq. (3). This
formula successfully described the major structural
changes as responses to weak perturbations without requir-
ing strong interactions. This predictability originates from
the nature of protein dynamics in that the large equilibrium
fluctuations intrinsically occur mostly in a small number of
collective low-frequency normal modes [6], which may
give rise to motions large and specific enough to attain
the ligand-bound form. The ligand interactions therefore
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FIG. 3 (color). Structural change of F1-ATPase. (a) Experimental (red) and predicted (green) structural changes, represented by
arrows on the backbone trace of the free form (blue) (correlation coefficient of the two displacement vectors in 	E, 0.84). The
experimental displacement is the difference between the nucleotide-free form (PDB ID: 1BMF) and the bound form (1H8E).
Superposition of the two structures is shown for all C� atoms. The nucleotide ligand is represented by the orange space-filling model.
The force applied to C� of Gly161 is denoted by a yellow arrow. Close-up of � shows the direction of rotation. The experimental
displacement is in the direction of ATP synthesis, while the predicted displacement is in the direction of ATP hydrolysis. (b) The
magnitudes of the experimental (red) and predicted (green) displacements are well correlated (correlation coefficient, 0.85).
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appear simply to bias the potential surface to initiate
relaxation toward the bound form. Even in the large rota-
tional motions in F1-ATPase, the same model is applicable.
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