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Large-scale conformational changes in proteins are often associ-
ated with the binding of a substrate. Because conformational
changes may be related to the function of an enzyme, understand-
ing the kinetics and energetics of these motions is very important.
We have delineated the atomically detailed conformational tran-
sition pathway of the phosphotransferase enzyme adenylate ki-
nase (AdK) in the absence and presence of an inhibitor. The
computed free energy profiles associated with conformational
transitions offer detailed mechanistic insights into, as well as
kinetic information on, the ligand binding mechanism. Specifically,
potential of mean force calculations reveal that in the ligand-free
state, there is no significant barrier separating the open and closed
conformations of AdK. The enzyme samples near closed confor-
mations, even in the absence of its substrate. The ligand binding
event occurs late, toward the closed state, and transforms the free
energy landscape. In the ligand-bound state, the closed conforma-
tion is energetically most favored with a large barrier to opening.
These results emphasize the underlying dynamic nature of the
enzyme and indicate that the conformational transitions in AdK are
more intricate than a mere two-state jump between the crystal-
bound and -unbound states. Based on the existence of the multiple
conformations of the enzyme in the open and closed states, a
different viewpoint of ligand binding is presented. Our estimated
activation energy barrier for the conformational transition is also
in reasonable accord with the experimental findings.

conformational change pathway � free energy calculations �
ligand binding � order parameter � curve crossing

Large-scale conformational changes in proteins are often
related to their function such as in signal transduction,

immune response, protein folding, or enzymatic activity. These
conformational changes can be induced by the interaction with
other proteins or ligands. One of the key questions is to
understand how the binding of a substrate leads to large-scale
protein motions. Two different substrate binding mechanisms
can be contemplated: (i) the induced-fit model and (ii) the
population-shift model. According to the induced-fit model,
binding of a ligand induces the conformational change in the
binding site that results in a new active conformation of the
enzyme (1). In other words, the enzyme assumes the shapes
complementary to the substrate only after the substrate is bound.
On the other hand, according to the population-shift model, in
the vicinity of its native state the enzyme exists in the multiple
conformations at its binding site. The ligand binds selectively to
an active conformation and by that means shifts the equilibrium
toward the binding conformation (2, 3). Here, we explore these
two very different viewpoints of the ligand binding mechanism
by investigating the allosteric conformational changes of Esch-
erichia coli adenylate kinase (AdK) in the presence and absence
of a ligand.

AdK is a monomeric phosphotransferase enzyme that cata-
lyzes reversible transfer of a phosphoryl group from ATP to
AMP via the reaction ATP-Mg2� � AMP 7 ADP-Mg2� �
ADP. The structure of AdK is composed of the three main

domains, the CORE (residues 1–29, 68–117, and 161–214), the
ATP binding domain called the LID (residues 118–167), and the
NMP binding domain called the NMP (residues 30–67) (Fig. 1).
Several crystal structures of AdK from E. coli and other organ-
isms are available, both free and in complex with substrates and
inhibitors (see ref. 4 and references therein). Based on structural
analysis, it appears that AdK assumes an ‘‘open’’ conformation
in the unligated structure and a ‘‘closed’’ conformation in a
structure crystallized with an inhibitor AP5A (5, 6), which is
a bi-substrate analog inhibitor that connects ATP and AMP by
a fifth phosphate and mimics both substrates (Fig. 1). Suppos-
edly, during the transition from the ‘‘open’’ to ‘‘closed’’ form, the
largest conformational change occurs in the LID and NMP
domain with the CORE domain being relatively rigid. The active
site pocket of AdK is lined by conserved arginine residues
(Arg-36, Arg-88, Arg-123, Arg-152, and Arg-167) surrounding
the negative phosphate groups of the inhibitor [supporting
information (SI) Fig. 7]. These residues have been suggested to
play a crucial role in the substrate binding and domain closure
(7). The ATP binding site of AdK resembles that of a motor
protein F1-ATPase and of a muscle protein myosin.

Abundant kinetic and thermodynamic experimental data are
available for AdK (8–12). Notably, dynamic NMR dispersion
experiments have shown quantitatively that the large-scale con-
formational change associated with the LID opening motion is
rate-limiting for the overall catalysis of the enzyme (11). The
conformational dynamics of AdK has also been investigated
computationally, mainly in the ligand-free state, using standard
MD (13), a distance replica exchange method (14), normal mode
analysis with simplified elastic-network model (15–18), a mini-
malist plastic-network model (19), and a coarse-grained model
that approximately considered ligand interactions (20). Overall,
these studies have provided important insights into the func-
tional motions of the enzyme. Still, the atomically detailed
mechanism of ligand binding and the cooperativity of individual
domain motions, transition states, and intermediate conforma-
tions along the pathway are not known precisely. Our goal is to
explore in atomic detail the pathways between open and closed
states of AdK, both in the presence and absence of the substrate
and obtain the corresponding free energy profiles.

It is well known that capturing large-scale and long-time
conformational transitions of biomolecules is a challenging task
(21). Standard molecular dynamics simulations are limited to
time scales of a few hundreds of nanoseconds. This has resulted
in the development of advanced sampling methodologies to
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tackle biomolecular motions that take place on longer time
scales (see refs. 22–26 and references therein). Alternative
methods that employ a highly simplified potential have also
proved successful in modeling large-scale collective motions of
biomolecules (see ref. 27 and references therein).

To accomplish our goal, we used a combination of two well
established approaches, the nudged elastic band (NEB) method
(28, 29) and umbrella sampling molecular dynamics simulations
(30). The choice of an appropriate order parameter is important
for the success of the umbrella sampling simulations. This
progress coordinate should well separate the two endpoint states
and otherwise provide minimal restraint on the nature of
conformations adopted along the path between these states.
Here, we chose the difference in root mean square deviation
from the open and closed states of AdK (�Drmsd) as an order
parameter for the characterization of the conformational tran-
sition. In the past, the �Drmsd order parameter has been applied
successfully to investigating interesting biological problems (31–
33). Whether this order parameter coincides with the reaction
coordinate could be established by computing commuter prob-
ability distributions as put forward by Chandler and coworkers
(34), but such an analysis is not pursued here. However, the
�Drmsd order parameter contains information about numerous
individual degrees of freedom (e.g., the flip of side chains) that
contribute to the overall conformational transition. By con-
structing free energy profiles along these additional degrees of
freedom based on the underlying umbrella sampling in �Drmsd,
one can often gain mechanistic insights (see Computational
Methods). The use of NEB in conjunction with sampling along
the �Drmsd reaction coordinate has not previously been em-
ployed in this context. Earlier work that used �Drmsd as an order
parameter relied on the targeted dynamics method, employing
unphysical forces of an orders of magnitude greater than kBT, to
generate the initial paths. NEB, on other hand, is useful for
finding a minimum-energy path (MEP) connecting two local
minima on the potential-energy surface and has been applied
successfully to investigate transformation of several biomol-
ecules (29, 35).

Our application of the advanced sampling methodology unravels
details of AdK’s conformational change pathway that tie well with
the large body of experimental data as well as other modeling
studies. Specifically, our calculated free energy profiles of AdK
reveal that the enzyme samples a wide ensemble of conformations
that differ by only few kBT, even in the absence of its substrate. The
energy landscape changes upon binding to an inhibitor, and the
closed conformation is predominantly favored in the ligand-bound
state. The ligand binding occurs concurrently with the conforma-
tional change and toward the closed state along the pathway as
determined by drawing analogy of the binding process with the idea
from the Marcus theory of electron transfer (36). Overall, our
results emphasize the dynamic nature of the enzyme and refine the
viewpoint of the binding mechanism based on the knowledge of the

static crystal structures alone. This picture is most consistent with
a population-shift mechanism.

Results and Discussion
Details of the Conformational Change Process in the Ligand-Free AdK.
Fig. 2a shows the free energy profile associated with the con-
formational transition pathway of AdK in the ligand-free state
along a one-dimensional reaction coordinate. As shown, there is
a wide free energy well representing the open conformation of
AdK with no significant energy barrier separating the open and
closed states. Upon characterizing all of the structures along the
path, based on the midpoint of the �Drmsd range, the structures
toward the right are at least 2.5 kcal/mol higher in the free energy
than the lowest free energy minimum, corresponding to �Drmsd
of �1.8 Å. It is more informative to look at the two-dimensional
free energy surfaces along the �Drmsd order parameter with
respect to the rmsd from the crystal open and closed states,
respectively (SI Fig. 8). The free energy of the conformational
change is within 5 kcal/mol up to 5.5 Å from the open state and
4 Å from the closed state. These observations suggest that AdK
is a flexible molecule and assumes a wide ensemble of confor-
mations separated by only a few kBT around the crystallographi-
cally observed open state. Most of the enzyme’s motion is
concentrated in the LID and the NMP domain (Fig. 2b).

The domain closure of AdK has been investigated in the
solution using energy transfer experiments by Sinev et al. (9) and
recently in the laboratory of Kern (personal communication).
Energy transfer studies in the laboratory of Kern were per-
formed by labeling residues Ile-52 and Lys-145 located in the
NMP and the LID domain, respectively. The broad distance

Fig. 1. Adenylate kinase in open (Left) and closed (Right) states as observed
in x-ray crystal structures (5, 6).
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Fig. 2. Free energy profiles associated with the conformational transitions
of AdK in the ligand-free and ligand-bound pathways and the corresponding
ensemble of low-energy structures sampled along each path. (a) The one-
dimensional energy profile along the �Drmsd reaction coordinate in the ligand-
free pathway. (b) Superimposed structures of AdK in the crystal closed (red),
crystal open (green), and intermediate (silver) states within 5 kcal/mol from
the global minimum in the ligand-free path. (c) Free energy profile associated
with the conformational transitions of AdK in the ligand-bound pathway. (d)
Superimposed structures of AdK in the crystal closed (red), crystal open
(green), and intermediate (silver) states that lie within �Drmsd range of 4–6 Å
in the ligand-bound path.
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distribution between the labeled residues was observed, which
led to the suggestion that AdK in the ligand-free state samples
a large conformational space. To mimic these experiments, we
computed the free energy profile in the plane spanned by the
distance between mass center of residues Ile-52 and Lys-145
along the reaction coordinate (Fig. 3). As displayed in the Fig.
3, the distance between the residues fluctuates from the 44.8 Å
to 29.7 Å, corresponding to the distances observed in the
unbound crystal open and inhibitor bound crystal closed states,
without any large free energy barrier. Thus, these results reem-
phasize that even in the absence of ligand, AdK can sample
conformations similar to the closed form.

However, in the energy transfer experiments, the order of
individual domain motions cannot be determined. This is be-
cause when measuring the change in distance between two
labeled residues, the result is a scalar and gives no indications of
which residue moves. To dissect the order of domain motions, we
computed the free energy profiles in the plane spanned by the
mass center distance between the LID and the CORE domain,
and the mass center distance between the NMP and the CORE
domain along the reaction coordinate, respectively (Fig. 4). The
mass centered distance between the LID and the CORE is 30.1
Å and 21.0 Å in the crystal open and closed form. The NMP and
the CORE distance is 22.0 Å and 18.3 Å in the x-ray open and
closed form. Interestingly, the LID domain samples conforma-
tions from the distance found for the free form (�30 Å) to the

distance found for the inhibitor bound form (�22 Å) with almost
no energy barrier (Fig. 4a). The NMP domain, on the other hand,
samples limited conformational space in the ligand-free state
with a small energetic cost (Fig. 4b). The complete closing of the
NMP domain requires higher energy compared with the LID
domain. It appears energetically that the NMP closing must
follow the LID in the ligand-free state. The ordered closing of
domains is in agreement with the similar suggestions from other
computational work employing low-resolution models (19, 20).

Conformational Change Pathway of AdK Bound to an Inhibitor. Fig. 2c
shows the free energy profile associated with the conformational
transition pathway of AdK bound to an inhibitor. Two main
characteristics are evident in the free energy profile. First, there
is almost no energy barrier separating the open to closed states.
Second, there is a deep free energy well in the closed state
(�Drmsd value of 4–6 Å), but the open ligand-bound state is only
marginally stable. This free energy well is narrower than that
observed for the open state in the unligated pathway, suggesting
the dampening of the enzyme’s motions upon binding the
inhibitor. Clearly, the conformational change is affected by the
binding of the ligand because there is no well defined minimum
in the closed state for the unligated pathway of AdK. In SI Fig.
9, we show the two-dimensional free energy surfaces spanned by
rmsd from the crystal open and closed state along the reaction
coordinate, respectively. All structures up to 6 Å from the crystal
open state (see SI Fig. 9a) and 3 Å from the crystal closed state
(SI Fig. 9b) are much higher in energy compared with the
completely closed form, and there is a free energy minimum
beyond 6 Å from the open conformer. Most likely, the energy
minimum corresponds to the low energy structures resulting
from the formation of the favorable interactions between the
ligand and protein residues. On comparing the energy profiles of
the ligand-bound and -unbound pathway, we can safely conclude
that in the ligand-unbound state, the open form is the most stable
form of the enzyme. In the same way, the closed form corre-
sponds with the ligand-bound state.

Local Conformational Changes. The active site cleft of AdK is lined
with several conserved arginine residues (Arg-36, Arg-88, Arg-
123, Arg-156, and Arg-167), which surround the phosphate
groups of the inhibitor (SI Fig. 7). It is believed that these
residues help stabilize the negative charge on the phosphates.
Some of these arginines have been shown to participate in
phosphate binding and catalysis (37, 38). We analyzed the
motion of the arginine residues by monitoring its torsion angle
(C�-C�-N�-C�) in both ligand-bound and -unbound pathways.
The results are summarized in Fig. 5. As shown, all residues
sample quite similar conformational space up to a �Drmsd of 3.0
Å in the corresponding pathways. However, in the ligand-bound
pathway, motion of residues past �Drmsd of 3 Å is restricted to
a narrow range of dihedral angle values. These observations
suggest that even in the absence of the ligand, the enzyme exists
in its multiple conformations, including an active conformation,
at its binding site. The ligand binds selectively to an active
conformation and shifts the preexisting equilibrium of different
conformational states toward the bound conformation. The
energy required to align the catalytic groups for the transition
state is accessible via thermal fluctuations in the ligand-free
state.

Activation Energy Barrier. Dynamic NMR experiments suggest
that the motion of the domains is an activated process and
rate-limiting in the overall kinetic pathway (11). On the contrary,
our simulations of the ligand-bound AdK, where the substrate
was placed in the active site of the open state, show that the
enzyme undergoes a barrierless transition from the open to
closed state. Furthermore, there is no well defined minimum
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Fig. 3. Free energy surface of the distance between the mass centers of
residues Ile-52 and Lys-145 and the �Drmsd reaction coordinate. The mass
center distance between the residues Ile-52 and Lys-145 is 44.8 Å and 29.7 Å in
the crystal open and closed form, respectively.
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Fig. 4. Energetics of the individual LID and NMP domain closure in the
ligand-free pathway. (a) PMF in the plane spanned by the LID-to-CORE mass
center distance and the �Drmsd reaction coordinate. (b) PMF in the plane
spanned by the NMP-to-CORE mass center distance and the �Drmsd reaction
coordinate. The distance between the LID and the CORE center of mass is 30.1
Å and 21.0 Å in the crystal open and closed form, respectively. The NMP and
the CORE distance is 22.0 Å and 18.3 Å in the x-ray open and closed form,
respectively.
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toward the ligand-bound open state. Together, these observa-
tions indicate that the ligand does not bind effectively to an open
conformation of the enzyme but somewhere later along the
pathway. The region where the binding process occurs is sug-
gested by drawing analogy between the ligand binding process to
the idea from the Marcus electron transfer theory (36). Theo-
retically, the binding occurs at the intersection region of the free
energy surfaces of the ligand-bound state and the ligand-
unbound state. To find where the binding event would occur, the
one-dimensional free energy profile of the ligand-unbound
pathway is superimposed on the energy profile from the ligand-
bound pathway (Fig. 6). The two profiles are defined by using a
similar reaction coordinate (�Drmsd), and the equilibrium free
energy of the open and closed conformers is set to zero. It is clear
from Fig. 6 that the transition state region lies far toward the
closed state. Thus, the substrate binds favorably to the closed like
conformations where protein residues are better aligned to
interact with it. Significantly, the estimated activation energy
barrier along the closing pathway is �12.5 kcal/mol. This value
is lower but comparable to the barrier estimate from the rate of
the reaction (13.2–14.2 kcal/mol), as obtained from experimental
kinetic data [kclose, domain closing rate of 1,374 s�1, and kcat, the
overall rate of catalysis of 263 s�1 (11)]. Our estimated free

energy values suggest that the rate-limiting step is associated
with the complete closing of the domains and is in excellent
agreement with experiments. Specifically, closing of the NMP
domain is slow because the LID domain and catalytic residues
can sample active conformations even in the ligand-free state as
discussed above.

To determine the transition-state region, information about
the relative stability of the open and closed forms is required.
While determining the activation free energy (Fig. 6), we
assumed the equilibrium free energy of the unbound open and
bound closed structures to be equal, but other scenarios where
the relative stability of the conformers is different can be
envisioned (18). The experimentally determined standard bind-
ing free energy of ATP and AMP is �6.3 � 0.9 and �4.6 � 0.3
kcal/mol, respectively (39). Because the inhibitor AP5A is a
combination of ATP and AMP, its total binding energy is
approximately equal to the sum of the binding energy of its
individual components (40), which is approximately �11.0 kcal/
mol. Under the assumption that ligand binding is fast compared
with the conformational change, depending on the concentra-
tion of the substrate, the effective binding free energy of the
inhibitor (AP5A) can be varied within a few kcal/mol. For
example, if the closed conformation is 1 kcal/mol more stable
than the open state, as suggested from FRET experiments (D.
Kern, personal communication), the resulting activation energy
barrier of 12.3 kcal/mol for closing and 13.3 kcal/mol for opening
is in reasonable agreement with the experiments.

Conclusions
We explored the conformational change process associated with
ligand binding by investigating transitions of AdK in the presence
and absence of the ligand. According to the static crystal view,
in the ligand-free state, AdK exists in its open state; i.e., open
LID and NMP domain. The inhibitor binds in the open state and
then the closed state is achieved. Our energetic and dynamic
analysis of AdK’s conformational change process suggests a
different scenario for the ligand binding. Even in the absence of
the ligand, the protein domains and the key binding arginine
residues in the active site undergo dynamic interchange between
the open and near closed conformations. The ligand binds
toward the closed state where the catalytic groups are favorably
aligned to interact with the incoming ligand. After the substrate
is captured, small conformational rearrangements follow, and

Fig. 5. Local conformational changes associated with the large-scale domain motions of AdK. Free energy surfaces along �Drmsd (abscissa) and torsion angle
(C�-C�-N�-C�) of the conserved arginine residues Arg-88, Arg-123, Arg-156, and Arg-167 (ordinate) in the ligand-free (a) and ligand-bound (b) pathways. The solid
line represents the evolution of the dihedral angle (C�-C�-N�-C�) associated with the rotation of arginine residues as obtained from the optimized NEB path.
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the ligand-bound form becomes energetically most favored.
Energetically, the entire conformational change process can be
described as the transformation of the enzyme from the free
energy surface related with the ligand-free form to that of the
ligand-bound form upon binding the inhibitor. Our estimated
activation energy barriers and the existence of the ensemble of
conformational states in the ligand-free state are in line with the
solution and NMR experiments.

Computational Methods
To delineate atomically detailed pathways for AdK’s conforma-
tional transitions, we first generated two initial paths, with and
without inhibitor, between the open and closed states of AdK using
the NEB method. Subsequently, each configuration along the path
was subjected to umbrella sampling MD simulations with restraints
on the �Drmsd order parameter. The CHARMM program (c33a1
version) (41) with the all-atom CHARMM22/CMAP force field
was used for all calculations (42, 43).

System Preparation. In total, four reference structures of AdK
were used to generate two paths, one with and the other without
the inhibitor bound to it. The two end-point reference structures
for generating initial paths are the known crystal coordinates of
E. coli AdK in the open state without bound inhibitor (PDB
entry 4AKE) and in the closed state with bound inhibitor (PDB
entry 1AKE) (5). To investigate the binding mechanism, two
other states, open state with inhibitor and closed state without
inhibitor, were modeled based on the crystal conformations. The
open state was modified by positioning an inhibitor (AP5A) in
the active site after superimposing heavy atoms in the open and
closed forms. The side chain of Arg-88 was rotated slightly to
prevent steric clashes with the inhibitor. The closed state was
modified by simply removing the inhibitor from the binding site.
Hydrogen atoms were added to heavy atoms by using the
CHARMM HBUILD facility (44). Each structure was then
minimized for 100 steps of adapted basis Newton–Raphson
(ABNR) and steepest descent (SD) minimization with a large
harmonic restraint. These four reference structures were used
for the subsequent simulations.

Initial Paths. To generate initial configurations for umbrella
sampling, the NEB method implemented in CHARMM (29)
was used. Specifically, we used NEB to find MEP between
open and closed states of AdK in the presence and absence of
an inhibitor. For the path without inhibitor, the two reference
structures were the crystal open state and the modified closed
state without inhibitor. A total of 81 replicas including the
end-point states were used to describe the conformational
transition. Initial structures were generated by linear interpo-
lation between the end-point states. Then, the initial path was
minimized with 500 SD steps using the replica path method
with a spring constant of 500,000 kcal/mol/Å2 without NEB
force projection. The resulting path was minimized with NEB
by using ABNR minimization for 2,000 steps with the force
constant of 10,000 kcal/mol/Å2. A final RMS off-path force of
0.002 kcal/mol/Å2 was reached. Further minimization did not
change the gradient significantly. A distance-dependent di-
electric coefficient (RDIE) was used to approximate solvent
screening without including explicit water molecules. Electro-
static and van der Waals interactions were truncated at 16 Å.
A similar protocol was used to generate a minimum energy
path with an inhibitor bound to AdK. To compute the free
energy profiles along the conformational change path, um-
brella sampling MD simulations were performed as described
below.

Umbrella Sampling Simulations. The initial structures obtained
from the NEB path were used as starting points for umbrella

sampling MD simulations. The sampling was performed with the
restraint wj on the �Drmsd order parameter (31):

wj � Krmsd��D rmsd � �Dmin�
2, [1]

where �Dmin is the value around which �Drmsd is restrained, and
Krmsd is the force constant. The �Drmsd order parameter is the
difference in rmsd values of each structure from the reference
reactant and product states. It is described as follows:

�Drmsd � rmsd�X t, Xopen� � rmsd�X t, Xclosed� , [2]

where Xt is the instantaneous structure during simulation, and
Xopen and Xclosed are the two reference open and closed states of
AdK, respectively.

The 81 structures obtained from the NEB path optimization
cover an rmsd range of 7.2 Å. Structures are separated by the
interval of 0.2 Å in the �Drmsd order parameter space. These 81
structures formed 81 windows for umbrella sampling runs. In each
window, the structure was subjected to restrained minimization
using SD minimization for 1,000 steps followed by ABNR mini-
mization for 500 steps. During minimization, a large harmonic
restraint of 250 kcal/mol/Å2 was applied on protein heavy atoms to
prevent the structures from drifting far from the starting configu-
rations. Then, equilibration was performed with the restraint (Eq.
1) on protein heavy atoms, where the force constant was reduced
from 210 kcal/mol/Å2 to 10 kcal/mol/Å2 over a period of 75 ps of
constant temperature and volume MD simulation. After the equil-
ibration, production dynamics was performed and the structures
were allowed to evolve with a weak one-dimensional �Drmsd
restraint of 10 kcal/mol/Å2 on protein heavy atoms for 525 ps.

Equilibration and production dynamics was performed at
constant temperature (300 K) by using Langevin dynamics. The
SHAKE algorithm was used to constrain the bonds involving
hydrogen atoms. This allowed the use of an intermediate time
step of 0.0015 ps with the leapfrog integrator. The Langevin
collision parameter of 10 ps�1 was chosen to couple the system
to a 300 K heat bath. Electrostatic and van der Waals interactions
were truncated at 16 Å with a switch function. The solvent effects
were modeled through the GB/SA solvation scheme (45, 46).
Within this scheme, the electrostatic part of the solvation energy
is computed from the generalized Born (GBMV) approxima-
tion. The Born radii were obtained by using analytical method II
available in CHARMM (41).

The weighted histogram analysis method (WHAM) (47) was
used to obtain the potential of mean force along the one-
dimensional �Drmsd reaction coordinate from the time series
of the �Drmsd variable saved every time-step of 525 ps pro-
duction dynamics. The two-dimensional free energy profile
along other additional degrees of freedom was generated by
using trajectories from the umbrella sampling MD simulations
(31). For example, the PMF surface as a function of the
two-dimensional reaction coordinates defined by �Drmsd and
rmsd(Xt � Xclosed) was obtained by considering the biased
probability distribution �bias(�1, �2), where, �1 � rmsd(Xt �
Xclosed) and �2 � �Drmsd. The unbiased probability distribution
�(�1, �2) was by obtained by using the standard WHAM
approach. Convergence of the free energy calculations was
tested by extending the production dynamics for another 150
ps (data not shown). There was no significant change in the
free energy estimates from longer runs.
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