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Abstract

Molecular fluctuations of the native conformation of c-AMP dependent protein kinase (cAPK)
have been investigated with three different approaches.  The first approach is the full atomic nor-
mal mode analysis (NMA) with empirical force fields.  The second and third approaches are
based on a coarse-grained model with a single single-parameter- harmonic potential between
close residues in the crystal structure of the molecule without any residue specificity.  The sec-
ond method calculates only the magnitude of fluctuations whereas the third method is developed
to find the directionality of the fluctuations which are essential to understand the functional
importance of biological molecules.  The aim, in this study, is to determine whether using such
coarse-grained models are appropriate for elucidating the global dynamic characteristics of large
proteins which reduces the size of the system at least by a factor of ten.  The mean-square fluc-
tuations of Cα atoms and the residue cross-correlations are obtained by three approaches.  These
results are then compared to test the results of coarse grained models on the overall collective
motions.  All three of the approaches show that highly flexible regions correspond to the acti-
vation and solvent exposed loops, whereas the conserved residues (especially in substrate bind-
ing regions) exhibit almost no flexibility, adding stability to the structure.  The anti-correlated
motions of the two lobes of the catalytic core provide flexibility to the molecule.  High similar-
ities among the results of these methods indicate that the slowest modes governing the most
global motions are preserved in the coarse grained models for proteins.  This finding may sug-
gest that the general shapes of the structures are representative of their dynamic characteristics
and the dominant motions of protein structures are robust at coarse-grained levels.

Introduction

The dynamics of biological systems are of considerable interest since the internal
motions are known to play an important role in their physiological functions.  An
important issue in the analysis of protein dynamics is the description of slow, large-
amplitude motions.  In some cases, these global motions have been shown to be
essential for the function of the proteins (1).  It has been shown that for native pro-
teins, the very low frequency normal modes make major contributions to the confor-
mational fluctuations at thermal equilibrium (1-2).  Such motions can change the
interactions of proteins with other molecules and with their environment.  Normal
mode analysis (NMA) has proven to be useful for studying these collective motions
of the macromolecules (3-6).  Comparisons of low-frequency normal modes and the
directions of large amplitude fluctuations in molecular dynamics simulations indicate
clear similarities (7-8).  The second derivative of the potential energy matrix is diag-
onalized assuming the molecule is in its energy minimum state.  The corresponding
normal mode coordinates have been used to study domain motions in proteins (8-10),
to analyze molecular dynamics trajectories through the quasi-harmonic approxima-
tion (11), to investigate conformational changes of proteins observed upon ligand
binding (12) or to integrate the equations of atomic motion with large time steps (13).
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In the NMA, for a non-linear molecule of n atoms, 3n-6 eigenvalues give the normal
frequencies of vibration and associated eigenvectors, namely, the normal modes of
vibration, and provide directions and associated amplitudes of displacements in each
mode.  A major problem with full atomic normal mode analysis is the limitations on
the computer memory (~(3n)2), where n is the number of atoms in the protein.
Recent simple studies of vibrational motions in globular proteins have provided sig-
nificant insights into the dynamics of folded proteins (14-17).  This is consistent with
the finding that simple energy functions can incorporate the most important charac-
teristics of native proteins, such as hydrophobicity and hydrogen bond energy to form
tertiary structures in small proteins (18).  In a normal mode analysis of large-ampli-
tude elastic motions, Tirion introduced a single parameter Hookean potential adopt-
ed for the pairwise interactions of all atoms in X-ray crystallographic structures (14).
Slow vibrational modes are those resulting from the cooperative fluctuations of α car-
bons on the backbone chain.  Later, Bahar et al. (16) proposed a model for the fold-
ed proteins in which interactions between residues in close proximity are replaced by
linear springs, in analogy with the elasticity theory of random polymer networks (19).
This so-called Gaussian Network Model (GNM) assumes that the protein in the fold-
ed state is equivalent to a three dimensional elastic network.  The junctions are iden-
tified with the Cα atoms in the protein, which undergo Gaussian distributed fluctua-
tions (see Fig. 1).  GNM with a single parameter harmonic potential was found to
successfully describe the temperature factors and residue cross-correlations in folded
proteins (16, 20-25).  GNM is equivalent to the harmonic normal mode analysis of a
molecule under the two simplifying assumptions of i) identical force constants for all
interacting Cα atoms, and ii) isotropic fluctuations.  GNM provides the relative
amplitudes of fluctuations but does not say anything about the directionality of the
motions, and it is important to visualize the directions of motions.  Later, GNM is
extended to include the directionality of the fluctuations (26-29).  This new analyti-
cal method called, ANM, again finds the intrinsic fluctuations and the collective
molecular motions of large proteins starting from the crystal structure.  In a classical
NMA, the system has a 3n-6 internal modes, whereas in the ANM, the system has a
3N-6 internal modes.  Thus, the dimensions of the matrix are reduced from 3n to 3N
where n and N are the number of atoms and residues in a protein, respectively.  Since
the dimension of the matrix to be inverted is only the number of residues in a protein,
substantially larger proteins can be considered in this type of analysis.

The problem we will discuss in this study includes comparison of the two coarse
grained models (ANM and GNM) with a full atomic approach and investigate the
effect and importance of (i) coarse graining and (ii) directionality in coarse grained
models.  A previous study has shown that the dynamics of α-amylase inhibitor was
successively predicted both by GNM and molecular dynamics simulations (30).  In
the present study, the VIBRAN module in CHARMM (31) is used to calculate the
normal modes of vibrations in a full-atomic approach.  These three methods are
applied to cAMP dependent protein kinase (cAPK) to investigate its molecular
fluctuations and answer the question of how similar the dominant, low frequen-
cy/high amplitude modes revealed by these three different approaches.

Model and Method

Protein Kinase

Protein kinases represent a large family of enzymes.  They assist to transfer of
phosphate from ATP to a serine, thereonine or tyrosine residue of a protein sub-
strate.  Catalytic subunit of cyclic AMP (cAMP) dependent protein kinase (cAPK)
is one of the best studied members of the family (32-34).  cAPKs are tetramers,
consisting of two catalytic and two regulatory subunits.  In the tetrameric form, the
enzyme is inactive and binding of cAMP to the regulatory subunits causes dissoci-
ation of the catalytic subunits, which then can phosphorylate specific acceptor pro-
tein.  The crystal structure of the protein reveals that the catalytic subunit consists
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Figure 1: Schematic representation of the coarse-
grained network model used in this study.  The protein
is represented by a virtual backbone (solid lines), each
interaction site corresponding to an α-carbon (the dots
in the figure).  Residue pairs are subject to a harmonic
force provided that they are within a cutoff distance
range of Rc around the residue i.  Dashed lines desig-
nate the residues interacting with that residue i. within a
sphere of radius, Rc.



of a catalytic core and two flanking regions: a N-terminal peptide segment domi-
nated by the proceeding helix (residues 15-39) and an extended C-terminal tail
(residues 300-350).  The core consists of two lobes: N-terminal lobe (residues 40-
120) is dominated by a 5-stranded β-sheet and it is responsible for nucleotide bind-
ing.  The C-terminal lobe (residues 121-299) is mostly helical, containing a four-
helix bundle, two additional helices and four short β-strands.  Most of the highly
conserved active residues and peptide binding residues are in the catalytic core.  A
substrate, MgATP is between two lobes and makes contacts with both of them.  The
crystallographic structure of cAPK (pdb code 1ATP) determined by Zheng et al.
(32) is used in this study.  Figure 2 displays the ribbon diagram of cAPK together
with MgATP and two phosphorylated sidechains.  The C- and N-termini are col-
ored gray, and the two lobes of the catalytic core are colored magenta and yellow.
The inhibitor is colored cyan.  Table I lists the structural units of cAPK.  The first
and second columns give the residue numbers and the names of the structural units,
respectively.  Table II gives some of the conserved residues in the catalytic core of
cAPK and the functions of these conserved residues.

Method

GNM

The GNM has been used to investigate large scale motions of proteins (16-17, 20-
21, 23-25).  The fundamental consideration in the method is to assume that a pro-
tein in its folded state is equivalent to a fully elastic network, in analogy to the elas-
ticity theory of random polymer networks (19).  In principle, the GNM is equiva-
lent to NMA with one additional simplifying assumption, that there are no direc-
tional effects, all fluctuations being assumed to be isotropic.  GNM thus predicts
the relative amplitudes of fluctuations.  In this model, protein structures are repre-
sented by the Cα atoms which construct the junctions.  The ith and jth junctions are
connected by identical harmonic springs, provided that their separation Rij remains
below the cutoff distance, Rc (Fig. 1).  In general, the total intramolecular poten-
tial, V of a protein of N residues may be expressed as a series expansion in the fluc-
tuations ∆Ri of individual residue positions and it can be written in terms of the
contact matrix (Γ) as

V = (1/2) Σi Σj (∂2V / ∂∆Ri ∂∆Rj)0 ∆Ri ∆Rj [1]
= (1/2) [∆R]T Γ [∆R]

Here ∆R represents the N-dimensional array composed of the N fluctuation vectors
∆Ri, and the superscript T designates the transpose.  Using the classical theory of
networks (19), it can be then shown that the mean-square fluctuations of junctions
scale with the inverse of Γ as

< (∆Ri)2> = (kBT) [Γ-1]ii [2]
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Figure 2: Ribbon diagram of c-AMP dependent protein
kinase (PDB code: 1ATP).  Ligands, ATP and phosphate
groups are shown in dark blue.  Phosphorylated amino
acids are illustrated with their side chains.  Some α-
helix (H) and β-strand (S) numbers are also displayed in
the figure to guide the eye.  The C- and N-termini are
colored gray, and the two lobes of the catalytic core are
colored magenta and yellow, respectively.  The protein
kinase inhibitor is colored cyan.  Some residue numbers
are also included in the figure.

Table I
Structural �parts �of �cAPK�

Residues Structural features

15-39 N-terminal tail
40-120 Catalytic core, N-terminal lobe
121-299 Catalytic core, C-terminal lobe
300-350 C-terminal tail

Table II
Conserved residues and functions

Residue Number Function Flexibility

49 Forms hydrophobic pocket for nucleotide -
50-57 Nucleotide binding motif i.e. “glycine rich loop”� -
72 Makes hydrogen bond to ATP and residues 91, 184 -
91 Hydrogen bonds 72 -

121, 123, 127
Hydrogen bond to ATP also bond to ARG-ARG-X-SER substrate
recognition site

-

120, 122-123 Hydrophobic pocket for adenosine -
164-171 ”Catalytic loop”� -
184-186 “Mg positioning loop”� -
190-199 “Activation loop”� +
206-208 Ion �pair �with �280 �and �stabilizes �large �lobe� -
220 Stabilizes catalytic loop via hydrogen bonds to 164 and 165 -



Here, kB is the Boltzmann constant and T is the absolute temperature.  Eq. 2 will
be used in the present study for calculating the mean-square fluctuations of indi-
vidual residues; whereas the fluctuations of the global motions will be extracted by
a mode analysis of Γ.  Similarly, cross correlations of cross mean square fluctua-
tions correlations between residue pairs i and j can be found as

< ∆Ri • ∆Rj > = kBT [Γ-1]ij [3]

Information on global dynamics is obtained by decomposing the motions into a series
of modes, and concentrating on the modes at the slowest (largest amplitude) end of
the spectrum.  To elucidate the mechanism of these modes, Γ is rewritten as the prod-
uct of three matrices, the diagonal matrix Λ of its nonzero eigenvalues λm (1 ≤ m ≤
N-1), the matrix U of the corresponding eigenvectors um, and the transpose of U, i.e.

Γ = U Λ U-1 = [u1 u2 u3 … uN-1] diag (λ1 λ2 λ3 … λN-1) [u1 u2 u3 … uN-1] T

[4]

We note that U is an orthonormal matrix, i.e. UT = U-1, and the inverse of Γ can be read-
ily written as Γ-1 = U Λ-1 U-1.  The latter can alternatively be written as a sum of N-1
matrices of size N x N, each representing the contribution of a single internal mode,

Γ-1 = Σ m [λm
-1 um um

T] [5]

This equation provides a simple means of decomposing the dynamics into a series
of modes.  For example, the mean square fluctuation of residue i driven by the mth
mode of motion is calculated using

[(∆Ri)2]m = 3 kT [λm
-1 um um

T]ii [6]

The orientational cross-correlations between the fluctuations of Cα are found by
normalizing the cross-correlations according to

< ∆Ri • ∆Rj >
C(i,j) = [7]

{< ∆Ri • ∆Ri > < ∆Rj • ∆Rj >} 1/2

where <∆Ri · ∆Rj > is calculated from <∆Ri · ∆Rj > = kT [Γ-1]ij, by suitable substi-
tution of indices in equation Eq. 3.  The positive and negative limits of C(i,j) are 1
and –1, and correspond to pairs of residues exhibiting fully correlated (same direc-
tion, same sense) and fully anticorrelated (same direction, opposite sense) motions,
respectively.  Zero correlation refers to uncorrelated, or orthogonal motions.

ANM

The anisotropic network model (ANM) (26-29) is an extension of the previously
developed (GNM) to include directional anisotropic effects on fluctuation dynam-
ics.  GNM predicts the relative sizes of fluctuations but not their directionalities as
explained above.  ANM is an analytical method that can also predicts the direc-
tionalities, and decomposes the molecular motions into a series of 3N-6 modes.
The potential energy of the protein is represented as in Eq 1.  In order to include
the directionalities, we replace the connectivity matrix (ΓNxN) with the Hessian
matrix (H3Nx3N).  Now, ∆R represents the 3N-dimensional array composed of the
N fluctuation vectors and H is calculated by the second derivative of the potential
energy assuming the crystal structure is in energy minimum state.  H can be con-
ceived as an NxN matrix of 3x3 superelements defined as Hij = ∂2V / ∂∆Ri ∂∆Rj.
Thus Eq. 6 becomes

< (∆Ri)2 > = kT trace [H-1]ii [8]
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Here [H-1]ii is the ith diagonal superelement of the inverse H-1, and trace desig-
nates the sum of the diagonal elements of this 3x3 matrix.  This equation will be
used in the ANM method for calculating the msean square fluctuations of individ-
ual residues, and the global motions will be extracted by a mode analysis of H.  To
this aim, H is rewritten as the product of three matrices, the diagonal matrix (Λ) of
H ofwith its nonzero eigenvalues λm (1 ≤ m ≤ 3N-6), the matrix U of the corre-
sponding eigenvectors um, and the transpose of U (26-29).

VIBRAN

In this study, the VIBRAN module in CHARMM (31) is used to calculate the normal
modes of vibration.  We have started with the crystal structure of cAPK and per-
formed an energy minimization in vacuum, until an energy gradient of 10-5

kcal/(mole Å) is reached.  The size of the system, number of the atoms in the protein,
is 3384.  We then constructed the full atomic Hessian matrix ( with a size of 3 x n =
3 x 3384 = 10,152) generated with the all-atom CHARMM22 force field.  Then this
mass weighted Hessian matrix is stored and diagonalized by using the iterative diag-
onalization in a mixed basis (DIMB) method implemented in CHARMM.  The iter-
ative process was stopped when the convergence criterion for the eigenvectors
reached 0.05.  In this force field; a dielectric constant of 1.0, a shifting function for
electrostatics and a switching function between close interactions (Lenard-Jones
energies between bonded atoms) is used.  Long range interactions (van der Waals),
additional close range interactions (dihedral angles and hydrogen bonding potentials)
and zero interactions (atom pairs beyond all long range cutoff) are used.  Bond
lengths are constrained to their equilibrium values using SHAKE module.

Results and Discussion

There have been an extensive number of studies on the structure and dynamics of
cAPK and the effect of different ligands and inhibitors on the dynamics and func-
tion of the enzyme (35-43).  Electrostatic and surface area dependent models are
shown to predict the binding affinities of different ligands effectively (37) and the
thermodynamics of open/closed conformational transition and the influence of ATP
and other inhibitors (40).  Experimental and theoretical calculations show that not
all substrates are equally preferred by the kinase; for example, protein kinase
inhibitor (PKI) is more effective in stabilizing the closed and intermediate forms of
cAPK than ATP (37, 40).

Comparison of Equilibrium Fluctuations of GNM, ANM and VIBRAN with
Experimental Temperature Factors

Figure 3 compares the normalized equilibrium root mean square fluctuations for
Cα positions obtained by GNM, ANM and VIBRAN simulationscalculations.
The first 30 modes are used to obtain the overall fluctuations.  For most proteins,
accurate values for <∆Ri

2> can be obtained with the slowest 30 modes and these
are believed to be responsible for most of the proteins’ atomic displacements
(44).  VIBRAN equilibrium mean square fluctuations for each each residue are
assigned to the Cα position of that residue, i.e.,is calculated as follows: the fluc-
tuations of all heavy atoms in a residue are mass weighted and then that mean
fluctuation is assigned to the Cα atom of the backbone as [(∆Ri)2] = 3 kT / mi ∑m
[am

2 / λm
2]i where am is the mth eigenvector.  The GNM and ANM mean square

fluctuations are calculated with Eqs 6 and 8, respectively, with a cutoff distance
of 10 Å (for GNM) and 15 Å (for ANM) for each mode, and then weighted with
the eigenvalue of that the corresponding mode.  We note that two three curves are
satisfactorily similar (correlation coefficients are 0.70 and 0.75 between
ANM/VIBRAN and GNM/VIBRAN, note that GNM and ANM curves are
almost identical, with a correlation coefficient 0.90).  The agreements among
these approaches are noteworthy in that no residue specificity and non-linear
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effects are included in the GNM and ANM calculations.  Including the anisotrop-
ic effects has been shown to improves the correlations between the full atomic
and coarse-grained models in the previous study of Doruker et al. (30).  The cor-
relation between the VIBRAN results and the analytical approaches can prove
that coarse graining is valid to calculate the cooperative motions of proteins.  The
experimental Debye-Waller factors, also called B-factors, are related to the ms
fluctuations of individual residues with Bi = (8π2/3) <(∆Ri)2>.  Previously, it had
been shown that there is a strong correspondence between calculated GNM fluc-
tuations and crystallographic temperature factors (16, 20, 24, 25).  The correla-
tion coefficients between the calculated and the experimental temperature factors
are not very good for cAPK.  A comparison of the temperature factors of differ-
ent crystallographic structures of cAPKs in PDB also gives non-correlated results
giving insight about the state of closed or open conformations.  The inconsisten-
cy here might be due to the fact that ANM/GNM and VIBRAN calculations are
performed without the inhibitor and MgATP which are actually present in the
crystallographic data.  The cAPK structure with PDB code 1yds, for example, has
a very similar temperature factor curve as we obtained from the 30 modes of
VIBRAN, ANM and GNM calculations.

The results indicate that H11 together with the loop before it (residues 240-253),
and the long loop (residues 335-348) are among the highly flexible regions.
Residues 39-45 ( the loop proceeding S1), 60-70 (the loop between S2 and S3), 75-
83 (H3 together with the loops preceding and following it) in the N-terminal lobe
of the core region have also been distinguished with their high flexibilities.
Nucleotide binding region is located between these regions.  Note that the first 14
residues’ coordinates are missing in the PDB, thus the residue numbers start from
15 in Figure 3.  The ribbon diagrams of the cAPK structure, color-coded according
to the relative sizes of residue movements are displayed in Figure 4.  Parts (a-b)
display the structure from two different views.  The segments subject to the largest

and smallest amplitude fluctuations are colored red and gray, respec-
tively, with the intermediate fluctuations colored spectrally between
these colors.  As seen from the figures the longitudinal axis of the mol-
ecule shows little fluctuations with respect to the rest of the molecule.
The longitudinal axis is shown with the dashed lines in the figures.
Narayana et al. (35) suggested that domain motions of the kinase core
could be described in terms of three bodies: the large lobe, the small
lobe minus the glycine-rich loop, and the glycine-rich loop.  They
pointed out that there was not a single hinge point.  The longitudinal
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Figure 3: Comparison of average weighted root mean square fluctuation over 30 modes of VIBRAN,
GNM and ANM for c-AMP dependent protein kinase.  The solid curve represents the results from
VIBRAN.  And the two dotted and dashed curves are the results of GNM and ANM, respectively. Note
that, these curves are normalized.

(a)

(b)

(c)

Figure 4: The ribbon diagrams of the cAPK structure, color-coded
according to the relative sizes of residue movements using the first 30
modes of ANM.  Parts (a-b) display the structure from two different
views.  Six different colors are used to represent the different levels of
flexibilities: gray, dark blue, green, magenta and red, where the seg-
ments subject to the largest and smallest amplitude fluctuations are col-
ored red and the smallest are gray.  The longitudinal axis is shown with
the dashed cyan lines in the figures.  This represents the hinge rotation
axis.  Part c illustrates the positions of some of the conserved residues
in the structure, the cyan is the inhibitor and the conserved residues are
colored as red.  ATP and phosphorylated residues are dark blue.



axis (Figure 4) can be representative of the hinge axis of the kinase.  Part (c) illus-
trates the positions of conserved residues in the crystal structure, the cyan is the
inhibitor and the conserved residues are colored as red, note that the binding
regions are highly conserved and these same regions correspond to a dark blue or
gray color in parts (a-b) meaning that they exhibit restricted fluctuations.

Global Modes

The global modes, or the low frequency modes, provide insights about the mecha-
nisms of the cooperative conformational motions of native structures.  Such motions
are expected to be relevant to biological function.  Here, we test whether we can still
extract reliable information about the global motions of cAPK with the coarse
grained model.  Figure 5 (a-b) displays the dominant of mode shapes from VIBRAN
simulations and GNM/ANM methods.  The solid curves represent the results from
VIBRAN whereas dotted and dashed curves are for GNM and ANM results, respec-
tively.  Here, we concentrate on the first two most global modes.  The three
approaches yield similar distributions as seen from the figures (for the slowest
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Figure 5: Comparison of average root mean square
fluctuations for (a) the slowest and (b) the second slow-
est modes from three approaches.  The solid curve rep-
resents the results from VIBRAN.  And the dotted and
dashed curves are the results of GNM and ANM,
respectively.  Note that, the curves are normalized.

Figure 6: Shapes of eigenvectors for the slowest and
the second slowest modes obtained by GNM.  The solid
and dashed curves represent the results from the first
and second global modes, respectively.  See also Figure
6 of Tsigelny et al. (34).  The curves are very similar to
those obtained by MD simulations in their study.

a)
rotation�

opening/closing�

shear �

(b)

(c) Figure 7: Mechanisms of the dominant modes of
motion.  Two extrema of the fluctuating conformations
are shown by the ribbon diagrams for the two slowest
three modes (a-c).  (a) Mode 1 is a rotation motion of the
two lobes around the longitudinal hinge axis.  The left
panel shows the side views of the kinase whereas the left
panels display the structures from a top view.  As the
first lobe rotates clockwise, the second lobe rotates
counter-clockwise.  The next slowest mode induces and
opening and closing of the two lobes.  The last mode
represents a shear motion of the two lobes.  The arrows
indicate the direction of fluctuations.



mode, the correlation coefficients between VIBRAN and GNM/ANM are of 0.80,
and 0.67, respectively).  We also note that the first global mode of GNM is most sim-
ilar to the first mode of the VIBRAN simulations, and second and third modes are
similar to the third and second modes, respectively.  In summary, the most global
mode motions exhibit similar fluctuations both in coarse grained models with a sim-
plified harmonic energy function and in the full-atomic model with an empirical
force field.  These results are in good agreement with the results of Doruker et al.
(30).  They investigated the dynamics of α-amylase inhibitor both by GNM and
molecular dynamics and obtained similar results.  As stated above, the sequences of
the modes might change from one method to the other, i.e. the first mode shape can
be observed in the second mode shape in the other method, but they always persist.

Previous GNM analyses (20, 23-25) propose that minima in the global mode shapes
generally coincide with conserved, biologically active sites, such as catalytic sites in
enzymes or nucleotide binding sites.  Maxima, on the other hand, correspond to seg-
ments distinguished by their enhanced mobilities, often implicated in substrate recog-
nition.  cAPK contains the consensus motif of Gly-X-Gly-X-X-Gly-X-Val (residues
50-57) that is contained in nearly all protein kinases.  This motif is known as the
glycine-rich loop, and it helps to anchor ATP to the protein.  Lys72 has been shown
to be extremely important for the optimum activity of the enzyme.  Lys72 forms a salt
bridge with Glu91, stabilizing the interactions between Lys72 and the α– and β-phos-
phates of MgATP.  Lys72 also lies in close proximity to Asp184, another conserved
residue.  The chain that spans the β strand and the α-helix contains Glu121, Val123
and Glu127 and help to anchor the MgATP by hydrogen bonding with the adenine or
ribose rings.  The residues Met120, Tyr122 and Val123 contribute to a hydrophobic
pocket that surrounds the adenine ring.  Residues Asp166 and Asn171 are also among
the conserved residues.  These residues are members of the larger consensus motif of
His-Arg-Asp-Leu-Lys-X-X-Asn (residues 164-171).  This loop is located between
the two β-strands and it is known as the ‘catalytic loop’, because Asp166, is most
likely to form the catalytic base of the protein.  Lys168 in the catalytic loop is thought
to assist the phosphotransfer by neutralizing the local negative charge of the gamma
phosphate of the MgATP.  Asn171 assists in the stabilization of the catalytic loop by
hydrogen bonding to the backbone carbonyl of Asp166.  The carbonyl group of
Glu170 hydrogen bonds with a hydroxy group on the ribose ring of ATP.  A very well
conserved triplet of Asp-Phe-Gly, occupying positions 184-186 (Mg positioning
loop), helps to orient the γ-phosphate of ATP.  Another highly conserved region con-
tains Ala206, Pro207 and Glu208.  Glu208 is a nearly invariant residue, and forms an
ion pair with Arg280 and stabilizes the kinase.  Residues Leu198, Cys199, Pro202
and Leu205 provide a hydrophobic pocket.  The activity increase is thought to come
from the conformational change induced by the interaction of the Thr-phosphate’s
oxygens with the polar side chains of Arg165 and Lys189 and the hydroxyl group of
Thr195.  A stretch from residues 219 to 230 (H10) consists of strongly conserved
residues.  Asp220 acts to stabilize the catalytic loop by hydrogen bonding to the
backbone amides of Arg165 and Tyr164, which are present just a few positions pre-
ceding the beginning of the catalytic loop.  Glu230 is not an invariant residue, but it
is important in the recognition of the inhibitor peptide.  It does this by forming an ion
pair with the second Arg in the recognition consensus.  Residues 235-239, Tyr-Pro-
Pro-Phe-Phe are all involved in hydrophobic interactions with the pseudosubstrate
inhibitors.  All these important conserved residues are observed to be positioned at
the minima of the global mode curves displayed in Figure 5 (a-b).  The positions of
these conserved residues are shown in Figure 4c.

The flexibility of the glycine-rich loop is reported to be very important in kinases.
Based on the temperature factors for various states of the cAPK, only in the fully
closed ternary state (studied in this work), this loop is stable.  The flexibility of this
loop is dependent on the ligand type in the active site.  The conformations of the
Mg positioning loop and the catalytic loop are remarkably stable in all states with
low temperature factors (35).
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The highly flexible regions of the curves, on the other hand correspond to the loops
between secondary structures of cAPK.  The activation loop contains the residues
190-199.  This loop is located between two hinge points of residues 189 and 200
(34) and displays a high flexibility.  The extensive flexibility of the C-terminal tail
is not surprising and is consistent with the crystal structures of the open conforma-
tions in which parts of the C-terminal tail are either not seen at all or have high
crystallographic atomic displacement factors (34, 36).  The last column in Table II
summarizes the behavior of some of the conserved residues based on the overall
residue fluctuations.  The (–) and (+) signs represent the residues exhibiting little
or high fluctuations, respectively.

Eigenvectors

Molecular dynamic (MD) simulations of the catalytic subunit of cAMP dependent
kinase had been performed in an aqueous environment by Tsigelny et al. (34).  The
eigenvalues of the diagonalized correlation matrix in their study showed two domi-
nant modes.  The eigenvectors for these two modes are displayed in Figure 6 of their
study (34).  The shapes of the first and second mode eigenvectors from GNM cal-
culations are essentially very similar with the eigenvector shapes of that figure.  This
similarity between the results of our GNM analysis presented here and the MD cal-
culations performed with AMBER MD program (45) using all-atom force field
proves the robustness of average properties.  These properties are controlled by the
low frequency motions, which are reproduced by GNM/ANM, VIBRAN and MD
simulations.  Figure 6 gives the shapes of the first two eigenvectors from GNM.  The
regions passing through zero in these curves show the passage from positive corre-
lation to negative correlation or vice versa.  The first lobe is most positively corre-
lated within itself and negatively correlated with the second lobe.  In the second
strongest global mode, such a correlation is not observed, but some parts of the first
lobe are highly correlated with some parts of the second lobe.  So these two motions
should represent vibrations/arrangements both within and between the lobes.

The comparison of a number of crystallographic structures of apo and holo cAPKs
in the form of binary and ternary complexes (bound with inhibitors and ligands and
ATP analogs) shows that catalytic subunit can be observed in different conforma-
tions.  These conformations result from a relative rotation of the two (N- and C-ter-
minal) lobes, coupled with concerted motions of some peptide segments (32, 35,
37).  The motion in the most global motion is a representative of this kind of rota-
tion.  Figure 7 illustrates the fluctuating conformations visited by the action of the
dominant modes of motions.  These extreme conformations of the cAPK are
obtained by adding and subtracting the consecutive eigenvectors of the first three
slow modes to the equilibrium crystal coordinates.  In the first mode (part a), the
two regions (i) C-terminal tail, N-terminal tail and N-terminal lobe and (ii) C-ter-
minal lobe make rotations in opposite directions.  This motion might be important
for the molecule to adjust itself in the phosphorylation reaction. 

Li et al. (39) studied the segmental flexibility of a portion of the small (N-terminal)
lobe at continuous steps of the cAPK catalytical cycle with time resolved fluores-
cence anisotropy.  They found that at each step of the catalytical cycle kinase
showed different dynamic motions; the hinge and sliding motion of the N-terminal
lobe (residues 40-120) -associated with domain closure- was independent of the
fluctuations of H4 (residues 85-97).  These studies revealed that the transition
between open and closed forms involved not only the hinge motions of the two
lobes with respect to each other but also a number of other conformational changes
in the glycine-rich loop, H4 and the activation loop.  But still, to a first approxi-
mation the motions of the lobes can be identified as rigid body motions.  In the sec-
ond mode (part b), the two lobes open and close with respect to each other and this
motion might be responsible for the isolation of active site (in closed conformation)
and binding of the substrate, ATP.  In the third mode, (part c) these two regions
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make a shear motion with respect to the interface plane between them.  As the one
region moves forward, the other region moves inward as shown in part (c).

Figure 8 displays a closer views of the fluctuations in the vicinity of ATP binding
pocket.  The red and yellow structures are again the two extreme conformations
visited in mode 1.  The ATP is shown in cyan.  The residues whose Cα atoms are
within the cutoff of 15 Å are displayed in the figure.  The peptide segments around
the ribose and rings are observed to be quite stable whereas the glycine-rich loop,
carboxyl terminal tail terminal and H4 exhibit the highest fluctuations around ATP.
The H4 helix is an indicator of the activation state of the kinase (36).  When the
kinase is in the active form, this helix rotates to make the optimal position for the
ATP (36).  The glycine rich loop is the most mobile part of the molecule when com-
pared different conformations (35-36).  While this loop should be in a closed con-
formation for optimal transfer of the phosphate from ATP, an open conformation is
required for the nucleotide product to be released.  Most of the carboxyl terminal
tail (residues 318-335) move as a block with this loop.  The loop is also believed
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Figure 8: Ribbon diagram illustrating the fluctua-
tions around ATP in the first global modes.  Some
important regions in the vicinity of the ATP are
labeled.  Two fluctuating conformations (yellow and
red) are displayed to indicate the details of the motion.

Figure 9: Correlation map: correlations between
residue fluctuations in the cAPK calculated over all N-
1 modes.  The two axes refer to residue indices, and the
colors indicate different strengths and types of inter-
residue orientational correlation functions (Eq. 7).  Blue
and red regions correspond to negatively (opposite
direction) and positively (same direction) correlated
motions, respectively.  The color bar on the top of the
map indicates the different lobes colored according to
Fig.1.



to serve as a gate that opens to give access for the ATP and closes for the isolation
of the nucleotide.  In our cAPK conformation, this loop is in closed state and sta-
bilizes the ATP in order phosphate transfer to occur.

Cross-correlations of Residues

Figure 9 displays the cross-correlation map of residues in kinase calculated by Eq. 7.
The two axes refer to residue indices.  The gray, magenta and yellow bars at the top
of the map indicate the N- and C-terminal tails, N-terminal lobe of the catalytic core
and C-terminal lobe of the catalytic core, respectively.  The colors in the map indi-
cate different strengths and types of inter-residue orientational correlation functions.
Blue and red regions correspond to negatively (opposite direction) and positively
(same direction) correlated motions, respectively.  Yellow indicates, either zero cor-
relation or orthogonal motions.  The joint contribution of all modes, each weighted
with its amplitude (1/λk) describes the strength and type of orientational coupling
between residue pairs.  Results from simulations VIBRAN are not shown separately
since they display a very similar pattern.  The N-terminal helix (residues 15-39) and
C-terminal tail (residues 300-350) which cover the catalytic core show very high
negatively correlated motions.  H4 (residues 85-97) is an integral part of the N-ter-
minal lobe, it also interacts with the C-terminal lobe, specifically with the activation
loop (36).  These two elements are crucial part of the active site.  They are observed
to undergo very highly concerted motions as observed by the highly reddish color in
the map.  The two peptide segments 40-120 and 121-299 which form the N- and C-
terminal lobes of the catalytic core, show very highly correlated motions within
themselves, although these two lobes make negatively correlated motions with
respect to each other.  So this suggests that these two lobes make motions in oppo-
site directions.  Actually, from Figure 7, it is observed that they rotate in opposite
directions around the long axis of the kinase, as well as open and close with respect
to each other around the hinge axis passing through ATP binding site.

Conclusion

Conformational fluctuations of the active form of cAPK have been previously stud-
ied in experimental and molecular dynamics (34, 35, 37-43) studies.  In this study,
we investigated the consequences of using a coarse grained analytical methods
(ANM and GNM) and a full atomic method (VIBRAN) to study the vibrational
motions of cAPK.  This study provides information about the molecular motion of
cAPK and also the effect of using a coarse grained model on the motions.

ANM/GNM assume an elastic network structure, formed by springs that connect
the close neighboring α-carbon atoms in the 3-dimensional structure of proteins.
The method is coarse grained by using a single site per residue and assuming that
all the residues in a cutoff distance are in contact.  VIBRAN calculations are per-
formed in vacuum neglecting the effect of solvent.  We should note that the size of
the Hessian matrices in ANM and in VIBRAN are 3Nx3N and 3nx3n, respective-
ly where N and n are the number of residues and number of atoms in the protein.
Thus the size of the Hessian matrix is at least 100 times smaller for the ANM cal-
culations reducing the computational time effectively.

The results indicate that almost the same shapes for the slowest modes of motion are
obtained from these three approaches.  Correlation coefficients between the mean
square fluctuations of residues evaluated from the above approaches are satisfactori-
ly high.  Further support comes from the application of the same methodology to
tubulin, a larger protein of 867 residues (pdb code: 1tub, results not shown here).  The
analysis of the different mode shapes demonstrates that considering more detailed
descriptions of the 3-d structure essentially adds modes with higher frequencies with-
out changing the global mode shapes.  Thus, the most cooperative motions of the
folded structure, which are also the functionally important motions, are robust and
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can be predicted with coarse-grained models in much shorter time scales.

The results also show that the activation loop shows high fluctuation in the global
modes consistent with their functions whereas the network of highly conserved
residues shows almost no fluctuation stabilizing the structure of cAPK.  The H4
helix also is believed to exhibit different conformations.  This helix is an indicator
of the activity of the kinase.  Twisting of this helix is provides an open conforma-
tion.  The negatively correlated motion of the C- and N-terminal lobes of the cat-
alytic core should be important for the reactions to occur and provide a suitable
position for the substrates to bind.
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