
Conformational Equilibrium of N‑Myristoylated cAMP-Dependent
Protein Kinase A by Molecular Dynamics Simulations
Alessandro Cembran,† Larry R. Masterson,‡ Christopher L. McClendon,∥ Susan S. Taylor,∥,⊥,@

Jiali Gao,*,†,§ and Gianluigi Veglia*,†,‡

†Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 55455, United States
‡Department of Biochemistry, Molecular Biology, and Biophysics, University of Minnesota, Minneapolis, Minnesota 55455, United
States
§Minnesota Supercomputing Institute, University of Minnesota, Minneapolis, Minnesota 55455, United States
∥Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, California 92093, United States
⊥Department of Pharmacology, University of California, San Diego, La Jolla, California 92093, United States
@Howard Hughes Medical Institute

*S Supporting Information

ABSTRACT: The catalytic subunit of protein kinase A (PKA-C) is
subject to several post- or cotranslational modifications that regulate its
activity both spatially and temporally. Among those, N-myristoylation
increases the kinase affinity for membranes and might also be implicated in
substrate recognition and allosteric regulation. Here, we investigated the
effects of N-myristoylation on the structure, dynamics, and conformational
equilibrium of PKA-C using atomistic molecular dynamics simulations. We
found that the myristoyl group inserts into the hydrophobic pocket and
leads to a tighter packing of the A-helix against the core of the enzyme. As
a result, the conformational dynamics of the A-helix are reduced and its
motions are more coupled with the active site. Our simulations suggest that cation−π interactions among W30, R190, and R93
are responsible for coupling these motions. Two major conformations of the myristoylated N-terminus are the most populated: a
long loop (LL conformation), similar to Protein Data Bank (PDB) entry 1CMK, and a helix−turn−helix structure (HTH
conformation), similar to PDB entry 4DFX, which shows stronger coupling between the conformational dynamics observed at
the A-helix and active site. The HTH conformation is stabilized by S10 phosphorylation of the kinase via ionic interactions
between the protonated amine of K7 and the phosphate group on S10, further enhancing the dynamic coupling to the active site.
These results support a role of N-myristoylation in the allosteric regulation of PKA-C.

The cAMP-dependent protein kinase A (PKA) is a
prototypical kinase that plays pivotal roles in numerous

signaling pathways.1 PKA exists as a tetramer with two
regulatory (R) subunits and two catalytic (C) subunits bound
noncovalently.2,3 Upon β-adrenergic stimulation, cAMP binds
the R subunits and signals the release of the active C subunits
of PKA (PKA-C) that target cellular substrates. PKA-C
recognizes and phosphorylates a myriad of substrates,1,4

which carry the canonical recognition sequence RRXSY,
where the P-2 and P-3 arginines are followed by a hydrophobic
amino acid (X) and the phosphorylation site (S) is flanked by
any amino acid (Y).5

PKA-C is a bilobate enzyme, with a small lobe rich in β-
strands and a large lobe comprising mostly α-helices6 (Figure
1A). The small lobe harbors the nucleotide binding pocket,
while the substrate binding cleft is located at the fringe of the
large lobe. Catalysis is orchestrated by several flexible regions
that activate the enzyme (activation loop), position the
substrate (peptide positioning loop), and screen the active
site from water (Gly-rich loop), allowing phosphorylation to

occur.7 The motion of these flexible regions is activated upon
nucleotide binding,8,9 which physically connects the two lobes
via the catalytic spine (C spine).10

Recent NMR studies linked the conformational fluctuations
of PKA-C with enzymatic turnover, showing that opening and
closing of the enzyme are synchronous with kcat.

8,9 While X-ray
studies identified a range of discrete conformational states,
NMR mapped the average conformational fluctuations of the
enzyme, identifying dynamically committed, uncommitted, and
quenched states.11 The apo form is dynamically uncommitted,
because it does not manifest conformational dynamics
synchronous with the turnover; committed dynamics are
present in the nucleotide-bound form, while they are quenched
in the inhibitor-bound state at high Mg2+ concentrations.
PKA-C undergoes several post- and cotranslational mod-

ifications.7 Specifically, the highly variable N-terminus can be
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deamidated,12 phosphorylated at S10, and myristoylated by N-
myristoyltransferase. These modifications are believed to be
part of the regulatory system of the kinase13 and may tune the
interactions of the kinase with its binding partners. In
particular, the A-helix constitutes the binding site for A-
kinase-interacting protein (AKIP), which localizes PKA-C in
the nucleus.14,15 In addition, myristoylation increases PKA-C
membrane affinity,16 probably steering the kinase toward
membrane-bound substrates.13 The affinity of PKA-C for the
membrane is even more pronounced in the presence of the RII
subunit of PKA, but not the RI subunit, thus making
myristoylation an isoform specific switch.16 Therefore,
structural and chemical modifications at the N-terminus
might influence the binding affinity for different partners.
N-Myristoylation is one of the least studied aspects of PKA-

C, because of difficulties in obtaining homogeneous myristoy-
lation in recombinant expression systems. We recently
overcame this problem using an in vitro myristoylation protocol
that allows the production of isotopically labeled protein in
quantities sufficient for NMR studies.17 Both myristoylation
and membrane binding of PKA-C induce allosteric effects in
the enzyme, including regions at the active site.17 On the basis
of chemical shift trajectories, we also hypothesized two
conformational states undergoing fast equilibrium on the
NMR time scale: a myr-in state, in which the acyl group is
tucked into the core of the enzyme, and a myr-out state, in
which the acyl group is partially or completely extruded. Along
the path of these two major states, we identified two additional
states that reflect folding and/or unfolding of the N-terminal
helix. Thus, the extrusion of the acyl group, which is catalyzed
by the presence of a lipid membrane, or by forming a
holoenzyme with the RII regulatory subunit, is also
accompanied by a folding−unfolding equilibrium. This
equilibrium is affected by phosphorylation at S10,17 forming a
so-called myristoyl/phosphoserine switch.13 Furthermore, in a
recent study, Taylor and co-workers used a myristoylated PKA-
C mutant (K7C, lacking phosphorylation at S10), which
demonstrated a marginal increase in catalytic rate.18 On the
basis of X-ray data of binary and ternary complexes of both
mutant and wild type PKA-C, they proposed that the observed
rate enhancements may be caused by long-range effects of
myristylation that allow for toggling between the peptide bound

state where the N-terminus is more ordered and the ternary
complex state where the N-terminus is less ordered. This would
correlate with opening and closing of the active site cleft which
would in turn affect the rate-limiting step of the reaction,
release of ADP.
In this work, we test these hypotheses, analyzing the effects

of N-myristoylation on the conformational equilibrium of PKA-
C using atomistic molecular dynamics simulations. In the
absence of myristoylation, we found that the N-terminal A-helix
is among the most dynamic regions of the enzyme, while N-
myristoylation caps the A-helix and induces a more compact
conformation of the enzyme that shields the hydrophobic
pocket from water molecules. In this form, the conformational
dynamics of the A-helix are substantially reduced and strongly
coupled to the core of the protein. In addition, we identified
cation−π interactions among W30, R190, and R93 that are
responsible for transmitting motions from the A-helix to the
active site, consistent with previous studies highlighting the
importance of these residues.19,20 The myristoylated N-
terminus adopts two stable conformations: one characterized
earlier at low resolution by a long loop (LL), resembling the X-
ray structure of the myristoylated C-subunit [Protein Data
Bank (PDB) entry 1CMK],21 and a helix−turn−helix (HTH)
conformation that is similar to the recent high resolution
structures of the myristylated PKA-CK7C and myristylated wt
PKA-C (PDB entry 4DFX)18 with a deeper insertion of the
myristoyl group into the hydrophobic pocket. This conforma-
tion is further stabilized by S10 phosphorylation and displays a
stronger coupling between the A-helix and active site motions.
The occurrence of these conformations at the N-terminus is
coupled with a rearrangement of the active site, which may
explain the increased catalytic rates observed in the K7C
mutant.18

■ MATERIALS AND METHODS

System Setup. The crystal structure of PKA-C in the
closed conformation (PDB entry 1ATP22) was used as the
main template for setting up all of the simulations. The
myristoyl group and the first 19 residues of the A-helix were
built from the N-myristoylated crystal structure (PDB entry
1CMK21) after alignment of the large lobe with 1ATP. We will
refer to this hybrid structure as 1ATP*. In all simulated

Figure 1. PKA-C structure summary. (A) Relevant residues and regions discussed in the text are mapped on the structure of PKA-C. Regions in
close contact with the A-helix and myristoyl group are highlighted with thicker ribbons and colored red. (B) Close-up of the region at the interface
between the two lobes, where most of the residues perturbed by myristoylation and/or S10-phosphorylation are located. (C) Distance matrix for the
myr(+)p(−)HTH simulation. Residues 1−350 correspond to the PKA-C amino acids, while the initial negative values refer to the myristoyl carbon
atoms. (D) Secondary structure and motifs.
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systems, T197 and S338 were phosphorylated with fully ionized
phosphate groups. The protonation state of histidine residues
62, 68, and 260 was set to neutral with a proton on Nδ;
histidines 131, 142, 158, and 294 were set to neutral with a
proton on Nε. H87 was considered to be protonated, as it can
form a hydrogen bond with both the phosphate group of T197
and the side chain of Q84.23 Overall, the charge of the
nucleotide-bound kinase ranged between 0 and −2, depending
on the myristoylation and phosphorylation states.
We set up a total of five simulation systems, all starting from

the same closed conformation 1ATP*. Four systems were in
the binary form, with ADP and one Mg2+ ion bound to mimic
low magnesium concentrations.24 These systems differed in the
presence or absence of N-myristoylation, myr(+) or myr(−),
respectively, and phosphorylation at S10, p(+) or p(−),
respectively. To determine the effects of myristoylation and
phosphorylation, we conducted four different simulations: one
for myr(+)p(+), one for myr(−)p(+), and two for myr(+)-
p(−). From the analysis of the simulations, we found that the
simulations of the myr(+) enzyme converged into two different
conformations at the N-terminus: the first conformation
characterized by a long loop (LL) and the second by a
helix−turn−helix (HTH) motif. Specifically, the myr(+)p(+)
form of the enzyme adopted the HTH conformation, while the
myr(+)p(−) form sampled both the LL and HTH
conformations. To mimic the dynamically quenched state of
the enzyme,11 we simulated a myr(+)p(+) form in complex
with PKI5−25, ATP, and two Mg2+ ions.25 All of the simulation
systems were solvated in a cubic box with a side length of 90.5
Å, consisting of ∼23000 water molecules modeled by the
TIP3P model.26 The positions of crystal waters were retained,
and depending on the system, 60 or 61 chloride and 60−62
potassium ions were added to ensure electrostatic neutrality
and an ionic strength of approximately 150 mM. The
CHARMM22 force field27 with CMAP correction28 was used
for the protein, while the parameter files CHARMM2729 and
CHARMM3630 were employed for the nucleotides and
myristoyl group, respectively. All of the simulations were set
up using CHARMM31 c36a5,32 and molecular dynamics were
performed with NAMD 2.7.33 The RATTLE algorithm was
applied to all bonds involving hydrogen,34 and dynamics were
propagated with the r-RESPA35 integrator with time steps of 1
and 4 fs for short- and long-range interactions, respectively. van
der Waals forces were truncated with a switching function
between 11 and 12 Å. Particle mesh Ewald36 was used for
electrostatic interactions with a real-space cutoff of 12 Å, a κ of
0.26 Å−1, and a grid of approximately 1 Å. The temperature was
controlled by Langevin dynamics using a damping constant of
1.0 ps−1, and the Nose-́Hoover method37 was used for the
constant-pressure simulations.
After initial minimization, the system was gradually heated

from 50 to 300 K over 10 ns in a constant volume, with
harmonic restraints on the heavy atoms of the protein and
nucleotide with a force constant of 100 kcal mol−1 Å−2. The
restraints were gradually released (side chain first and then
backbone) over 10 ns of constant-pressure (1 atm) and
constant-temperature (300 K) MD. The systems were then
fully equilibrated for an additional 20 ns without restraints
before data were collected for analysis every 5 ps. Each system
was simulated for approximately 230 ns, resulting in a total
simulation time of more than 1 μs.
Principal Component Analysis (PCA). To identify large-

scale, low-frequency motions of the systems, we computed their

Cartesian principal components38 using the Bio3D package.39

We aligned the trajectories using helices E (residues 140−160)
and F (residues 217−233)11 and conducted PCA for all the
backbone atoms and the heavy atoms of the myristoyl group,
analyzing each trajectory individually. To compare the motions
for the various species, we also pooled several trajectories
together and performed PCA on the resulting ensemble. The
opening and closing modes of the Gly-rich loop and the entire
enzyme were probed with PCA on residues 50−300 using the
combined trajectory from all the simulations.
The first principal component (PC1) corresponds to the

opening and closing motions of PKA, while the correlation of
the S53−G186 distance tracks the Gly-rich loop motion.11 To
relate the distribution along these components with the crystal
structures used in the setup, we projected the coordinates of
1ATP* and 1CMK along these components. As 1ATP* and
1CMK are in closed and open conformations, respectively, this
projection also provides a reference for the opening and closing
of the active site cleft.

Root-Mean-Square Fluctuations (rmsf). To describe the
motions of the protein backbone, we analyzed the rmsf of the
amide nitrogen atoms. To relate our results with the fast
conformational dynamics captured by NMR experiments,11 we
focused on the fluctuations taking place on the subnanosecond
time scale. For residue i, the picosecond to nanosecond rmsf is
defined as
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in which the Cartesian coordinate qi̅ is averaged over T = 1 ns
windows and the broken brackets represent averaging of these
windows over the entire trajectory following alignment with the
crystal structure.

Distance Matrix Analysis. For all of the systems, we
computed the distance matrix between Cα and myristoyl group
carbon atoms on structures saved every 5 ps during the
simulations and averaged the results over the entire trajectories.
The difference plots of the distance matrices were used to
probe the changes between the various conformations.

Dynamical Cross-Correlation Matrix (DCCM). We used
cross-correlation maps to identify regions with correlated and
anticorrelated motions. We first aligned the snapshots from the
trajectories using the most rigid elements of the kinase
(residues 140−160 and 217−233) and then computed the
correlation coefficient matrix, whose elements are defined as

=
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where ri is the positional vector of Cα of residue i or myristoyl
carbons. Averages were computed over 50 ns windows, and the
resulting C matrices were averaged over the full trajectories
along 25 ns sliding windows. With this procedure, it is possible
to associate the standard deviations with computed correla-
tions; these can then be used with error combination rules for
comparing the different systems. To identify significant
correlation changes between Cij

A and Cij
B of two different

systems, we considered only correlation differences larger than
two standard deviations, and absolute values of the correlations
(Cij) greater than 0.2 unit of correlation. The first rule was set
to discard changes in correlation with a confidence of <95%
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and the second to discard changes affecting residues
characterized by weak correlation.
In addition to the positional vector correlation matrix

analysis, we used torsion angle correlation analysis of the φ
and ψ angles of the kinase backbone and all angles of the
myristoyl group. The basic principles follow the spatial DCCM
analysis described above, with two differences. (a) Each
dihedral is centered around its average and wrapped, and (b)
the Pearson correlation coefficient is computed in the sine
domain.40,41 The trajectories were analyzed using the same
protocol for the DCCM analysis, with identical thresholds for
the standard deviation and absolute value of correlation.
MutInf Analysis. We also applied the MutInf method42 to

identify clusters of residues with highly correlated motions,
according to their backbone and side chain φ, ψ, and χ torsion
angles. We calculated the mutual information (MI) between
pairs of torsion angles using adaptive partitioning with 12 bins
per degree of freedom. The excess MI for each pair of torsion
angles was filtered as reported in ref 42. To determine the
requisite sampling bias term, we split each simulation into two
halves and calculated the bias term as the MI between torsion
angles in different halves of the simulation. We then took the
excess MI for each pair of torsion angles and subtracted the bias
term. We calculated the MI between each pair of residues
summing over all φ, ψ, and χ torsion pairs according to the MI
expansion.43 We then hierarchically clustered the matrix of
residues’ MI values using a Euclidean distance metric. With this
approach, residues characterized by similar MI patterns are
clustered together as previously reported.42,44,45

■ RESULTS
In our simulations, we analyzed the local and long-range
changes in conformational dynamics occurring at the N-
terminus upon myristoylation and S10 phosphorylation.
Important regions and amino acids discussed in the text are
highlighted in panels A and B of Figure 1, and the distance
matrix in Figure 1C identifies regions that are spatially close.
Regions close to the myristoyl or the A-helix are shown as thick
red ribbons in Figure 1A.
The Motions at the N-Terminus Are Quenched upon

N-Myristoylation. The MD simulations for myr(−) PKA-C
show that the N-terminal region of the A helix (up to residue
14) is very flexible and samples a variety of conformational
states, in agreement with both nuclear spin relaxation

data,8,10,11 NMR chemical shift indices,46 and X-ray diffraction
data.10 An overlay of 33 different snapshots taken every 25 ns
from the MD trajectory is reported in Figure 2A and shows the
conformational spread. While we did not observe a complete
unfolding of residues 1−14 for the myr(−)p(+) PKA-C on the
time scale of the MD simulations, as predicted by crystallo-
graphic and NMR data (Figure S1 of the Supporting
Information), we did observe complete unfolding of residues
1−7. PCA performed on the trajectory (Figure 2B) shows that
the largest components, in addition to the opening and closing
of the enzyme, describe a “pendulum-like” motion of the A-
helix in planes that are parallel and perpendicular to the protein
surface, thus globally sampling a conical space.
The magnitude of the A-helix motions is greater than the

opening and closing modes. In fact, the terminal part of A-helix
undergoes substantial conformational dynamics and is structur-
ally disconnected from the hydrophobic pocket. Upon N-
myristoylation, the conformational dynamics of the N-terminus
are attenuated, but not completely quenched (Figure 2A). An
increased level of order at the N-terminus of myr(+) PKA-C is
in qualitative agreement with the increased thermal stability of
the N-myristoylated enzyme.17,47 While still sampling different
conformations, the initial part of the N-myristoylated A-helix
has more restricted motions and remains more closely packed
against the protein surface. Additionally, all the N-myristoylated
binary complexes retain both opening−closing and shearing
motions.11 In contrast, the conformational dynamics at the N-
terminus are described by different modes and are substantially
attenuated with respect to the unmyristoylated enzyme (Figure
2B).
The subnanosecond dynamics of the A-helix are also affected

by N-myristoylation, as evidenced by the rmsf analysis in panels
C and D of Figure 2. In fact, the first 14 residues of the A-helix
are more flexible in the absence of myristoylation. In contrast,
the other residues in the A-helix and those in the rest of the
protein do not show substantial changes in backbone amide
dynamics. These results are in agreement with the poor
electron density observed for residues 1−14 in the X-ray
structures of myr(−) PKA-C.48

The myr-in−myr-out Transition Is Coupled with
Folding and/or Unfolding at the N-Terminus. Using
NMR and fluorescence spectroscopy in concert with crystallo-
graphic data, we concluded that myr(+) PKA-C47 undergoes a
conformational equilibrium between myr-in and myr-out

Figure 2. PKA-C dynamics. (A) Superposition of 33 snapshots of the myr(−)p(+) (top) and myr(+)p(+) simulations (bottom). (B) First two PC
components for the myr(−)p(+) (top) and myr(+)p(+) simulations (bottom). (C) rmsf for backbone nitrogen. Data for the myr(−)p(+) system
are shown as a black line, and data for the myr(+)p(+) system are shown as a red line. Blue bars show the difference in fluctuation [“myr(−) −
myr(+)”]. (D) The myr(+) system rmsf is mapped onto the structure of PKA-C. Spheres highlight residues 1−20, which show the largest difference
[myr(−) − myr(+)].
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states,17 which are characterized by different conformations at
the N-terminus. In the myr-in state, the myristoyl group is
retracted into the hydrophobic pocket and the A-helix is in an
ordered helical conformation. In contrast, the A-helix in the
myr-out state is more disordered and the N-terminus exposed to
the bulk solvent. We also identified intermediate states
reflecting folding and/or unfolding of the N-terminus and
proposed that local unfolding is an integral part of the extrusion
of the myristoyl group from the hydrophobic pocket of the
enzyme.
MD simulations identified two basins for the myr-in state

characterized by two different N-terminal conformations along
the folding−unfolding equilibrium, supporting the correlation
between the myr-in−myr-out equilibrium and the folding−
unfolding process of the N-terminal region of the A-helix. In
fact, the PCA reported in Figure 3A reveals that this correlation
occurs during the two myr(+)p(−) simulations. Specifically,
PC1 captures the folding−unfolding motion of the N-terminal
region of the A-helix coupled with a partial extrusion of the
myristoyl group from the hydrophobic pocket (PC1 in Figure
3A, transition from blue to red). PC1 separates the trajectories
in two well-defined basins corresponding to the HTH and LL
conformations, while PC2, tracking smaller and global changes,
shows a uniform distribution of the conformations. Represen-
tative snapshots from the LL and HTH conformations are
reported in Figure 3B, which highlights that the LL to HTH
transition involves a rotation around K7 backbone dihedral
angles. These observations agree well with the NMR data,
which showed a linear progression between folded (myr-in) and
unfolded (myr-out) forms.
We also performed a high-temperature simulation on a

myristoylated ternary complex, starting with the N-terminus in
the HTH conformation. The bath temperature was increased
from 300 to 500 K over a period of 20 ns, and the simulation
was then continued for a total of ∼70 ns, allowing the sampling
of a greater conformational space than low-temperature
simulations. Under these conditions, the enzyme maintains its
original fold, with the exception of N-terminal residues 1−7,
which unfold during the simulations at high temperatures (see
Figure 3C). This simulation resulted in the progressive

extrusion of the myristoyl group from the hydrophobic pocket,
suggesting its propensity to switch into the myr-out state. The
activation barrier for this transition is relatively low in the
presence of membranes, but it becomes higher in the absence
of membranes.17 Taken together, these results agree well with
the linear trend of NMR chemical shifts observed exper-
imentally and support the metamorphic nature of this region in
PKA-C.

Phosphorylation Reduces the Conformational Dy-
namics at the N-Terminus. Upon phosphorylation at S10,
the myr(+) enzyme trajectories sampled mostly the HTH
conformation with the myristic group embedded in its binding
groove. This finding is illustrated by the PCA analyses of
phosphorylated and unphosphorylated trajectories pooled
together (Figure 3A), which showed that S10 phosphorylation
restricts the conformational space explored by the enzyme to a
smaller subspace. To test whether this was an artifact of the
starting conditions, we set up a new simulation for the
myr(+)p(+) enzyme, which produced similar results [see
myr(+)p(+)trj(2) in Figure 3A]. Throughout all simulations,
we observed persistent electrostatic interactions between the
phosphate group of phosphoserine 10 and the side chain of K7
(see panels B and D of Figure 4); these interactions were
responsible for the limited conformational freedom of the
phosphorylated isoform. In fact, the ionic bond hinders rotation
of the K7 dihedral angles and restricts the conformational space
accessible to the N-terminal residues of the A-helix. However,
these interactions are absent in both simulations with the
unphosphorylated forms of the enzyme (Figure 4B,D). The
latter resulted in a lower barrier for the LL−HTH transition,
which then allows sampling of a larger conformational space.
The stabilization of the HTH motif upon S10 phosphorylation
is likely to be correlated to the chemical shift perturbations
observed for the N-terminal residues of PKA-C.17 Interestingly,
the K7C mutation has a similar effect on the unphosphorylated
isoform,18 further suggesting that the LL−HTH conformational
equilibrium is sensitive to changes in the charge distribution of
this region, particularly to positions 7 and 10.

Allosteric Coupling between the N-Terminus or A-
Helix and Catalytically Relevant Regions. Long-range

Figure 3. LL−HTH conformational transition. (A) PCA of the myr(+)p(−) and myr(+)p(+) trajectories pooled together for the kinase binary
complex. The color gradient from blue to red tracks the time evolution of the trajectories. PC1 separates the LL (left) and HTH (right)
conformational basins. Dotted lines qualitatively show the conformational space accessible to the phosphorylated and unphosphorylated systems.
(B) Representative snapshots from the myr(+)p(−) LL simulations (top) and the myr(+)p(+) HTH simulations (bottom). Dotted lines show
hydrogen and ionic bonds. Yellow lines and the yellow arrow show the interactions that break and the angle of rotation in the LL−HTH transition,
respectively. (C) Five snapshots from the high-temperature trajectory, taken at progressively higher temperatures from blue to green to red. (D)
Distance between the S10 hydroxyl oxygen and Lys7 side chain nitrogen for the myr(+)p(−) LL simulation (red) and between the S10 phosphate
and Lys7 side chain nitrogen for the myr(+)p(+) HTH simulation (blue).
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perturbations observed via chemical shift mapping suggested an
allosteric communication between the N-terminal myristic
group and regions surrounding the ATP binding pocket.17

These effects were observed experimentally upon myristoyla-
tion, S10 phosphorylation, and/or membrane interaction. In
this work, we compared different MD simulations to map short-
and long-range effects arising at the N-terminus: (a)
myristoylation from the myr(+)p(+) versus myr(−)p(+)
comparison, (b) LL−HTH conformational change from
myr(+)p(−) LL to myr(+)p(−) HTH, and (c) S10

phosphorylation from myr(+)p(+) to myr(+)p(−) HTH. We
analyzed the trajectories with distance matrix, Cartesian
DCCM, torsion angle correlation matrix, and mutual
information. The first two methods emphasize global spatial
perturbations, while the other two perform better in identifying
hinges and flexible regions responsible for those changes. In
Figure 4, we mapped the DCCM differences on the PKA-C
residues, color-coding the correlations identified with the three
different methods (see Materials and Methods).
All three perturbations at the N-terminus resulted in both

short- and long-range effects (Figure 4). Overall, increased
dynamic correlations involving the A-helix and regions involved
in catalysis were observed upon N-myristoylation, the
conformational change from LL to HTH, and S10 phosphor-
ylation. Common to all perturbations are the increased dynamic
correlations involving the C-terminus of the A-helix (residues
25−35), residues in β-strand 9 (∼189−191), and the C-
terminus of the C-helix, which together form an allosteric node
for signal transmission (see Figure 1A). The importance of the
A-helix was emphasized by X-ray crystallographic studies, which
suggested its role in anchoring the small to the large lobe,7,19

also tethering the C-terminal end of the conserved C-helix, a
critical region for all protein kinases.7 Noticeably, the turn of
the C-helix, including residues 91−93, was proposed to be an
important signal integration motif interacting directly with the
active site, the N-terminus, and the C-terminus.7 On the other
end, the increased dynamic correlations between residues in the
A-helix with those in β-strand 9 are also important, because β-
strand 9 is situated between the Mg2+-positioning loop and the
activation loop, both critical elements for catalysis. According to
previous X-ray studies7,18 the R190 side chain of β-strand 9 is
involved in cation−π interactions with the aromatic rings of
both F26 and W30, which bridge the active site to the A-helix.
The structures also indicate that the W30−R93 interaction
helps to anchor the N-terminal A-helix. Remarkably, we found
that these interactions are persistent throughout all of the
simulations as indicated by the center-of-mass distance between
the guanidinium group of the arginine and the aromatic rings
(Figure 5). Notice that standard force fields underestimate the
strength of cation−π interactions.49−51 For the F/R pair, we
calculated that CHARMM underestimates the binding energy
between the aromatic and guanidinium moieties in the gas
phase by 3.7 kcal/mol with respect to the value computed at
the BSSE-corrected MP2/aug-cc-pVDZ level (14.4 kcal/mol).
The other interactions between the A-helix and the protein
core are mainly hydrophobic, as shown in Figure 6, and form a
“hydrophobic joint”, which provides flexibility to this region
and facilitates the shearing motions between the two moieties.19

Figure 6 also shows that the myristoyl group displaces the water
from the hydrophobic pocket and finds its position directly
below the hydrophobic joint, in close contact with the C-
terminus of the C-helix (see also Figure 1), thus contributing to
the packing of the A-helix against the protein core. We relate
the changes in dynamic correlations described above to the
higher degree of structural coupling between the A-helix and
the protein core upon myristoylation. In fact, the more tightly
packed N-terminal HTH conformation displays higher dynamic
correlations than the partially extruded LL conformation, and
stabilization of the HTH conformation upon S10 phosphor-
ylation further enhances these structural and dynamical
correlations. Remarkably, there is a clear trend between the
packing of the A-helix to the core of PKA-C and the extent of
the correlated motions observed for the C-terminal residues of

Figure 4. Allosteric interaction map. Increased correlations with MI
(see the text) observed upon different perturbations are mapped on
the kinase structure and color-coded on the basis of the method of
discovery. (A) Effects of N-myristoylation, as obtained by comparing
the myr(+)p(+) and myr(−)p(+) simulations. (B) Effects of the LL−
HTH conformational transition, as obtained by comparing the
myr(+)p(−) LL and myr(+)p(−) HTH simulations. (C) Effects of
S10 phosphorylation, as obtained by comparing the myr(+)p(+) and
myr(+)p(−) HTH simulations.
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the A-helix, β-strand 9, and the C-terminus of the C-helix;
proper positioning of the C-helix is critical for the formation of
the regulatory spine common to all active kinase structures.10,52

The cluster of residues involved in the allosteric node (A-
helix, β-strand 9, and C-helix) is probably responsible for the
propagation of motions to other remote regions of the kinase,
although the number of residues affected varies among the

different forms of the enzyme. Indeed, N-myristoylation has the
strongest effect, followed by S10 phosphorylation and the LL−
HTH conformational change. We found that upon myristoy-
lation (Figure 4A) a large section of the small lobe displays
increased correlated motions with C-terminal residues of the A-
helix and Mg2+-positioning and catalytic loops. In particular, the
Gly-rich loop, β-strands 3 and 6, the B-helix, and the acidic
patch are directly involved. These regions play a major role in
catalysis. Some of these regions overlap with those observed
experimentally through chemical shift perturbations.17 In
particular, both approaches showed that perturbations affected
the allosteric link, the Gly-rich loop, and the acidic patch. Also,
both identified the conserved K72, which anchors the
phosphates of the nucleotide and tracks the kinase opening−
closing mode,11 and V104, which is van der Waals contact with
the adenine ring of the nucleotide.
PCA (Figure 7) and distance matrix analyses (Figure S3A,B

of the Supporting Information) also help identify global

changes. PCA (Figure 7B) shows that the myristoylated form
samples slightly more closed conformations both along the
global opening−closing mode (PC1) and along the Gly-rich
loop opening−closing mode (S53−G186 distance). However,
the conformational space sampled is still between the open and
intermediate conformations, as expected for a binary complex
(see the position of PDB entry 1CMK in Figure 7B).
Nevertheless, it is possible that the enhanced correlations
observed in the small lobe and/or active site upon
myristoylation could be traced back to a more compact
structure that enhances structural and dynamic couplings
between these regions.
The effects of the conformational transition from LL to HTH

are smaller than those observed upon myristoylation and
localized in the A-helix−allosteric node. Nevertheless, in the
HTH conformation, increased correlations are observed

Figure 5. Cation−π interactions. Details of the cation−π interactions
among F26/W30, R190, and R93. In the bottom panel, distances from
the center of the rings to the center of the guanidinium moiety are
shown for the myr(+)p(+) trajectory.

Figure 6. Hydrophobic joint and hydrophobic pocket. The top panels
show close-up views of the hydrophobic joint between the A-helix and
the apex of the loop between the C-helix and β4, the E-helix, and the
C-terminal tail. The A-helix residues are highlighted at the left, and the
ones forming the other face of the hydrophobic pocket are shown at
the right, rotated by 90°. The bottom left panel shows a lateral view of
the interface between the nonmyristoylated PKA-C A-helix and the
hydrophobic pocket. Water molecules in the hydrophobic pocket are
shown as van der Waals spheres. The bottom right panel shows a
lateral view of the myristoylated protein: almost all the waters in the
hydrophobic pocked are displaced by the myristoyl group (purple).

Figure 7. Opening−closing modes. (A) Lowest-frequency principal
component obtained by pooling all the trajectories together. Also
shown are the Cα atoms of S53 and G186, used to define the distance
coordinate monitoring the opening and/or closing of the Gly-rich
loop. (B−D) Projection along PC1 and the S53−G186 distance of the
various trajectories.
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between the N-terminus and the J-helix (see Figure 4B), which
can be related to the closer packing of the first seven residues
against the J-helix in this conformation. This observation agrees
well with experimental data, which shows that W302 (located
in the J-helix) is sensitive to changes occurring in the
hydrophobic pocket.11 Noticeably, W302 is also sensitive to
active site occupancy.11 To this end, we also notice that
occurrence of the HTH conformation is accompanied by an
opening of the Gly-rich and peptide-positioning loops of
approximately 3 Å (Figure 7C and Figure S3C,D of the
Supporting Information). This is in remarkable agreement with
recent X-ray structures with conformations at the N-terminus
similar to the HTH motif.18

Finally, we found that the HTH conformation is more stable
upon S10 phosphorylation, packing the A-helix to the core of
the enzyme (see Figure 4C). The regions affected by increased
correlations are similar to those observed upon myristoylation,
although they involve fewer residues. This agrees well with
chemical shift perturbation results13 that show that S10
phosphorylation has a weaker effect than N-myristoylation.
We propose the existence of a preferential allosteric pathway
across the enzyme that connects the N-terminus to the active
site as the changes observed in the A-helix result in a slightly
more closed state of the enzyme (see Figure 7C).

■ DISCUSSION

A complete description of enzymatic activity requires character-
ization of the most populated structural basins in the free
energy landscape, as well as the fluctuations around these
basins, i.e., conformational dynamics.53 These structural
fluctuations often accompany large-scale reorganization of
structural domains as well as atomic fluctuations around highly
populated conformations. Recent reports have emphasized the
importance of both phenomena,54−64 and limiting cases in
which motions rather than conformational changes drive the
enzymatic function have also been hypothesized.65,66 In its
enzymatic cycle, PKA-C displays substantial conformational
changes in those structural domains directly involved in
catalysis, as well as dynamic changes that extend throughout
the enzyme backbone. Using NMR spectroscopy in concert
with X-ray data, we identified three major states (open,
intermediate, and closed) with different structural dynamics.8,11

Our previous studies mapped all of these states and showed
that the preexisting equilibrium encoded in the apo form is
shifted by addition of the ligands (nucleotide and substrate).8,11

In the dynamically committed state (nucleotide-bound), the
enzyme’s conformational dynamics on the micro- to milli-
second time scale are enhanced to allow substrate recognition
as well as product release.

On the basis of chemical shift perturbations observed in our
previous work, we proposed that the conformational
equilibrium of PKA-C can be modulated by myristoylation or
by S10 phosphorylation.17 The study presented here ration-
alizes these effects by defining the conformational landscape of
the kinase in the presence of the myristoyl/phosphoserine
switch. The myristoyl/phosphoserine switch not only acts on
the membrane affinity of the kinase but also shifts the
conformations of the kinase to states with altered structure
and dynamics;16 for example, the addition of the myristoyl
group at the N-terminus causes an overall compaction of the
enzyme and increases thermostability.47 In the absence of
myristoylation, the A-helix is partially unfolded, which facilitates
the entrance of water into the hydrophobic pocket (Figure 6),
and as a result, the A-helix undergoes a pendulum-like motion
(Figures 2B), which is facilitated by its greasy interface between
the hydrophobic joint and the core of the enzyme (Figure 6).
Once myristoylated, the N-terminal residues fold back toward
the enzyme’s core, excluding water and partially quenching the
conformational dynamics of the N-terminus. Phosphorylation
of S10 further shifts the equilibrium toward the more compact
conformation via formation of a stable ionic bond between the
phosphate and the side chain of K7, a conformation that closely
resembles the recently identified X-ray crystal structure of the
N-myristoylated PKA-C and PKA-CK7C mutant.18 In both
crystallographic and simulated structures, the helix is broken at
K7, which then displays dihedral angles typical of a β-sheet
conformation. These results are in good agreement with NMR
and X-ray experiments and provide a rationale for the observed
higher thermal stability of the myristoylated isoform.
We also investigated whether the effects of N-myristoylation

are propagated in remote areas of the enzyme. In fact, our
NMR chemical shift perturbation data show that myristoylation
affects residues at the active site, the acidic patch, and the C-
helix, suggesting that myristoylation could act as an allosteric
modulator of kinase function. Analyses of interatomic distance
patterns and correlated motions from MD simulations support
this hypothesis. Our atomistic simulations trace structural and
dynamic changes involving the N-terminus and A-helix that are
correlated with the active site residues. Specifically, perturba-
tions caused by myristoylation, S10 phosphorylation, and/or
conformational changes occurring at the N-terminus are
propagated to the C-terminal residues of the A-helix, from
where they are rerouted to the C-helix and β-strand 9 through
the allosteric node (see Figure 1A) formed by aromatic residues
F26−W3019 and arginines R94−R190, as inferred by X-ray
data.18 The hydrophobic joint is part of the allosteric node,
consisting of secondary structure elements αA, β4, and αC,
which is an essential element for the effective transmission of
the allosteric signals. While the cation−π interactions couple
intermolecular motions between the A-helix and the core of the

Figure 8. Allosteric model. Increasing correlations between the N-terminus or A-helix and the β-strand 9−C-helix−Gly-rich loop motif are observed
upon compaction of the kinase following myristoylation, LL−HTH transition, and S10 phosphorylation.
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enzyme, the flexibility of the hydrophobic joint allows these
motions to take place. The majority of the perturbations are
localized at the interface between the two lobes (shaded area in
Figure 1A), forming a contiguous path connecting the A-helix
to the nucleotide and active site, although other noncontiguous
perturbations are also observed.
Our analyses reveal a clear trend in the structural dynamic

correlations among the different forms of the enzyme. Going
from the unmyristoylated to myristoylated and S10 phosphory-
lated forms of the enzyme, we find there is a tighter packing of
the A-helix against the kinase core with an increased number of
structural and dynamic correlations (Figure 8).
The HTH conformation stabilized by phosphorylation has

the largest number of structural dynamic correlations and is
similar to the X-ray structure of the PKA-CK7C mutant, and was
subsequently seen also in the wild type protein.18 Upon
myristoylation, this mutant is characterized by a 50% increase in
kcat, and, unlike the wild type protein, retains the HTH
conformation in the ternary complex. Therefore, we hypothe-
size that the increased catalytic rate constant observed in the
myristoylated mutant might be due to the HTH conformation
that is able to affect the active site residues allosterically (V-type
allostery). Interestingly, detergents such as MEGA-8 mimic the
effect of myristoylation on the chemical shifts.17,67 Therefore, it
might be possible that “myr-pocket binders” that stabilize the
HTH conformation can be used to modulate PKA-C activity in
a manner similar to that of Abl kinase68 and represent drug
candidate alternatives to ATP site-directed inhibitors.
In summary, we have mapped the effects of myristoylation

and S10 phosphorylation on the conformational equilibrium of
PKA-C in the absence of a membrane mimetic environment.
We showed that both events drive the kinase equilibrium
toward different conformational states that could be relevant for
the interaction and regulation of the C-subunit in the presence
of the regulatory subunits. These studies also suggest that myr-
directed drugs can be, in principle, designed to target PKA-C in
a manner analogous to that of Abl kinase, circumventing the
nonspecificity of ATP-directed inhibitors.
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