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On the Roles of Substrate Binding and Hinge Unfolding in Conformational
Changes of Adenylate Kinase
Jason B. Brokaw† and Jhih-Wei Chu‡*
†Department of Chemistry and ‡Department of Chemical and Biomolecular Engineering, University of California, Berkeley, California
ABSTRACT We characterized the conformational change of adenylate kinase (AK) between open and closed forms by con-
ducting five all-atom molecular-dynamics simulations, each of 100 ns duration. Different initial structures and substrate binding
configurations were used to probe the pathways of AK conformational change in explicit solvent, and no bias potential was
applied. A complete closed-to-open and a partial open-to-closed transition were observed, demonstrating the direct impact of
substrate-mediated interactions on shifting protein conformation. The sampled configurations suggest two possible pathways
for connecting the open and closed structures of AK, affirming the prediction made based on available x-ray structures and
earlier works of coarse-grained modeling. The trajectories of the all-atom molecular-dynamics simulations revealed the
complexity of protein dynamics and the coupling between different domains during conformational change. Calculations of
solvent density and density fluctuations surrounding AK did not show prominent variation during the transition between closed
and open forms. Finally, we characterized the effects of local unfolding of an important hinge near Pro177 on the closed-to-open
transition of AK and identified a novel mechanism by which hinge unfolding modulates protein conformational change. The local
unfolding of Pro177 hinge induces alternative tertiary contacts that stabilize the closed structure and prevent the opening
transition.
INTRODUCTION
Conformational change is an essential mechanism by which
the biological functions of protein molecules are regulated
and coordinated in living organisms (1–3). Characterizing
the pathways of protein conformational change can there-
fore shed light on how to regulate biological processes at
the molecular level (2,4–6). The end states of a conforma-
tional change are often visualized by the x-ray structures
of a protein at different states, such as substrate-bound
(SB) versus apo. It has often been observed that regions
distal to the substrate-binding site are also affected. The
connection between local changes in molecular interactions
and global changes in protein conformation is still a puzzle
(1,2,7). The classic lock-and-key (8) and induced-fit (9)
theories have been updated with conformational selection
or population shift mechanisms, which suggest that
substrate binding shifts the equilibrium between different
conformational states that preexist even without the
substrate (10–17). It is also established that protein motions
span a wide range of timescales and length scales (18), and
different modes of motion may exhibit various correlations
with protein function (14,15). However, causative relation-
ships are much more difficult to establish and require
high-resolution methods. Therefore, molecular-dynamics
(MD) simulations are often employed to provide comple-
mentary information (19,20).

An intrinsic structural transition of proteins that would
couple with conformational change is local unfolding (21–
25), the tendency of which depends on the protein sequence
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as well as the solvation environment (26–28). Local unfold-
ing has a direct impact on protein function by affecting
structures and flexibility (21–30). The introduction of
locally unfolded structures is also used as a strategy to
generate an approximate ensemble of protein structures
for modeling protein cooperativity and allostery (29,31). It
has also been proposed that mechanical strains produced
by protein motions induce local unfolding to facilitate the
functional conformational changes of proteins (32–34).

To study the effects of substrate binding and local unfold-
ing on protein conformational changes, we analyzed
Escherichia coli adenylate kinase (AK) by means of all-
atom MD simulations (35,36). AK catalyzes the phosphoryl
transfer between two ADPmolecules to yield ATP and AMP
to regulate cellular energy homeostasis (37). The conforma-
tional changes of AK have been shown to exhibit a strong
correlation with enzyme activity (34,38–41). Kinetic exper-
iments (16,17,35,42,43) suggested conformational change
as a rate-limiting step for catalysis. Recent single-molecule
Förster resonance energy transfer experiments (41) affirmed
that the conformational change from a closed to an open
conformation after the phosphoryl transfer is the rate-
limiting step of the reverse ATP-producing reaction of AK.

X-ray structures of AK in SB (36,44) and apo (35) forms
show that both the LID and NMPbind travel a long distance
(>9 Å) to transit from the open (substrate-free) to the closed
(SB) structure (Fig. 1 and Fig. S1 in the Supporting Mate-
rial). Inspection of both structures suggests that the
closed-to-open transition facilitates product release and
substrate binding to complete a catalytic cycle. Single-
molecule Förster resonance energy transfer studies provide
solid evidence that the transition between the closed and
doi: 10.1016/j.bpj.2010.09.040
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FIGURE 1 Interresidue distances tracking the open (4AKE) and closed (1AKE) conformations of AK (left). NMPbind-LID (cyan/light) is the Ca-Ca

distance between residues 55 (NMPbind) and 127 (LID). LID-CORE (black) is the Ca-Ca distance between residues 127 (LID) and 194 (CORE).

NMPbind-CORE (brown/dark) is the Ca-Ca distance between residues 55 (NMPbind) and 169 (CORE). Results from the (a) t0-open–apo simulation, (b)

t0-open–SB simulation, (c) t0-closed–apo simulation, and (d) t0-closed–SB simulation are shown. See text for the definitions of all-atom MD simulations.
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open states of AK undergoes dynamic equilibrium even
without the presence of substrate, and that the presence of
substrate changes the populations of open and closed forms
and transition rates (41). NMR studies show that the back-
bone flexibility of AK is reduced in the presence of inhibitor
molecule AP5A (45,46). In particular, the motions of hinge
regions have been shown to have a high correlation with
substrate binding and enzyme activity (13,47,48).

The strong correlation between the conformational
dynamics and enzyme activity makes AK a popular system
for modeling the functional roles of protein conformational
changes (39,40,47,49–54). Results from all-atom MD simu-
lations indicate that the low-frequency harmonic modes
around the open form involve directions that correspond
to the open-to-closed transition (47,50,54). Typically em-
ployed order parameters for describing the transition
between closed and open AK include distances between
residues in different domains (39), angles between domains
(55), and the relative root mean-squared distances (RMSDs)
between the open and closed structures (40). Using the
distance between centers of mass of Ala55 and Val169, Lou
and Cukier (39) found that NMPbind closing in apo AK
has a decreasing potential of mean force, with a change of
–2.0 kcal/mol. Using the relative RMSDs between open
and closed structures, Arora and Brooks (40) found that
the open-to-closed transition in SB AK has a decreasing
free-energy profile, with a change of –12.5 kcal/mol, and
the free-energy profile along the relative RMSD coordinate
is a strong function of substrate binding.

Because AK closing requires the LID and NMPbind to
move toward the CORE, it could proceed through multiple
pathways, such as LID-closes-first or NMPbind-closes-first
mechanisms. The x-ray structures of mutant yeast and
bovine AK also suggest that LID-closed/NMPbind-open
and LID-open/NMPbind-closed structures are accessible
states (56,57). The presence of both LID-closes-first and
NMPbind-closes-first mechanisms has also been predicted
by molecular modeling. In particular, a double-well network
model that interpolates the internal coordinates of two
coarse-grained (CG) elastic network models resolved both
mechanisms (58). Interpolating G�o model representations
led to a similar result (59,60). However, because the mech-
anisms deduced by CG modeling depend on the scheme
used to interpolate protein topology (58), validation with
finer-grained atomic force fields is required.

In this work, we analyze the open-to-closed as well as
closed-to-open transitions of AK via extensive all-atom MD
simulations in explicit solvent with a focus on elucidating
the effects of substrate binding and hinge unfolding. In partic-
ular, we characterize 1), the sequential order of the LID and
NMPbind along transition pathways; 2), the effects of local un-
folding of the hinge around Pro177 on the closed-to-open
Biophysical Journal 99(10) 3420–3429
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transition; and 3), the changes in the solvation environment of
AK during the closing and opening transitions. All-atomMD
simulations were performed in explicit water for 100 ns in
each of the sampled trajectories.

We found that the closed-to-open transition in apo AK
follows a LID-opens-first route (NMPbind-closes-first in
the reverse transition). Our results also indicate that the
open-to-closed transition in SB AK is likely to follow
a LID-closes-first mechanism, since in the presence of
substrate the LID quickly closed from the open structure,
whereas the NMPbind remained open. Together, the results
from our all-atom MD simulations support the predictions
made by the double-well network model (58) and other
CG models (59,60) that two alternative pathways can be
found to connect open and closed AK.

During the observed closed-to-open and open-to-closed
transitions in all-atom MD, the hinge region around Pro177

appears to play important roles in providing structural
support. To test this hypothesis, we locally unfolded the
Pro177 hinge and analyzed its impact on the closed-to-
open transition in apo AK. Local unfolding of the Pro177

hinge perturbed the orientation between nearby helices
and induced alternative interdomain interactions. As a result,
the opening transition did not occur in the simulation with
an unfolded Pro177 hinge, in contrast to the case in which
the Pro177 hinge was folded.

Furthermore, we quantified the level of desolvation that
accompanies the closing of the LID and NMPbind, and at
the active site. The results indicate that substrate binding
and closing exclude water primarily at the active site
without causing a significant change in the other parts of
AK. There is no pronounced change in water density near
AK, and large changes in density fluctuations are not
observed during structural transitions. The open-to-closed
transition of AK does not involve burying an extended
hydrophobic patch, consistent with computational and theo-
retical studies on the hydration of model surfaces (61–64).

In the following, we first describe in detail the different
sets of MD simulations that were performed in this work.
We then describe the results of the conformational dynamics
of AK. Finally, we finish with concluding remarks.
RESULTS AND DISCUSSION

Substrate-binding induced transitions
between closed and open AK

The results presented in this section include a total of four
100 ns all-atom MD trajectories performed at 300 K and
1 atm using the CHARMM force field with CMAP terms
(65,66). In the simulation started from the open form of
AK without ATP or AMP, termed the t0-open–apo simula-
tion, initial coordinates were taken from Protein Data
Bank (PDB) ID 4AKE (35). In the simulation started from
the open structure in the presence of ATP and AMP (which
Biophysical Journal 99(10) 3420–3429
are docked to the active site according to the closed x-ray
structure PDB ID 2ECK), the t0-open–SB simulation, initial
coordinates were also taken from PDB ID 4AKE. In the
simulation starting from the closed structure without ATP
or AMP (t0-closed–apo), initial coordinates were taken
from PDB ID 1AKE (36). In the simulation starting from
the closed structure with ATP and AMP (t0-closed–SB),
initial coordinates were taken from PDB ID 2ECK
(RMSD to 1AKE ¼ 0.3 Å (44)). In the SB simulations,
the initial coordinates of ATP and AMP were determined
based on the structures of PDB ID 2ECK (44), which
contains the coordinates of a substrate analog. The back-
bone atoms of 2ECK were oriented against the reference
x-ray structure to determine the coordinates of the substrate.
In a similar manner, the initial coordinates of the Mg2þ ion
were determined using PDB ID 2CDN (Mycobacterium
tuberculosis AK) (67), which resolved the metal ion at
AK active site. In preparing the initial structure of the
t0-open–SB simulation, only active site atoms were used
in the structural orientation, and ATPþMg2þ and AMP
were placed in each of their binding sites separately.

From the four trajectories, the interresidue distances
tracking the opening and closing of the LID and NMPbind
were calculated every 10 ps, as shown in Fig. 1. The RMSDs
to 1AKE and 4AKE crystal structures from these simula-
tions are presented in Fig. S2 for comparison. The
NMPbind-LID distance is estimated by the Ca-Ca distance
between residues 55 (NMPbind) and 127 (CORE), the LID-
CORE distance is estimated by the Ca-Ca distance between
residues 127 (CORE) and 194 (LID) (41), and the NMPbind-
CORE distance is estimated by the Ca-Ca distance between
residues 55 (NMPbind) and 169 (CORE). It can be seen that
in the t0-open–apo simulation, AK remained open during
the course of 100 ns (Fig. 1 a), and all three distances fluc-
tuated around the values corresponding to the open form.

In the t0-open–SB simulation, the LID closed as a result
of substrate-mediated interactions, but NMPbind remained
open. The LID-CORE and NMPbind-LID distances
decreased by 10 and 15 Å, respectively. LID closing started
at ~5 ns and finished at ~15 ns, after which the LID
remained closed. When the LID closed, the distances
between positively charged residues in the CORE and
LID, such as Lys13 (CORE) and Arg123 (LID), shrank by
forming contacts with the phosphates of ATP. These electro-
static interactions were also observed in the x-ray structure
of closed AK (36,44). The NMPbind-CORE distance, on the
other hand, fluctuated around the value in the open initial
structure (Fig. 1 b) even though AMP was placed in the
binding pocket (a snapshot is shown in Fig. S1, top center).
In the x-ray structure of closed AK, Arg156 at the CORE-
LID boundary and Arg88 in NMPbind form contacts with
the phosphate group of AMP, and Lys57 (LID) and Glu170

(NMPbind) are also in contact (36,44). Although the adeno-
sine group of AMP stayed in the hydrophobic pocket of
NMPbind during the course of the 100 ns t0-open–SB
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simulation, the aforementioned electrostatic interactions did
not form, leading to a LID-closed–NMPbind-open structure.
The transition observed in the t0-open–SB simulation thus
corresponds to a LID-closes-first mechanism.

In the closed structure of AK, NMPbind differs from the
open form with an overstretched a3 and altered orientations
between the a2, a3, and a4 helixes, which form the hydro-
phobic core that binds the adenosine group of AMP
(35,36,44). Based on these structural differences, it has
been suggested that strain-induced local unfolding might
be involved in closing NMPbind (32,34). This would be
consistent with the results of a recent simulation work that
used an atomic force field with implicit solvent and bias
potentials (55). In the 100 ns t0-open–SB simulation of
this work, neither a3 local unfolding nor NMPbind closing
occurred, and this correlation did not contradict the theory
of local-unfolding–induced NMPbind closing.

In the t0-closed–apo simulation, both LID and NMPbind
opened after ATP and AMP were removed from the binding
pocket. Opening started around 20 ns with the LID, and
NMPbind followed at ~50–60 ns (Fig. 1 c). AK became fully
open at ~60 ns. Compared to the initial structure, NMPbind-
LID, LID-CORE, and NMPbind-CORE distances increased
during the course of the t0-closed–apo simulation by 5,
10, and 15 Å, respectively (Fig. 1c). Within the first 5 ns
during the t0-closed–apo simulation, while the LID still
remained closed, the dislocated bend around the Pro177

hinge observed in the closed x-ray structure relaxed to an
intact helix and remained so throughout the simulation
(Fig. S3). However, this structural change did not lead to
immediate LID opening (which started 15 ns later) or
a noticeable change in the end-to-end distance of the
a7-a8 helix that contains Pro177 (the Ca-Ca distance
between residues 161 and 188 remained ~40 Å). Straight-
ening of the dislocated bend around the Pro177 hinge was
also observed in the t0-closed–SB simulation, in which
the LID remained closed (Fig. 1 d). In the t0-open–SB
simulation discussed above, in which LID closed due to
ATP-mediated interactions (Fig. 1 b), the dislocated bend
observed in the x-ray structure of closed AK did not form.
Therefore, a dislocated bend around the Pro177 hinge is
not required for LID closing.

For NMPbind opening in the t0-closed–apo simulation, in
addition to increased distances between positively charged
residues such as Arg156 (CORE) and Arg88 (NMPbind),
relaxation of the overstretched a3 observed in the closed
crystal structure (residues 44–56; Fig. S3) (35,36,44) also
occurred. The a3 relaxation shortly preceded NMPbind
opening and affected four to five backbone hydrogen bonds,
resulting in a ~20 kcal/mol reduction of backbone
hydrogen-bonding energy (Fig. S4). Relaxation of the over-
stretched a3 was also observed in the t0-closed–SB simula-
tion, and NMPbind opened about halfway as compared to the
open crystal structure (Fig. 1). This observation suggests
that overstretching a3 is likely involved in NMPbind closing,
and cracking (strain-induced local unfolding) may facilitate
of NMPbind closing (32,34,55). The observation in the t0-
open–SB simulation that both a3 overstretching and
NMPbind closing did not occur (Fig. 1 b) does not contradict
this theory.

In addition to overstretching a3, the x-ray structures of
closed AK also show altered orientations between a2, a3,
and a4 helixes as compared to the open form (36). The
a2, a3, and a4 helixes form the hydrophobic core of
NMPbind that binds the adenosine group of AMP. The
charged residues of NMPbind mostly reside at the surfaces
that interface with LID, CORE, and the phosphate group
of AMP. Therefore, the opening and closing of NMPbind
involve a balance between electrostatic interactions, back-
bone hydrogen bonding in secondary structures, and hydro-
phobic interactions.

In the t0-closed–apo simulation, the opening transition
started at ~20 ns and took ~40 ns to finish (Fig. 1 c). The
opening involved two distinct steps: LID opened first (20–
40 ns), followed by NMPbind (40–60 ns). LID opening also
led to changes in NMPbind-CORE and NMPbind-LID
distances in opposite directions (Fig. 1 c), highlighting the
coupled dynamics between these domains. NMPbind started
to open right after the completion of LID opening
(Fig. 1 c). The reverse of this path (i.e., closing) corresponds
to a NMPbind-closes-first mechanism, opposite to the LID-
closes-first partial transition observed in the t0-open–SB
simulation (Fig. 1 b). Both the opening and partial closing
transitions of AK started with the more extended and flexible
LID, as predicted via topology-basedCGmodels (34,58–60).

The all-atom MD simulations presented above provide
direct evidence that the structural flexibility, substrate-medi-
ated interactions, and mechanical properties of local struc-
tures (Pro177 hinge and the a3 helix) are all important
factors in determining the directionality and pathways of
protein conformational change. The AK structures sampled
in t0-open–apo (red), t0-open–SB (blue), t0-closed–apo
(green), and t0-closed–SB (black) simulations are projected
onto a two-dimensional surface parameterized by LID-
CORE and NMPbind-CORE distances in Fig. 2. In the
t0-open-apo simulation (Fig. 2, red), both LID-CORE and
NMPbind-CORE distances remained open. In the t0-open–
SB simulation (Fig. 2, blue), ATP-mediated interactions
led to LID closing. Conversely, NMPbind remained open in
the presence of AMP, but without an overstretched a3. Simi-
larly, relaxing the overstretched a3 in the t0-closed–SB
simulation (black) led to the partial opening of NMPbind.

In both the t0-open–SB and t0-closed–SB simulations
(Fig. 2, black and blue), the LID closed from open or
remained closed due to substrate-mediated interactions.
Therefore, a LID-closed–NMPbind-open state may be an
intermediate on a LID-closes-first pathway mediated by
substrate binding. The distributions of NMPbind-CORE
distance in both simulations clearly overlap (Fig. 2). NMPbind
closing, however, was not observed in the t0-open–SB
Biophysical Journal 99(10) 3420–3429



FIGURE 2 Distribution of LID-CORE (x axis) and NMPbind-CORE

(y axis) distances observed in four 100 ns trajectories of all-atomMD simu-

lations: (green/bottom and right) t0-closed–apo, (red/top right) t0-open–

apo, (blue/top left and top right) t0-open–SB, and (black) t0-closed–SB.

See text for the definition of all-atom MD simulations. The definitions of

LID-CORE and NMPbind-CORE distances are described in Fig. 1. The cor-

responding distances and PDB codes of several crystal structures of AK and

AK variants are shown.
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simulation (Fig. 1 b). At the end of the t0-open–SB simula-
tion, Fig. 1 b shows an NMPbind-CORE distance of ~30 Å,
which is distinct from the value of 22 Å in the t0-closed–
SB simulation. The smallest RMSD between configurations
sampled in the last 20 ns of both simulations is 1.9 Å.

By performing all-atomMD simulations of AK in explicit
solvent without applying any bias potential, we were able to
show that open and closed AKs are likely to be connected by
at least two distinct pathways (Fig. 2), as predicted previ-
ously by CG modeling (58–60). These results also establish
that introducing and removing protein-substrate interactions
alone can drive LID closing and the opening of LID and
NMPbind. The dual-path character of AK conformational
change was also inferred from previous structural analyses
via x-ray crystallography (56,57). LID-CORE and
NMPbind-CORE distances that correspond to LID-closed-
NMPbind-open (1DVR) and LID-open-NMPbind-closed
(2AK3) crystal structures are also shown in Fig. 2 for
comparison. The all-atom MD simulations sampled the
distances observed in both structures. An analysis of the
Ca root mean-square fluctuation (RMSF) as a function of
AK conformation can be found in Fig. S5 for comparison.
FIGURE 3 Time evolution of the interresidue distances of AK during the

t0-closed–apo-Pro177-UF simulation. NMPbind-LID (cyan/light), LID-

CORE (black), and NMPbind-CORE (brown/dark) distances are shown.

Definitions of the interresidue distances are given in Fig. 1. Top left is

the starting structure and top right is the ending structure of AK in the

t0-closed–apo-Pro177-UF simulation.
Local unfolding of the Pro177 hinge affected
the closed-to-open transition of AK and induced
alternative interdomain interactions

In the t0-closed–apo and t0-closed–SB simulations, the dis-
located bend of the Pro177 hinge in the closed structure (36)
relaxed quickly. The Pro177 hinge is located in a helix-X-
helix motif of AK (residues 161–189) that connects LID
and CORE (68); residues 161–175 are the a7 helix, and
residues 177–189 are the a8 helix (35,36) (Fig. S3).
Pro177 is situated in the middle of this motif and caps the
Biophysical Journal 99(10) 3420–3429
end of a8 (Fig. S3). Therefore, the helix-X-helix motif
can sustain small perturbations, such as the dislocated
bend to maintain an adequate structural framework for AK
to adapt to substrate-mediated interactions by opening or
closing the LID. Although the t0-open–SB simulation shows
that neither a dislocated bend nor local unfolding is required
to accommodate LID closing, local unfolding as a naturally
occurring structural change in the presence of thermal
energy may still affect the conformational change of AK
by altering the structural framework of the helix-X-helix
motif. This hypothesis is also motivated by the facts that
proline is a disruptor of a-helixes and Pro177 is a highly
conserved residue among AKs that contain a bulky LID
(54). To probe the impact of the Pro177 hinge on the
closed-to-open transition of AK, we performed all-atom
MD simulations using different initial structures.

First, we unfolded the helical structure between residues
169 and 175 in the closed form using a harmonic potential.
Second, we performed an 11 ns simulation in the presence
of a restraint potential to keep the hinge region unfolded
with another restraint potential to other residues so that their
structures would be maintained close to the closed x-ray
structure. After this step, the simulation was continued for
100 ns without applying any restraint potential. The starting
structure of this t0-closed–apo-Pro177-UF simulation is
shown in the top left of Fig. 3.

Contrary to the t0-closed–apo simulation, in which the
LID opened, the LID-CORE distance in the t0-closed–
apo-Pro177-UF simulation fluctuated around the value of
the x-ray structure of closed AK (Fig. 3), i.e., the LID
remained closed. This result shows that local unfolding of
the Pro177 hinge altered the conformational response of
AK after removing the bound substrates. Instead of LID
opening, the binding pocket expanded to compensate for
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the absence of protein-substrate interactions. For example,
the distance between the terminal guanidinium nitrogens of
Arg88 and Arg167 (both CORE) increased from 8 to 14 Å
in both t0-closed–apo and t0-closed–apo-Pro177-UF simula-
tions. This result was accomplished by LID opening in the
former, and by formation of a more expanded binding pocket
with a closed LID in the latter. This result provides direct
evidence that local unfolding of the Pro177 hinge can impact
the closed-to-open transition of AK. Using a different
force field to examine the unfolding of Pro177 hinge, we
made a similar observation. Discussion of this simulation is
provided in the Supporting Material and Fig. S6.

The structures sampled in the t0-closed–apo-Pro177-UF
simulation differ from those sampled in the simulations
mentioned above, in each of which the Pro177 hinge had
an intact helical structure. After the Pro177 hinge was
unfolded, the more extended structure induced alternative
interdomain interactions. As an example, in the t0-closed–
apo-Pro177-UF simulation, Arg36 (NMPbind) formed
a hydrogen bond with Ser129 in LID (Fig. S7, right) instead
of interacting with Asp158 as in the t0-closed–apo simulation
(Fig. S7, left). The Arg36-Ser129 hydrogen bond is specific to
the case in which the Pro177 hinge was unfolded; it was not
observed in any of the simulations in which the Pro177 hinge
was in the helical structure. Other examples of new contacts
(residues with heavy atoms within 4 Å of each other) that
formed in the t0-closed–apo-Pro177-UF simulation but not
in the closed (1AKE) or open (4AKE) crystal structures
are shown in Table 1. These contacts are divided into three
main categories of rearrangements: 1), in the substrate-
binding pockets; 2), between LID and NMPbind; and 3), in
the Pro177 hinge itself. Therefore, hinge unfolding shifts
apo AK conformations into a different closed structure.
In addition, the alternative contacts allowed by the unfold-
ing of the Pro177 hinge result in a significant difference in
the distribution of residue RMSF (Fig. S8, top). Together
with the simulations shown in Figs. 2 and 3, the results
show that AK conformational changes are a strong function
of substrate binding, defects of secondary structures, hinge
unfolding, and alternative tertiary contacts.

The involvement of many degrees of freedom compli-
cates the characterization of protein conformational change.
TABLE 1 New contacts formed in the t0-closed–apo-Pro177-

UF simulation

Substrate-binding site LID-NMP Pro177 hinge

PRO9–ARG119 ARG36–SER129* ARG167–THR175*

GLY10–PHE137 MET53–PRO128 VAL117–LEU168

ARG88–ASP158* LEU58–VAL125 LYS166–MET174

LEU58–ARG156

Statistics are taken from the final 20 ns of the simulation. The listed contacts

are not observed in the open and closed x-ray structures of AK, in which the

Pro177 hinge assumes a helical structure. Contacts are defined as residues

containing heavy atoms within 4 Å of each other. *Polar or charged electro-

static contact.
In addition to LID-CORE and NMPbind-CORE distances, as
shown in Fig. 2, LID-NMPbind distance is also important for
specifying AK conformation. For example, using the
NMPbind-CORE distance (Ca-Ca distance between residues
55 [NMPbind] and 169 [CORE]), the final structure of the
t0-closed–apo-Pro177-UF simulation can be considered as
NMPbind-open; a transition from 12.2 to 32.7 Å occurred.
However, the NMPbind-LID distance (Ca-Ca distance
between residues 55 and 127) remained small (11 5 4 Å).
Therefore, if the NMPbind-LID distance is used as an order
parameter, the final structure of the t0-closed–apo-Pro177-
UF simulation would be considered NMPbind closed. Thus,
it is difficult to assign the open and closed states of NMPbind
with a single interdomain distance.

The results of the all-atom MD simulations can also be
compared with experimental observations. Single-molecule
experiments using LID-CORE (41) or NMPbind-LID (47)
distances indicate that even under the substrate-free condi-
tions, the closed structures of AK are significantly popu-
lated. All-atom MD simulations indicate that each of the
order parameters used in the experiments provides only
a partial description of AK conformation (Fig. 1), and that
the open and closed structures defined by either order
parameter may not be consistent with the result of using
the other. Using LID-CORE distance as an order parameter,
Hanson et al. (41) showed that the closed state is more popu-
lated than the open state in the substrate-free condition.
As shown by all-atom MD simulations, local unfolding of
the Pro177 hinge can lead to alternative tertiary contacts
that keep the LID in a closed form. Therefore, configura-
tions with an unfolded Pro177 hinge are also likely to be
significantly populated. The high backbone flexibility of
residues around the Pro177 hinge as measured by NMR
(around hinge 8 in Henzler-Wildman et al. (54)) supports
this hypothesis. Therefore, the simulation results presented
in this work should prompt further experimental character-
izations of the structural distribution of the Pro177 hinge.

The results of all-atom MD simulations illustrate many
instances in which the mechanical properties of protein
structures are coupled to AK conformational changes. First,
the sequential order of conformational change is correlated
with the relative flexibilities of different domains. The LID
in open AK is more extended and flexible, and both the
opening and closing transitions of AK started with the
LID (Fig. 2). Second, protein-substrate interactions can
distort secondary structures, and the resulting strain can
drive conformational change. The overstretched a3 helix
led to the partial opening and opening of NMPbind in the
t0-closed–SB and t0-closed–apo simulations, respectively.
Third, local secondary structures, such as those around the
Pro177 hinge, can change the responses of protein conforma-
tion to substrate-mediated interactions. Formation of
alternative tertiary contacts was observed to maintain
a LID-closed conformation after the Pro177 hinge was
unfolded. Therefore, the flexibility and mechanical
Biophysical Journal 99(10) 3420–3429
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properties of the protein structure are essential parameters
for describing conformational changes.
Solvation structures surrounding AK during
structural transitions

Another important consideration is whether protein confor-
mational changes are associated with concomitant changes
in the solvation environment. To address this question, we
calculated the average water coordination number (WCN),
i.e., the number of water molecules within 5.0 Å of any
atom in AK (Fig. 4, top). The results indicate that the
WCN is a strong function of protein conformation, but
this dependence is highly correlated with the available
solvation volume around the protein (Fig. 4, bottom). We
estimated the solvation volumes shown in Fig. 4 by using
the difference between the volume within 5.0 Å of any
protein atom and within 1.7 Å of any protein atom. Using
this estimation of solvation volume and a 5.0 Å cutoff for
WCN, we were able to demonstrate a relatively constant
water number density of 0.0337 5 0.0006 Å�3 near AK.
Therefore, the variation of WCN during the structural tran-
sition of AK is mostly due to changes in the available
solvation volume as the protein changes its structure.
FIGURE 4 Top: Time evolution of the block-averaged (5 ns) WCN of

AK in four 100 ns all-atom MD simulations. Bottom: Time evolution of

the WCN and solvation volume of AK in the t0-closed-apo simulation.
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WCNs around the different domains of AK are shown in
Fig. S9.

In addition to solvent density, density fluctuations can
also be affected by protein structure, reflecting solvent-
mediated driving forces such as hydrophobic interactions
for conformational changes (62,69–73). To compute the
fluctuations of water density around AK, we sorted the
structures sampled in the all-atom MD simulations accord-
ing to solvation volume (bin size ¼ 100 Å3). The isothermal
compressibility of water in each volume bin was then deter-
mined for different simulations. The value observed in all
simulations, computed as (hWCN2i � hWCNi2)/hWCNi,
0.128 5 0.005 (see Fig. S10), is comparable to those
obtained in other studies (72). We observed no discernible
dependence of water compressibility on AK conformation.
Since the conformational changes of AK do not involve
burying or exposing an extended hydrophobic patch, this
result is consistent with theoretical and computational
studies on the hydration of model surfaces (61–64).

To examine whether specific protein-water hydrogen
bonds undergo significant changes during AK conforma-
tional changes, we calculated the average number of
hydrogen bonds that each amino acid formed with water in
every 1 ns window during each of the four 100 ns trajectories
shown in Fig. 2. The results are shown in Fig. S11. The
changes in the number of residue-water hydrogen bonds
between time windows were also calculated and are shown
in Fig. S12. We did not observe any prominent variation of
residue-water hydrogen bonds during AK conformational
changes.However,we did identify subtle differences between
the SB and apo simulations. Residues that coordinated with
the substrate displayed distinct features; for example, the
ATP binding loop (residues 8–15) had several hydrogen
bonds to water in both of the apo simulations, but very few
in the SB simulations. Substrate binding and the associated
solvent exclusion events were not studied in this work.

Long-lived residue-water hydrogen bonds (lifetime >
1 ns) observed in t0-closed simulations included Lys23,
Arg123, Arg156, Arg167, Thr191, Tyr171, Tyr181, and Lys195,
whereas in the t0-open simulations, long-lived residue-
water hydrogen bonds were only observed for Arg167.
Therefore, the specific behaviors of residue-water hydrogen
bonds did reflect the structures of AK, highlighting the fact
that an explicit solvent model can provide such detailed
information. However, we did not observe a discernible
correlation between protein-water hydrogen bond occu-
pancy and AK conformational changes.
CONCLUSIONS

In this work, we systematically examined the open-to-
closed and closed-to-open transitions of AK by performing
a series of all-atomMD simulations in explicit water. The ef-
fects of substrate binding and hinge unfolding on conforma-
tional changes were analyzed by starting MD simulations
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from different initial structures and substrate-binding
configurations. No bias potential was applied to perturb
the protein dynamics. First, our results affirm the notion
that there are at least two pathways connecting closed and
open AK (Fig. 2), as previously suggested by x-ray crystal-
lography and predicted by CG modeling. However, dynamic
pathways obtained with atomic resolution and without the
use of any bias potential have not yet been reported. All-
atom MD simulations indicate that opening and partial
closing transitions can be induced by substrate-mediated
interactions. During conformational changes, tertiary
contacts modulated by ATP and AMP and changes in local
secondary structures (such as the overstretched a3 helix)
both play significant roles in driving structural transitions.
On the other hand, significant changes in the density and
density fluctuations of surrounding water were not observed
during the conformational changes of AK.

Although the apparent difference between the open and
closed states of AK is in the distances between LID and
NMPbind and the CORE, the all-atom MD simulations
provide direct evidence that the structure of a hinge motif
that couples different domains can also affect the pathways
of conformational change. The Pro177 hinge connects the
CORE and LID of AK and is far away from the active site.
We showed that when the Pro177 hinge is folded, the opening
and closing transitions can be induced by substrate-mediated
interactions. In the t0-closed–apo simulation, AK opened
spontaneously in the absence of substrate-mediated interac-
tions. Local unfolding of the Pro177 hinge, on the other
hand, led to a more expanded active site and induced alterna-
tive interdomain interactions. The expanded active site and
alternative tertiary contacts appear to prevent the opening
of AK from a closed structure, even in the absence of
substrate-mediated interactions. The local folding/unfolding
of Pro177 hinge and the transition between the open and
closed forms of AK are thus highly coupled. Local unfolding
and the resulting changes in tertiary contacts could be
exploited as a mechanism to modulate the conformational
change and allostery of AK. This hypothesis can be tested
by measuring the dynamics of AK conformational changes
together with that of the local unfolding of the Pro177 hinge.
According to this hypothesis, mutating Pro177 into residues
with different stabilities in maintaining a helical structure
is also expected to affect the equilibrium as well as the
dynamics of conformational changes.
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