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p38y Activation Triggers Dynamical Changes in Allosteric Docking Sites

Ramiro G. Rodriguez Limardo,*** Dardo N. Ferreiro, "%+ Adrlan E. R01tberg,” Marcelo A. Marti,* and
Adrian G. Tur]anskl*

+Departamento de Quimica Inorganica, Analitica y Quimica Fisica] INQUIM AE-CONICET, Facultad de Ciencias Exactas y
Naturales, and *Departamento de Quimica Biolégica, Facultad de Clenclas Exactas y Naturales, Universidad de Buenos Aires, Ciudad
Universitaria, Pabellon 2, Buenos Aires C1428EHA, Ar, gentma and ' Deparlmem of Chemistry, University of Florida, Gainesville,
Florida 32611-8435, United States. *Both authors contributed equally to this work

Received May 12, 2010, Revised Manuscript Received December 28, 2010

ABSTRACT: Mitogen-activated protein kinases (MAPKSs) are serine-threonine kinases that participate in signal
transduction pathways. p38 MAPKs have four isoforms (p38a., p384, p38y, and p389) which are involved in
multiple cellular functions such as proliferation, differentiation, survival, and migration. MAPK kinases
phosphorylate p38s in the dual-phosphorylation motif, Thr-Gly-Tyr, located in their activation loop, which
induces a conformational change that increases ATP binding affinity and catalytic activity. Several works
have proposed that MAPK dynamics is a key factor in determining their function. However, we still do not
understand the dynamical changes that lead to MAPK activation. In this work we have used molecular
dynamics techniques to study the dynamical changes associated with p38y activation, the only fully active
MAPK crystallized so far. We performed MD simulations of p38y in three different states, fully active with
ATP, active without ATP, and inactive. We found that the dynamical fluctuations of the docking sites,
important for protein—protein interactions, are regulated allosterically by changes in the active site.
Interestingly, in the phosphorylated and ATP-bound states the whole protein dynamics lead to concerted
motions of whole protein domains in contrast to the inactive state. The binding/unbinding of ATP
participates in the reorientation of the two domains and in the regulation of protein plasticity. Our study
shows that beyond the conformational changes associated with MAPK activation their correlated dynamics
are highly regulated by phosphorylation and ATP binding. This means that MAPK plasticity may have a role
in their catalytic activity, specificity, and protein—protein interactions and, therefore, in the outcome of the

signaling network.

Mitogen-activated protein kinase (MAPK)' cascades are highly
conserved signal transduction pathways coupling different extra-
cellular signals to a variety of intracellular responses (7, 2). The
structural characteristics of MAPKs have been studied in great
detail; members of ERK1/2, p38, and JNK groups have been
all crystallized alone or in combination with substrates (3—8).
These studies have provided a molecular understanding of the
canonical MAPK domain structure (Figure 1 and Table 1).
MAPKSs are composed by two domains, an N-terminal domain
formed largely by S-sheets and two helices, oC and aL16, and
a C-terminal domain that is mostly helical, with four short
p-strands that contain several residues involved in catalysis.
The catalytic site, where the ATP and two magnesium ions bind,
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is at the junction between these two domains. A flexible linker
between the N- and C-terminal domains allows their reorientation,
and therefore it has been suggested that its conformation is
important for the enzymatic activity (9). The MAPK insert,
formed by two short helices located in the C-terminal domain,
and a long loop that spans the whole protein, including the aLL16
helix, distinguishes the MAPK’s fold from the common one of the
kinase superfamily. The family of p38 kinases includes four
members known as p38a., p384, p38y (also known as SAPK3 or
ERKG6), and p380 (10).The four isoforms share a Thr-Gly-Tyr
phosphorylation motif in their activation loop and are stimulated
by receptors and environmental stress conditions similar to those
provoking the activation of JNKs (/7). P38s MAPKs are in-
volved in multiple cellular functions such as proliferation, differ-
entiation, survival, and migration (/0).

In order to achieve normal cellular functions, MAPK cas-
cades should transduce signals with high efficiency and fidelity.
However, the molecular basis for the mechanism underlying
the specific reactions in the MAPK cascades has not been
fully understood (/2). MAPKSs bind their upstream regulators
(MAPKKSs) and downstream targets by surface interactions that
are achieved through docking motif binding sites that are outside
of the catalytic domain. Emerging studies in the past few years
have provided compelling evidence that these binding sites for
docking motifs play a key role in determining the substrate
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FiGure 1: The structure of MAPKSs. (A) Structure of activated p38y (PDB: 1CMS) in cartoon representation. a-Helices are shown in purple,
p-sheets in yellow, and loops in white. ATP and the phosphorylated residues are shown in ball and stick representation (red, oxygen; cyan, carbon;
blue, nitrogen; white, hydrogen; gold, phosphorus; green, magnesium). (B) Cartoon representation: yellow, N-terminal domain; orange,
C-terminal domain. In light blue we highlighted important motifs in the MAPK structure.

Table 1: Secondary Structure and Functional Regions of p38y, As Defined by the Canonical MAPK Domain Structure

residue no. secondary structure functional region
12—-16, 19-23 PILO, f2LO Nt-domain
27-36, 39—46, 52—58 pl, p2, 53 Nt-domain
66—81 aC Nt-domain
91-93, 105-110 p4, p5 Nt-domain
111-113 loop hinge region
114—115, 116—122 LS, aD Ct-domain
123—126 aD-oE loop docking site
127—147 oE Ct-domain
149—150, 159—162, 166—169, 176—177 p6, p7, 8, 9 Ct-domain
163—165 B7-58 loop docking site
178—186 loop activation lip
183, 185 phosphorylation site
187—-193 P + 1 site
194-199, 205—220, 231-242 all12, aF, aG (C-term)
247-252, 256264 olL14, 02L14 MAPK insert
273-276, 282—292, 302311 a3L14, oH, al Ct-domain
337-348 all6 Nt-domain

specificity of MAPKSs (/3). The best described docking motif is
known as DEJL or D motif which possesses the general pattern
(Arg/Lys)|—»-(X),—-Dp-X-Dp, where J and Og are hydro-
phobic residues: leucine (/4), isoleucine (Ile), or valine
(Val) (5, 8, 13). Crystal structures of MAPK complexes with
peptides derived from upstream and downstream targets having
these DEJL motifs [e.g., ERK2 with MAPK phosphatase 3
(MK3) or with the hematopoietic tyrosine phosphatase (HePTP);
p38a with the transcription factor MEF2 or the p38 MAPKK,
MKK3B; and JNK 1 with the scaffold Jun interacting protein-1
(JTIP1)] have revealed that the MAPK binding site for the DEJL
motif is similar among the different groups of MAPKSs, compris-
ing a hydrophobic groove between helices oD and o.E and the 57-
P8 reverse turn and an acidic patch that binds the positive amino
acids within the DEJL motif of the partner protein (5, 15, 16). A
second docking motif often found in MAPK substrates, such as
the kinase suppressor of Ras (KSR) and the transcription factors
Elkl and SAP-1, has the amino acid sequence phenylalanine

(Phe)-X-Phe-Pro and was termed DEF domain (docking site for
ERK FXFP) (13, 17, 18). The DEF binding region in ERK?2 was
mapped to the P + 1 site, the aF helix, and the MAPK insert.
Interestingly, a study conducting disruptive mutations of each of
the ERK2 docking binding regions has shown that they can act
independently and therefore may contribute to the regulation of
distinct signaling events in vivo.

Recent studies have shown that dynamic conformational
changes occurring on MAPKSs upon phosphorylation, binding
to ATP, upstream activators, scaffolds, and downstream targets
may be important for MAPK activity and can regulate the
assemblage of each MAPK module (6, 8, 9, 17, 19—21). It has
been proposed that the binding of MAPKs to the docking motifs
of their interacting partners may cause MAPKSs to change their
conformation and expose their activation loop, thereby becoming
more accessible to MAPKKs and phosphatases (6, 8, 9, 17, 19—21).
Dynamic changes have also been observed in the structure of
ERK1/2 upon phosphorylation and ATP binding in sites located
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far apart from the activation loop (20). However, most of the
results that relate dynamics to function come from X-ray
structures that despite having revealed new conformations
give little information of the protein dynamics or hydrogen
exchange and electron paramagnetic resonance experiments
that give valuable information on protein dynamics but lack
atomistic detail. Despite the great advance we have experi-
enced in our understanding of how the MAPK module
transmits the signal, we still do not have a clear picture of
how these proteins work. Important questions remain open,
such as: What is the effect of ATP binding on the protein
dynamics? How does phosphorylation change MAPK dy-
namics? Are dynamical changes associated with protein activ-
ity? How do MAPKs regulate binding to scaffold proteins,
upstream kinases, phosphatases, and targets that bind to the
same docking site? How are complexes disassembled upon
phosphorylation of the MAPKs or target proteins? Are
MAPKSs allosterically regulated? Taking this into account,
we considered it worthwhile to conduct all atom molecular
dynamics(22) simulations of a MAPK in different states as this
technique allows us to follow with great detail the dynamical
plasticity of the folded state in the nanosecond time scale.

MD simulations have been used extensively to understand how
dynamics is coupled to function, and recent works have studied in
detail the kinase fold (23, 24).We conducted MD simulations of
the MAPK p38y since this protein is the only one fully crystal-
lized in an active conformation with ATP and Mg>", making it a
good model for our study. We used this complex as a starting
conformation and constructed the phosphorylated protein with-
out ATP and Mg>" and the unphosphorylated protein. We
performed long MD simulations of the different states and
described in detail the structure of the previous uncharacterized
structures of p38y. We then analyzed the changes in the protein
dynamics upon dephosphorylation and ATP unbinding. Our
results show that dephosphorylation and ATP unbinding trigger
allosteric transitions that significantly modify not only p38y
structure but dynamics, resulting in more coordinated motions in
the activated/ATP bound protein. We found that the presence of
ATP in the active state stabilizes the N-terminal domain and
produces a change in the orientation between the two domains;
however, the amplitude of the oscillations remains similar.
Interestingly, by performing principal component analysis, we
found that the MAPK insert is involved in the low-frequency
essential modes and is among the most flexible moieties in the
protein, suggesting that its conformation could be easily regu-
lated by inter- or intraprotein interactions. The analysis of the
simulations also revealed that dynamical fluctuations of the
DEJL docking site are regulated by changes in the active site.
Taking these observations into account, we propose that the
observed changes in the dynamics of the docking sites, between
the phosphorylated and unphosphorylated states and the ATP
bound and unbound states, may be a way of regulating protein—
protein binding affinities and therefore modulate the assembly/
disassembly of the MAPK module. We finally discuss the
population shift and stereochemical models of allostery in the
context of p38y activation mechanism. All together, we show
that by performing MD simulations we are able to describe the
structure and dynamics of p38y with results that are in agreement
with experimental results observed in other members of the MAPK
family providing a broader picture of MAPK structure/dynamics
to function relationships.

Rodriguez Limardo et al.

COMPUTATIONAL METHODS

Setup of the System and Equilibration. Protein coordinates
were retrieved from the Protein Data Bank. The corresponding
PDB codes are 1R3C for p38a. (crystal resolution: 2.4 A) (25)and
1CM8 for p38y (crystal resolution: 2.0 A) (3). In the structure
corresponding to p38y three loops are missing; therefore, we built
them using as a template the p38a structure. The loops corre-
spond to V33—A40 where the missing GSGAYG segment was
inserted, the loop L314—Q322 where the sequence HDTEDEP
was inserted, and the S329—R335 segment where FDDVD was
inserted. Starting from the resulting p38y complete structure
(p38y/p38a X-ray) obtained, three systems were built: p38yU,
which is p38y where we removed the ATP and dephosphorylated
residues T183 and Y185; p38yP, which is p38y phosphorylated in
T183 and Y185 with the ATP removed from the active site;
p38yP-ATP, which is p38y phosphorylated in T183 and Y185
and bound to two Mg ions and ATP. The positions of the
phosphorylated amino acids, the Mg, and the ATP were retrieved
from the original crystal structure of p38y (3).

Once the three initial structures were obtained, the following
thermalization and equilibration protocol was performed in
explicit solvent for all of the systems: Hydrogens were added
with the tleap module of the AMBER 9 program, and the
amber99-SB force field was used for the simulations (26, 27).
Standard protonation states were assigned to tritable residues (D
and Q are negatively charged, K and R positively charged).
Histidine protonation was assigned favoring formation of hydro-
gen bonds in the crystal structure. The parameters for phospho-
tyrosine and phosphoserine were taken from Craft et al. (28) and
the ATP parameters from Meagher et al. (29). Each protein was
immersed in a truncated octahedral box of TIP3P water (30).
After the solvation the systems consist in 346 amino acids, over
10000 water molecules, and two Mg ions and ATP for p38yP-
ATP. Each system was optimized using a conjugate gradient
algorithm for 2000 steps. This optimization was followed by 100
ps long constant volume MD thermalization where the tempera-
ture of the system was slowly raised to 300 K. The heating was
followed by a 100 ps long constant temperature and constant
pressure MD simulation to equilibrate the system’s density.
During these processes the protein CA atoms were restrained
by a 10 kcal/mol harmonic potential for the thermalization and a
1 kcal/mol harmonic potential for the density equilibration. After
these equilibrations the systems ran for 10 ns at constant
temperature and pressure as a final stabilization (31, 32).

MD Simulations. For each system 125 ns long constant tem-
perature and pressure MD simulations were performed with no
restraint for the CA atoms. Pressure and temperature were kept
constant with the Berendsen barostat and thermostat (33). All
simulations were performed with periodic boundary conditions (34).

Essential Dynamics Analysis. In order to get insight into
the dynamical properties of each structure and their influence on
the coordination transitions, several essential dynamics (ED)
analysis were performed for all production MD runs(35) using
the ptraj module of the AMBER 9 program. The ED for each run
(or combination of runs) is determined by diagonalizing the
coordinate covariance matrices (Cov;) of the atomic positions
along the desired trajectory, obtaining the corresponding eigen-
values and eigenvectors (eq 1)

M
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FiGURE 2: Co RMSD vs time plot for the three 125 ns long MD simulations using as a reference either the initial complete structure (A) or the
average structure (B) (as computed from the last 100 ns). Black line corresponds to p38yU, red line to p38yP, and blue line to p38yP-ATP.

where the sum goes over the “M” configurations or snapshots
from the dynamics, X;(k) corresponds to ith Cartesian coordinate
of the system in snapshot number k, and {X;) represents the mean
value of X; along the MD simulation.

After diagonalization each obtained eigenvector (v;) corre-
sponds to an essential mode (EM) of the protein. Together, all of
the EMs describe the motions of the protein along the MD run
used to generate the computed matrix. The eigenvalues (4;)
obtained represent the relative contribution of each EM to the
overall motions, with the first EM being the one with major
contribution or larger eigenvalue. The ED was computed only for
the backbone (N, C, CA, O) atoms. The EM for each individual
MD run was computed and analyzed. Then the EMs of combined
trajectories were computed to gain deeper insight into the
structural transition between both simulations. In this combined
MD analysis the first EM (V) is able to extract the concerted
movement corresponding to the transition between both states,
used to compute the covariance matrix, and will be called a
transition EM.

Projections “Py(#)” along the MD runs onto selected EMs
were also performed to analyze the configurational space ex-
plored along the MD run (eq 2)

Py(1) = vy (1) (2)

where vy is the Nth EM and r(¢) is the protein conformation at
time ¢. Projections are measured in angstroms, and the value
corresponds to the overall deviation from the mean structure
along the projected mode. After projecting the selected MD
simulation along the selected mode, the normalized histograms
were computed.

Based on the comparison of the equilibrium and transition
EM, a slightly modified version of the involvement coefficients
(IC) of each EM to the transition is computed (eq 3):

IC = VAj* VAB (3)

Ineq 3, va;is the 7" EM of equilibrium simulation of the A state,
whereas Vap corresponds to the transition EM computed by
combining the A and B trajectories. In this case IC expresses how
much of the structural transition between states A and B is
contained in the EM number */” of MD corresponding to the A
state. This method, therefore, allows to analyze how much of the
natural motions of the protein in a given state contribute to the
selected conformational transition. This type of analysis based on
the essential dynamics has already proven useful in the study of
the structural and dynamical relationships in several proteins
including the study of structural transitions (36, 37).

Entropy Calculation. To analyze the change in entropy in
the activation process of p38y, we estimated the configurational
entropy of the three different states by using the quasi-harmonic
approximation (38). In the quasi-harmonic analysis the entropy is
obtained by the construction of the 3N x 3N covariance matrix of
the MD followed by the numerical diagonalization to obtain the
EM and their corresponding eigenvalues as described above.
We computed the entropy by increasing the sampling windows by
1 ns intervals including always the same number of snapshots
for each window.

RESULTS

The results are organized as follows: Initially the stability of the
simulations is presented. Then, the structural changes between
the states are presented, and the dynamics of each state is
analyzed in detail followed by a comparison of the dynamics
between the three states. Finally, we analyze the population shift
and stercochemical models in the context of MAPK activity. The
states are named p38yP-ATP for the complex of phosphorylated
p38y with ATP and Mg ions, p38yP for the phosphorylated
protein, and p38yU for the unphosphorylated/inactive state.

Stability of the M D Simulations. Given the length of the
presented MD simulations, our first analysis concerns the
stability of each of the three studied systems: p38yU, p38yP,
and p38yP-ATP. Figure 2 shows the RMSD vs time plot for the
three simulations using as a reference either the initial complete
structure (built as described in Computational Methods) or the
average structure computed for the last 125 ns.

As can be seen in Figure 2A, the three systems display
moderated RMSD values using the p38yP-ATP X-ray structure
as a reference (3). As expected, p38yP-ATP (blue line) has the
lowest RMSD, because this is the state corresponding to the
original structure. RMSD plots show that there is an initial fast
equilibration of less than 1 ns in all systems. After this, p38yU
(black line) continues to drift from the initial structure for about
30—35 ns when a stable conformational ensemble is obtained;
consistently for p38yP (red line) this drift lasts about 10—25 ns.
Figure 2B clearly shows that after these initial equilibrations, all
conformational ensembles remain stable with RMSD values of
less than 2 A with respect to the average structure.

We also evaluated the stability of the simulations by analyzing
the essential modes computed as described in Computational
Methods. Usually, for proteins, most structural variance is
captured by only a few collective motions, which are described
by the first essential modes (39). These EMs can thus be used to
characterize the dominant dynamical behavior of a given protein.
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FiGure 3: (A) Backbone comparison: black for p38yU vs p38yP; red for p38yP vs p38yP-ATP. Schematic representation of the observed
differences for p38yU vs p38yP (B) and p38yP vs p38yP-ATP (C). Blue represents distances lower than 2 A, green distances range between 2 and 4

A, and red distances are higher than 4 A.

Furthermore, projections of the trajectory along these EMs also
show how the conformational space is sampled along the
simulation. The corresponding results for each system are pre-
sented in the Supporting Information (Figures S1 and S2). The
EM projection vs time plot shows that no significant drift seems
to be present and that sufficient sampling along the conforma-
tional space is achieved pointing to a reasonable convergence of
the simulations. However, we cannot rule out that, for the most
flexible regions of the proteins, longer times are needed to fully
achieve convergence. This may be the case for the MAPK insert,
which is one of the most flexible regions of this protein. As
discussed in detail below, the region encompassing the MAPK
insert significantly contributes to the first essential modes, and its
dynamics is greatly regulated by the protein state. For example,
as shown in Supporting Information Figure S2B, a late drift in
the projection of the first mode of p38yP is present which is
associated to a rotation of helix o1 L14 of the MAPK insert that is
sampled at the end of the simulation.

To further analyze convergence of each state dynamics, we
computed the conformational entropy, derived from the com-
plete set of EMs, for increasing time intervals from 0 to 125 ns,
with a sampling window of 1 ns. The corresponding figure,
Supporting Information Figure S5, shows how the entropy
slowly converges, strongly suggesting that conformational sam-
pling convergence is achieved in the time scale of the simulation.

Is important to remark that although complete convergence is
difficult to achieve, we present conclusive evidence that after an
initial relaxation time new conformational states are reached cor-
responding to structures that, as we will discuss below, are in accord
to the conformational changes observed for other MAPKSs. Taking
this into account, all of the data calculated in this paper, RMSF,
average structures, essential modes, and geometrical measurements
are computed only on the equilibrated last segment of the simula-
tions where the structure has ceased to drift.

Structural Comparison of p38y in the Different States.
As the only crystallized structure of p38y is p38yP-ATP, we first
determined a representative structure of the dynamics of the three
systems and then calculated the differences between them. In
order to obtain a representative structure of the dynamics, we
selected the one having the minimum cumulative RMSD to each
snapshot in the simulation using the program kclust. The global
RMSD difference is 2.4 A between the representative structures
of p38yU and p38yP and 1.7 A between p38yP and p38yP-ATP.

The structural changes between states are small, as has been
previously observed for other MAPKSs, which may indicate that
changes in protein dynamics are the ones regulating protein
function. Figure 3A shows the CA distance vs residue plot
between the inactive and phosphorylated structure (black) and
between the active and ATP-bound structure (red), while in
Figure 3B,C the comparison is shown colored on the MAPK
structure.

The changes upon dephosphorylation appear in several zones,
as expected; the more pronounced effects are observed in the
phosphorylation lip and in residues nearby. Unexpectedly, there
are big changes in the whole MAPK insert and in the DEJL
docking site. Moderate changes are also observed in the N-term-
inal domain loops $1-62L0 and f4-35. Finally, changes in the
long loop between ol and aL16 are also observed.

The structural changes due to ATP binding to p38yP structure
are smaller (compare black and red lines). Surprisingly, the
phosphorylation lip is not significantly modified, but major
changes are observed in the MAPK insert and in the loop aD-
aE, part of the DEJL docking site. These results indicate that
there are conformational changes in regions which are not
directly interacting with the phosphorylated residues and that
have been associated with protein—protein interactions.

The modeled structures, p38yU and p38yP, could be in
principle compared with the abundant previously crystallized
structures of other MAPKs. However, this is not an easy task
given that most of the structures solved so far have drugs in the
active site or peptides in the docking site or are mutant proteins.
In this sense, there are two structures of p38a. (IWFC and 1R3C
(the latter is a one point mutation)) in the unphosphorylated
state, one structure of p384 (3COI), one of ERK2 (1ERK), and
one of ERK3 (2I6L). The p38yU representative structure is very
similar to these structures despite the expected changes in the
conformation of the MAPK insert, the activation loop, and the
long loop between helices al and aL.16, which are distinctive of
each family member. However, and consistent with our in silico
model, inactive MAPK displays usually a partially solvent
exposed activation loop. Considering the phosphorylated struc-
ture, removing ATP results in small structural changes, since the
loop remains tightly bound due to phosphate—protein interac-
tions. A rigid protein-bound loop structure for the phosphory-
lated ATP free state is consistent with the only other active
structure of ERK2 (2ERK) due to the strong interactions of the
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FiGure 4: Changes in the MAPK insert upon activation and ATP binding: (A) p38yU:; (B) p38yP; (C) p38yP-ATP. In all cases the protein
backbone is represented as a tube, the MAPK insert is shown in orange color, helixG is in green; and the rest of the protein is in yellow. The amino
acids that change their interaction in the different states are depicted as ball and stick (oxygen is in red, nitrogen is in blue, hydrogen is in white,

sulfur is in yellow, and carbon is in cyan).

FiGure 5: Changes in the DEJL docking site due to ATP binding: (A) p38yU; (B) p38yP; (C) p38yP-ATP. In all cases the protein backbone is
represented as cartoon rendering, the two loops forming the DEJL docking site, aD-oE loop and 7-48 loop, are in green, and the rest of the
proteinisin gray color. D115and G157 are depicted as tubes, and ATP is depicted as ball and stick (oxygen isin red, nitrogen is in blue, hydrogen is

in white, phosphate is in brown, and carbon is in cyan).

phosphate with conserved arginines. Despite the global changes
there are interesting changes in the MAPK sites important for
protein—protein interactions that are explained in detail below.
To further characterize the structural differences between the
states, we calculated the contact map (40) for the average
structures of each state (Supporting Information Figures S8
and S9). We then compared the contact maps and analyzed the
regions that changed upon protein activation and ATP binding.
We found that in the P38yU state the MAPK insert region
establishes different contacts when compared to the other two
states. The interaction of residues 1235, 1238, and M239 with
1294 is lost in the P38yP and P38yP-ATP states, together with
the interaction of R251 with D295 and E297 that only appear in
the inactive state. In the MD simulations we observed that the
salt bridges formed between R251 and the two acidic residues,
D295 and E297, that are only formed in the P38y U state induce a
conformational change in the whole MAPK insert moiety moving
away helices a1L14 and o214 from helix G (Figure 4). In the
phosphorylated and ATP-bound states aG is interacting with
alL14; however, upon movement of the MAPK insert the
hydrophobic residues of helix G (1235, 1238, and M239) are free
to interact with L294. Furthermore, we can find the pathway of
interactions that changed upon dephosphorylation if we look at
the contact map and the molecular dynamics simulations. In the
phosphorylated state, T204 has a hydrogen bond with R299
moving the loop, that shares with D295 and E297, toward the
activation loop that keeps the acidic residues away from
interacting with R251. As the arginine from the MAPK insert
is unable to form the salt bridge with the two acidic residues, the
MAPK insert remains near aG. However, in the inactive state,
T204 is interacting with S180 by a hydrogen bond that impairs

its interaction with R299. S180 changes its conformation due to
the reorganization of the activation loop upon dephosphorylation.
A change in the activation loop triggers a change in the MAPK
insert and therefore allosterically regulates its conformation.
Similarly, in ERK?2, we see that a salt bridge is formed between
the MAPK insert and the loop that connects helices oH and al,
only in the inactive state (PDB: 1ERK) (Supporting Informa-
tion Figure S10), and there is a change in the position of the
whole MAPK insert. However, the pathway of interactions
could be different, as the activation loop in ERK is longer and
the change upon dephosphorylation of the activation loop is
more dramatic. The presence of basic and acidic amino acids
located near in space and belonging to the MAPK insert and the
oH-al loop is also conserved in p38a and JNKI1 proteins.
Together, this evidence suggests that the presence or absence of
a salt bridge between these two moieties could be important in
p38y and also in other MAPKs.

Another site important for protein—protein interactions is the
DEJL docking site. If we analyze the contact map, we see a
change in the interactions of residues 160—167 and 120—127
between the p38yP and p38yP-ATP states. The ATP molecule
makes interactions with several amino acids in the MAPK active
site; among them, D115 and G157 interact with the two hydroxyl
groups of the ribose. These interactions are of paramount
importance for the dynamics of the DEJL docking site; D115
is forming a short SL5 and is located just at the beginning of aD.
G157 is at the end of the loop where 57 begins. In the ATP-bound
state these two residues are near in space because they both
interact with the ribose moiety (Figure 5C). Interestingly, in the
ATP-free states these two residues fall apart (Figure 5A,B). When
these two residues interact with ATP, they also bring together aD
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and 57 and therefore modify the position of the aD-alE loop with
respect to the 57-38 loop, the two loops that form the DEJL
docking site. In this sense, ATP performs direct interactions with
residues that govern the dynamics and the conformation of the
DEIJL docking site important for protein—protein interactions. It
is interesting to remark that along the simulations both con-
formations, with D115 and G157 near and far away, are visited,
but the populations are changed. In the ATP-bound state these
residues are most of the time near while in the ATP-free states
they are mostly far away. Our result indicates that the change in
conformation and more importantly in the dynamics that we
observed in solution may not be observed in the crystal struc-
tures. In this sense, the changes observed in the different MAPKs
crystals indicate relevant but small changes in the conformation
of the DEJL docking site as we observe in the p38y case.
However, changes in the dynamics, as we will discuss in detail
in the next sections, seem to be more important. As the networks
of interactions seem to be conserved in the MAPK family, INK1,
ERK2, and p38a, all have a polar residue in the D115 position
with a carboxyl moiety free to interact with the OH from the
ribose (aspartic acid in ERK2 and p38a and asparagine in
JNK1); we believe that similar changes may be observed in the
dynamics of other MAPKs. We show in Supporting Information
the case of the only other wild-type structure of a MAPK with
ATP, the structure of JNK3 with ANP in the inactive state (PDB:
1JNK) (Supporting Information Figure S11). We see similar
interactions of two residues located in the same moieties as in
p38y; D115 is replaced by an asparagine that has a hydrogen
bond with the OH of the ribose and the carboxyl from the
backbone of a serine is in a similar position as the carboxyl of
G157 interacting with the other OH from ATP. Taking this into
account, we expect that similar results should be observed for the
other MAPKSs. We have identified key interactions of the protein
with the ATP moiety that may be regulating the dynamics of
DEJL docking by an allosteric mechanism that seems to be
conserved in other MAPKs. As we will show in the following
sections, we can see changes in the global dynamics of the three
states that corroborate what to expect by the changes in the
interactions described above.

Another way to study the conformations visited during the
MD is to analyze the projection histograms of the first EMs and
scatter plots of EM1 vs EM1, shown in Supporting Information
Figures S3 and S4. The results show that the first mode is bimodal
for all states, which results in two different conformational
substates. Moreover, for p38yU and p38yP-ATP also the second
mode is bimodal, resulting in up to four different substates.
Detailed analysis of the EM shows that conformational substates
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are mostly due to changes in the MAPK insert relative position.
In all cases, the RMSD between the conformations of the
substates is below 2.0 A, meaning that changes between substates
are small.

Changes in the Dynamics of p38y in the Three States. To
gain a first insight into p38y dynamical fluctuations, we com-
puted the RMSF vs residue plot for all three states, as shown in
Figure 6. To check reproducibility of the results, we calculated
the RMSF for the last 100 ns of the simulations and repeated the
calculations for the last 50 ns; the obtained results were similar as
we show in Supporting Information Figure S6. The fluctuation
pattern is similar for all systems; the most flexible region
corresponds to the MAPK insert (residues 245—290), presenting
fluctuations of more than 3 A. The second region showing high
mobility in all systems corresponds to the C-terminal loop and
L16 helix (residues 312 to Ct); interestingly, for this region
mobility is highest in p38yP. Other common regions with high
mobility are the hinge region, the aD-aE loop part of the DEJL
docking site (residues 96—124), and the phosphorylation lip and
P + 1 sites (residues 180—204).

Looking at the differences between the systems, the first big
difference consists of the peaks observed in p38yU corresponding
to G and H helices that flank the MAPK insert, whose mobility is
reduced upon phosphorylation and ATP binding. This change
may be regulating the changes observed in the intrinsic dynamics
of the MAPK insert (see below). The second significant change is
observed for the whole N-terminal domain, the hinge region, and
ATP binding site (residues 1—175 and 312—350) whose whole
mobility is significantly reduced upon ATP binding, which
suggests that specific interactions of the ATP molecule tend to
stabilize the N-terminal domain.

(A) Essential Mode Analysis. To further characterize each
p38y system dynamics and reveal the nature of the concerted
motions of potential functionality, several EM analyses were
performed as described in the Computational Methods section.
Table S2 (Supporting Information) shows the EM contribution
to the overall dynamics for each state and the structural regions
involved in the first five EMs.

The data from Supporting Information Table S2 show that
five motions account for about 70% of the structural dynamics;
the first EM has a notably high contribution (almost 40%)
especially in p38yU and p38yP, showing that concerted and
possibly functional motions of the structural elements can be
described with the first three to four modes. Visual inspection of
the corresponding EM shows that for all cases EMs are dis-
tributed in more than one protein region, a fact that probably
reflects the size and complexity of MAPK dynamics. Generally,
and consistent with data shown above, the main segments
showing concerted motions are the MAPK insert, the DEJL
docking site, and the Nt domain.

For the p38yU state, the first and second EM show concerted
motions of the Nt domain. MAPK insert motions appear in
EM1, EM2, and EM3. EMI shows also movements of aL14-aH
and al-aL16 loops and the D helix. The second EM also has a
main contribution from a wide up/down motion of the P lip.
Finally, EM4 is localized in the Ct loops and the Nt domain
loops. For the p38yP state, the EM1 has a big contribution of the
whole Nt domain, including the DEJL site, and also the MAPK
insert. Interestingly, EM1 and EM2 both display different open/
close movements of the DEJL docking site. EM2 also shows
minor movement of the P lip. It is important to note that even
though EM1 and EM2 from p38yU and p38yP are similarly
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FIGURE 7: Cross-correlation motion plots: (A) p38yU; (B) p38yP; (C) p38yP-ATP.

localized, their movements are significantly different. p38yP
EM3 shows mobility of the hinge region affecting the DEJL
docking site and also the C-terminal loops. It is interesting to
remark that the EMs of the two states that involve the transition
from inactive to active are localized in regions that have been
associated with protein—protein interactions and activity, sug-
gesting a relation between dynamics and protein function. Our
results indicate that upon dephosphorylation the essential dynamics
of the protein is changed even though the involved regions are
similar. In the case of the DEJL docking site and the MAPK insert,
phosphorylation may be regulating p38y protein associations and
therefore specificity by generating changes in the dynamics of the
docking sites, something that has been difficult to capture by
previous experimental approaches. For the p38yP-ATP system,
the first EM shows as the main contribution a big movement of the
MAPK insert together with helices G and H and its connecting
loops, the P + 1 site loop, and the DEJL site with an open/close
movement. The second EM in this case is localized in the whole Nt
domain which shows also contributions from the DEJL docking
site and concerted motions of the phosphorylation lip. The MAPK
insert motion is also present in EM3, EM4, and EMS5.

In summary, p38y dynamics shows that a common motion
pattern is present in all three states with the MAPK insert as the
dominant flexible element, which as discussed before distin-
guishes conformation subpopulations and the Nt domain and
loops following. However, as described in detail, the magnitude
and type of motion are characteristic of each state.

(B) Cross-Correlation Motions. Another informative way
for analyzing the dynamics of a protein is to compute the residue
to residue cross-correlation motion matrix (Figure 7), as defined
in the Computational Methods section.

The results show notable differences between the three states.
Activation of p38y and ATP binding both tend to retain the
global pattern but to localize the correlated motions to a few key
residues, pointing toward a more ordered dynamics of specific
structural elements of the protein. For all cases, related motions
are located mainly in the Nt domain, including helix L16, and in
the central region (oD and oE, 57 to 39, the phosphorylation lip,
and P + 1 site) whose motions are correlated altogether and with
helices H and I. Interestingly, also the loops forming the DEJL
site are correlated in the three states. These results are in
agreement with the EM analysis presented before where con-
certed complex motions of the proteins were observed in the case
of p38yP and p38yP-ATP, meaning that in the phosphorylated
and ATP-bound states the structure changes together with the
dynamics to produce an active enzyme.

As mentioned above, we have computed the conformational
entropy for the three states. The obtained values correspond to

a 57 kcal/mol (T = 298 K) net change upon dephosphorylation
and a 19 kcal/mol (7' = 298 K) net change for the unbinding of
ATP from the active state, meaning that dephosphorylation/
phosphorylation produces a bigger reduction in entropy as com-
pared to ATP unbinding/binding, in agreement with the EM
calculations and the cross-correlation results shown above, support-
ing the idea that when the protein gets activated, the protein
motions become more organized with concomitant entropy loss.

Having shown the conformational and dynamical changes in
p38y upon activation/deactivation and ATP unbinding/binding,
we will now characterize the transition between each state’s
dynamical ensemble.

The Deactivation| Activation and ATP Unbinding|Bind-
ing Transitions in p38y. To characterize the transition between
the three states, we computed the combined EM of two dynamics:
p38yU and p38yP to represent the activation/deactivation tran-
sition and p38yP with p38yP-ATP to represent the ATP unbind-
ing/binding transition. In these cases the first EM (the transition
mode) captures the conformational transition that best repre-
sents the change between both ensembles. Supporting Informa-
tion Figure S12 shows the corresponding transition modes
projected on the p38y structure.

The first essential mode (Supporting Information Figure
S12A) for the activation transition produces coordinated changes
of different regions: the closing of the activation lip, movements
of the whole Nt domain that closes the active site region, a
rotation of the MAPK insert and helix G with respect to
C-terminal domain, and a reorganization of the D-helix and
the 7-68 loop, the DEJL docking site. The changes in the
MAPK insert correspond to a concerted movement of both
MAPK helices together with helix G that move further apart
from the oH-al loop toward the end of aF (the distance between
the aH-al loop and the olL14-02L14 loop increases from
14.85 A in p38yU to 18.28 A in p38yP). The first essential mode
for the change between the ATP-unbound and -bound states
shows further movement of the MAPK insert and a small closing
of the P lip. Changes are also observed in the Nt domain, now
localized in helices C and L16, that further close the ATP pocket.
Our results indicate that changes upon activation are spread in
the MAPK fold and involve specific regions of the protein
that are not directly connected to the activation lip such as the
reorientation of the two domains (see detailed section below),
closing of the P lip, and reorganization of the dynamics of the
docking sites. Reorientation between the domains and changes in
helix C have also been proposed by recent studies of relevant
conformational changes of other kinases (23, 24).

Projection of the transition modes along the dynamics of each
state and conformation population analysis allows a comparison
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p38yU, red for p38yP, and blue for p38yP-ATP.

of the magnitude of the equilibrium fluctuations in one state, with
that corresponding to the conformational transition between
states. Histograms of the projected dynamics along both transi-
tion modes are shown in Figure 8. An expected result is that the
dephosphorylation/phosphorylation of p38y produces a much
bigger transition compared to that of ATP unbinding/binding.
Activation triggers an average 0.24 A shift per backbone atom,
compared to an about 0.13 A shift per backbone atom due to
ATP binding. The equilibrium dynamics of p38yU and p38yP are
completely separated in activation transition space, while p38yP
and p38yP-ATP equilibrium dynamics almost overlap each
other. It is interesting to remark that both starting states,
p38yU and p38yP, show wider conformational amplitude pro-
jected on their transitions compared to the end states, which show
exploration of a narrower conformational space.

Finally, to relate equilibrium dynamics with the transition
between the different states, we computed the involvement
coefficients (IC) of each equilibrium EM to the p38yU to
p38yP and p38yP to p38yP-ATP transition, determined by the
transition mode; the results are shown in Table S3 (Supporting
Information).

The results from Supporting Information Table S3 clearly
show that equilibrium motions of MAPK are related with the
activation and ATP binding mechanism. The first and second
EM of p38yU for example are significantly related with the
phosphorylation transition, with a less but important relation of
EM4 and EMS. Interestingly, for p38yP EMI is completely
unrelated to activation (back-transition) but significantly related
with ATP-induced change. However, in p38yP-ATP EMI is

related to the ATP binding transition, possibly related to the
ADP release mechanism. These data clearly show that the
fluctuations of the equilibrium states of p38y are similar to the
conformational transitions observed upon activation and ATP
binding.

Two main changes have been observed in the dynamics of the
three states, the reorientation between the domains and the
plasticity of the DEJL docking site and the MAPK insert. These
changes are now discussed in detail.

(A) Domain—Domain Orientation. Most of the observed
changes in the N-terminal domain reflect global domain rotation
movements with respect to the C-terminus, something that has
been proposed in previous studies on ERK2 and p38a (9,
19-21, 41). To characterize this domain rotation, we measured
the angle formed by helices aC and oF along the dynamics for the
three states (Figure 9); we subtracted the angle of p38yU to all
results for clarity’s sake. We show the time evolution of the angle
in Supporting Information Figure S7; as can be seen, good
sampling is achieved as expected for a well-converged simulation.
As shown in Figure 9, in the phosphorylated state, the equilib-
rium position of the angle is slightly shifted, but also the
amplitude of the movement is significantly reduced. In the
ATP-bound state, a bigger rotation is observed, and the mobility
is further reduced in agreement with previous results (19, 20). To
further understand the changes between the states, we analyzed a
key element regulating MAPK dynamics, the hinge region
(Table 1) (42). We measured the ¢/ angles of the hinge residues,
110—114, along the simulation and found important changes
only for M112 and G113. The ¢/ position of the G113 residue in
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p38yP is in between the o and S regions (—70, —30) during the
whole simulation. However, when ATP is in the active site, a new
conformation is observed, with ¢/y values of (—150, 150) that
can be explained because the adenine moiety of ATP is able to
interact with the backbone of G113 (Figure 9) leading to a
stabilization of the new conformer. Probably, this interaction
reduces also the mobility of the N-terminal domain. The change
of the NH position in G113 leads also to a rotation of the
backbone CO of M112; 9 changes from the f region to the a
region in the Ramachandran plot. It is interesting to remark that
neither the carbonyl of P110 nor the NH of M112, that are
interacting with ATP by hydrogen bonds, changes its conforma-
tion in the three states, indicating that these residues are already in
position for the binding of ATP. Another interaction that also
contributes to this change is the formation of a stable salt bridge
between K56 and the S-phosphate group of ATP. As K56 belongs
to 33, the interaction with ATP closes the pocket, inducing the
rotation of the N-terminus and also lowering the flexibility of this
moiety. The important point is that ATP has specific interactions
with key residues in p38y and therefore is the one triggering the
biggest change in the domain—domain orientation.

(B) Structural and Dynamical Effects upon Dephosphor-
ylation/ Phosphorylation and ATP Unbinding/Binding on
the Docking Sites. As mentioned in the introduction, two
docking sites (DS) have been described for MAPK. The first
site, named the DEJL site, has been identified in different
MAPKSs and binds linear peptides between the aD-oE and 57-
B8 loops together with an acidic patch. The second site, called
FXFP, has been identified in ERK2 and p38a and lies between
the MAPK insert, helix oG, and the P + 1 site. As we pointed out
before, the DEJL docking site participates in the essential modes
of the protein upon phosphorylation and ATP binding. The
coordinated movements involved the opening and closing of
the region that binds the @4-X-0p motif of other proteins. The
transition from inactive to active involves the movement of the
B7-B8 loop toward the N-terminal domain as the whole domain
reorientates, finally accommodating the ATP. When we inspect
the interactions governing the dynamics of the 57-38 loop, we
found that T114 from the hinge region is interacting by a double
hydrogen bond with V161 from f37. Interestingly, we found that
these interactions are coordinated with movements of the loop; in
p38yU the T114 CO—V161 NH hydrogen bond is broken, in
p38yP only the T114 NH—V161 CO hydrogen bond is broken,
and in p38yP-ATP both hydrogen bonds are formed. This small
change in the hydrogen bond network helps to regulate the loop
dynamics together with the hinge region and the interactions
observed by the ribose of ATP. In this sense, activation/deactiva-
tion and ATP unbinding/binding shifted the equilibrium of key
interactions that promote bigger changes in the overall structural
organization.

Even though the FXFP site has not been described in p38y, by
comparison, the residues defining the site are L191 and 1197 from
the P + 1 site, L232, 1235, and M239 from oG, and A258, Y261,
and L265 from the MAPK insert. As we described above, key
interactions of these residues are changed in the active state as the
whole MAPK insert moves, changing the accessibility of this
region. In agreement with the change in interactions we see a
change in the dynamics. We found that the MAPK insert is
a highly flexible moiety as judged by the RMSF calculation
and that it contributes importantly to the first five EMs. By
inspecting the EMs and the cross-correlation motions, we found
that the MAPK insert becomes more dynamically structured as
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the protein becomes phosphorylated and binds ATP. The dynamics
of the two helices of the MAPK insert goes from disorganized to
organized motions upon activation. In the p38yP-ATP state the
two helices move together, opening and closing the region
corresponding to protein binding. We believe that even though
this docking site has not been determined for p38y, the correlated
motions should be conserved upon different members of the
MAPK family. Besides helix G, two small loops seem to regulate
MAPK insert dynamics according to our simulations, one formed
by residues 243—246 and the other one by residues 265—272.
There are three hydrogen bonds between these two loops; the OH
of T244 is interacting with the NH and CO of L265 and the NH
of T244 is interacting with the CO of L265. We found that these
interactions are weakened in p38yU in comparison to the p38yP
and p38yP-ATP states, meaning that the equilibrium is shifted to
conformations where the hydrogen bonds are not formed. These
changes produce a disorganization of the movements of the two
helices that form the MAPK insert. As we pointed out before,
changes in the activation loop lead to changes in zones that are far
away, regulating the dynamics of specific motifs.

DISCUSSION

Even though the MAPK structure has been extensively
studied, we still do not have a clear picture of how its function
is regulated at the molecular level (4). Several studies pointed out
that protein dynamics and allostery play an important role in the
regulation of MAPK function (9, 19-21, 42, 6, 8); however,
studying protein dynamics and allosterism from a structural view
is difficult. While traditional structure atomic resolution techni-
ques such as X-ray crystallography yield only a static picture of
MAPK in different states, those techniques that can measure
protein dynamics such as spectroscopic and fluorescence-based
methods are unable to provide atomistic detail. Hydrogen
exchange and EPR techniques are very powerful and allow a
better insight; however, the interpretation and analysis are still
indirect and do not have atomic resolution. Long molecular
dynamics simulations offer the possibility to fill this gap, allowing
the analysis of protein motions, allosteric transitions, and its
relation to function with atomistic detail (43). Therefore, to
complement previous experimental results in this work, we have
used molecular dynamics techniques to study the dynamical
changes associated with p38y activation/deactivation and ATP
binding/unbinding.

Relation with Hydrogen Exchange Experiments. Princi-
pal experimental evidence on the change in MAPK dynamics
upon activation and ATP binding comes from hydrogen ex-
change (HX) studies performed on ERK and p38a (9, 21, 42).
Data for both proteins show high HX patterns mainly in MAPK
insert, P lip, and several loops, while low exchange is observed for
helices C, E, and F and sheets 3 and 4, results that reflect
differential solvent accessibility of these zones. HX data also
revealed interesting changes in mobility or solvent accessibility in
ERK2 and p38a that could not be explained by the available
X-ray data. In both proteins a reduction of the HX rates for the F
and G helices was observed (9, 17, 19, 20). Our data show that
phosphorylation significantly reduces G and H helix mobility
and to some extent helix F and that significant changes are also
observed in the MAPK insert dynamics, in agreement with the
HX data. For p38a several Nt regions also showed a decrease in
their HX pattern, a fact attributed to reduced mobility of these
regions. In the same line of evidence, our results show that
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significant reduction and ordering of the Nt domain mobility
occur upon activation and ATP binding. HX rates were also
reduced in the 57-48 loop for p38a and the Gly-rich loop in ERK2
upon activation. In p38y both zones reduce their mobility upon
phosphorylation, explaining the observed trend. In summary, the
dynamical information obtained here for p38y is in good agree-
ment with data obtained for p38a and ERK2, pointing to a
common MAPK activation induced change in protein dynamics.

The Open/Close Model for MAPK Function. Based on
HX rate changes observed due to ATP binding in native and
phosphorylated ERK2, the authors proposed a two-state open/
close model for ERK function (9, 17, 19, 20). In the correspond-
ing model ATP would bind to the Nt domain in the open state,
leaving the DFG loop (residues 171—173 in p38y) exposed. The
closed structure would partially bury the DFG loop, reducing the
observed HX rates. Phosphorylation would favor the closed
state, explaining the observed differences. The MD simulations
reveal the presence of a conformational transition (shown in
Figure 9) that represents the closing of the Nt domain in the
phosphorylated and ATP-bound states. However, our simula-
tions do not clearly separate the system in two conformations,
open and close, but suggest a shift in the equilibrium from the
inactive to the phosphorylated ATP-bound state. We cannot rule
out that an even more opened conformation exists which is
favored in the inactive state. Another possibility is that con-
formational changes in ERK2 are of a greater magnitude when
compared to p38y studied here.

Which Model, Population Shift or Induced Fit, Better
Describes p38y Conformational Changes? Understanding
how local modifications are propagated to the rest of the protein
leading to significant transitions in its structure and activity (or
allostery) is a key element in the knowledge of how proteins work.
The theoretical framework for thinking allosterism includes both
thermodynamic and stereochemical formulations. Mechanisti-
cally, in the stereochemical view, the activation event causes a
local conformational change that is propagated through residue
to residue contacts to the rest of the protein. The propagation
occurs through well-defined structural pathways and involves
specific amino acids. The other scheme, also known as the
population shift model, implies that the “activated conforma-
tion” is already present with nonnegligible population in the
nonactivated conformational ensemble, and therefore the activa-
tion merely shifts the equilibrium. The most relevant implication
of the population shift model is that, in order to populate the
active state, protein equilibrium dynamics must include motions
related to the allosteric transition (44).

The fact that phosphorylation of Tyr/Thr produces several
new charge—charge interactions with several arginines, that are
impossible to be formed by the nonphosphorylated residues,
together with the data from Figure 8 showing the big distance
between the p38yU and p38yP dynamics along the transition,
suggests that the stereochemical model may be suitable for
describing the p38y activation transition. Furthermore, the EM
and fluctuation analysis show that protein dynamics is also
significantly different between both states, further supporting
the existence of two clearly different states with unrelated energy
surfaces. Despite the fact that we have shown evidence that
relatively good convergence has been achieved, due to the length
of the simulations we cannot ruled out that at longer time periods
the conformations associated with the closing of the activation
loop could be observed. Binding of ATP, on the other hand,
produces a smaller change, as judged by the results presented in
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previous sections. The smaller change, together with the data
showing (i) that equilibrium conformations almost overlap along
the structural transisition (Figure 8 transition histograms), (ii) the
analysis of the hinge residue ¢/1 values showing the presence of
two similar states for p38yP and p38yP-ATP systems with a clear
change in the state’s populations due to ATP binding, and (iii) the
high values for the IC of the equilibrium EM (especially the
first in both cases) to the transition mode, all make a strong point
for a population shift transition due to ATP binding. These
results have important implications in active research areas,
the design of MAPK inhibitors (45—47) and intrinsically active
MAPKs (48—51).

CONCLUSIONS

Our results show that phosphorylation/dephosphorylation and
ATP binding/unbinding trigger allosteric changes that modify
p38y structure but more significantly its dynamics, resulting in
more ordered motions in the active/ATP-bound protein. Interest-
ingly, the allosteric changes are located in the previously described
docking sites important for protein—protein interactions and
therefore for MAPK module assemblage and cascade specificity.
Our data also show that activation transition is more likely to be
represented by the stereochemical model of allostery, while the
change due to ATP binding possibly represents a population shift
toward catalytic prone conformations. In summary, our results
complement previous experimental studies giving a broader
picture of MAPK structure/dynamics to function relationships,
which may have a profound impact for the design and under-
standing of intrinsically active MAPK and inhibitors.

SUPPORTING INFORMATION AVAILABLE

Figures corresponding to the first two EM in the structure of
p38y; the EM projection on the dynamics for the first three
modes for each state; the EM histograms for the first three EMs
in each state; the scatter plots for EM1 vs EM2 for the three
states; the entropy calculation for the three states; the RMSF for
the last 50 ns for the three states; the time evolution of the angle
between helices aC and oF for the three states; the contact maps
for each state of p38y; and figures comparing the previous
crystallized structures of other MAPKSs. This material is available
free of charge via the Internet at http://pubs.acs.org.
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