Release of ADP from the catalytic subunit of protein
kinase A: A molecular dynamics simulation study
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Abstract

Substrate phosphorylation by cAMP-dependent-protein kinase A (protein kinase A, PKA) has been studied
extensively. Phosphoryl transfer was found to be fast, whereas ADP release was found to be the slow,
rate-limiting step. There is also evidence that ADP release may be preceded by a partially rate-limiting
conformational change. However, the atomic details of the conformational change and the mode of ADP
release are difficult to obtain experimentally. In this work, we studied ADP release from PKA by carrying
out molecular dynamics simulations with different pulling forces applied to the ligand. The detailed ADP
release pathway and the associated conformational changes were analyzed. The ADP release process was
found to involve a swinging motion with the phosphate of ADP anchored to the Gly-rich loop, so that the
more buried adenine base and ribose ring came out before the phosphate. In contrast to the common belief
that a hinge-bending motion was responsible for the opening of the ligand-binding cleft, our simulations
showed that the small lobe exhibited a large amplitude “rocking” motion when the ligand came out. The
largest conformational change of the protein was observed at about the first quarter time point along the
release pathway. Two prominent intermediate states were observed in the release process.
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Protein phosphorylation is a very important regulatory
mechanism in mammalian cells. Within the large and very
diverse family of protein kinases, cAMP-dependent protein
kinase (PKA), first characterized in 1968, (Walsh et al.
1968) is one of the most studied (Beebe and Corbin 1986;
Taylor et al. 1990; Francis and Corbin 1994). The catalytic
subunit of PKA has about 350 residues, with the conserved
kinase core represented by residues 40-300 (Taylor et al.
1999). PKA was the first protein kinase discovered and
purified (Walsh et al. 1968), sequenced (Shoji et al. 1979),
and cloned, and expressed in large quantities in Escherichia
coli (Slice and Taylor 1989).
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PKA serves as a molecular switch. One property that
facilitates this is the flexibility of the protein. The crystal
structures of the catalytic subunit with different ligands
bound have revealed conformations that range from an open
to a closed form, in which the N-terminal and C-terminal
lobes are opened to different degrees (for review, see
Johnson et al. 2001). The open form, which the apo protein
adopts, may be important for ATP entrance or ADP release.
The kinetics of the enzyme has also been studied experi-
mentally, and the final step of ADP release was found to be
rate-limiting (Grant and Adams 1996; Aimes et al. 2000;
Adams 2003). Experiments such as small-angle X-ray scat-
tering (Olah et al. 1993), stopped-flow measurements of
ADP and ATP binding (Lew et al. 1997; Shaffer et al.
2001), catalytic trapping (Shaffer and Adams 1999), and
hydrogen-deuterium exchange (Anderson et al. 2001;
Hamuro et al. 2002) all suggested that conformational
changes of the protein could play an important role in ligand
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entry and release. However, the dynamical details of these
structural changes are still unclear (Johnson et al. 2001).
Here, we describe molecular dynamics simulations that
provide some insights into the mechanism of ADP release
by PKA. The long timescale of ligand release presents a
challenge to atomic-scale molecular dynamics simulations.
The rate constant of ADP release is about 20s~". This slow
process is impossible to simulate with conventional MD
simulations, which usually last no more than hundreds of
nanoseconds. In this work, we accelerated the ADP release
process by applying an external force to pull the ligand out.
Analyzing the trajectories can give useful insights into the
coupling between protein motion and ligand release.

Computational method and procedure

The dissociation of ADP from PKA is an energy barrier-
crossing process whose kinetics may be described by the
Arrhenius equation.

k, = cexp(-BAG™) (1

One can assume that an applied force lowers the energy
barrier by an amount equal to the work that it performs, thus
speeding up barrier crossing. The rate of passage over such
a barrier under a constant force F may be approximated as

k(F) = k, exp(BF * x) 2
where x is the displacement from the stable-state energy
minimum to the barrier peak along the reaction coordinate,
which is parallel to the applied force. In our simulations, the
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applied force ranged in magnitude from 0.4 kcal/mol - A to
1.5 keal/mol - A. These allowed the dissociation process to
occur within the nanosecond time scale that is accessible to
current all-atom molecular dynamics simulation technol-

ogy.

System setup

We selected for our simulations a ternary complex structure
(PDB code is 1JBP) containing the catalytic domain, ADP,
and a 20-residue peptide substrate (Madhusudan et al.
1994). Since we focused on studying ADP release, which
occurs after peptide release (see Fig. 6 in Madhusudan et al.
1994), we removed the peptide to form our simulation sys-
tem. The n-octane in the PDB structure was also ignored.
There are three phosphorylated residues (SEP10, SEP338,
and TPO197) in the structure. A ribbon representation of the
crystal structure and the applied force is shown in Figure
1A. Figure 1B shows the interaction of ADP with the C
subunit in the crystal structure.

Simulation method

The MD simulation package NAMD was used in the force-
pulling experiment (Kal et al. 1999), and the AMBER force
field (Cornell et al. 1995; Meagher et al. 2003) was adopted.
The complex was immersed in a rectangular box filled with
TIP3P water molecules (Jorgensen et al. 1983). Hydrogens
were added using the tool tleap in the AMBER package.
The simulated system consisted of 342 residues, an ADP
molecule, and 18,062 water molecules, making a total of

Figure 1. (A) The structure of the catalytic subunit of PKA and direction (red arrow) of the applied force in the simulation. ADP is
shown in the stick representation. (B) Schematic diagram of the contacts between ADP and catalytic subunit. The distances are in A.
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59,846 atoms. The charges of the three phosphorylated resi-
dues were obtained by using Gaussian (6-31+G* basis set)
together with the RESP method implemented in AMBER.
The polyphosphate parameters for ADP were from the work
of Meagher et al. (2003) developed for the force field of
Cornell et al. (1995). The whole system was relaxed by
energy minimization, then gradually heated from 0 to 300 K
in 20 psec, followed by 800 psec of constant temperature
equilibration at 300 K. The final structure was chosen for
the following ADP release simulations.

We designed a set of pulling simulations with constant
pulling forces of 1.5, 1.2, and from 1.0 to 0.4 kcal/mol - A
with 0.1 kcal/mol - A decrements. We also performed the
simulation with a pulling force equal to 0.3 kcal/mol - A,
but release did not occur within 30 nsec. The simulation
with a pulling force equal to 0.4 kcal/mol - A is denoted as
FO04; similar notations are used for other pulling forces. The
forces were applied to the C§ atom that is in the ribose ring
and connected to the adenine of ADP (see Fig. 1), (all atom
names referred to in this article were those in the PDB file
with code 1JBP). We chose the direction of the force to be
parallel to the line connecting atom C§ of ADP and C, of
Glu 121, because this points to the entrance of the ADP
pocket with relatively few possible bumps with the protein
when the ligand is pulled out (see Fig. 1). We also carried
out three other simulations by applying the external forces
to different atoms or in different directions to examine
whether the results changed significantly. In one, we used a
different pulling direction (about 15° southeast away from
the former one), pointing closer to the peptide-binding
pocket. In the second one, we applied the force to atom C%
instead of C§ of ADP. Because atom CJ was closer to the
phosphate group than C§, this simulation was used to moni-
tor whether the pulling position changed the release mode.
In the third one, we carried out a steered MD (SMD) simu-
lation, in which a harmonic constraint force (with a force
constant of 1 kcal/mol - A) was applied to the center of mass
of the ligand to try to pull it out at a speed of 0.0002
A/timestep. In all of the simulations, we fixed two atoms,
Ala 147:CA and GIn 149:CA, in the protein, so that the
ligand could be readily pulled out of the protein. Without
fixing atoms on the protein, the protein tended to move
together with the ligand. These two atoms were located in
the rigid E helix of the protein kinase, and were far away
from the ADP pocket and the active site, so as to minimize
the effects of fixing them on the conformational changes
observed in ligand release.

Langevin temperature control was used in all the simu-
lations. The cut-off distance for nonbonded interaction was
set to 10.0 A, and a switching function beginning at 8.5 A
was used. All bonds were restrained to their equilibrium
values by using SHAKE (Ryckaert et al. 1977). A 1-4 elec-
trostatic interaction scaling factor of 0.83333 was used, and
1-4 VDW interactions were divided by a factor of 2.0.

Results and Discussion

Figure 2A shows the root mean square deviation (RMSD) of
the complex structure from the crystal structure during the
equilibration period. The RMSD was stabilized at about 2
A. Figure 2B shows the RMSD of each residue of the final
structure at the end of the equilibration run from the corre-
sponding residue in the crystal structure. One can see that
the G-helix shows a large displacement from its position in
the crystal structure. Lowe et al. (1997) compared the binary
complex (with ATP analog) and ternary complex (with ATP
analog and a heptapeptide substrate) of the B-subunit of
phosphorylase kinase (PHK[), which resembles cAPK, and
observed marked differences at the N terminus of the C-
helix, the G-helix, and the C terminus. The temperature
factors also indicated larger flexibility in these regions.
They also noted that the differences in these regions might
be related to the intermolecular contacts in the crystal. Large
displacements of the G-helix were also observed in other
protein kinases such as Csk (Hamuro et al. 2002). From
hydrogen—deuterium exchange experiments, Hamuro et al.
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Figure 2. (A) RMSD (A) of dynamics snapshots from the crystal structure
during the equilibration period of the simulation. (B) Average RMSD (A)
of each residue of the structure after equilibration.
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