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Akt (also called protein kinase B-PKB) is a key component of the phosphoinositide-3-kinase signaling
pathway, which is responsible for cell proliferation and survival and is a novel target for antioncogenic
indications. In its fully activated state, Akt is phosphorylated on the activation loop (A-loop) at residue Thr
309. We used molecular dynamics (MD) simulations and elastic network model normal-mode analysis (ENM-
NMA) to study the initial stages of the active-inactive transition in the kinase catalytic domain. We first
carried out MD simulations of the active phosphorylated Akt in complex with its ligands under different
protonation states of His 196, the phosphothreonine-coordinating residue found in the RC helix. Analysis of
trajectories suggested that the doubly protonated His 196 is most compatible with the crystallographic structure.
Next we studied the dynamic processes involved in Akt inactivation: detachment of the ligands and A-loop
dephosphorylation resulted in MD trajectories with increased mobility, particularly in the N-lobe and in the
HJ-RG region of the C-lobe, and in stronger correlation and anticorrelation of motions. The first principal
motions derived from the trajectories of phosphorylated and dephosphorylated apo structures were similar
to each other but differed from the first principal motions derived from the complex trajectory. A rather
large number of principal components obtained from MD trajectories and of ENM-NMA modes is required
to describe the active-inactive conformational change of the kinase. The results are discussed in the context
of related computational studies of kinase dynamics and kinase-specific inhibitor design.

INTRODUCTION

Aberrations in cellular signaling pathways that involve the
enzyme Akt (also called protein kinase B-PKB) are
implicated in diverse diseases, including cancer, diabetes,
and neurodegenerative disorders. Proteins involved in Akt
activation and signaling are therefore potential targets for
therapeutic intervention.1 Drugs directed against some of
these targets are now in clinical trials for the treatment of
several cancers, and the inhibition of Akt activation and
signaling remains a major goal of drug discovery.2,3

Various novel approaches have been taken to enable the
design of selective inhibitors of protein kinases. These
include designing peptides that mimic selectivity determining
regions in the kinase catalytic domain,4-6 substrate mimetics,7,8

inhibition via the regulatory domains2,9 and irreversible
binding to the catalytic domain cysteine.10 One important
approach is to target the inactive conformation of the kinase,
as exemplified by the FDA-approved drugs imatinib, nilo-
tinib, and sorafenib.11

Akt is a serine/threonine kinase that belongs to the AGC
family of kinases,12 and its catalytic domain shares high
similarity with those of protein kinase A (PKA) and protein
kinase C (PKC). Akt activation is thought to proceed through
recruitment to the membrane via interaction of its PH domain
with the phosphoinositides produced by phosphoinositide-
3-kinase. The lipid-bound Akt is then phosphorylated by
3-phosphoinositide-dependent protein kinase 1 (PDK1). The

functionally independent behaviors of the PH and kinase
domains of Akt have been well characterized, and the
structures of both have been solved separately.13

The kinase domain consists of two lobes, the N-terminal
small lobe (N-lobe) and the C-terminal large lobe (C-lobe),
shown in Figure 1. The N-lobe harbors the phosphate-binding
loop, called the P- or G-loop, which contains a conserved
glycine-rich sequence motif (GXGX�G). The activation
segment (A segment) of the kinase is found in the C-lobe,
adjacent to the ATP-binding site, and contains important
catalytic elements, such as the DFG (Asp-Phe-Gly) motif.
The DFG motif positions ATP for phosphoryl transfer and
changes the conformation from the active “DFG-in” to the
inactive “DFG-out” form. The activation segment is con-
nected to the N-lobe through the RC helix. In Akt, as in
most kinases, the central region of the activation segment,
the activation loop (A-loop), harbors a primary phosphory-
lation site (Thr 309) necessary for activation, which is located
close to the magnesium-binding loop, the N terminus of the
RC helix and a conserved His/Tyr-Arg-Asp (H/YRD) motif
in the catalytic loop. Additional phosphorylation sites, in the
C-terminal hydrophobic motif (HM) and the turn motif,14

have been characterized as well.12

Structural analysis of kinase catalytic domains has under-
scored the fact that different kinases adopt strikingly similar
structures when they are active.15,16 Hydrophobic “spines”
that traverse both lobes of the protein kinase molecule and
stabilize its active conformation were identified by Kornev
and co-workers.17,18 In contrast, inactive kinases have diverse
structures, since there are many ways to disrupt the arrange-
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ment of catalytic residues or to prevent substrate binding.
In particular, structures of inactive AGC kinases have
revealed a wide range of conformations.12 Since structural
features that are unique to a particular kinase are useful in
the design of selective inhibitors,19 methods for predicting
kinase conformations are extremely important.15,16

Computational studies are being increasingly applied to
elucidate the pathways connecting the active and inactive
forms of the kinase catalytic domain. Activation of Src
tyrosine kinase was studied using an ensemble of unbiased
trajectories to progressively refine and determine the optimal
free energy path between two stable conformations. The path
was characterized by two main steps in which the A-loop
opens first, followed by rotation of the RC helix.20 Similarly,
targeted molecular dynamics (TMD) simulations of c-Kit
showed a rapid departure of the juxtamembrane region from
the allosteric binding site, followed by a conformational flip
of the A-loop from inactive to active conformation and a
change in RC helix orientation.21 TMD of the epidermal
growth factor receptor (EGFR) kinase domain suggested a
possible pathway for the formation of a stabilizing cluster
(spine) during the activation transition.22 Assembly of the
hydrophobic spine, formation of the Src-like intermediate
structure, and a cooperative breakage and formation of
characteristic salt bridges were proposed as distinct stages
in the transition to the active kinase forms of EGFR and
Abl.23

The backward “active-to-inactive” movement of cyclin-
dependent kinase 5 has been recently studied using a
metadynamics sampling approach, suggesting a two-step
mechanism in which the RC helix rotates by 45° followed
by A-loop refolding.24 Inactivation simulations of Abl
indicate significant twisting and hinge-opening motions of
the N-lobe with respect to the C-lobe and further outward
displacement of the RC helix, leading to an RC-out confor-
mation.25 Similarly, biased molecular dynamics (MD) of
inactivation of the Src family kinase Lyn showed that lobe
opening is a simple motion, whereas movement of the A-loop

is more complex, requiring secondary structural changes as
well as communication with the RC helix. The conforma-
tional transition involves a switch in an electrostatic network
of six polar residues between the active and down-regulated
conformations.26

MD simulations and principal component analysis (PCA)
of the PKA domain suggest that the most significant motion
of the wild-type PKA in the context of a PKA-substrate
complex is a “breathing mode”, with the two domains of
the protein moving in opposite directions around the “hinge”
region. The second significant internal motion is a mixture
of rotation and twisting between the two lobes. The collective
motions in the T197A mutant (Thr 197 corresponds to Thr
309 in Akt) were found to be different from the wild type,
and the first three principal motions did not include inter-
domain twisting.27

The activation/inactivation cycle in Akt is a complex,
multicomponent process, with many levels of regulation.9,28

In the current work, we start from the experimental struc-
ture29 of phosphorylated Akt in complex with ATP (modeled
on the crystallographic ANP), ions and peptide substrate
(jointly referred to as Akt “ligands”), and apply two
computational tools, namely, MD simulations and normal-
mode analysis (NMA), to investigate how: (i) phosphorylated
complex, (ii) apo-phosphorylated, and (iii) apo-dephospho-
rylated forms of Akt differ in their dynamics. In the
dephosphorylated form, we substitute pThr 309 in the active
structure of Akt with Thr. With the complex trajectory as a
control, our goal was to study the initial stages of Akt
inactivation dynamics induced by detachment of the ligands
and the phosphate group.

MATERIALS AND METHODS

MD Simulations. Akt in complex with the magnesium
ions, ATP and GSK3-derived peptide was based on the X-ray
crystal structure of active PKB (1O6K). We used the
continuous residues from 146 to 449, while the rest of the

Figure 1. Active (left, 1O6K) and inactive (right, 1MRY) structures of Akt. The G-loop (residues 156-167, pink), RC helix (residues
194-206, cyan), catalytic loop (residues 271-283, magenta), A-loop (residues 300-309, green), and RG helix (residues 355-365, yellow)
as well as the Mn ions, ANP, and peptide substrate (sticks) are shown. Binding site Lys 181, DFG Asp 293, His 196, and pThr 309 are
shown and labeled. Note that parts of the structure are not resolved in the inactive form. The partition to N- and C-lobe is shown schematically
on the right.
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C-terminal part following the unresolved residues was
excluded. The crystallographic ANP molecule and Mn ions
were replaced with the physiological ATP and the Mg ions.

Three trajectories of the Akt complex, corresponding to
the three protonation states of His 196, (i.e., HSD, HSE, and
HSP) were carried out. In addition, two apo trajectories,
where ions, ATP, and substrate peptide were deleted from
the HSP complex were carried out. Phosphothreonine was
replaced by threonine for apo T309, as summarized in Table
1.

All simulations were run in CHARMM.30 The kinase
catalytic domain was solvated within a 47 Å radius water
sphere under stochastic boundary conditions and a short
energy minimization using the steepest-descent algorithm was
performed to remove unfavorable contacts. Nonbonded van
der Waals interactions were treated by using a switching
function at 12 Å and by reaching zero at a distance of 16 Å.
The integration time step was set to 2 fs, and the miscel-
laneous mean field potential (MMFP) method was used to
set up a spherical boundary potential. MD simulation started
with 20 ps heating from 100 to 300 K, followed by 180 ps
equilibration. The MD was then run for 20 ns with different
random initial velocities for different structures, using a
CHARMM27 force field, TIP3P explicit water model, and
phosphothreonine patch THP2 for pThr 309.

Computational Estimation of the pKa of His 196. We
used the H++,31 Accelrys,32 and PDB2PQR33 programs to
calculate the pKa of His 196 of the active Akt structure
(1O6K), where pThr 309 was replaced by Glu 309, returning
the values of 12.4, 11.2, and 5.3, respectively (the first two
values corresponding to doubly protonated His in physi-
ological pH).

Covariance Matrix Calculation from MD Trajectories.
The calculations were performed using the CARMA pack-
age.34 The covariance matrix between residues (represented
by the CR atoms) i and j was calculated for each of the 20
ns MD simulation trajectories: snapshots from trajectories
were taken every 10 ps, overall translation and rotation were
removed, and only CR was kept for analysis.

where ri,� ) xi, yi, zi are Cartesian coordinates of the CR atom
of residues i and rji,� ) (1/Kframes)∑k)1

Kframesri,�(k). Here Kframes is
the number of structures, and rji,� is an averaged value over
all frames in each MD trajectory. The correlation value is
the normalized covariance matrix, ranging from -1 to 1.

PCA to Represent Essential Dynamics of the Trajec-
tory. To obtain collective motion coordinates that represent
the overall dynamics of each trajectory, PCA was performed,
in which the covariance matrix, calculated as described
above, was diagonalized to yield a set of eigenvectors and
eigenvalues. The first eigenvectors, with the largest eigen-
values, capture the predominant motions of the total observed
variance. The analysis, including the diagonalization, was
performed using the CARMA package.34

NMA-Derived Calculation of Inter-Residue Correla-
tion. NMA is an approximate but powerful tool to estimate
dynamics based on structure.35 Following our previous
work,36,37 we used an elastic network model (ENM), in

which the forces between CR atoms are described as simple
Hookean potentials dependent on distance only. The eigen-
values Ωn and eigenvectors pn are obtained by diagonalizing
the ENM-derived Hessian via the NomadRef server,38 while
pn,i,� ) xi, yi, zi are Cartesian displacements of the CR atom
of residue i in mode n.

Correlation between residues i and j was calculated as the
average correlation summed over 100 lowest-frequency
nontrivial normal modes39,40

which was enough for convergence of the correlation matrix
(results not shown). The calculation was performed for CR
atoms of Akt with and without the peptide. The ATP and
the phosphorylation state are not accounted for in the CR
level of treatment.

Comparison with Deformation Vector. The missing
residues of the inactive Akt were predicted using Modloop41

or SuperLooper.42 The degree of similarity or squared
overlap between normal mode m (or the direction of a
normalized eigenvector from PCA) and normalized deforma-
tion vector is calculated as

where N is the number of CR atoms included in the structures.
The cumulative overlap is defined as the sum of squared
overlaps between the deformation vector and normal mode
1, 2, and so on. It reaches the value of “1” when all squared
overlaps with all 3N eigenvectors (which represent an
orthogonal spanning basis set for the system) are summed.

RESULTS AND DISCUSSION

Summary of Systems Studied. To investigate the initia-
tion of inactivation dynamics of Akt, several explicit model
simulations were carried out, as detailed in Table 1.

Doubly Protonated State of His 196 Is in Agreement
with the Complex Structure. One of the challenges in MD
simulations is to correctly assign the residues protonation
states. The computational prediction of the pKa and thus of
the protonation state of His residues is particularly challeng-
ing.33,43 His 196 coordinates pThr 309 in the A-loop, and
we therefore assumed that its protonation state might
influence the local and global features of Akt dynamics. The

Cov(i, j) ) <δ rbi · δ rbj > ) <( rbi(t) - <rji > ) · ( rbj(t) - <rjj > ) > )
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Table 1. Summary of Trajectories

name of
trajectory

components
H196

protonation
T309 state

complex Akt, peptide, ions and
ATP in water

HSP phosphorylated

HSD Akt, peptide, ions and
ATP in water

HSD phosphorylated

HSE Akt, peptide, ions and
ATP in water

HSE phosphorylated

apo pT309 Akt in water HSP phosphorylated
apo T309 Akt in water HSP unphosphorylated
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important roles of the equivalent His 87 in PKA44-46 and
Arg 96 in GSK3�47 have been previously highlighted. The
protonation state of His 196 is predicted to be doubly
protonated (HSP),31,32 but other protonation states have been
suggested as well.27,33 We therefore first performed 20 ns
MD simulations of the Akt complexed with its ligands,29

applying all three possible protonation states of His 196, i.e.,
singly protonated on the δ nitrogen (HSD) or ε nitrogen
(HSE) and doubly protonated (HSP). These and the rest of
the simulations carried out in the current work are detailed
in Table 1.

Distances of His 196 from other residues in its vicinity
(see Figure 2A) are stable in the HSP trajectory but fluctuate
in the singly protonated trajectories. For example, the H196/
D293 distance, which is indicative of the motion of the DFG
motif (C-lobe) relative to the RC helix (N-lobe), and the
H196/pT309 pair, which monitors the distance between the
A-loop (C-lobe) and RC helix (N-lobe), are shown in Figure
2B. HSD and HSE 196, but not HSP, move more than 6 Å
away from the phosphate group of pThr 309. Hence, the
dynamics of complexes HSD and HSE suggest deviation
from the active conformation of the kinase as captured in
the crystal structure. We thus concluded that the doubly
protonated state of HSP 196 is the correct form at physi-
ological pH, and this protonation state was used in further
apo simulations.

Lobe Uncoupling Occurs in the Apo Trajectories. The
conformation of the activated Akt, phosphorylated on the
A-loop, differs markedly from its inactive counterpart (Figure
1), which is characterized by a disordered RC helix, A-loop,
and HM48 and in which the N terminus of the RG helix is
somewhat deformed.

To begin elucidating the process of inactivation, we
performed simulations of two initial structures: an apo pT309
(chain A in 1O6K) and the same monomer with the
phosphate detached from Thr 309, apo T309 (see Table 1
for summary of trajectories). The short distance between His
196 and residue 309 (4.25 Å in the active crystal structure)
quickly lengthens in the MD simulations of both apo pT309
and T309 forms, reaching up to 10 Å (Figure 3). This is in

agreement with a PKA study in which formation of the
equivalent H87/T197 pair was shown to be less likely in the
absence of contacts with the ATP ligand.46 The result
suggests that the interactions between the two lobes loosen
in the absence of ligands. The uncoupled H196/T309
fluctuations may reflect the intrinsic dynamics of Akt.

Interestingly, both Arg 274 and Thr 309 maintain a
hydrogen bond with Tyr 327 (Figure 2A) during the
simulated time scale in both phosphorylated and unphos-

Figure 2. Residues stabilizing pThr309 in the Akt complex. (A) Representative illustration of pT309-binding residues (colored by atom
type) and hydrogen bonds (shown by dotted gray lines) of Akt complex with His 196 in the doubly protonated state. The phosphate group
on T309 is shown in orange. The N- (residues 146-235) and the C-lobes (residues 236-449) are shown in gold and gray ribbons, respectively.
(B) The shortest heavy-atom distances of the two residue pairs H196/D293 and H196/pT309 are calculated for Akt complex, with three
protonation states of His 196, i.e., HSP, HSD, and HSE (black, red, and green lines, respectively).

Figure 3. The shortest heavy-atom distances of the two residue
pairs H196/(p)T309 and R274/(p)T309 are calculated for the
complex (left), the apo pT309 (middle) and T309 (right) forms.
Salt bridges link the A-loop residue pThr 309 with the catalytic
loop residue Arg 274 from the H/YRD motif. This interaction is
maintained in the complex and apo pT309 trajectories and explains
the tight coupling of the A- and C-loops in the phosphorylated form
of kinases. In the apo Thr 309 form, the stabilizing network is
severed due to detachment of the phosphate group. Figure 3 shows
the distance between Thr 309 and Arg 274. As expected, there are
much larger fluctuations and generally longer distances in the apo
T309 trajectory compared to that of the apo pT309 and complex
trajectories, indicating a loss of coupling between the A- and
C-loops in the 20 ns following dephosphorylation.
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phorylated apo trajectories (data not shown). This residue,
corresponding to Tyr 215 in PKA, is conserved in the AGC
kinases.

Apo Trajectories Present Larger Deviations from
the Initial Structure than the Complex. Root-mean-square
deviations (RMSD) of the catalytic domain backbone atoms
during the 20 ns MD simulations of the complex, apo pT309
and T309 trajectories are plotted in Figure 4A. As expected,
the most stable trajectory is of the complex Akt, while RMSD
increases in the apo pT309 trajectory and even more so in
the apo T309 trajectory. The complex trajectory reached
reasonable equilibration within 2.5 ns, whereas RMSD
continued to rise for the perturbed apo trajectories. Dephos-
phorylation induced a rapid deviation from the initial crystal
structure.

The trajectories were next analyzed in terms of the
hydrophobic “spines”.17,18 The “regulatory spine” (R-spine)
corresponds to residues L204, L215, Y273, and F294 in Akt.
The “catalytic spine” (C-spine) corresponds to residues V166,
A179, L237, L281, M282, L283, V339, and M343 in Akt
and is completed by the adenine ring of ATP. The R-spine
remained almost intact in all the trajectories (Figure 4B),
while the C-spine in the apo trajectories began to deteriorate
promptly upon ligand and phosphate-group detachment
(Figure 4C), reaching a value close to the RMSD of the
inactive (1MRY) C-spine from the active (1O6K) spine,
around 1.8 Å. The increase in the C-spine RMSD is mostly
due to increased N-lobe mobility (see below), leading to
interlobe opening.

The root-mean-square fluctuations (RMSF) of CR atoms
in each residue are presented in Figure 5. Overall, the N-lobe

becomes more mobile upon ligand and phosphate detach-
ment. Particularly flexible regions for the two apo structures
were identified: the G-loop and RB helix in the N-lobe, the
C-terminal part of the activation segment, and the loop
connecting the RF (residues 331-345) and RG (residues
355-365) with the N terminus of the RG helix (also called

Figure 4. Backbone RMSD for the complex (black), apo pT309 (red) and T309 (green) trajectories, calculated for the (A) catalytic domain,
and the (B) R- and (C) C-spine residues. (D) Sphere representation of the C- (violet, on the left) and R-spines (cyan, on the right).

Figure 5. RMSF of CR atoms (top) and B-factors for active (1O6K)
and inactive (1MRY) crystal structures (bottom).
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the HJ-RG region),4 the C-terminal tail and the hinge
between the lobes. These structural elements are stabilized
in the Akt complex, and most of them are involved in ligand
(ATP and substrate) binding. The largest fluctuation is in
the RG helix in the apo-phosphorylated trajectory and in the
G-loop in the apo-dephosphorylated trajectory, with smaller
changes in the activation (A) loop. The flexibility of the HJ
substrate-binding region had been observed in our previous
study37 and may be related to transformation of the N-
terminus of the RG helix into a slightly deformed helix in
the inactive crystal structure of Akt. In general, the identified
flexible regions have a very high B-factor in the inactive
structure (1MRY)48 (Figure 5) and are in overall agreement
with a normal mode-based flexibility analysis performed on
a set of Ser/Thr and Tyr active and inactive apo structures
of protein kinase domains.37

Correlation and Anticorrelation of Motions, Calculated
by either MD or NMA, Increase in the Apo States. To
further explore the initialization of the inactivation dynamics,
the covariance matrix between residues represented by their
CR atoms was calculated for 20 ns MD trajectories. It is
evident from the three covariance maps (Figure 6A) that the
apo trajectories differ markedly from the complex trajectory
and display increased levels of motional correlation (red)
and anticorrelation (blue). This is consistent with the
fluctuations calculated for PKA which demonstrated that the
amplitude of the correlation between several loops is large
for the ligand-free structure.46

An efficient and computationally simple approach to
studying molecular motions is NMA, in which molecular

motions are decomposed into orthogonal vectors representing
vibrational motions (normal modes). In the ENM version of
the NMA used here, a harmonic potential with a single force
constant accounts for pairwise interactions between all CR
atoms that are within a certain cutoff distance.38 The NMA-
derived correlations calculated for the complex and for the
apo structures are shown in Figure 6B. The phosphorylation
and the presence of ATP are not represented at the CR-based
NMA level of treatment adopted here, but the effect of
substrate peptide on the correlation within the catalytic kinase
domain could be assessed. The overall similarity between
the NMA- and MD-derived correlations and the trend of
increased anticorrelated motions in the apo state compared
to the complex state are apparent in Figure 6.

First MD-Derived Principal Component Is Similar for
the Apo Trajectories but Not the Complex Trajectory. To
reduce the dimensional space of the data sets from MD
trajectories and highlight the principal motions of ligand
detachment and dephosphorylation-induced dynamics, PCA
was performed, in which the covariance matrix was diago-
nalized to yield a set of eigenvectors and eigenvalues. The
eigenvectors represent the directions in a multidimensional
space, describing independent modes of atomic motion, while
the eigenvalues represent their corresponding amplitudes.49,50

The first few PC modes characterize the dominant motions
of PKB in each MD trajectory.

Figure 7A shows that ligand detachment induces a
pronounced motion, most dramatically of the N-lobe. While
in the complex trajectory PC1 is dominated by the motion
of the C- and N-terminal tails, in apo pT309, PC1 can be

Figure 6. Covariation of motion calculated from the MD trajectories and using ENM-NMA. (A) Calculated normalized covariance matrix
of the 20 ns MD trajectories for the complete Akt structure of the complex (left) and the apo pT309 (middle) and T309 (right) forms. Five
key domains of G-, C-, and A-loops, RG helix, and C-terminus are labeled on the left map. (B) Correlation calculated from the nonzero 100
lowest-frequency normal modes of Akt with (left) and without (right) the peptide.
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described as a breathing mode in which the G-loop and RC
helix move together against the HJ-RG region of the C-lobe.
Similar motion has been found in PKA.27 High-displacement
regions in PC1 (Figure 7A) as well as in PC2 (Supporting
Information, Figure S1) correspond to the high-RMSF
regions (Figure 5), with the N-lobe and the RG region in
the C-lobe exhibiting pronounced dynamics in the apo
trajectories.

To compare the essential dynamics in the three trajectories,
we calculated the inner products between the first eigenvec-
tors from each trajectory (Figure 7B). The overlap values
between PC1 from the complex and the apo trajectories are
small, while PC1 of both apo pT309 and T309 have overlaps
reaching as high as 0.75. The results indicate that the apo
trajectories are more similar to each other than to the complex
trajectory. This means that, on the time scale of our
simulations, the ligand-detachment-induced conformational
changes play a dominant role in Thr 309 dephosphorylation.

Deformation Vector Is Not Dominated by a Few PC
or Normal Mode Vectors. A change from one conformation
of a protein to another is often called the “deformation
vector”, ∆x, and corresponds to the normalized atomic
displacement between the initial and final conformation
(computed as the difference in atomic coordinates after
superimposition of the structures). The overlap between a
collective motion (described by either PC or normal mode)
and the deformation vector indicates the similarity of the
atomic displacement in that mode and the overall confor-
mational change between the initial and final states. If the
overlap equals “1”, then the conformational change is fully
described by a single collective mode. Cumulative overlap
represents the sum of individual squared overlaps, starting
from the lowest nonzero frequency modes. It has been
previously shown that a conformational change between two
states can be described by a linear combination of a few
low-frequency normal modes in many36,52 but not all
cases.53,54 Here we describe a transformation involved in
the transition from active to inactive conformation in terms
of PC vectors and normal modes. We calculated the overlap
between the deformation vector ∆x, defined by the difference

in the CR atom positions in the active and inactive crystal
structures of Akt and the nth eigenvector from PCA or NMA.
Figure 8 presents the cumulative values for up to 100 first
eigenvectors obtained from the Akt complex and the apo
trajectories as well as for the 100 lowest-frequency normal
modes obtained by means of the ENM from the initial
structure of the complex and apo forms. Over 50 vectors
are needed to describe 50% of the conformational change.
The reason that the active-inactive transition of a protein
kinase could not be described by a few low-frequency modes
is due to the rather complex changes, including those in the
A-loop, that are involved in the transition. In a recent study
of active-inactive transition in CDK kinase, the authors
concluded that the N-lobe has the intrinsic ability to move
toward the bound conformations, whereas the activation loop
does not have such an intrinsic, structure-encoded ability.55

Interestingly, a comparable number of eigenvectors from
PCA and NMA is needed to reach the cumulative sum of
overlaps with the deformation vector. The results are robust
with respect to different loop predictions of the inactive
structure (results not shown). Furthermore, cumulative
overlaps for the conformational transition of CDK2 (1HCL
to 1FIN, no residues missing) were similar: about 100 normal
modes were needed to describe close to 50% of the change
(Supporting Information, Figure S2).

On the simulated time scale, we did not see a significant
difference between PCs derived from the different trajectories
in terms of their ability to describe the active-inactive
transition. Longer time-scale simulations of the apo structures
are planned in order to identify the time frames within which
the R-spine disassembles and the overlap with the deforma-
tion vector increases. It would be interesting to see whether
a significant increase in the simulation time of the dephos-
phorylated apo form (en route to inactivation) results in PCA
modes that better describe the inactivation conformational
change compared to a similar simulation of the phosphory-
lated apo form.

CONCLUSIONS

The emerging consensus from computational studies of
kinase activation/inactivation dynamics is that during the
inactive-active transition, the A-loop opens first, followed
by rotation of the RC helix, while in the active-inactive

Figure 7. (A) Illustrative conformations along PC1 of the three
different trajectories are shown. The protein is represented by trace
and colored according to residue numbering, starting with red in
the N-term and finishing with blue in the C-term (prepared in
VMD).51 (B) Overlaps of PC1 from different trajectories.

Figure 8. Cumulative contributions of principal components and
normal modes to the active-inactive conformational change.
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transition, the interlobe opening and RC helix rotation are
followed by A-loop refolding. This notion is supported in
the current study, in which the N-lobe motion and the
outward motion of RC were observed in the root-mean-
square fluctuations (RMSF) and the essential dynamics
components, while only small changes were observed in the
A-loop.

We found that on a 20 ns time scale, the interactions
between the two lobes loosen upon ligand detachment
independently of Thr 309 dephosphorylation, while the tight
coupling of the A- and C-loops is present in the phospho-
rylated, but not in the unphosphorylated, form. The R-spine
is kept almost intact in the apo trajectories, while the C-spine
begins to deteriorate promptly upon ligand detachment. We
did not observe a flip in the DFG conformation, consistent
with the absence of any observed flip in longer 100-300 ns
simulations of Abl inactivation.25 Indeed, NMR studies of
p38 and PKA kinases suggest µs to ms scale DFG motions.25

The abundant ATP-competitive inhibitors (called type 1)
recognize the active “DFG-in” conformation found in most
of the X-ray structures, while type 2 kinase inhibitors
recognize the inactive “DFG-out” conformation of the
kinase.11,56 In a practical and successful approach to facilitat-
ing type 2 inhibitor design when inactive structures are
unavailable by modulating the available “DFG-in” structures,
DOLPHIN (deletion-of-loop Asp-Phe-Gly-in) was intro-
duced.57 Efforts continue to extend simulations of dynamics
to the relevant time scales,25,58 where one of the motivations
is a future ability to target an intermediate conformation.

Part of the kinase conformational space can be spanned
by normal modes of a single structure, and inclusion of
normal mode-based descriptions of protein flexibility was
shown to improve computational docking of small molecules
to proteins kinases.55,59-61 However, it has been also shown
that the A-loop dynamics cannot be accounted for by a simple
combination of a few modes.55 This was reconfirmed here
by both the elastic network normal modes and principal
components obtained from 20 ns long atomistic simulations.

It would be interesting to see whether a more efficient
description can be obtained by principal component analysis
(PCA) from longer simulations. To extend accessible simula-
tion time scales, we are developing a method for the
structural decomposition of kinases into rigid blocks and
flexible regions37 to be used in conjunction with the
accelerated dynamics methods, such as rotation and transla-
tion block (RTB) dynamics.62,63

Our study shows that different protonation states can
significantly influence the conformational dynamics of the
kinase. The protonation state of the catalytically important
aspartate25,64 and the role of pH dependence and titratable
residues in determining kinase activity levels have been
studied.44 Further combinations of computation and experi-
mentation are likely to shed more light on the relationships
between phosphorylation and pH.
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