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Adenylate Kinase (AK) is a signal transducing protein that regulates cellular energy homeostasis balancing
between different conformations. An alteration of its activity can lead to severe pathologies such as heart
failure, cancer and neurodegenerative diseases. A comprehensive elucidation of the large-scale
conformational motions that rule the functional mechanism of this enzyme is of great value to guide
rationally the development of new medications. Here using a metadynamics-based computational protocol
we elucidate the thermodynamics and structural properties underlying the AK functional transitions. The
free energy estimation of the conformational motions of the enzyme allows characterizing the sequence of
events that regulate its action. We reveal the atomistic details of the most relevant enzyme states, identifying
residues such as Arg119 and Lys13, which play a key role during the conformational transitions and
represent druggable spots to design enzyme inhibitors. Our study offers tools that open new areas of
investigation on large-scale motion in proteins.

C

ellular homeostasis is preserved through finely regulated molecular mechanisms, some of them involving
macromolecules called metabolic monitors. In particular, these systems control the cellular energy state by
generating signaling molecules that counteract energy unbalancing through the stimulation of specific
molecular targets.
One of these metabolic monitors is adenylate kinase (AK). This enzyme coordinates different signaling pathways, ensuring adequate response to a broad range of functional, environmental and stress stimuli. In such a way,
AK plays a key role in the cell and its dysfunction is connected to the onset of several human diseases, such as heart
failure, metabolic disorders, cancer and neurodegenerative diseases1,2.
From the biochemical point of view, AK enzyme catalyzes the reversible nucleotide phosphoryl exchange
reaction MgATP1AMP«MgADP1ADP, controlling the cellular energy supply by regulating the ratio between
AMP and ADP/ATP3,4. This reaction is made feasible by the structural organization of AK and collective domain
motion on the ms–ms timescale5. In fact, AK has three domains, called CORE, LID and NMP, and two distinct
binding sites (Figure 1). Specifically, ATP, that is complexed with Mg12 ion, is bound between the CORE and LID
domains, in the so called ATP binding site, while AMP is sandwiched between the CORE and NMP domains, in
the AMP binding site. The CORE domain is conformationally stable during the action of the enzyme, while LID
and NMP domains perform large-scale conformational changes6. These motions have both a structural and
functional role7,8. In fact, they form the catalytic site suitable for the phosphoryl transfer reaction and at the same
time shield the binding sites from waters, thus preventing the ATP and AMP hydrolysis9. Once the two ADP
molecules are formed, the enzyme opens the LID and NMP domains releasing the products. Despite all this
information, an exhaustive elucidation of the molecular mechanism of the motion between the different AK states
is missing. This description is of paramount importance since it offers the opportunity for an exogenous control of
the enzyme activity.
In this regard, the structural resolution of the open and closed forms of AK10,11 has motivated numerous
experimental and theoretical studies on the molecular mechanism of this enzyme12–18. In particular, kinetic
experiments have suggested that the enzyme conformational changes are the rate-determining step of the
catalytic reaction, thus confirming the functional role of these motions5,19–21. In line with these studies, experiSCIENTIFIC REPORTS | 5 : 8425 | DOI: 10.1038/srep08425
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duce the ms-ms timescale collective motion of AK and characterize at
atomistic level the key aspects of the AK functional transitions.
Furthermore, combining WT-MetaD with path CVs, we are able
to reconstruct the free-energy landscape of the investigated process,
identifying the lowest free-energy path that connects the different
states visited by the system. In addition to thermodynamics, we
provide the fully atomistic description of the system during the functional transitions. In particular, we found that the enzyme samples a
wide ensemble of conformations differing in free energy only by a few
kBT. We identified residues such as Arg88, Arg119 and Lys13 that are
involved in the enzyme conformational changes as potential druggable spots. This detailed description of the events complements the
picture coming from previous studies, revealing new structural
information on the AK functional mechanism of great value to guide
drug discovery strategies.

Figure 1 | Structure of Adenylate Kinase. AK has three domains, called
CORE, LID and NMP, and two distinct binding sites. The LID and NMP
domains are colored green (residues 118–160) and yellow (residues 30–
67), respectively. The CORE domain is colored in gray (residues 1–29, 68–
117, 161–214) and the P-loop is colored in orange (residues 7–13).
Specifically, ATP, that is complexed with Mg12, is bound between the
CORE and LID domains, in the so called ATP binding site, while AMP is
sandwiched between CORE and NMP, in the AMP binding site. ATP and
AMP ligands are represented as ball and stick.

ments using single-molecule fluorescence resonance energy transfer22 and 15N-NMR23 have shown that after phosphoryl transfer from
ATP to AMP, the conformational motion from the closed to the open
conformation is the rate-determining step of the reaction that produces ADP. In addition to these experiments, many theoretical
works have investigated the AK functional mechanism7,15,24–27.
Despite the efforts and the use of atomistic and multi-scale models,
these simulations were not able to provide a complete scenario of the
enzyme functional mechanism due to different limitations. For
instance, in some cases the simulation time was too short25,27, while
in others the presence of Mg12 was neglected7,25. These approximations led to large discrepancies in the energy difference estimate
between the different conformational states7,24.
In this scenario, many details of the AK functional mechanism
remain unclear and a complete picture of the whole process is still
lacking. For instance, the order in which the ligands bind is not
entirely clarified, although a random binding mechanism is commonly accepted20,28. Furthermore, there are contradictory models
describing the conformational changes carried out by the enzyme.
Some authors suggest an independent motion of the domains29,30,
while others propose a concerted one7,12,15,31. In this context, information regarding the coordination of the domain motions or the existence of transition and intermediate states during the AK action,
would represent an important breakthrough.
Using methods developed in our group32–35, we are in the position
to perform a more exhaustive conformational sampling of the AK
functional motions overcoming the limits of previous investigations.
In particular, using well-tempered metadynamics simulations (WTMetaD)34 combined with path collective variables (path CVs)35, we
have performed simulations of the opening and closing motion of the
LID and NMP domains in the AK apo form. Recently, WT-MetaD
and path CVs have proven to be successful in sampling large protein
scale motion in many different case studies36,37. In particular, we
biased the path CV that describes the motion of the LID domain
from the closed to the open state (see Methods). Using this protocol,
in ,1 ms of enhanced sampling simulations we were able to reproSCIENTIFIC REPORTS | 5 : 8425 | DOI: 10.1038/srep08425

Results
As discussed in the introduction, the available structural data show
that in AK the LID and NMP domains undergo the major conformational changes6. Thus, it can be suggested that while the opening of
the two domains favors the binding of the ligands, their closure locks
the enzyme in the catalytic competent conformation. Once the phosphoryl transfer reaction is completed, the two domains open up again
to release the products.
We decided to validate this hypothesis performing 100 ns long
standard MD simulations for the closed and open states of AK in the
ligand-free state. As shown in the rmsd and rmsf plots (see Figure 2),
the major conformational changes occur at the LID and the NMP
domains as expected. It is interesting to note that in both the simulations AK visits conformations far from the closed X-ray conformation (see Supporting Information Figure S1). This finding is
suggestive that the binding of the ligands is necessary to stabilize
the fully closed conformation of the enzyme. Furthermore, we found
that starting from the closed state, the opening of the LID and NMP
domains is observed within a relatively short time (see Supporting
Information Figure S2). This event suggests that such motions occur
in a short time scale, in line with previously published results7,12,22,48.
However, the difficulties in describing all the AK conformational
changes, that take longer time, prompted many groups to use
coarse-grained models15,28. Unfortunately, such multi-scale approaches
can miss important atomistic information, such as the formation and
the dissociation of specific residue interactions. Using metadynamics
we are in the position to overcome these limitations and the temporal
barriers that have limited previous studies while keeping full atomistic
resolution.
We discuss in detail the results obtained from the WT-MetaD
simulations in the following paragraphs.
Functional mechanism. Using metadynamics in ,1 ms of sampling
we were able to reproduce the ms-ms timescale collective motion of
AK. During the metadynamics simulations the major conformational
changes occur at the LID and the NMP domains, as expected (see
Supporting Information Figures S3 and S4). More detailed
information on the specific conformations assumed by the LID and
the NMP domains can be obtained from the FES computed as a
function of CVs different from that originally biased. This is
possible using the reweighting algorithm of Bonomi et al.33 (see
Methods for details).
In particular, in the FES computed as a function of the rmsd values
relative to the AK open and closed X-ray structures (see Supporting
Information Figure S5), it is clear that the enzyme visits several conformations, which are intermediates between the open and closed
states and are separated by only a few kBT. Furthermore, comparing
the FESs computed as a function of the path CVs s and z for each
domain (see Figure 3 and Methods for details), one can note that the
conformational space explored by the LID domain is wider than that
2
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Figure 2 | Molecular Dynamics (MD) simulations on AK. (a) and (b) rmsd values calculated for each domain of AK in the closed and open states undergone to
standard MD simulations. All the structures were aligned using the CORE domain’s Ca atoms. The LID is depicted in red, NMP is depicted in green and CORE is
shown in blue. (c) Superimposition of selected conformations from the MD simulations with the X-ray closed and open states. The LID and NMP are colored in
green and yellow cartoon, respectively, while the CORE in grey. The X-ray LID and NMP conformation are represented in pink. (d) Root mean square fluctuation
(rmsf) of the backbone atoms calculated for the closed (in red) and open (in green) AK conformation during standard molecular dynamics simulations.

visited by NMP. It is also relevant to stress that the relatively low z
values explored in both FESs indicate a good choice of the reference
path. In our simulations, the LID domain is more flexible than the
NMP domain, assuming several conformations ranging from the
crystallographic open21 to the closed11 structure, and exploring also
conformations far from the original path (Figure 3). All these states
are equally possible having similar energy values. In particular, one
can note that the LID domain motion presents a broad single-well
profile, represented by different isoenergetic conformations. At variance with LID, the NMP domain motion is very close to the reference
path, and the closed and open states are separated by a free-energy
barrier of , 4 kBT (Figure 3). However, the energetically most stable
state of the enzyme presents the LID and NMP domains in an open
conformation (Figure 4). In particular, the open state (A basin) is 1-2
kBT lower in free energy than the closed one (B basin), in line also
with previous umbrella sampling calculations24 (Figure 4b). The
higher energy stability of the open state is to be expected, since this
conformation is functional to the binding of the ligands.
Furthermore, it is interesting to note that the B conformation is
similar but not identical to the fully ligated closed X-ray state
(Figure 4a). In fact, in this pose the LID domain is slightly rotated
towards the NMP domain, where a-helix 2 assumes a semi-closed
conformation with respect to the X-ray structure (Figure 4a and S6).
This difference is due to the fact that the X-ray closed form of AK was
obtained in presence of an inhibitor mimicking the two physiological
substrates (PDB ID code: 1AKE). This ligand influences the conformation of the LID domain since the latter interacts directly with
the inhibitor. As our simulations are performed on the ligand free
form, the LID domain cannot interact with the ligand and it is found
closer to the NMP domain.
Our results are also instrumental to provide significant insights
into the sequence of AK motion. In particular, looking at the FES
SCIENTIFIC REPORTS | 5 : 8425 | DOI: 10.1038/srep08425

shown in Figure 4b, one may note that the lowest free-energy path
that connects the NMP open state to the closed one, shows the LID
domain in a semi-closed conformation. On the other hand, when the
NMP domain is closed, the LID domain is able to visit conformations
that range from closed to semi-open states (inset 2 in Figure 4b).
These findings suggest that the NMP domain opens first, followed by
the LID (Figure 4c). In fact, the full opening of the LID domain is
possible only when the NMP domain is in the open conformation.
Furthermore, while the LID motion is barrier free, the NMP domain
has a relatively high free-energy barrier between the open and closed
states, , 4 kBT (Figure 3a and 3b). These findings indicate that the
rate-delimiting step for the functional conformational changes of AK
is the motion of the NMP domain.
A movie showing the AK motion under the action of metadynamics is reported in the Supporting Information.
To verify the stability of the A and B free-energy minima conformations we carried out over 100 ns unbiased MD simulations for
each state. As regards pose A, the protein is more flexible with the
LID domain fluctuating among several conformations in the open
state. It arrives till the semi-closed position, but most of the time is
fluctuating in the open state. Instead, in pose B the protein is stable
for 28 ns, then the LID domain moves to the semi-open conformation. This behavior is in line with the metadynamics results
(Figure 4b) showing a wider FES region for the A minimum and
with the previously reported MD results.
Structural mechanism. From the metadynamics simulations we can
also obtain atomistic information on the AK opening and closure
mechanism. This analysis is necessary to elucidate the enzyme
functional mechanism and provide the structural bases to develop
AK drug-like ligands. We do this by first looking at the arginines that
are close to the active site and that are conserved in the adenylate
3
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Figure 3 | FESs associated with the conformational transition pathway of AK. Isosurfaces are shown each 2.5 kJ/mol. a) The FES as a function of the LID
path CVs s(R) and z(R) (see Methods for details). b) The FES as a function of the NMP path CVs s(R) and z(R) (see Methods for details). To give an
impression of the motion we superimposed different frames from the lowest free-energy paths for LID (a) and NMP (b). The LID and NMP domains are
depicted in green and yellow, respectively.

kinase family. To this we are also prompted by a number of
experimental evidences suggesting a functional role of these
residues during catalysis11,39. Most of these arginines engage strong
interactions with the surrounding residues in the AK active site.
During the transition from closed to open state, the side chains of
three of these conserved arginines (Arg36, Arg88 and Arg119)
become more flexible and do not form any favorable contact
(Figure 5). In particular, Arg36, situated in the NMP domain at ahelix 2, loses the interaction with Asp33 after the closed to open
transition (blue insets in Figure 5). Arg88, which is situated in the
CORE domain and is involved in the binding of AMP to the catalytic
site40, has in the closed conformation new partners such as the
carboxylate group of Asp61 (a-helix 4) and residue Thr175 (ahelix 7), further stabilizing this state (blue insets in Figure 5).
Finally, Arg119, in the closed conformation H-bonds with the
carbonyl groups of Ala11 (P-loop) and Gly198, while at the same
time it forms a cation-p interaction with Phe137, a residue of the LID
domain (red insets in Figure 5). Moreover, the H-bond network
formed by Gly10, Leu115 and Arg119, is mediated by a water
molecule in the open conformation, while it is replaced by direct
interactions in the closed state (red insets in Figure 5). It is worth
mentioning that in the fully ligated form of the enzyme, Arg119
favors the orientation of ATP ligand in the binding site. Thus,
given the pronounced flexibility displayed during the enzyme
conformational change by Arg88 and Arg119, targeting these
SCIENTIFIC REPORTS | 5 : 8425 | DOI: 10.1038/srep08425

residues and their molecular partners could represent a suggestive
strategy to block the enzyme in a specific conformation.
A behaviour similar to that of residues Arg88 and Arg119, was also
observed for Lys13 situated in the nucleotide binding loop
(GXXGXGK), which is known as P-loop and is highly conserved
throughout the different forms of AK. In fact, in the open conformation Lys13 is very flexible and does not form favorable contacts (red
insets in Figure 5). Instead, in the closed form this residue interacts
via water molecules with the carbonyl group of Phe137 in the LID
domain, stabilizing the closed state of this domain. It worth mentioning that Lys13 is conserved in the AK protein family and in the fully
ligated form of the enzyme it contributes to orient the phosphate
groups of the ligand in the catalytic site41. This information makes
this residue a druggable spot to interfere with the AK functional
mechanism. This consideration is further supported by the evidence
that the Lys13/Gln mutated form of AK was found to be inactive42.
In addition to these interactions, both the energy minimum conformations A and B show the LID domain stabilized by H-bonds
between Asp118 (a-helix 6) and Lys136 (LID domain) (red insets in
Figure 5). The role of this interaction is rather debated in literature.
In fact, some authors suggested that this interaction stabilizes only
the open state of the LID domain25, while others have very recently
shown the presence of this interaction also in the AK closed state38.
However, we point out that for the apo form we find a closed
configuration slightly different from the fully ligated one and our
4
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Figure 4 | Characterization of the AK functional mechanism. (a) The molecular structures corresponding to the main free-energy minima A (open
conformation) and B (closed conformation) states. The conformations are superimposed on the open and closed X-ray structures11,21. The LID and NMP
domains are colored in green and yellow, respectively for the free-energy minima states and in pink for the X-ray structures. (b) The FES of the AK closed/
open transition is shown as a function of LID domain closed to open transition (x axis) and NMP domain closed to open transition (y axis). Isosurfaces are
shown each 2.5 kJ/mol. Different conformations of LID and NMP domains are represented in insets 1 to 3. The LID and NMP domains are depicted in
green and yellow, respectively. (c) The lowest free-energy path of AK opening is represented in insets I to III. The LID and NMP domains are depicted in
green and yellow, respectively.

observation is a consequence of this fact. Other interactions that play
a role in stabilizing the closed state are the water-bridged interactions
between the backbone of Lys157, a residue of the LID domain, and
the backbone or side chain of Asp54, a residue of the NMP domain at
a-helix 3 (black inset in Figure 5).
The presence of many water-mediated interactions underlines the
necessity of using explicit solvent simulations to describe accurately
all the interatomic contacts ruling the AK functional transitions.
Finally, although no H-bond between the opposite ends of the P-loop
are present, the integrity of the loop is conserved in all simulations.
SCIENTIFIC REPORTS | 5 : 8425 | DOI: 10.1038/srep08425

Discussion
In biology many proteins exert their activity assuming different conformations and passing from the active to inactive state. Here, we
have presented a thorough investigation with all-atom simulations of
the conformational changes in Adenylate Kinase enzyme. In particular, we simulated the opening and closing motion of the Adenylate
Kinase’s LID and NMP domains, using well-tempered metadynamics simulations combined with path collective variables. Our
protocol allowed estimating the free energy of the different protein
states identifying the lowest energy path connecting the closed and
5
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Figure 5 | Atomistic description of AK functional motions. The FES of the AK closed/open transition is shown as a function of LID domain closed to
open transition (x axis) and NMP domain closed to open transition (y axis). Isosurfaces are shown each 2.5 kJ/mol. The inter-residue interactions
established at the main free-energy minima A and B are highlighted. The LID and NMP domains are colored in green and yellow, respectively. H-bonds
are displayed as black dashed lines, while hydrogens are omitted for clarity reason.

the open states. In the open state we found that AK can assume a
number of different conformations. The free energy is more favorable in this open conformation and the flexibility of the open state
is functional to the capture of the ligand. In the closed state the
structure assumes a conformation different from the X-ray one,
which was crystallized in association with the ligand. Upon binding of ATP and AMP, the free-energy landscape of the AK conformational motion could sensitively change, responding to the
different tasks performed by the enzyme. A series of computations
are underway to shed light on these aspects of the AK functional
mechanism in the presence of the ligands. Our simulations also
characterize the mechanism of opening of AK showing that the
LID domain can reach the open state only after the NMP one.
This finding suggests that the motion of the NMP domain is the
SCIENTIFIC REPORTS | 5 : 8425 | DOI: 10.1038/srep08425

rate-determining step of the enzyme opening mechanism.
Furthermore, the solvent has been found to play a fundamental
role stabilizing the energy minimum conformations, therefore it
must be taken into account explicitly.
This study provides a series of thermodynamics and structural
information of great value to guide further computational and
experimental investigations on this system. For instance, in drug
design one might exploit the inter-residue interactions identified in
our simulations to design compounds able to interfere with such
interactions and block the enzyme into a specific state. If this succeeds the enzyme activity is inhibited and the designed ligands will
have great potentialities as therapeutic agents for the treatment of
heart failure, metabolic disorders, cancer and neurodegenerative
diseases.
6
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Methods
Molecular Dynamics. All the MD simulations of closed and open ligand-free AK
systems were performed in explicit solvent using ff99sb amber force-field43,44, TIP3P
water model45 and periodic boundary conditions in the GROMACS 4.5.3 MD
package46. The crystal structures of open and closed AK were obtained from the
protein data bank, PDB code 4AKE21 and 1AKE11, respectively. The X-ray structure of
the closed conformation was resolved in complex with the inhibitor P1, P5bis(adenosine-59-)pentaphosphate (Ap5A), that works mimicking the two
physiological substrates. Thus, the starting structure for the simulation of the closed
apo form was obtained by removing that inhibitor from the X-ray structure.
The systems were solvated with ,17700 water molecules in a cubic box of 82.7 s3
and neutrality was obtained by adding 4 Na1 ions. The standard Amber partial
charges were applied to all the enzyme’s and waters’ atoms and ions. The long-range
electrostatic interactions were computed by using particle mesh Ewald method
(PME)47,48 in combination with a switch function for the direct-space part. A cutoff of
10 s for the direct-space part, 72 FFT grid points for each of the lattice directions and
fourth-order B-spline interpolation for spreading the atomic charges to the FFT grid
were used. Nonbonded interactions were cut at 10 s and shifted so as to smooth the
Lennard-Jones term. All bonds were constrained using LINCS algorithm49, and the
time step of the simulations was 2 fs. A steepest descent minimization was followed
by 2 ns canonical ensemble equilibration and by another 2 ns isobaric-isothermal
ensemble equilibration with Bussi thermostat50 and Berendsen barostat at 300 K and
1 atm.
Well-tempered Metadynamics with Path Collective Variables. The PLUMED
plugin (v1.2.2)32 was used to carry out metadynamics51 calculations with the
GROMACS 4.5.3 code46. Using this technique a bias potential is added on a number of
selected degrees of freedom, called collective variables (CVs). This operation
enhances the sampling allowing to describe long time scale events, from
microseconds to milliseconds, in a reasonable computational time (e.g. hundreds of
nanoseconds). At the end of the simulation the free-energy surface of the process
under investigation can be computed using the added bias. More in details,
metadynamics (MetaD)51 consists of an adaptive scheme where Gaussian-shaped
repulsive potentials are deposited along the simulation in the space of the chosen
degrees of freedom (CVs). The history-dependent bias potential is made up by the
sum of these deposited Gaussians and is added to the Hamiltonian of the system. In
such a way, the system is discouraged to sample states already visited, thus
accelerating the sampling. Here we used the well-tempered version34 of
metadynamics51, which has proven to be successful in sampling long timescale
motion in many biologically relevant systems52,53. Using this formalism the height of
the added potential is decreased along the simulation to improve convergence of the
FES. At the end of the MetaD simulation, the bias potential compensates the
underlying free-energy surface (FES) and is related to the free energy following the
formula:
F ðs,t Þ~{

TzDT
V ðs,t Þ,
DT

ð1Þ

where V(s,t) is the bias potential added to the system, F(s,t) is the estimated FES as a
function of the CVs at time t and T is the temperature of the simulation. DT is an input
parameter with the dimension of a temperature and it is proportional to the energy
barrier. Thanks to this formalism, one can increase barrier crossing and facilitate the
exploration in the CVs space by tuning DT. In our simulations, Gaussian potentials of
initial strength of 2 kJ/mol were deposited every 2 picoseconds and they were
gradually decreased on the basis of the adaptive bias with a DT of 3,300 K.
In order to describe the opening and closing of the LID and NMP domains, we used
the path CVs35. The path CVs are extremely powerful whenever one wants to study a
transition between two states A and B. Given a reference path that connects A and B
states, path CVs are flexible descriptors that represent the progression along the path
and the distance from it. Specifically, let S(R) be a reduced representation of a generic
configuration R. If the choice of S is appropriate, we would expect the reactive
trajectories to be bundled in a narrow tube around the path. The path is described
with a discrete number of frames S(l)54. To trace this path, we have followed the
procedure of Branduardi et al.35 introducing the two variables s(R) and z(R):
PP
{lkSðRÞ{SðlÞk2
1
l~1 ðl{1Þe
sðRÞ~
,
ð2Þ
PP {lkSðRÞ{SðlÞk2
P{1
l~1 e
!
P
X
2
1
e{lkSðRÞ{SðlÞk ,
z ðRÞ~{ ln
l
l~1

ð3Þ

which measure the intercept and the distance of a microscopic configuration R from
the reference path S(l), respectively. P is the number of frames that define S(l), jjS(R)S(l)jj2 is calculated as the mean square displacement after optimal alignment and l is
proportional to the inverse of the mean square displacement between successive
frames.
LID domain’s path. In the present case, the reference path for the transition of the
LID domain coincides with the geometrical interpolation from the closed to the open
AK conformation. The path was obtained by a linear interpolation between the X-ray
closed11 and open21 conformations of the enzyme using the morphing routine

SCIENTIFIC REPORTS | 5 : 8425 | DOI: 10.1038/srep08425

(g_morph) of the GROMACS package46. The rmsd of the Ca atoms of selected
residues of the LID and CORE domains is calculated after alignment on selected LID
and CORE atoms (see Supporting Information Table S1). We verified that the set of
configurations obtained was equally spaced in the adopted mean square displacement
metrics, and the value of l was chosen to be comparable to the inverse of the mean
square displacement between successive frames, 225 nm22.
As starting conformation for the metadynamics simulations we used the enzyme
equilibrated structure obtained from the previous classical MD simulations on the AK
closed state. Metadynamics calculations were performed in the space of s(R), which is
the variable that represents the conformational path connecting the open to the closed
state of the LID domain, while z(R) was constrained to z(R) , 1 nm2. This gives the
possibility for the system to explore conformations different from the original path,
while maintaining at the same time the system reasonably close to the chosen intermediate frames. In such a way, the loss of the secondary structure is avoided. The hill
width for s(R) was chosen to be 0.03. This value was chosen after measuring the
fluctuations of s(R) in standard MD simulation.
NMP domain’s path. The reference path for the transition of the NMP domain
coincides with the spatial interpolation from the closed to the open AK conformation.
Also in this case, the path was obtained by a linear interpolation between the X-ray
closed11 and open21 conformations of the enzyme using the morphing utility
(g_morph) of the GROMACS package46. The rmsd of the Ca atoms of selected
residues of the CORE and NMP domains is calculated after alignment on selected
NMP domain’s residues and all the CORE domain’s Ca atoms (see Supporting
Information Table S1). The value of l was chosen to be comparable to the inverse of
the mean square displacement between successive frames, 146 nm22. The path
connecting the NMP closed to the open conformation was defined by two variables
s(R) and z(R) following the procedure of Branduardi et al.35 as previously described.
We note that no bias was added on these CVs, which were instead used to perform
post-processing analysis of the simulation. Once the calculations converged, the FES
was calculated along this path CVs using the reweighting algorithm developed by
Bonomi et al.33.
The figures were rendered using the VMD software55 while the graphs were generated using gnuplot.
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19. Ådén, J. & Wolf-Watz, M. NMR Identification of Transient Complexes Critical to
Adenylate Kinase Catalysis. J. Am. Chem. Soc. 129, 14003–14012 (2007).
20. Sheng, X. R., Li, X. & Pan, X. M. An Iso-random Bi Bi Mechanism for Adenylate
Kinase. J. Biol. Chem. 274, 22238–22242 (1999).
21. Müller, C. W., Schlauderer, G. J., Reinstein, J. & Schulz, G. E. Adenylate kinase
motions during catalysis: an energetic counterweight balancing substrate binding.
Structure 4, 147–156 (1996).
22. Hanson, J. A. et al. Illuminating the mechanistic roles of enzyme conformational
dynamics. Proc. Natl. Acad. Sci. USA 104, 18055–18060 (2007).
23. Henzler-Wildman, K. A. & Kern, D. Dynamic personalities of proteins. Nature
450, 964–972 (2007).
24. Potoyan, D. A., Zhuravlev, P. I. & Papoian, G. A. Computing Free Energy of a
Large-Scale Allosteric Transition in Adenylate Kinase Using All Atom Explicit
Solvent Simulations. J. Phys. Chem. B 116, 1709–1715 (2012).
25. Matsunaga, Y. et al. Minimum Free Energy Path of Ligand-Induced Transition in
Adenylate Kinase. PLos Comput. Biol. 8, e1002555 (2012).
26. Kubitzki, M. B. & de Groot, B. L. The Atomistic Mechanism of Conformational
Transition in Adenylate Kinase: A TEE-REX Molecular Dynamics Study.
Structure 16, 1175–1182 (2008).
27. Krishnamurthy, H., Lou, H., Kimple, A., Vieille, C. & Cukier, R. I. Associative
mechanism for phosphoryl transfer: A molecular dynamics simulation of
Escherichia coli adenylate kinase complexed with its substrates. Proteins: Struc.
Funct. Bioinf. 58, 88–100 (2005).
28. Wang, Y., Gan, L., Wang, E. & Wang, J. Exploring the Dynamic Functional
Landscape of Adenylate Kinase Modulated by Substrates. J. Chem. Theory
Comput. 9, 84–95 (2013).
29. Pontiggia, F., Zen, A. & Micheletti, C. Small- and Large-Scale Conformational
Changes of Adenylate Kinase: A Molecular Dynamics Study of the Subdomain
Motion and Mechanics. Biophys. J. 95, 5901–5912 (2008).
30. Henzler-Wildman, K. A. et al. A hierarchy of timescales in protein dynamics is
linked to enzyme catalysis. Nature 450, 838–844 (2007).
31. Beckstein, O., Denning, E. J., Perilla, J. R. & Woolf, T. B. Zipping and Unzipping of
Adenylate Kinase: Atomistic Insights into the Ensemble of Open « Closed
Transition. J. Mol. Biol. 394, 160–176 (2009).
32. Bonomi, M. et al. PLUMED: A portable plugin for free-energy calculations with
molecular dynamics. Comput. Phys. Commun. 180, 1961–1972 (2009).
33. Bonomi, M., Barducci, A. & Parrinello, M. Reconstructing the equilibrium
Boltzmann distribution from well-tempered metadynamics. J. Comput. Chem. 30,
1615–1621 (2009).
34. Barducci, A., Bussi, G. & Parrinello, M. Well-Tempered Metadynamics: A
Smoothly Converging and Tunable Free-Energy Method. Phys. Rev. Lett. 100,
020603 (2008).
35. Branduardi, D., Gervasio, F. L. & Parrinello, M. From A to B in free energy space.
J. Chem. Phys. 126, 054103 (2007).
36. Grazioso, G. et al. Investigating the Mechanism of Substrate Uptake and Release in
the Glutamate Transporter Homologue GltPh through Metadynamics
Simulations. J. Am. Chem. Soc. 134, 453–463 (2012).
37. Limongelli, V. et al. Sampling protein motion and solvent effect during ligand
binding. Proc. Natl. Acad. Sci. USA 109, 1467–1472 (2012).
38. Song, H. D. & Zhu, F. Conformational Dynamics of a Ligand-Free Adenylate
Kinase. PLos ONE 8, e68023 (2013).
39. Dahnke, T., Shi, Z., Yan, H., Jiang, R. & Tsai, M. Mechanism of adenylate kinase.
Structural and functional roles of the conserved arginine-97 and arginine-132.
Biochemistry 31, 6318–6328 (1992).
40. Reinstein, J. et al. Structural and catalytic role of arginine 88 in Escherichia coli
adenylate kinase as evidenced by chemical modification and site-directed
mutagenesis. J. Biol. Chem. 264, 8107–7112 (1989).
41. Byeon, I. L., Shi, Z. & Tsai, M. Mechanism of Adenylate Kinase. The "Essential
Lysine" Helps To Orient the Phosphates and the Active Site Residues to Proper
Conformations. Biochemistry 34, 3172–3182 (1995).

SCIENTIFIC REPORTS | 5 : 8425 | DOI: 10.1038/srep08425

42. Reinstein, J., Brune, M. & Wittinghofer, A. Mutations in the nucleotide binding
loop of adenylate kinase of Escherichia coli. Biochemistry 27, 4712–4720 (1988).
43. Hornak, V. et al. Comparison of Multiple Amber Force Fields and Development of
Improved Protein Backbone Parameters. Proteins: Struc. Funct. Bioinf. 65,
712–725 (2006).
44. Cornell, W. D. et al. A Second Generation Force Field for the Simulation of
Proteins, Nucleic Acids, and Organic Molecules. J. Am. Chem. Soc. 117,
5179–5197 (1995).
45. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. & Klein, M. L.
Comparison of simple potential functions for simulating liquid water. J. Chem.
Phys. 79, 926–935 (1983).
46. Hess, B., Kutzner, C., van der Spoel, D. & Lindahl, E. GROMACS 4: Algorithms for
Highly Efficient, Load-Balanced, and Scalable Molecular Simulation. J. Chem.
Theory Comput. 4, 435–447 (2008).
47. Essmann, U. et al. A smooth particle mesh Ewald method. J. Chem. Phys. 103,
8577–8593 (1995).
48. Darden, T., York, D. M. & Pedersen, L. Particle mesh Ewald: An N?log(N) method
for Ewald sums in large systems. J. Chem. Phys. 98, 10089–10092 (1993).
49. Hess, B. P-LINCS: A Parallel Linear Constraint Solver for Molecular Simulation.
J. Chem. Theory Comput. 4, 116–122 (2008).
50. Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through velocity
rescaling. J. Chem. Phys. 126, 014101 (2007).
51. Laio, A. & Parrinello, M. Escaping free-energy minima. Proc. Natl. Acad. Sci. USA
99, 12562–12566 (2002).
52. Di Leva, F., Novellino, E., Cavalli, A., Parrinello, M. & Limongelli, V. Mechanistic
insight into ligand binding to G-quadruplex DNA. Nucl. Acids Res. 42, 5447–5455
(2014).
53. Limongelli, V., Bonomi, M. & Parrinello, M. Funnel metadynamics as accurate
binding free-energy method. Proc. Natl. Acad. Sci. U. S. A. 110, 6358–6363 (2013).
54. Ren, W., Vanden-Eijnden, E., Maragakis, P. & Weinan, E. Transition pathways in
complex systems: Application of the finite-temperature string method to the
alanine dipeptide. J. Chem. Phys. 123, 134109 (2005).
55. Humphrey, W., Dalke, A. & Schulten, K. VMD: Visual molecular dynamics.
J. Mol. Graph. 14, 33–38 (1996).

Acknowledgments
This work was supported by grants from the Swiss National Supercomputing Centre - CSCS
under project s358 and Italian MIUR-PRIN 2010/2011 (E61J12000210001).

Author contributions
V.L. and M.P. designed the work, E.F. performed calculations, E.F., V.L. and M.P. analyzed
the results and wrote the manuscript.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Formoso, E., Limongelli, V. & Parrinello, M. Energetics and
Structural Characterization of the large-scale Functional Motion of Adenylate Kinase. Sci.
Rep. 5, 8425; DOI:10.1038/srep08425 (2015).
This work is licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

8

