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It is evident that protein conformational transitions play important roles in biological machinery; however,
detailed pictures of these transition processes capable of making kinetic prediction are not yet available. For
a full description of these transitions, we first need to describe kinematically movements between stable
states. Then, more importantly, a free energy profile associated with the conformational change needs to be
obtained. Recently, a new model to describe the energy landscape of protein conformational changes was
applied to the conformational transition of adenylate kinase [Miyashita, O.; Onuchic, J. N.; Wolynes, P. G.
Proc. Natl. Acad. Sci. U.S.A.2003, 100, 12570-12575]. In this model, the conformational change coupled
to the ligand binding is described as a switching between two energy surfaces that correspond to ligand
bound and unbound states. The nonlinearity of the protein conformational changes is described through an
iterative usage of normal mode calculations. In addition, another kind of nonlinearity enters the dynamics of
the conformational transitions due to cracking, or partial unfolding, which may occur during the conforma-
tional transitions. The consequences of this theoretical model are explored in greater detail. An improved
model for the cracking that includes the cooperativity of the partial unfolding in analogy to nucleation is
introduced.

Introduction

Proteins often undergo large conformational changes upon
ligand binding. It is evident that such conformational transitions
play important roles in the machinery of the cell. Nevertheless,
the details of these transition processes are not yet fully
understood. Such functional transitions require a biomolecule
to have at least a pair or, more likely, a multiplicity of
conformational states of nearly equal free energy. For a full
description of these transitions, we first need to describe
movement between such states. Then, more importantly, the
energy landscape associated with the conformational change
need to be obtained.

Several methods have been developed to describe the
conformational transitions of the proteins. The simplest way to
obtain the conformational change path is an interpolation of
the two end-state structures followed by energy minimization1

or an interpolation in internal coordinates.2 These methods are
useful to obtain a qualitative picture of the conformation change.
However, they do not provide energetics. Other approaches use
molecular dynamics simulation with biasing potentials to force
the protein to move from one conformation to the other.3,4 These
methods have limitations due to the complexity of the model
because molecular dynamics simulations are often too time-
consuming to be applied to large-scale conformational changes.
Using a strong biasing potential to overcome the time scale
problem may result in the generation of unrealistic conforma-
tional changes. Alternative methods are based on normal-mode
analysis. Large-scale protein motions are often parallel to the
low-frequency normal modes.5,6 Even in its simplest form, the
notion of normal modes has been remarkably successful for

visualizing and predicting the character of the protein confor-
mational change pathways.7-9 Yet, clearly, a linear normal mode
description cannot be completely accurate because considerable
anharmonicity resides in protein dynamics. The normal mode
picture describes the excitations around a single minimum. This
limited adequacy of the normal mode description becomes even
more apparent when we try to discuss energetics of motions
between dominant conformational states with different energy
minimum conformations.

We recently developed a model to describe the energy
landscape of protein conformational changes, which was applied
to the conformational transition of adenylate kinase.10 In this
model, in analogy to the theory of electron-transfer reactions,11,12

two energy surfaces that correspond to different states of the
protein, such as ligand bound and unbound states, are consid-
ered. Structural deformation between the open and closed forms
occurs via low-frequency modes on separate reactant and
product surfaces, with a switching between the two different
energy surfaces at their crossing region. The nonlinearity of the
protein conformational changes is described through an iterative
use of normal mode calculations. The energy barrier of the
conformational change that arises from this procedure, however,
is very large; it is larger than the energy needed to fully unfold
the protein. Therefore, we proposed acrackingmechanism, i.e.,
proteins locally unfold in regions of large elastic stress during
conformational transitions. Unlike macroscopic machines, bio-
logical machines can locally break and then reassemble during
their function. Cracking leads to a counterintuitive catalytic
effect of added denaturant on allosteric enzyme function.

In the present work, we revisit the previously proposed model
and make several improvements in the model. The analogy
between our model for the protein conformational transition and
the electron transfer theory is discussed more fully. We attempt
to estimate the energy barrier of the conformational change of
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the adenylate kinase through a pure normal mode model, on
which formalisms of electron transfer theory is exact. From this,
it becomes evident that the description of protein conformational
transition requires to go beyond the simple normal mode picture.
However, still, the analogy to the electron transfer theory raises
some interesting questions for studies of conformational transi-
tions, such as dependence of the kinetic rate of the conforma-
tional change on driving force. In addition, we discuss more
details of the conformational change of the adenylate kinase,
using polar rotation angles of mobile domains as reaction
coordinates, instead of RMSD. With this new reaction coordi-
nate, the switching between the energy surfaces can be described
more precisely. Finally, a new model for the cracking, or the
partial unfolding, is discussed in which the cooperative aspect
of partial unfolding is described by a new scheme in analogy
to a nucleation process.

Theory and Models

In the simplest case of allosteric conformational change, the
system involves two dominant conformational states. Confor-
mational changes such as domain closure often occur upon
ligand binding. While a widely believed model of the domain
closure is that the ligand binds first and then stabilizes the closed
conformation, this assumption is open to debate. If the ligand
binding occurs concurrently with the structural transformation,
then the situation becomes substantially more complex. First,
two energy landscapes each corresponding to the two states of
ligand being bound and not being bound need to be considered
to describe such ligand-induced conformational changes. For
the energy state before the ligand binding, i.e., ligand-unbound
state, the open form is the most stable form of the protein. In
the same way, the closed form corresponds with the ligand-
bound state. Nevertheless, even for the situation where no ligand
is bound, the closed form can be partially stable.13 Thus, in
general, two energy minima coexist for each of the ligand-
binding states, i.e., four energy surfaces in total are necessary
to discuss the entire binding and rearrangement process. In this
work, as a starting point, we will consider only two energy
surfaces: the ligand-unbound state with the open form as an
energy minimum and the ligand-bound state with the closed
form as an energy minimum. The ligand-induced conformational
change is assumed to occur by switching from one state to
another upon ligand binding. A general scheme of the ligand
binding coupled conformational change would allow ligand
binding and unbinding at any conformation of the protein:

whereN is the number of representative conformations of the
protein,Si is the conformationi, andLSi is the same protein
conformation with the ligand bound. TheS1 is the open form,
which is most stable without the ligand, and theLSN is the closed
form, which is the most stable conformation with the ligand
being bound.P is the product state, resulting from the ligand
bound stable form,LSN. We assume thatEi

unbound< Ei+1
unbound,

whereEi
unboundis the unbound state energy (the sum of protein

and ligand) of the conformation,i. We also assume thatEi
bound

> Ei+1
bound, where Ei

bound is the bound state energy of the
conformation,i. The zero points of the energies are setE1

unbound

) 0 andEN
bound ) 0.

The binding of the ligand to the protein would be stronger
when the conformation is closer to the closed form; thuski

on/
ki

off < ki+1
on /ki+1

off . If the rates of conformational transitions,ki,j
apo,

are slower than the rate of the ligand binding processes, the
representative binding processes would occur at a conformation,
i, where the binding process becomes substantial compared to
the unbinding process,ki

on[L] ∼ ki
off, where [L] is the concen-

tration of the ligand in molar. If we assumeki
on/ki

off ) A
exp[-(Ei

bound - Ei
unbound)/kBT], where A is a constant to be

determined, the last condition gives

wherekB is the Boltzmann constant andT is the temperature.
To obtain the constant,A, we consider the system at

equilibrium with concentrations, [Shi], [LSi], and [Lh]. For the
conformation that satisfies the above resonance condition (i )
TS), the binding-unbinding process should be at equilibrium;
thus, kTS

on[ShTS][Lh] ) kTS
off[LSTS]. Using [ShTS] )

exp(-ETS
unbound/kBT)[Sh1] and [LSTS] ) exp(-ETS

bound/kBT)[LSN],
we obtain

Thus, the constantA ) [LSN]/[Sh1][Lh] ∼ 1/KD, whereKD is
the dissociation constant. Finally, the resonance condition is

where∆G° is the standard reaction free energy of this binding
process. Thus, the binding process occurs at the intersection
region of the free energy surfaces of the ligand-bound state and
the ligand-unbound state. Note that under this scheme the free
energy drive for the reaction would be ligand concentration
dependent, while under the assumption of slow binding and
release, the free energy drive will not depend on the ligand
concentration. In both limiting cases, consideration of only two
surfaces is necessary for the analysis of the rearrangement
kinetics. The present model could be generalized by considering
the binding events occurring at the vicinity of the intersection
region, as in the Agmon-Hopfield model.14

Linear Elastic Model To Estimate the Energy Barrier.
When the energy surface of each of the two states of confor-
mational change can be approximated as quadratic functions
of the coordinates, the dynamics on each surface can be
described by normal-mode analysis.15 Under this approximation,
the energy barrier can be estimated by normal-mode analysis.
The energy surface of the ligand-unbound state is described by
normal modes as

whereωn is the frequency of moden andqn is the normal mode
coordinate of moden. If perturbation to the energy due to the
ligand binding is small and the normal modes of two states are
the same, we can describe the energy of the final state as

Ei
unbound- Ei

bound+ kBT log [L] + kBT log A ) 0

kTS
on

kTS
off

) e-(ETS
bound-ETS

unbound)/kBT
[LSN]

[Sh1][Lh]

Ei
bound+ ∆G° - kBT log[L] - Ei

unbound) 0 (1)

Eunbound) ∑
n

1

2
ωn

2qn
2
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In the harmonic regime, in the same way as the theory of the
electron-transfer reactions, the activation free energy,∆G*, can
be expressed as12

where∆G is the reaction free energy andλ is the reorganization
energy (see Figure 1a for the definition). Using the normal mode
variables, the reorganization energy can be obtained as16

where∆qn is the difference of two minima in normal mode
coordinate of moden, i.e.,∆qn ) cn/ωn

2. From these relations,
it is evident that the conformation can change more by motion
along a lower frequency mode at the same cost of energy. This
explains the observation that large-scale protein conformational
changes are very close in form to the lowest frequency modes.6

The total reorganization energy,λ, is obtained as the sum of
contributions from each normal mode,λn. This model involves
two kinds of linearity: first, structural deformations are ap-
proximated linearly as being along a normal mode vector, and
second, the energy gap is approximated as a linear function of
the coordinate. Both of these assumptions are consequences of
the harmonic approximation of the energy surface as a function
of atomic coordinates. We call this formalism “the linear elastic
model”.

Energy Surface of Conformational Change Described by
the Nonlinear Elastic Model.The linear elastic model gives a
rough estimate of the energy barrier and a qualitative picture
of the energy surface of conformational change. Nevertheless,
this model has some limitations owing to the linearity ap-
proximations (see Results). The actual energy surface is not
simple harmonic, and the conformational change cannot be
described by a linear normal mode picture. Kinematic nonlin-
earity of the conformational change can be described by an
iterative procedure.10 In the iterative procedure, the structure is
slightly deformed along a few normal modes that are most
relevant to the conformational change, and the normal modes
are recalculated repeatedly as structure changes. In this way, it
is the strains that are assumed to be small, not the total
displacements. The number of normal modes used at each
iteration step affects the conformational change path. We use
the same parameters as in our previous study,10 except that we
limit the maximum displacement (RMSD) to 0.1 Å in this study.
For each of the ligand-unbound and -bound states, energy
surfaces along nonlinear conformational change paths are
generated. From superposition of the energy surfaces, the energy
barrier of the conformational transition is obtained.

Cracking Model. The energy barrier that arises from the
above procedure is very large, even when the kinematic
nonlinearity of the conformational change is taken into account.
It is larger than the energy needed to fully unfold the protein.
In our previous study, we observed that the strain energy is
localized in the molecule, and only some particular residues
are under high strain. This observation led us to hypothesize
that these highly strained residuescrack, i.e., unfold partially,
during conformational change.10 To include this possibility, we
consider a model where residues are allowed to partially unfold

if their strain energy is higher than a certain threshold, which
is the difference between the local folding energy and the
entropy to be gained by local unfold. Under this approximation,
each of the residues can have two states, “folded state” or
“unfolded state”, and the free energy per residue can be written
as

We make the approximation that all residues have identical
contact energy,E0

residue, at the initial state and that the entropy
change upon unfolding,Sresidue, is also the same for all residues.
Though it is easy to incorporate residue specific energies for
the threshold as in the work of Munoz and Eaton,17 we keep
uniform values for simplicity only. We assume that the unfolding
energy of one residue is equal to the total unfolding energy
divided by the number of residues. Thus, the threshold of the
cracking, ∆Gresidue ) -TSresidue - E0

residue, is assigned to
∆Gfold/Nres, where∆Gfold is the total stability of the protein and
Nresis the number of residues. The threshold of the ligand bound
state, ∆Gbound

residue, is related to the threshold of the ligand
unbound state,∆Gunbound

residue , in such a way that the bound and the
unbound states have the same energy when they are completely
unfolded, i.e.,Nres∆Gunbound

residue - Nres∆Gbound
residue ) ∆Greact, where

∆Greactis the free energy difference between the ligand-unbound
and -bound states. In addition, we need to consider the
cooperative aspect of denaturation. Cooperativity implies there
is another condition for cracking involving the size of region
that is under high strain. Partial unfolding would occur only
when several contiguous residues are simultaneously under high
strain to unfold. In our previous study, we allowed the cracking
to occur only if more than five residues along the sequence are
under high strain. In the present work, we model cooperativity
in analogy to a nucleation process. We assume that the crack
induces a surface cost,σ, at the boundary of folded and unfolded
regions. Thus, in addition to the previous condition, the total
stabilization gain from crack formation must be larger than 2σ
to allow the cracking of a region. The modified model renders
many of our discussions more transparent, since the surface cost
is now the only adjustable parameter.

In the present study, we also assume that the binding process
is fast and the unfolded regions remain unfolded during the
switching between the two energy surfaces. We now consider
the conformational transition path from the ligand-unbound state
to the bound state. For each structure, the residue energy of the
ligand-unbound state,Gunbound

residue , is obtained through the above
cracking model. If the cracking condition is met, the residue is
unfolded. These unfolded residues remain unfolded even after
the switching to the bound state. Thus, the residue energy of
the bound state,Gbound

residue, is equal to that of the unfolded state,
-TSresidue(no matter how much strain energy the residue has in
the bound state). For the residues that were folded in the
unbound state,Gbound

residue is the strain energy of the bound state.
They remain folded even if the strain energy is higher than the
threshold,∆Gbound

residue. The strain energy of the bound state is
calculated using the closed form as the stable reference
conformation.

Method

Studied System.In this study, we illustrate the ideas using
adenylate kinase. Adenylate kinase catalyzes the interconversion

Ebound) ∑
n

1

2
ωn

2qn
2 + ∑

n

cnqn

∆G* )
(λ + ∆G)2

4λ
(2)

λ ) ∑
n

λn ) ∑
n

1

2
ωn

2∆qn
2 (3)

Gresidue)

{E0
residue+ Estrain

residue when the residue is folded

-TSresidue when the residue becomes unfolded
(4)
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of ATP, ADP, and AMP, i.e., ATP+ AMP T ADP + ADP.
Upon ligand binding the adenylate kinase undergoes a large
conformational change.18 Studies of adenylate kinase by normal-
mode analysis have shown that the conformational change is
well characterized by a few of the lowest frequency normal
modes.6 Our study focuses on the closure of the protein upon
the binding of an inhibitor Ap5A,19 which is a bisubstrate
analogue inhibitor that connects ATP and AMP by a fifth
phosphate and mimics both substrates. Two conformations, open
(Protein Data Bank ID code 4AKE)18 and closed (Protein Data
Bank ID code 1AKE),19 of adenylate kinase are taken from PDB
as the starting and ending points of the motion. Adenylate kinase
consists of three domains: LID (residues 122-159), NMPbind

(30-59), and CORE (all other residues).18

Elastic Network Model. In this study, we use a coarse-
grained model, the Tirion potential,20 to represent the mechanical
properties of the protein molecule. This potential is defined as
follows: an interaction between two atoms,a andb, is taken
to be the Hookean pairwise potential:

wherera denotes the coordinate of atoma andra,b ) ra - rb.
The zero superscript indicates the coordinate at the original
conformation. The strength of the potential,C, is a constant
assumed to be the same for all interacting pairs. The total
potential energy of the system ofN atoms is defined by

whereR is the cutoff parameter, so that the pair of interaction
is limited to pairs of atoms separated by less thanR. In this
study, we useR ) 5 Å, which has already been shown to be
appropriate for normal mode studies of proteins.21

The spring constantC is a phenomenological constant
assumed to be the same for all interacting pairs. The numerical
value of the spring constant does not affect the eigenvectors
obtained from normal-mode analysis; however, it determines
the frequency of each normal mode, i.e., (frequency)2 ∝ C. The

spring constant needs to be calibrated to obtain the energy scale
of the model. In this study, we estimated the spring constant
by fitting C so that the averages ofB factors from X-ray
crystallography and normal-mode analysis are the same, using
the relationB factor ∝ (frequency)-2. Although theB factors
in X-ray crystallography data and the atomic fluctuations in
solution could be different because of crystal packing or crystal
disorders, theB factors of the X-ray data would provide a
reasonable estimation of the protein atomic fluctuations. Even
if there is an error in the calibration, it does not affect our
following discussion significantly, since only one parameter
needs to be calibrated in our analysis and it affects only the
energy scale. We should also note that effects of the solvent
would be implicitly included in the model, since the energy
scale is calibrated by the experimental data.

Although the Tirion potential was originally proposed for
normal-mode analysis, we go beyond normal-mode analysis and
use it to evaluate strain energy induced in the protein as the
result of conformational change. This potential is crude but
adequate to capture global mechanical property of molecules.
In many respects, the Tirion potential is a variation of the Go
model landscapes used in protein folding simulations.22,23It has
been used by other groups6,24-26 for normal-mode analyses to
model protein dynamics. These studies suggest large-scale
conformational transitions are dominated by low-frequency
normal modes, largely determined by the low-resolution struc-
ture. Nevertheless, activation barriers and therefore rates cannot
be discussed from a purely normal mode viewpoint.

Normal-Mode Analysis. Detailed descriptions of normal-
mode analysis are in the standard literature.27-29 Here we just
define some quantities. Normal-mode analysis provides a set
of normal-mode frequencies{ωn}, vectors {an}, which are
orthonormal, and normal mode coordinates{qn}. We used the
RTB method30 for the diagonalization process of normal-mode
analysis. This method allows calculation of the modes of large
systems in very short times.6,26

Only a small portion of normal modes are relevant to the
conformational change.6 The overlap31 is a measure of the
similarity between the direction of the normal mode,an, and
the vector of the conformational change,d, which is defined as
cos θn ) d‚an/|d|. A value of 1 for this overlap would mean

Figure 1. Schematic representation of the reaction rate dependence on the character of two energy surfaces. When the two energy surfaces are
quadratic (a), the activation energy is related to the reaction free energy,∆G, and the reorganization energy,λ, by eq 2, as in the theory of electron-
transfer reactions. In this case, the reaction rate depends quadratically on the driving force (-∆G) (b). When the two energy surfaces are linear (c),
the rate depends on the driving force linearly (d).

E(ra,rb) ) C
2

(|ra,b| - |ra,b
0 |)2 (5)

E ) ∑
a,b

|ra,b|<R

N,N

E(ra,rb) (6)
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that the directions of the normal moden and the conformational
change are identical.

Analysis of Conformational Change Path.To obtain the
energy surface of the ligand unbound state, we first generate a
sequence of structures along the conformational change path
from the open form toward the closed form, using the iterative
normal-mode analyses. For the structure at the iteration stepi,
denotedSi, the unbound state energy of this structure,Ei

unbound,
is calculated using eqs 5 and 6. The RMSD between the
structure,Si, and the open form,Ropen, can be used as a reaction
coordinate10 for analyzing the energy surface.

In the present work, we also employed another set of reaction
coordinates to describe the conformational changes. Adenylate
kinase consists of three domains: LID (residues 122-159),
NMPbind (30-59), and CORE (all the other residues).18 Con-
formational changes of adenylate kinase have been described
as the domain motions of LID and NMPbind domains relative to
the CORE domain. Thus, polar rotation angles between the
CORE domain and each of the LID and NMPbind domains,18

κLID and κNMP, can also be employed as other reaction
coordinates. The closed form is taken as the origin, (κLID,κNMP)
) (0°,0°). The coordinate of the open form is (κLID,κNMP) )
(53°,45°).

Mapping between Two Reaction Coordinates.To evaluate
the energy barrier for the conformational change, the two energy
surfaces of the ligand-unbound and bound states need to be
superimposed. The simplest idea is that there is direct switching
of the potential function. However, directly implementing this
naive method would not provide an accurate energy profile of
large-scale conformational changes. Small differences in the
local structure, in which we are not interested, induce large
amounts of error in strain energy. Some of these differences in
fact may be due to changes in refinement protocols and
crystallization conditions for the two different conformations.32

Combining this procedure with short minimization may solve
the problem. We do not employ this method here. An alternative
is to first generate two energy profiles, one from each stable
form, and then superimpose them. However, with this method
the two surfaces generally have different reaction coordinates.
In our previous study,10 we defined a mapping function of the
RMSDs to the open and to the closed forms and superimposed
the energy profiles from the open and closed forms.

In the present work, to describe the conformational change
path, we employ another set of reaction coordinates, i.e., the
two polar rotation angles between the CORE domain and each
of the LID and NMPbind domains, which can be used to define
the mapping between the two energy profiles.

We consider the conformational transition from the open form
to the closed form, i.e., the switching from the ligand unbound
to the bound state. A sequence of structures that represents the
conformational change path from the open to the closed form
is denoted as,Si, where i is the step number of the iterative
procedure. For the structureSi, the unbound state energy,
Ei

unbound, is calculated as a strain from the original stable
structure,S1. However, the bound state energy,Ei

bound, cannot
be directly calculated as discussed previously, because the paths
from the closed and the open forms do not entirely overlap (see
Results, Figure 5). Thus, to cover the same conformational space
as the path from the open form, several conformational change
paths are generated from the closed form, using several target
structures. These target structures are taken from the confor-
mational change path that is generated for studying the transition
from the open form to the closed form. For each sampled
structure, the ligand bound state energy,Ebound, and the reaction

coordinates, (κLID,κNMP), are calculated. The continuous two-
dimensional energy surface of the closed state,Ebound(κLID,κNMP),
is obtained through interpolation of the sampled points. For a
given structure,Si, the polar rotation angles, (κi

LID,κi
NMP), are

calculated, and the bound state energy of this structure is given
asEi

bound ) Ebound(κi
LID,κi

NMP).

Results

Linear Elastic Model. Normal-mode analysis was performed
for the open structure of adenylate kinase; the 50 lowest
frequency modes were calculated. The Tirion potential depends
on an arbitrary parameter, the spring constantC; thus, only
relative frequencies are obtained from the calculation, and the
numerical value needs to be calibrated from experimental data.
The averageB factor value, calculated from the experimental
B factor of CR atoms of the open form, is 38 Å2. Thus, the
value 3.5× 10-1 kcal Å-2 is used to normalize the spring
constantC for the following energy calculations. The scaled
frequency is shown in Figure 2a. Figure 2a also shows the
overlap between the conformational change and each normal
mode. The lowest frequency normal mode (mode 1) gives the
highest overlap, accounting for more than 65% of the total
conformational change. In addition, small contributions from
modes 2, 3, and 5 are observed. Other modes give only small
contributions to the conformational change. Thus, the four
highest overlap modes (1-3, 5) are most relevant to confor-
mational change. Conformational change of adenylate kinase
has been described as the domain motions of LID and NMPbind

domains relative to the CORE domain.18 Normal mode 1
corresponds to the deformation of LID domain, and the other

Figure 2. Estimation of the reorganization energy using simple normal-
mode analysis. (a) Frequency (solid line) and degree of overlap (O)
between the conformational change and each of calculated normal
modes. The conformational change can be mostly described by a few
low-frequency modes. (b) Contribution of each normal mode to the
total reorganization energy, obtained from the linear elastic model, eq
3. Cumulative sum of contributions is shown by a solid line.
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higher frequency modes contribute more to the deformation of
NMPbind domain (result not shown).

From the overlap and frequency obtained by fitting to
experimental data, we are able to calculate the contribution to
the reorganization energy from each mode according to eq 3.
The result is shown in Figure 2b. The lowest frequency mode
(1) with the highest overlap gives a reorganization energy of
about 15 kcal/mol. The second highest overlap mode (5) gives
a higher reorganization energy, 20 kcal/mol, even though its
overlap is lower than mode 1. The studies of X-ray crystal
structure indicate that deformation of LID domain can be
described by rigid-body movements while the NMPbind domain
movements are produced by a combination of shear motions.33

The high reorganization energy for deformation of NMPbind

domain compared to the deformation of the LID domain is
closely related to the different character of conformational
changes, since the shear deformation requires stronger forces
than the hinge bending deformation.

From the definition, eq 3, high overlap modes give large
contributions to the reorganization energy. In addition, all things
being equal, high-frequency modes give large contributions.
Thus, higher frequency modes may contribute strongly, even
though these modes are irrelevant to the conformational change
in a strictly structural sense. For example, even though mode
34 contributes 0.2% to the conformational change (RMSD of
0.4 Å), its contribution for reorganization energy is large, 7 kcal/
mol. However, higher frequency normal modes that do not
contribute to the conformational change would be irrelevant for
this analysis, and these contributions to the reorganization energy
would probably not be reliable, since they are easily affected
by small errors in the X-ray coordinates. If we take into account
only the five modes with an overlap> 1% (RMSD of 0.7 Å),
the estimated reorganization energy is still about 60 kcal/mol.
Sanders II et al. have experimentally determined the standard
binding free energy of MgATP and AMP as-5.2 and-4.6
kcal/mol, respectively.34 The binding of the inhibitor Ap5A
would be stronger than these, since the Ap5A is a combination
of ATP and AMP. If we imagine the ligands are in rapid binding
equilibrium, the effective free energy difference depends on the
concentration of substrate. Varying the concentration between
1 mM and 1µM affects the free energy difference in eq 1 by
4-8 kcal/mol. If we use the energy difference of-3 kcal/mol
as an example, the resulting activation energy is 14 kcal/mol.

From this linear elastic model, the contribution to the
reorganization energy from mode 1 is about 15 kcal/mol. To
check the validity of linear elastic model, we generate some
deformed structures along mode 1 from the initial state and then
calculate the energy of each structure. Figure 3 shows the
obtained energy surface compared to the energy surface expected
from the normal-mode frequency usingE ) ω2q2/2, whereω
is the frequency of mode 1. The Tirion energy surface and the
ideal harmonic description only agree in the vicinity of the
energy minimum structure. The result indicates that even for
the Tirion model, the energy surface is far from simple harmonic
as the function of Cartesian coordinate of atoms. The apparent
cause of the error is that a single set of normal mode vectors is
not enough to represent the conformational change pathway.
Examining the structural differences between the open and
closed forms of adenylate kinase suggests that the conforma-
tional change resembles the bending of a rod. Bending is
kinematically nonlinear in a Cartesian basis. However, a normal
mode gives only the initial direction of the transformation, and
if we follow a single mode too far along the direction of the
conformational change, the protein can be distorted in the wrong

way. This kinematic nonlinearity, well-known in macroscopic
elastic theory, is the main shortcoming of the linear elastic
model. To overcome this problem, in our previous study,10 we
employed an iterative procedure in which normal-mode analysis
is repeatedly performed after each deformation in order to avoid
inducing structural distortions due to nonlinearity. Such an
iterative procedure has been shown to be beneficial for general
structural modeling applications as a method to deform the
structure considering the mechanical property of the mol-
ecule.10,21In the following, we discuss a nonlinear elastic model.

Nonlinear Elastic Model.We generalize the model to include
kinematic nonlinearity. We define the conformational change
pathway in an iterative manner.10,21 Now three conformational
change paths from the open form to the closed forms are
generated, using one, two, or three modes to deform the structure
at each step. For the structures representing the conformational
change paths, we calculated the strain energy using the spring
network defined from the initial coordinate.

Figure 4 shows the resulting energy surface. Comparing with
Figure 3, the energy surface along nonlinear conformational
pathways gives lower energy. Until a certain point along the
transformation, the energy surface is in good agreement with
the energy surface that is expected by the frequency from
normal-mode analysis. This agreement indicates that, though
the harmonic approximation of the energy surface as a function
of Cartesian coordinates is not accurate, the harmonic ap-
proximation of the energy surface as a function of a nonlinear
reaction coordinate, RMSD for our model, can be satisfactory
until a certain point.

The energy profile along the nonlinear deformation path starts
to deviate from the harmonic curve around RMSD) 5 Å. To
analyze this nonlinear behavior, we employ another reaction
coordinate to describe the nonlinear conformational change path.
For each structure, we examine the polar rotation angle between
the CORE domain and each of the LID and NMPbind domains.18

Figure 5a shows the three nonlinear conformational paths,
generated using 1, 2, or 3 modes, as functions of the polar angles
of the LID and the NMPbind domains. Figure 5a also shows a
2D energy surface interpolated from the strain energy of three
conformational change paths. The obtained energy surface shows
that the closure of the LID domain induces less strain energy
than the closure of the NMP domain. For the nonlinear path

Figure 3. Comparison between energy surface, explicitly calculated,
for the structures linearly deformed along mode 1, the lowest frequency
mode, which is most relevant to the conformational change (O), and
the energy surface modeled from the frequency of mode 1 at the initial
state (×). RMSD ) 5.9 Å corresponds to the projection of the final
state on the normal mode coordinate 1. Explicitly calculated energy
surface along mode 1 shows significant deviation from the harmonic
surface.
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generated with a single mode, comparison of the energy surfaces
with the reaction coordinates RMSD and the polar rotation
angles, the first harmonic phase (0< RMSD < 5 Å in Figure
4) corresponds to deformation of the LID domain. Then the
second phase (5 Å< RMSD), which deviates from the harmonic
curve, corresponds to deformation of the NMPbind domain. On
the other hand, conformational change along the path made by
three modes represents a concurrent deformation of the LID
and NMPbind domains; thus, the energy profile of the path using
three modes is higher than the one using one mode. This
observation is consistent with the deformation of NMPbind

domain being composed of the higher frequency modes, thus
needing more strain energy. It also suggests that the LID domain
preferably closes before the NMPbind domain.

Analysis from the Closed Structure.A full understanding
of the allosteric transition requires consideration of the product
energy surface. Thus, we perform a similar analysis starting from
the closed structure (PDB 1AKE19). The X-ray crystal structure
of the closed form is a complex with the inhibitor Ap5A.19 The
molecule closes upon ligand binding; thus, the closed form is
energetically favorable in the ligand bound state. Our interest
is in the elastic properties of the molecule in the ligand bound
state. These properties are inherent in the shape of the closed
form itself and theB factor from X-ray data. Thus, accounting
for the ligand itself, is not necessary for the analysis, and it is
not explicitly included in the following calculations.

The spring constantC of the Tirion potential is determined
from the normal-mode analysis on the closed structure, inde-
pendent of the open form. The crystal of the closed form
contains two almost identical structures; however, theirB factors
are different by a factor of 2,19 the average values of the
fluctuation of CR atoms being 27 and 49 Å2. The difference
would be due to the difference in the crystal packing.19 Since
there is no simple reason to prefer oneB factor as the
representative of the real atomic fluctuation, we have simply
used the average for the calibration. Thus,C ) 7.3× 10-2 kcal
Å-2 is used for the following energy calculations. The choice
of the calibration method could modulate the following result
only slightly. We should note that the smaller coupling constant
of the closed form, compared to that of the open form, does
not mean the structural rigidity is weaker for the closed form
since the rigidity of the Tirion potential also depends on the

number of atom-atom interactions. TheB factor from normal-
mode analysis withC ) 1 gives a smaller value for the closed
form than for the open form. This indicates that the closed form
has a denser network than the open form.

Superimposed Energy Surfaces.To obtain the overall
energy surface of the conformational change, the energy surfaces
from the open and closed forms are superimposed. The energy
surface of the closed state as a function of the polar rotation
angles of the LID and NMPbind domains is shown in Figure 5b.
Here, we focus on the conformational change path generated
using three modes. From the energy surfaces shown in Figure
5, the ligand-unbound and ligand-bound state energy profiles
along the conformational change paths are obtained. Superim-
posed strain energy profiles are shown in Figure 6, using the

Figure 4. Energy surface along nonlinear conformational change path
by iterative method. (a) Energy of structures along the path that was
generated from the open form by iterative method using the highest
overlap mode (dash-dot line), two highest modes (broken line), and
three modes (solid line). The pure harmonic energy surface expected
from the frequency of the lowest frequency mode is shown for
comparison (dotted line).

Figure 5. Energy surface with reaction coordinates polar rotation angle
of LID and NMPbind domain. The origin of polar axes (0°, 0°) is the
closed form. (a) The energy surface of the ligand-unbound state. The
nonlinear paths from open form by iteration with 3 modes (solid line),
with 2 modes (broken line), and with 1 mode (dash-dot line) are
projected in this angular coordinate space. The interpolated strain energy
surface of the open state in superimposed as contour lines. (b) The
energy surface of the ligand-bound state. Conformational change paths
from the closed form toward different target structures are projected
in the angular coordinate space (broken lines). Targets used to generate
these paths were the 0th, 10th, ..., and 60th structures along the path
from the open form that were generated using 1 mode, shown in (O).
These paths are used to obtain the energy surface of the ligand-bound
state, which are shown as contour lines. The nonlinear path from the
open form toward the closed form by iteration with 3 modes is shown
by a solid line.

Kinetics of Functional Transitions in Proteins J. Phys. Chem. B, Vol. 109, No. 5, 20051965



RMSD from the open form as the reaction coordinate. The
difference in minimum energy of the two energy profiles,
∆Greact, was varied from 0 to-3 kcal/mol. From the crossing
point of the two energy profiles, we obtained an activation
energy of∼25 kcal/mol, which slightly depends on the driving
force (-∆Greact).

The energy barrier obtained here is higher than in our previous
study (∼20 kcal/mol).10 The difference arises from the difference
of the structures paired at the crossing point. With the previous
mapping method based on RMSD reaction coordinate, the pair
of structures from open and closed forms has RMSD of∼2.2
Å. In the current procedure with the 2-dimensional angles
reaction coordinates, the pair has RMSD of∼1.9 Å. Thus, the
paired structures coincide slightly more closely with this new
mapping method. The slightly higher energy barrier results from
minor arrangement of the structure. With a larger number of
reaction coordinates, the mapped structures can coincidence
more closely. However, an attempt to deform structures to have
exactly the same conformation would not have meaning. There
is some uncertainty in the position of the atoms in X-ray
structure. The atomic displacements observed in the paired
structures are within the range of the thermal fluctuations.
Comparing the RMSD based with the 2-dimensional angles
based mapping procedures, we observed the residue RMSD
between the paired structures is distributed more evenly by the
2-dimensional procedure (results not shown), which ensures that
the main characteristics of the conformational changes have been
fully taken into account.

The activation energy barrier observed here (∼25 kcal/mol)
is very high compare to the value estimated in the linear elastic
model (∼15 kcal/mol). We estimate the energy barrier from
the linear elastic model by assuming a perfectly harmonic energy
surface, eq 3. However, as we have seen in Figure 4, the energy
surface does not remain quadratic, even after the nonlinearity
of conformational change is taken into account by the iterative
procedure, and thus the actual energy barrier is higher. In the
linear elastic model, we also assumed that the energy surfaces
of the two states have the same curvature, and we estimated
the energy barrier from the frequency of the open form.
However, the deformation from the closed form needs much
more energy (see Figure 5b), and the crossing point is 2 times

higher. Some previous studies on the protein electron-transfer
reactions35,36have used the linear elastic models; however, the
inaccuracy due to the nonlinearity would be small for these
results, since the change of conformation resulting from electron
transfer is very small compared to the changes discussed in the
allostery.

Partial Unfolding Lowers the Activation Barrier. The
energy barrier obtained from these studies is very high, even
higher than the total stability of the protein. In our previous
study, following the conformational change pathway obtained
by the iterative method, we analyzed which part of protein is
under high strain energy.10 Strain energy of each residue is
defined as the sum of atomic strain energies, which is half of
the elastic energy defined by eq 5. Strain energy in the molecule
due to conformational deformation was found to be very
localized. The observations that some particular residues are
under high strain energy led us to hypothesize that these highly
strained residuescrack, i.e., unfold partially, during conforma-
tional change.10 To include this possibility, we consider a model
in which residues are allowed to partially unfold (see Cracking
Model in Theory and Models). The unfolding free energy,
∆Gfold, of adenylate kinase fromE. coli is reported to be∼10
kcal/mol for urea denaturation.37 Under the assumption that
unfolding energy of one residue is equal to the total unfolding
energy divided by the number of residues,Nres ) 214, we used
the cracking threshold of∆Gunbound

residue ) ∆Gfold/Nres ∼ 0.05 kcal/
mol. The surface tensionσ of the cracking region was tested in
the range of 0.5-1.5 kcal/mol.

The resulting energy surface along the allosteric conforma-
tional change is shown in Figure 7. Obviously, the partial
unfolding model gives a lower energy barrier. The extent of
cracking strongly depends on the surface costσ. Note that the
energy of the ligand-bound state is higher when there is cracking.
For this energy calculation, a part of the protein is assumed to
remain unfolded when it switches from the unbound state to
the bound state, thus having a higher energy than the native
folded state. In a real situation, once the binding occurs, the

Figure 6. Superposition of energy profiles of the ligand-unbound and
bound states along a representative conformational change path, which
is obtained from the 2-dimensional energy surfaces (Figure 5). The
energy profile of the open state is indicated by a solid line, the closed
form with free energy change∆Greact ) 0 kcal/mol by a broken line,
and∆Greact ) -3 kcal/mol by a dotted line.

Figure 7. Energy surface with cracking effects. Calculations of energy
profiles from the nonlinear elastic model without cracking are marked
(O), with cracking and surface tensionσ ) 1 are (4), and with cracking
for σ ) 0.5 kcal/mol are (0). Energies of the ligand-unbound state are
shown by open markers, and the ligand bound state are shown by filled
markers. Free energy change of∆Greact) -3 kcal/mol is employed in
this figure as a representative. The cracking effect lowers the energy
barrier. The energy surface of the ligand bound states with low surface
tension has higher energy than one without cracking, since some
residues are partially unfolded. Actual conformational change would
involve a refolding process, i.e., shift from the energy profile with
cracking to the energy profile without cracking.
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protein would refold, i.e., shift from the energy surface with
cracking to the one without cracking, thus lowering the energy.
The energy changes due to such refolding transition are not
shown explicitly. One interesting observation is that cracking
leads to an energy surface which is approximately a linear
function of the deformation, rather than following the quadratic
dependence of the elastic regime. Such linear relations have
also been invoked to explain the efficiency of motor proteins
by Oster et al.38 The cracking model suggests the linear behavior
may be much more general in protein conformational transitions.

Effect of Cracking on the Conformational Change Rate.
The qualitative difference between the energy surface with or
without cracking effects, i.e., quadratic or linear, is the
dependence of kinetics on the driving force for binding. Without
unfolding, the free energy profiles of reactant and product states
are quadratic as a function of a reaction coordinate (Figure 1a).
In such a case, the activation free energy,∆G*, can be expressed
by the reorganization energy,λ, and the reaction free energy,
∆G, as eq 2. The consequence of this relation is a characteristic
quadratic dependence of the log of the kinetic rate on the driving
force,-∆G (Figure 1b). On the other hand, when unfolding or
cracking is allowed, the free energy surfaces become locally
linear. When the free energy profiles of two states are linear as
a function of a reaction coordinate (Figure 1c), the energy barrier
depends linearly on the reaction coordinate (Figure 1d). This
qualitative difference can be tested. We examined the depen-
dence of the activation barrier on the driving force in our model.
Figure 8 shows how the transition state barrier depends on the
reaction driving force. Here we vary the driving force from-4
to 14 kcal/mol. The characteristic curvature of parabolas is
observed for a fully elastic model, while inclusion of cracking
makes the dependence more nearly linear.

More importantly, the cracking model allows residues that
are folded in both stable states to become unfolded in the
transition state. Thus, a dependence of the reaction rate on
folding stability change is predicted: simultaneously lowering

the stability of both conformations without changing their
relative stability will speed up the reaction. Using site directed
mutagenesis, one can determine the probability of individual
residues to remain structured or to crack during the transition,
as in foldingΦ value analysis.39 Evidence for cracking can also
be gleaned using the global effects of denaturants, such as urea,
on conformational change kinetics. Denaturant will enhance the
local unfolding and therefore should lower the barrier height.
Such anomalous activation of enzymes by adding low concen-
trations of denaturant has been observed in this and other
systems.40-42 Such a denaturing effect has also been observed
in thermophilic organisms under low temperatures.43 These
activation effects are not monotonic. At higher concentration,
as anyone would expect, denaturation reduces the activity.
However, at low levels of denaturant the activity does indeed
increase in accord with our model. Under the assumption that
the conformational change is the rate-determining step, we could
relate the enhancement of the activity to the lowering of the
energy barrier. The increase in activity of adenylate kinase was
studied experimentally by adding denaturant.40 The activity was
initially enhanced by 1.25-fold in 0.2 M (molar concentration)
urea, compared to in the absence of urea, and reached a
maximum (1.6-fold enhancement) by 1 M of urea, which
corresponds to a∂∆G*/∂[urea] in the range of 0.2-0.7 kcal/
(mol M).

We have computed the analogous slope for our theoretical
model of the conformational change. In the present model, only
the surface tensionσ is an arbitrary parameter in these analyses,
and we have testedσ ) 0.5, 1, and 1.5 kcal/mol. All other
parameters are taken from experimental data. Figure 9 shows
the activation free energy,∆G*, dependence on∆Gfold. A
driving force of ∆Greact ) -3 kcal/mol is used. The data are
fitted by a hyperbolic function. The choice of model (e.g.,
exponential or hyperbolic) for the fitting needs further investiga-
tions. The total stability of the adenylate kinase is 10 kcal/mol.37

The slopeR ) ∂∆G*/∂∆Gfold at ∆Gfold ) 10 is estimated to be

Figure 8. Transition state barrier dependence on the reaction driving force. The transition state barrier,∆G*, vs the reaction driving force,-∆Greact,
both without cracking (a) and with cracking (b) are shown. We considered driving forces ranging from-4 to 14 kcal/mol. The corresponding
energy surfaces at the different driving forces (-∆Greact) without cracking (c) and with cracking (d) are also shown. A quadratic curvature is
observed for the fully elastic model without cracking. Including the cracking effect makes the barrier dependence on driving force more linear.
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0.084 withσ ) 1.5 kcal/mol, 0.24 withσ ) 1 kcal/mol, and
0.75 withσ ) 0.5 kcal/mol. The experimentally determined urea
dependence of the stabilitym ) ∂∆Gfold/∂[urea] ) 2.9 kcal/
(mol M);37 here M is the molar concentration of urea. Com-
bining these, the urea dependence of the transition barrier,∂∆G*/
∂[urea], is about 0.24 kcal/(mol M) ifσ ) 1.5 kcal/mol, 0.69
kcal/(mol M) if σ ) 1, and about 2.1 kcal/(mol M) ifσ ) 0.5.
These results are remarkably consistent with the experimental
speedup described above.

The lowering of the energy barrier from the cracking varies
depending on the stability of the protein∆Gfold. Therefore, the
cracking effect on the rate is large when the stability of the
protein,∆Gfold, is originally low, i.e., the molecule is fragile.
On the other hand, if the threshold is high or the molecule is
rigid, the effect of cracking on the rate will be weak or none.
In the range of variables tested, adenylate kinase seems to be
just at the intermediate between the two limits, neither too fragile
nor too rigid. This would suggest that Nature has optimized
the molecule so that the energy barrier is lowered by the
cracking mechanism, while structural integrity is kept for proper
function. Such a possibility could be tested further through a
survey of several proteins.

Conclusion

In this study, we revisited our previously proposed model to
describe the energy landscape of protein conformational changes10

and made several new advances in the proposed model. First,
we discussed the theoretical aspect of our model which describes
the binding coupled conformational transition as a switching
between the two separated energy surfaces. This approximation
is valid when the conformational transition is slow compared
the substrate binding processes. The conformational change of
the adenylate kinase was discussed using polar rotation angles
of mobile domains as reaction coordinates. The results indicated
that the LID domain is more flexible than the NMPbind domain,
and it could close preferably upon ligand binding. A new model
for the partial unfolding, or cracking, during the conformational
change transition was also proposed. We improved our model
compared to the previous one by including the cooperativity of
the partial unfolding as an analogy to the nucleation process.

The comparisons to the experimental data of activation of the
adenylate kinase showed remarkable agreement. However, direct
measurements of the conformational change kinetics, not as a
composite with other chemical steps, as a function of denaturant
is needed to test our model more completely. While the
conformational change step has been kinetically isolated in the
related systems of CSK and PKA,44,45the denaturant dependence
has yet to be studied. Although the present model is quite simple,
and can be refined using models containing more details, the
agreement between theory and experiment shows the potential
of the present approach for quantitatively understanding the
underlying mechanisms governing allosteric motions.
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