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Abstract: Kinase large-scale conformational rearrangement is an issue of enormous biological and
pharmacological relevance. Atomistic simulations able to capture the dynamics and the energetics of kinase
large-scale motions are still in their infancy. Here, we present a computational study in which the atomistic
dynamics of the “open-to-closed” movement of the cyclin-dependent kinase 5 (CDK5) have been simulated.
Simulations were carried out using a new sampling method that is able to find the lowest free-energy
channel between an initial state and a final state. This large-scale movement has a two-step mechanism:
first, the aC-helix rotates by ~45°, allowing the interaction between Glu51 and Arg149; then the CDK5
activation loop refolds to assume the closed conformation. We have also estimated the free-energy profile
associated with the global motion and identified a CDK5 intermediate, which could be exploited for drug-
design purposes. Our new sampling method turned out to be well-suited for investigating at an atomistic
level the energetics and dynamics of kinase large-scale conformational motions.

Introduction

Kinases represent a vast protein family involved in vital
cellular pathways and responsible for several biochemical
functions." Understanding the conformational dynamics of
kinases® may represent a bridge between their structure and
function.? Indeed, the activation of many cellular mechanisms
requires kinases to undergo large-scale intrinsic motions, as these
proteins can adopt at least two extreme conformations, an “open”
state that is maximally active and a “closed” state that shows
minimal activity.” Structural insights into the open and closed
states of kinases have been gained from a number of case
studies, where two or more crystal structures of the same protein
in different conformations were determined by X-ray experiments.**
However, an understanding of the energetic profile and the
atomistic dynamics of the transition between the open and closed
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states is still in its infancy. Moreover, knowledge of the
structures of possible intermediate conformations sampled during
the transition is still very limited. Therefore, X-ray data must
be complemented with other approaches able to capture the
dynamics of large-scale conformational movements.’ Recently,
conformational transitions have been measured by NMR
relaxation experiments with substrate analogues® ® or during
catalysis'®!" as well as by single-molecule fluorescence reso-
nance energy transfer (FRET) measurements.'>!”
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In this scenario, atomistic simulations could greatly contribute
to linking flexibility and function.>'®~2° Although conventional
molecular dynamics (MD) studies in explicit water solution can
access only a limited time scale (~100 ns), while large-scale
conformational rearrangements occur on the microsecond-to-
millisecond time scale, several schemes have been developed
to overcome this drawback, most of them based on a coarse-
grained representation of the system.?' ~2* This approach can
be very useful; however, obtaining a good coarse-grained
representation can be difficult, and transferability is a major
concern. Recently, we have proposed a scheme? that is able to
reconstruct the lowest free-energy path that connects given initial
and final states without having to renounce a fully atomistic
description. This method has been successfully applied to study
the conformational movements of small peptides,® but studies
on large-scale conformational movements of protein systems
in explicit solvent have not been reported to date.

Here we investigate kinase plasticity by studying the energet-
ics and dynamics of the intrinsic conformational motions
experienced by cyclin-dependent kinase 5 (CDKS) during the
“open-to-closed” transition. Cyclin-dependent kinases (CDKs)
are key players in the machinery that drives the progression
and timing of the eukaryotic cell cycle,® and malfunctioning
of CDKs is the basis of several diseases.”” *° To be fully active,
CDKSs require binding of homologous protein activators known
as cyclins and phosphorylation of a conserved threonine of the
activation loop. Similarly to other kinases, during the open-to-
closed transition, CDKs undergo a large-scale intrinsic rear-
rangement that results in rotation of an a-helix by almost 90°
and relocation of the activation loop in a movement of ~25
A‘31,32

CDKS5?? is a member of the CDK protein family, and it does
not seem to be involved in cell-cycle regulation. Moreover, it
is selectively activated by p35 or p39, whose expression is
limited to neurons and a few other cell types.** As a conse-
quence, CDKS5 is implicated in neuronal development and
maintenance of adult neuronal architecture,® and its deregulation
has been associated with a number of neurodegenerative
diseases, such as Alzheimer’s disease,>® Parkinson’s disease,’’
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amyotrophic lateral sclerosis,*® Niemann—Pick type C disease,*
and ischemia.*® Furthermore, CDK5 does not need the phos-
phorylation of the activation loop to be fully active. Actually,
in the X-ray structure of the CDK5/p25 complex,*' the structural
requirement for phosphorylation is bypassed by an extended
network of interactions between p25 and the CDKS5 activation
loop. The absence of the phosphorylation step renders CDKS5
particularly well-suited for investigating kinase large-scale
intrinsic motions, and moreover, it represents a very interesting
target for drug discovery.

Methods

Homology Modeling. The structures of open CDKS5 and the
CDKS5/p25 complex were obtained from the crystal structure of
CDKS5 refined at 2.2 A resolution in a complex with roscovitine
(PDB entry 1UNL)** by removing the inhibitor and the activator
p25 and replacing Asn144 with an Asp, in order to have an active
protein. The search for a reactive path starts from the definition of
an initial (open) state and a final (closed) state. Since the crystal
structure of CDKS in the closed state is not available, we built a
chimeric structure in which the aC-helix and T-loop were obtained
by homology modeling of CDKS5 on the closed structure of CDK2
(PDB entry 1FIN*?). These regions show sequence identities (74
and 85% for the aC-helix and the T-loop, respectively) that are
even higher than that related to the entire protein (60%). The
remaining residues were taken from the original structure of CDKS
in the open conformation (PDB entry 1UNL*?). The homology
model was generated with the program Modeler version 7.0.** The
structures thus obtained were ranked on the basis of the internal
scoring function of Modeler and validated with PROCHECK.*
According to the PROCHECK analysis, the homology-built CDK5
closed conformation turned out to be a very high-quality model,
with an overall G-factor of —0.04. The Ramachandran plot*® related
to this model showed that more than 90% of the residues were
located in the most favored regions [see Supporting Figure (SF) 6
in the Supporting Information].

Molecular Dynamics. Preliminary MD simulations of the open
state, the closed state described above, and the CDKS5/p25 complex
were carried out using the GROMACS 3.2.1 suite*’ and the OPLS-
AA force field.*® Water solvation was described by immersion of
the open and closed structures in ~13 000 TIP3P waters, while for
the complex, a larger number (~ 23 000) was necessary. Neutrality
was ensured by adding one CI™ to the two isolated proteins and
two Na' ions to the complex. Periodic boundary conditions and
the particle mesh Ewald method (to account for long-range
electrostatic interactions) were used throughout. Bonds involving
hydrogens were constrained using the SHAKE algorithm,** and
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the time step for all of the simulations was 2 fs. A steepest-descent
minimization and thermalization scheme was applied to all of the
initial structures. The systems were heated from 0 to 100 K in 50
ps and to 300 K in 200 ps, keeping the Cot atoms fixed in their
original positions. Next, all of the constraints were lifted, and the
equilibration was continued in the isobaric—isothermal ensemble
with Nose—Hoover thermostats®® and the Parrinello—Rahman
barostat® for ~1 ns. For the open state and CDK5/p25 complex,
after the thermalization scheme we performed ~10 ns of MD on
the canonical ensemble. In these simulations, the root-mean-square
deviation (rmsd) of the protein and Ca showed good thermal
stability, with a value of 1.5—2 A. These runs were then analyzed
by principal component analysis (see SF 2 in the Supporting
Information).

Building the Guess Path. After MD thermalization, the open
and closed conformations of CDKS5 were submitted to the Molmov
morphing server.’? Starting from our initial and final structures,
we obtained five interpolated intermediates. Since the bond lengths
are kept fixed to their experimental values and an energy minimiza-
tion is employed, the resulting sequence of structures is only a rough
approximation to the reaction coordinate. In SF 7 in the Supporting
Information, the different conformations of the o.C-helix and the
T-loop of the five CDKS intermediate conformers (as output from
Molmov) are shown along with the open and closed states of the
enzyme. Each of the five morphing conformations was then
hydrated and thermalized at 300 K (see above), and the last
snapshots were used for generating the initial guess path. Notably,
some morphing conformations were quite stable during the ther-
malization, while others showed a rapid increase of the rmsd of
the Cow atoms. The seven conformations (the open state, the closed
state, and the five morphing conformers) were used to generate
the guess for subsequent path optimizations and metadynamics-
based computations, which were carried out using the path collective
variables (PCVs) s and z described below.

Metadynamics with Path Collective Variables. Following our
previous work,?> we defined two variables, s(R) and z(R), that are
able to describe the position of a point in configurational space R
relative to a preassigned path. In the present case, the preassigned
path coincides with the morphing path. The variables s and z can
be written as:

P
z (i— l)e*MR - ROP

1 i=1
SR= 57— (M
e—A[R — R()J?

=1

P
«R) = —% In (Z e MR- RW) )

=1

where i is a discrete index ranging from 1 to P, where P is the
number of conformations in the “template” path. In this way, the
variable s(R) provides the progress of the dynamics along the
template path, while z(R) provides the distance from the template
path itself. In the present case, [R — R(i)]” is calculated as the mean
square displacement after optimal alignment.>® The choice of the
coordinates of atoms to be included in the description is far from
trivial: a wrong choice can turn into a loss of performance. An
in-depth analysis of several trial trajectories in which we used only
the Ca and several N atoms that belong to the aC-helix (30 to 60)
and T-loop (145 to 165) showed that the side chains of Lys33,
Arg50, Glu51, Asp144, and Arg149 also must be taken into account
to effectively simulate the overall movement. For the discrete
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representation to be meaningful, we chose the nodal points R(i) to
be as equidistant as possible and the value of A to be comparable
to the inverse of the mean square displacement between successive
frames.

We then ran a metadynamics>* simulation to reconstruct the free-
energy surface (FES) as a function of s and z. We used metady-
namics in the direct version,> as implemented in NAMD.>® The
height of the Gaussians was set to 0.3 kcal/mol and the addition
frequency to 1 ps. The width of the Gaussians was not fixed but
was determined by the fluctuations in s and z measured over a time
interval of 2 ps. In order to avoid integration problems with too-
narrow Gaussians, a lower-bound limit of 0.03 in the appropriate
unit was set for each coordinate.

We first optimized the path with P = 7 using the procedure
described in ref 57. It was clear, however, that this discretization
was not sufficient to describe the transition with the necessary
resolution. We thus increased P to 18 by selecting additional
intermediate configurations from among the small-z configurations
obtained during the metadynamics. We chose these configurations
such that they were equally spaced with a distance of 1.31 A. The
18 frames were used to define a reference path using A = 1.33 A2
in eqs 1 and 2. The path was not further improved, but it was
sufficiently accurate for the study of FES(s, z) to provide us with
reliable information on the open-to-closed transition and its
associated free-energy profile.

Results and Discussion

The structural organization of CDKS is reported in Figure 1
and hereafter briefly summarized. CDKS5 exhibits the classical
bilobal kinase fold, where the N-terminal domain (N-lobe) is
composed mainly of the S-sheet and one o-helix (the aC-helix)
(Figure 1a). The C-terminal domain (C-lobe) is predominantly
o-helical and is linked to the N-terminal by a flexible hinge
(81 to 84 aa). Between the lobes there is a deep cleft that natively
binds ATP. The ceiling of the ATP-binding site, named the
G-loop (11 to 18 aa), is quite flexible, being rich in glycines.>®
Two structural elements are involved in the interaction with
the activator*' (p25) and in the catalytic function: the aC-helix,
whose sequence is well-conserved in the CDK family, and the
activation loop (T-loop), which binds the two terminal lobes (145
to 165 aa). The latter belongs to the activation segment, which is
shown in detail in Figure 1b. This is a structurally well-character-
ized portion of kinases that begins with the conserved DFG
tripeptide (144—146 following the CDKS numbering) and com-
prises the magnesium-binding loop (143—148), 59 (149—150), the
activation loop (T-loop in CDKs) (151—160), and the P+1 loop
(161—169), ending with a second conserved tripeptide motif [APE
in general but PPD in CDKS5 (170—172)]. In the C-lobe there is
also another fundamental loop, called the catalytic loop (C-loop,
Figure 1a), that is involved in the reaction catalysis (122—131 aa).

Closure Movement of CDK5: A Two-Step Mechanism. In a
preliminary calculation, we assessed the effect of p25 on the
stability of the open form of CDKS. In SF 1 in the Supporting
Information, the rmsd during a 10 ns MD simulation is reported
for the CDK5/p25 complex (SF 1A) and for CDKS5 alone (SF
1B). It can be seen that CDKS in the complex with its activator
p25 (SF 1A) is more rigid than CDKS5 alone (SF 1B) and that
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Figure 1. Three-dimensional structure of CDKS in the open state. (a) Classical bilobal structure of kinase: (cyan) the G-loop (aa 11—18); (violet) the
aC-helix (44—57); (yellow) the hinge region between the the N- and C-lobes of the protein (81—84); (red) the C-loop (122—131); (green) the activation
segment (144—171). (b) Details of the activation segment: (orange) the DFG-in conformation, in which the Asp144 is pointing inside the cleft; the interaction
between (yellow) 59 and (red) 56; (green) the T-loop; (cyan) the P+1 loop; (blue) PPD, the C-terminal part of the activation segment.

most of the flexibility of uncomplexed CDKS5 comes from the
aC-helix and the T-loop (blue trace in SF 1B). Similar results
were obtained by principal component analysis (SF 2 in the
Supporting Information). The stabilizing effect of the activator
suggests that its role is to favor the open structure. This
conclusion is strengthened by the observed dependence on
activator concentration.”® We simulated the closure process in
the absence of the activator, which is a necessary step toward
a full understanding of the enzyme functioning.

To determine the closing path (see Methods), we used
metadynamics together with the method of Branduardi et al.>®
Although the initial guess path was constructed using a standard
bioinformatics tool,>* the final optimized path was very different
from the initial guessed one.

Our simulations show that the process takes place in two
steps: in the first step, the aC-helix rotates by ~45° (Figure
2A,B), and in the second step, the T-loop closes the catalytic
cleft and the aC-helix completes its rotation (Figure 2C,D). The
first event leading to the rotation of the aC-helix is the breaking
of the salt bridge between Lys33 and Glu51, which plays a key
role in the kinase activation mechanism® (Figure 2A,B). The
role of this salt bridge is to anchor the o.C-helix in its open
position. Solvation and the formation of a new salt bridge with
Arg149, which is part of the activation segment, enable a partial
rotation of the o.C-helix. In the open conformation, Lys33 and
Glu51 interact strongly and are assisted in stabilizing the oC-
helix at its position by the close proximity of Aspl44. The
breaking of this bond takes place in a concerted fashion. Arg149
approaches Glu51, thus weakening the Lys33—Glu51 bond; this
leads to abond switch between Lys33—Glu51 and Lys33—Asp144.
The end result is that the Lys33—Glu51 bond is disrupted and
a new salt bridge, Glu51—Argl49, is formed, allowing the
partial rotation of the o.C-helix. It is also important to underline
the role of the water in this first transition. In SF 3 in the
Supporting Information, the reported changes in water coordina-

(59) Hisanaga, S.; Saito, T. Neurosignals 2003, 12, 221-229.
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tion show that the breaking of the bond is assisted by the
solvation of Glu51.

The DFG motif did not experience any in—out conformational
movement, as observed in the crystal structures of CDK2 and
CDK?7 but at variance with CDK6, which can adopt a DFG-out
conformation when it is bound to the inhibitor Ink4.°'

In the second step, the o.C-helix completes its rotation while
the T-loop refolds to assume the final closed conformation.
During the entire process, Argl49 and Glu51 remain bound
(Figure 2C,D). Also in this second stage, Arg149 plays a major
role by helping the T-loop to rearrange and maintain a
connection between the C- and N-lobes. The mechanism that
we have found by optimizing the path is closely related to one
of the possible mechanisms described in ref 22 for the
homologous Src kinase. In that paper, the authors used coarse-
grained molecular representations and found that the closed-
to-open transition can occur in two possible ways. The first
pathway is similar to what we found in CDKS5 and implies the
opening of the activation loop followed by rotation of the aC-
helix. Also, the switching of an electrostatic network, in
particular between the highly conserved residues K295—E310
and E310—R409, plays a fundamental role in their case, as
previously noted in ref 62 and recently confirmed in ref 63. On
the contrary, we did not find evidence for the partial unfolding
mechanism described in ref 22.

An added bonus of our atomically detailed pathway is that it
shows the importance of hydration/dehydration of key residues
during the restructuring of T-loop. Initially, the loop is relatively
dehydrated. Halfway through the transition, the T-loop hydration
reaches its maximum, being exposed to the solvent. At the end,
water molecules must be expelled from the cavity, and T-loop
hydration is reduced (SF 4 in the Supporting Information). After
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:

Arg149

(

A-open state

Figure 2. Different conformations assumed by CDKS in going from the open state to the closed state: (upper panel) schematic illustration of the transition;
(lower panel) corresponding cartoons of CDKS5. From A to D, the figures show the progressive disruption of the Glu51—Lys33 interaction, the formation of
the salt bridge between Argl49 and Glu51, the rotation of the o.C-helix (pink), and the movement of the T-loop (green).

@ A movie showing the simulated open-to-closed transition in AVI format is available.

closure, not only have the aC-helix and T-loop moved, but also
the G-loop is displaced, making ATP binding impossible.®

In the open structure, the initial segment of the T-loop forms
a [3-sheet motif (59), while in the final closed structure, it is
disrupted and refolds into a coil. This is at variance with the
result of the homology modeling, which predicted the formation
of an a-helix, but consistent with several experiments on
different members of the kinase family, which failed to resolve
this structural element®® in the closed state.

Free-Energy Surface and Metastable Intermediate State. The
use of metadynamics with the PCVs® also permits the
reconstruction of the FES along the optimized reaction coor-
dinate. In Figure 3, the bidimensional FES for the open-to-closed
switching movement of CDKS is reported. The FES, obtained
from a 150 ns metadynamics simulation, was reconstructed as
a function of the progression along the path (s) and the distance
from the path itself (z) (see Methods). The projection of the
FES on the s and z variables is an unusual one and probably
requires a more detailed description. The z variable describes
the distance from the path in the MD simulation. This has
important consequences, as some energy basins that seem to

(64) Cavalli, A.; Dezi, C.; Folkers, G.; Scapozza, L.; Recanatini, M. Proteins
2001, 45, 478-485.

(65) Wu, S. Y.; McNae, 1.; Kontopidis, G.; McClue, S. J.; Mclnnes, C.;
Stewart, K. J.; Wang, S.; Zheleva, D. I.; Marriage, H.; Lane, D. P.;
Taylor, P.; Fischer, P. M.; Walkinshaw, M. D. Structure 2003, 11,
399-410.
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be far away from the pathway are not “distinct” structures/
mechanisms but indicate substantial entropic contributions to
those basins. This is evident in the proximity of the closed state
and is due to the intrinsic fluctuations of the activation loop.
This observation is also in agreement with the findings of ref
22 that describe a very flexible activation loop in the case of
the Src kinase. Additional simulations in which the overall
movement was split into two subpaths were performed, and they
quantitatively confirmed the FES and mechanism obtained (see
SF 5 in the Supporting Information)

As expected, the open and closed states (A and D, respec-
tively, in Figure 2) correspond to two deep free-energy basins.
The closed state was 4—6 kcal/mol lower in free energy than
the open one, so in the absence of an activator, the protein
remains closed. The activation barrier is predicted to be ~16—20
kcal/mol. The calculated barrier is prohibitively high for a
biomolecular conformational transition. However, it was con-
firmed by repeated metadynamics simulations both with path-
like variables and with a different set of PCVs (see SF 5 in the
Supporting Information). Although we cannot rule out an error
due to the force field or the existence of different pathways,
the similarity of the path found here to that previously described
for the homologous Src kinase, in addition to biological
considerations, makes us believe that the high barrier is indeed
physical. This result is consistent with a mechanism in which
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Figure 3. Free-energy surface reconstructed as a function of s and z. The energy separation between contours is 2 kcal/mol. The numbers 1—4 correspond

to the states described in Figure 2.

Table 1. Distances (A) between the Main Residues Involved in the
Transition from the Open State to the Closed State

open state intermediate closed state
Phel45—Leu54 5.34 9.40 13.59
Phel51—Asnl21 1.95 9.39 11.73
Argl49—Leul23(C=0—H—N) 2.10 6.69 8.36
Argl49—Leul23(N—H—0=C) 2.34 5.53 6.61
Lys33—Aspl44 3.39 3.46 5.28
Lys33—Glu51 3.21 14.80 16.11
Glu51—Arg149 15.32 3.86 3.95
Glu51—Arg50 11.34 9.05 6.05
Thr164—Asp126 (HRD) 3.76 4.52 1.82

p25, p35, and p39 have a fundamental catalytic role in the
activation process, in agreement with previous suggestions.>*%*%”

We report in Figure 2 the conformations corresponding to
the minima observed in the FES that are most relevant in the
transition from the open to the closed state (labeled as points
1,2, 3, and 4 in Figure 3). The main geometric features of these
conformations are reported in Table 1. The deepest intermediate
minimum (point 3 in Figure 3) is a metastable state whose
dynamical relevance was checked in an unconstrained MD run
of 10 ns. During this time, the intermediate state did not exhibit
any significant rearrangement. This intermediate shows structural
features that differ from those of the open and closed states.
The aC-helix is rotated by ~90°, and while the Lys33—Arg149
salt bridge is formed as in the closed state, the T-loop is in an
open conformation with the 9 sheet already refolded in a coil
structure. In the Src and Hck kinases,®®® an intermediate has
been crystallized in which the aC-helix is also rotated by ~90°,

(66) Takahashi, S.; Ohshima, T.; Cho, A.; Sreenath, T.; Iadarola, M. J.;
Pant, H. C.; Kim, Y.; Nairn, A. C.; Brady, R. O.; Greengard, P.;
Kulkarni, A. B. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 1737-1742.

(67) Jamsa, A.; Backstrom, A.; Gustafsson, E.; Dehvari, N.; Hiller, G.;
Cowburn, R. F.; Vasange, M. Biochem. Biophys. Res. Commun. 2006,
345, 324-331.

(68) Sicheri, F.; Moarefi, 1.; Kuriyan, J. Nature 1997, 385, 602—609.

(69) Xu, W.; Harrison, S. C.; Eck, M. J. Nature 1997, 385, 595-602.

but the structure otherwise differs from ours. In particular, in
the Src and Hck intermediates, Glu310 in the aC-helix interacts
with Arg385 and not Arg409, which corresponds to Argl49 in
CDKS.

If the existence of such an intermediate were to be confirmed,
it appears that enough elements of diversity exist between the
intermediate and the open state of CDKS5 for new drugs that
target the intermediate to be designed. The existence of an
intermediate state proved to be crucial in the case of Ber-Abl
tyrosine kinase,>’® for which it has been shown that the
anticancer drug imatinib selectively binds to the intermediate.

Conclusion

The intrinsic motions of CDKS5 have been investigated here
by means of atomistic simulations. In 150 ns of metadynamics,
we have sampled the CDKS5 conformational rearrangement
underlying the transition between its open and closed states.
This process turned out to be rather complex, and it takes place
into two steps. First, the salt bridge between Lys33 and Glu51
is broken, leading to ~45° rotation of the oC-helix and the
formation of a salt bridge between Glu51 and Arg149. Second,
a highly concerted motion of the oC-helix and the T-loop leads
to the closed conformation, with the o.C-helix rotated by ~90°
and Argl49 and Glu51 keeping their salt bridge and being
exposed to the solvent. During this step, we could detect a
complete refold of the T-loop leading to the CDKS5 closed
conformation. In addition, we discovered the key role of Argl149
during the transition, as it worked as a linker between the N-
and C-lobes, allowing a concerted movement of the two
domains. The free energy of the process was accurately
estimated, pointing to the closed state being more stable than
the open one by 4—6 kcal/mol. Furthermore, a previously

(70) Schindler, T.; Bornmann, W.; Pellicena, P.; Miller, W. T.; Clarkson,
B.; Kuriyan, J. Science 2000, 289, 1938-1942.

(71) Tang, C.; Schwieters, C. D.; Clore, G. M. Nature 2007, 449, 1078—
1082.
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undisclosed CDKS5 low-energy intermediate conformation was
identified and its stability assessed. A similar intermediate
conformation was previously crystallized in two related protein
kinases, Src and Hck,*® giving support to our finding. This
result, together with the similarity of the pathway found here
to that described in the homologous Src kinase,**%** gives us
confidence that even if what we propose is a model, its relevance
might be verified by experiments such as those reported in ref
71.

From a wider perspective, this paper has reported on one of
the first comprehensive atomistic investigations of kinase large-
scale intrinsic motions. Remarkably, while understanding how
the dynamics of kinases influences their function is a great
challenge for basic science, the determination of the open-to-
closed atomistic path and the associated free-energy profile may
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provide undisclosed kinase intermediate conformations suitable
for addressing the structure-based design of potent and selective
kinase inhibitors.
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