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► The Thr197 phosphorylation site seems
to be necessary for the enzyme func-
tion.

► The different phosphorylation states in-
fluence the flexibility of the structure.

► Asp166 is crucial for the correct place-
ment of the P-site of the substrate.

► Asp 166 has an active role in limiting the
accessibility to the active center.
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cAMP-dependent protein kinase (PKA) is one of the simplest and best understood members of the protein
kinase family. In a previous study, we have theoretically studied the complex between PKA and the
heptapeptide substrate Kemptide by classical molecular dynamics. On the basis of the results obtained for
Kemptide, the aim of the present work is to explore how the different conditions, such as phosphorylation
state, substrate, and mutations of key residues affect the enzyme dynamics. We have built different models
of the complex; particularly we have focused our attention on two crystallographic structures which main
difference consists in their phosphorylation state. The first one has the residue Thr197 modified into a
phospho-threonine (pThr197); the second one, in addition to the same Thr197, has also the residue Ser338
modified into a phospho-serine (pSer338). In addition, we have analyzed the effect of the choice of the sub-
strate by building a model of the PKA-SP20 Michaelis complex. Finally, we have theoretically studied the ef-
fect of the mutation of the highly conserved residue Asp166 that, experimentally, leads to a decrease of the
reaction rate. The results of this study give insight into the dynamical states of the enzyme and their relation-
ship with different elements of the model, which correspond to different natural or human guided situations
of the active biological system.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

In 1955 was first elucidated that protein phosphorylation, cata-
lyzed by protein kinases, is likely the most important mechanism
for regulation in mammalian cells [1]. Protein kinases are highly dy-
namic proteins that can toggle between different conformational
states that allow them to serve as molecular switches. Most protein
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kinases have phosphorylation sites that are an integral determinant
for both structure and function. They can serve as docking sites for
other proteins or as organizing points that lock the kinase itself into
a conformation that is optimal either for catalysis or for inhibition.
Often, correct assembly of the active kinase depends on the critical
addition of a phosphate [2].

Within the large and very diverse family of protein kinases, cAMP-
dependent protein kinase (PKA), first characterized in 1968, [3] is one
of the best understood members. As a consequence, it is often used as
a prototype for the entire family. It is an ideal system to study because
of the fact that it is comprised of two types of subunits that are disso-
ciated upon activation by cAMP. Thus, the inactive holoenzyme con-
sists of two regulatory (R) and two catalytic subunits. Once the
catalytic subunits are released, they are active proteins, which can
be overexpressed in Escherichia coli as fully active proteins [2]. PKA
has another class of physiological inhibitor apart of the R subunits,
the heat-stable protein kinase inhibitor (PKI), which also binds with
high affinity to the free catalytic subunit [4].

The catalytic subunit of PKA is comprised of a bilobal core that is
shared by all members of the protein kinase superfamily. It has a con-
served catalytic core, shared by all Ser/Thr- and Tyr-specific protein
kinases, consisting up of about 220 residues. Different conserved
loops (see Fig. 1) are found in the large lobe of the catalytic core,
which have received different names:

The catalytic loop (residues 165–171) contains highly conserved
residues with Asp166 positioned near the hydroxyl proton of the pep-
tide substrate, and Lys168 interacting with the γ-phosphate of ATP.
Mutation to Ala causes at least a 300-fold reduction of the vmax with-
out greatly affecting the Kms for either ATP or the substrate peptide
[5].
Fig. 1. Protein kinase motifs: catalytic loop (in orange), activation loop (in green),
The activation loop (residues 195–197) contains the highly con-
served Thr197 residue, which is phosphorylated in all the structures
that have been resolved to date. It is the phosphorylation of the acti-
vation loop by another protein kinase that is essential for activation
[2,6,7].

Magnesium positioning loop (residues 184–190) also contributes
to catalysis by Asp184 binding to the magnesium ion that bridges
the β- and γ-phosphates of ATP. In addition, the highly conserved
Phe187 helps to exclude water from the site of phosphoryl transfer.

Peptide positioning loop (residues 198–280): The segment of
residues that touches and contributes to the positioning of most
parts of the consensus site substrate peptide (P−3 through P+1,
that is Arg-Arg-Ala-Ser-Leu, where Ser occupies the P-site).

In PKA there is a second phosphorylation site, residue Ser338, in
the C-terminal tail, which consists of 50 residues that wrap around
the surface of the conserved core. Ser338 is not always phosphorylat-
ed in the structures resolved to date. However, the mature enzyme
isolated from mammalian cells is phosphorylated on Thr197 and
Ser338; both of these phosphates are very stable. Replacement of
Ser338 with Ala destabilizes the enzyme [2].

On the basis of the conserved catalytic core, it is believed that pro-
tein kinases share a commonmechanism, although it has not been yet
clarified. The actual two possibilities are shown in Fig. 2 and have
been explored by several theoretical and experimental grups [2,7].
In Fig. 2a, the so called associative mechanism is represented, where-
as the dissociative mechanism is shown in Fig. 2b. The names associ-
ated to them are related to a quantitative model proposed by
Mildvan, based on the distance between the nucleophilic Ser17 oxy-
gen and the γ-phosphorous of ATP [8]. More importantly, from a
qualitative point of view, Fig. 2(A) shows two mechanisms which
magnesium positioning loop (in red), and peptide positioning loop (in pink).



Fig. 2. Reaction scheme for the phosphoryl transfer step: Scheme A is the associative mechanism which consists in the phosphoryl- and proton-transfers between the substrate and
the ATP molecule. Scheme B represents the dissociative reaction pathway; the proton of Ser17 passes to an oxygen of Asp166 during the nucleophilic displacement.
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consist in the concerted phosphoryl- and proton-transfers between
the substrate and the ATP molecule, whereas Fig. 2(B) represents
the asynchronous transfer of Ser17 proton to Asp166 during the nu-
cleophilic displacement.

As other kinases, PKA has been shown to be an enzyme that recog-
nizes a restricted region of the local sequence around the phosphory-
lation site. In the case of PKA that is Arg-Arg-X-P-Z, where X is a small
residue, P is the residue to be phosphorylated and Z a large hydropho-
bic one. Substrates of different size have been used in recent experi-
mental [9,10] and theoretical studies [11,12]. As shown in Table 1,
the experimental results found in the literature indicate that the ki-
netic properties of the enzyme depend on the nature of the substrate,
but this issue has not been analyzed in the previous theoretical
studies.

In a previous study, we have theoretically studied the complex be-
tween PKA and the heptapeptide substrate Kemptide by classical mo-
lecular dynamics [13]. In that work, we chose Kemptide as target
substrate because detailed thermodynamic and kinetic experimental
analyses have been performed on the phosphorylation of this efficient
peptide [14–16], but it has not been used in previous theoretical stud-
ies. We have demonstrated its dynamical stability and its most impor-
tant prereactive contacts in the active site of PKA, which determine
Table 1
Different peptide substrates of PKA and their catalytic constants reported in the
literature.

Substrate Sequence kcat (s−1)

Kemptide LRRASLG 22±2a/500b

SP20 TTYADFIASGRTGRRASIHD 1.8±10a

Peptide model GRTGRRNSI 154b

a Ref. [9].
b Ref. [11].
substrate specificity [13]. On the basis of the results obtained for
Kemptide, the aim of the present work is to explore how the different
conditions, such as phosphorylation state, substrate, and mutations of
key residues affect the enzyme dynamics. The results of this study
give insight into the dynamical states of the enzyme and their rela-
tionship with different elements of the model, which correspond to
different natural or human guided situations of the active biological
system.

We have built different models of the complex; particularly we
have focused our attention on two crystallographic structures which
main difference consists in their phosphorylation state: amongst all
the available structures, we have chosen those with PDB-ID-codes
1CDK [17] and 1ATP [18]. The first one has the residue Thr197 modi-
fied into a phospho-threonine (pThr197); the second one, in addition
to the same Thr197, has also the residue Ser338 modified into a
phospho-serine (pSer338).

In addition, we have analyzed the effect of the choice of the sub-
strate by building a model of the PKA-SP20 Michaelis complex, start-
ing from the 1ATP crystal structure, as previously done by Cheng et al.
[7,19]. The results have been compared to the PKA-Kemptide model.

Finally, in order to provide a deeper insight of the functioning of
the kinases, we have built two supplementary models based on the
1CDK crystal structure and the Kemptide substrate, and analyzed
their behavior along molecular dynamics simulations. In one model,
we have modeled a deactivated form of the enzyme, in which both
phosphorylation site residues of PKA are not phosphorylated. In the
other, we have modified Asp166 of 1CDK to an alanine, thus building
the D166A model.

At the end, this paper wants to be a complement to the experi-
mental studies devoted to PKA. As noted by Taylor and collaborators
[2], X-ray crystallography provides only snapshots of specific confor-
mations, but it is not possible to form crystals of all functional confor-
mations and configurations of the protein, and in this sense,

image of Fig.�2
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molecular dynamics studies like the one presented in this paper pro-
vide dynamical information that is difficult to obtain from experi-
mental works.

2. Computational details

2.1. Model of the enzyme–cofactor–substrate Michaelis complex

To build the models of the biological system, the starting coordi-
nates of the catalytic subunit were taken either from the crystallo-
graphic structure with PDB-ID-code 1CDK [17] or from the one with
the code 1ATP [18]. Both correspond to the closed active conforma-
tion of the enzyme. As they are from different organisms the se-
quences are not the same but the only significant difference consists
in the number of phosphorylated amino acid residues, one in the
case of 1CDK and two in that of 1ATP.

In the case of 1CDK, the crystallographic structure contains the en-
zyme catalytic subunit, an ATP analog (AMP-PNP), two Mn++ ions, a
20-residue peptide inhibitor (PKI(5–24)), and 149 water molecules.
Our system was built changing the Mn++ ions to the biologically
active Mg++ ions and the AMP-PNP molecule to ATP. In order to
maintain the active configuration of PKA we kept at position 197
the phosphorylated threonine. The Kemptide was positioned in the
active center of PKA by manually modeling it from the PKI(5–24) in-
hibitor, which is bound to the enzyme in the X-ray structure. With re-
spect to the inhibitor crystallographic structure, we have deleted all
the residues from Thr1 to Thr12 and the last one, Asp20. Then, we
have modified the remaining residues to obtain the Kemptide sub-
strate: we changed Gly13 to Leu13, Asn16 to Ala16, Ala17 to Ser17,
Ile18 to Leu18, and His19 to Gly19. This model has been used in a pre-
vious study where it has been equilibrated and its stability has been
demonstrated by a 6 ns molecular dynamics simulation. Further de-
tails about the model can be found in a recent paper [13].

In the case of 1ATP we proceeded practically the same way, with
just some minor differences. First of all, we have substituted the
two Mn++ ions with Mg++ ions, then we modeled two substrates
in the catalytic center generating two different models: the first one
with the Kemptide as target substrate, for which we have proceeded
exactly as in the preceding model; the second one with the SP20 pep-
tide as substrate, for which we simply modified the original aspara-
gine in the 16th position of the PKI(5–24) inhibitor into an alanine
and the original alanine in the 17th position into a serine. We will
call the first model 1ATP-Kemp and the second one 1ATP-SP20. The
original crystallographic structure already contains an ATP molecule
bound, thus no modifications were performed with respect to this
aspect.

As explained in our previous work on the 1CDK model [13], the
HBUILD facility has been used to correctly position the hydrogen
atoms, but in the case of 1ATP-Kemp and 1ATP-SP20 models, for the
protonation state of the histidine residues we followed the work of
Cheng et al. [19], in which the same crystallographic structure is
used to build the model. Thus His62, His68, and His260 were proton-
ated at nitrogen δ; His131, His142, His158, and His294 were proton-
ated at nitrogen ε; and the residue His87 was doubly protonated. In
1ATP-SP20 another histidine is present at the 19th position of the
substrate; its protonation state has been calculated with the program
PROPKA [20] as no indication are given in the work of Cheng et al.
[19], and thus in our model it has been protonated at the nitrogen δ.

In order to neutralize the positive charge of the obtained struc-
tures we placed four Cl− anions in the proximity of positively charged
residues and as far as possible from the active center of PKA in the
1ATP-Kemp model, and similarly we added three Cl− anions in the
1ATP-SP20 model.

The origin of the systemwas then adjusted to the geometrical cen-
ter of the Cγ-Asp166-PKA, Pγ-ATP, and Oγ-Ser17-kemp group of atoms
(atoms in the Michaelis complex active core). The energy of the
atoms within a sphere of 20 Å around this point was minimized by
50 steps. Then, a box of TIP3P water molecules centered at the origin
was added. The initial dimensions of the water box for 1CDK were
82 Å×68 Å×65 Å and for 1ATP were 91 Å×73 Å×77 Å to ensure a
distance of at least 10 Å between the enzyme and the box edges.
Water molecules of the box located within 2.5 Å of any non-
hydrogen atom of the solute (PKA, ATP, Kemptide, Mg++ ions), crys-
tallographic waters, or anions were removed. The total number of
atoms is 54352 and 51600 for the 1ATP-Kemp and 1ATP-SP20
models, respectively.

2.2. Equilibration

The Michaelis complex represented by the model system was first
studied by carrying out a classical molecular dynamics simulation
with the all-atom CHARMM22 force field [21]. For the phosphorylated
Thr197 and Ser338 we have used the standard parameters included
in the CHARMM version 31 (c31) parameter files [22], which were
optimized against experimental data and ab initio calculations [23].

We first removed the close contacts and the repulsive orientations
of the system by carrying out energy minimizations in two steps.
First, 200 steps of energy minimization of the solvent molecules
(water and Cl−) were performed, followed by 100 steps of optimiza-
tion of all the atoms coordinates. The energy minimization method
was the adopted basis set Newton–Raphson (ABNR) implemented
in CHARMM version c31 [22].

Finally, starting from the resulting structure, we carried out mo-
lecular dynamics (MD) simulations with periodic boundary condi-
tions (PBC) in the isothermal–isobaric ensemble at 296 K and 1 atm.
These simulations were performed with the CRYSTAL routine of
CHARMM c31: the program generates 26 images identical to the pri-
mary cell (complex plus water box) all around it; only the images
within a cutoff distance (20 Å) were built in order to decrease the
number of nonbonded interactions. In this work a spherical cutoff of
13 Å together with a switching function to fade the interaction energy
to zero was used for the non-bonded interactions. The switching
function acts between 11.5 Å and 12.5 Å. On the base of neutral-
groups separations, the nonbonded pair list was updated every 25
steps while the image list was refreshed every 100 steps. To compute
the contributions of long range electrostatic interactions, we used the
Particle Mesh Ewald method with a grid spacing of ~1 Å and a fourth-
order B-spline interpolation to calculate the potential and forces be-
tween grid points.

The propagation of the equations of motion was accomplished
with the leapfrog integration scheme, a 2 fs time step, and the ex-
tended system constant pressure and temperature algorithm imple-
mented in CHARMM. All bond lengths were constrained by SHAKE
and the dielectric constant was set to 1.

The initial temperature was gradually raised from 0 K to 296 K with
a 68 ps or 100 ps restrained MD simulations (depending on the
model). Harmonic potentials centered on the crystallographic positions
were used for the backbone atoms of the protein and the substrate, for
the heavy atoms of the ATPmolecule, and for the twoMg++ ions. Then
the restraints were gradually removed during 100 ps of simulation at
296 K, whichwas followed by aMD simulation of the unrestrained sys-
tem for 100 ps more. The resulting structure was taken as the starting
point for all the data presented in the present work. The total length of
the reported free MD simulations was approximately 11 ns and 6 ns for
the 1ATP-Kemp and the 1ATP-SP20 models, respectively. Structural
data was saved every 100 steps of the simulation for later analysis.

In addition, two tests have been carried out with the two slightly
modified forms of the PKA enzyme. Both modifications have been
performed starting from the already equilibrated 1CDK model, in
order to observe the response of the system. The first one is a deacti-
vated form, which is the PKA enzyme without any phosphorylated
residue, neither the Thr197 nor the Ser338. With the second one,
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we have studied another modified model of the holoenzyme. In this
case the Asp166 residue has been mutated by an alanine residue,
hence the name D166A for this model. We have carried out 6 ns
and 11 ns of MD simulations for the deactivated and mutated forms
of the enzyme, respectively.

3. Results and discussion

3.1. 1ATP-Kemp

In a similar way as in the previous paper on the results obtained
for the 1CDKmodel [13], we now present the same structural analysis
on a different model. We remind, at this point, that the main and
most interesting difference between the 1ATP-Kemp model and the
previous one [13], is the phosphorylation of the Ser338 (pSer338),
modification that is absent in the 1CDK model. Ser338 is a residue lo-
cated in the C-terminal tail of the enzyme which is different in all pro-
tein kinases and is thought to be relevant for the substrate selection
[2]. Thus, it is not present near the active center of the system and
has no direct interactions (through H-bonds) with the residues sur-
rounding it. Nevertheless, as we will discuss later on, it seems to
have an important effect on the enzyme dynamics and catalytic
mechanism.

In Table S1 of the Supporting Information the Mg–ligands distances
obtained after the 11 nsMD simulation, along with three reference dis-
tances, are reported. It can be seen that the values are in very good
agreement with the experimental data, taking into account that in
the X-ray structures there are two Mn++ ions instead of two Mg++

ions. The obtained values for 1ATP-Kemp are almost the same as the
ones presented in Table S1 of Ref. [13], with only small differences pre-
sent, probably due to the natural movement of the structures along the
equilibration. The small fluctuations of the distances reported indicate
the high stability of the model.

From the analysis of the root mean square deviations (RMSDs) of
the 1ATP-Kemp model, we have found a different pattern from the
one of the 1CDK [13]. In both cases the reference structure used cor-
responds to the protein and ligand backbone coordinates in the
b

a

Fig. 3. RMSDs of a. PKA backbone and b. Kemp
crystallographic structure. In the 1CDK case, the RMSD deviation
analysis of the Kemptide backbone showed a sudden jump at about
2 ns of the simulation that was attributed to the high mobility of
the N-terminus part of the substrate [13]. Instead, for the 1ATP-
Kemp model, the RMSDs of the backbone of PKA and of Kemptide,
as showed in Fig. 3a and b, respectively, do not present sudden
jumps along the simulation. That is, just a few pikes of higher ampli-
tude than the average trend can be noticed in the RMSD of PKA, while
only minor oscilations can be seen in the Kemptide's RMSD. This leads
us to the hypothesis that the phosphorylation of Ser338 (present in
the 1ATP-Kemp model only) results in a greater rigidity of the enzy-
matic system.

Nevertheless, even if no puzzling movements of Kemptide can be
highlighted looking at Fig. 3b, we checked the stability of the sub-
strate as done before, dividing the heptapeptide in three portions
and calculating the RMSDs separately. Thus we have considered
Leu13 and Arg14 as the N-terminal part, Leu18 and Gly19 as the C-
terminal part, and Arg15, Ala16, and Ser17 as the central portion. As
expected, the three RMSDs, presented in Fig. S1, do not show impor-
tant movements of the segments: it can be seen how, in the 1ATP-
Kemp model, even the C-terminal portion (blue line in Fig. S1),
which is the one with less anchorage point, is very stable along the
whole simulation.

As a further confirmation of the stability of Kemptide, we can ob-
serve the conformation of the side chain of the P-site serine. In Fig. S2
of the Supporting Information the distribution of the Ser17 side chain
torsion along the molecular dynamics is represented. From this Figure
it can be seen that the predominant rotameric state is G+, as found in
our 1CDKmodel and in agreement with the results reported by Cheng
et al. [7] for a model built from the 1ATP crystallographic structure
with the SP20 substrate.

At this point, it is worthy to remark that the interactions found be-
tween Kemptide and PKA along the simulation of the 1ATP-Kemp
model are very similar to the ones reported for our 1CDK model and
thus, we will not comment them further.

Next, we will focus our attention on the most significant distances in
the active center, i.e. the distances involving the hydroxylic oxygen of
tide backbone, in the 1-ATP Kemp model.

image of Fig.�3
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Ser17. In Fig. 4 the trends of all the interaction distances of Oγ-Ser17-Kemp

are depicted. In the upper part, the distances between Ser17 and ATP
can be observed. It can be seen that, after an initial uneventful period
that lasts for approximately 2.5 ns, the system undergoes a
rearrangement that leads to an overall increase in the distances between
the substrate and the cofactor. Also in this model the average distance
between Oγ-Ser17-Kemp and Pγ-ATP turns out to be 4.02±0.47 Å, approxi-
mately in the middle between the two limiting values proposed by
Mildvan [8] (3.3 Å for the mechanism to be associative and greater
than 4.9 Å for the mechanism to be dissociative). There is an initial
jump from one configuration to the other (that is, from a lower value
to an upper one and vice versa) but beyond the first 2.5 ns the reported
distance fluctuates around the average value.

Some other information, perhaps more interesting, can be inferred
from the lower part of Fig. 4, where the distances between the Oγ of
Ser17 and several atoms of the enzyme are presented. Foremost,
looking at the distance between Oγ-Ser17-Kemp and Nζ-Lys168-PKA we
can observe that its value is the same as in the 1CDK model (Fig. 7
Ref. [13]), but the oscillations around the middle point are smaller
than in the case of 1CDK, that is, the oxygen is bound more tightly
to the positive side chain of lysine.

In regards to the interaction between Oγ-Ser17-Kemp and Oγ1-Thr201-PKA,
Fig. 4 shows that from an initial weak interaction, the simulation takes
the residues to a distance at which the interactions are virtually non-
existent, with spikes over 7 Å. This is a different result than the one
found in the 1CDKmodel (Fig. 7 Ref. [13]), where this interaction is con-
served along the simulation.

Finally, we can observe the trends of the distances between Oγ-

Ser17-kemp and the two carboxylic oxygen atoms of Asp166, that with
respect to the 1CDK model are smaller for both carboxylic oxygens.
In this case, both atoms remain at a distance of about 3 Å from
Ser17, switching places with one another as they go on rotating
around the carboxylic carbon atom.

In conclusion, the simulation of 1ATP-Kemp leads only to one
state, with small fluctuations around the average distance values,
Fig. 4. Evolution of the interaction distances involving Ser17 through the MD simulation in t
represented. In the lower part the interactions of Ser17 with some residues of PKA are dep
which suggests, for all the reasons previously commented (the aver-
age distance between the γ-phosphoryl group of ATP and the hydrox-
ylic group of Ser17Kemp, the presence of quite a strong interaction, all
through the simulation, between the latter group and one of the car-
boxylic oxygen atoms of Asp166PKA, and finally, the small degree of
flexibility of the model) that the dissociative mechanism might be
more probable.

3.2. 1ATP-SP20

As a comparative test, we have built a third model of the system,
this one based on the model used by Cheng et al. [7,19]. The purpose
was to find out possible differences in the behavior of our models and
to further understand the mechanisms and the key factors underlying
the chemical structure. In this model, called 1ATP-SP20, we have used
the X-ray structure with PDB-ID-code 1ATP as the base of our system,
and modeled the substrate peptide SP20 upon the inhibitor
PKI(5–24) by simply changing the Asn16 into Ala16 and Ala17 into
Ser17. Thus, the main differences between the 1CDK model [13] and
this one consist in the phosphorylation state of Ser338 and in the
presence of a longer substrate bound to the catalytic core of the
enzyme.

As in the previous models described here and in Ref. [13], the sta-
bility of the model has been assessed by the interaction distances be-
tween the Mg++ ions and their ligands (Table S2) together with the
RMSDs of the enzyme and the substrate (Fig. S3). It is worthy to re-
mark that probably because of the high degree of similarity between
our model and the original X-ray structure (we have basically
substituted the two metal ions in the catalytic center, and two resi-
dues of the inhibitor), the reported RMSDs show that the system
barely moves along the simulation and that both the enzyme and
the substrate seem to be quite stable in their own configuration
since the very beginning. Only the substrate undergoes a little move-
ment at about 1 ns, but no excessively high values or sudden jumps
can be noticed along the simulation.
he 1ATP-Kemp model. In the upper part the interaction distances of Ser17 with ATP are
icted.
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To be coherent with what was presented in the previous subsec-
tions, we further analyzed the RMSD of the SP20, and, focusing only
on the seven-residue portion of the substrate directly comparable
with Kemptide, we divided it into three segments and calculated
their RMSDs separately. In Fig. S4 the corresponding RMSDs of the
substrate portions are depicted. Surprisingly enough, we have found
that from Gly17 to Ser21 (first and central part of the peptide) the
residues are almost frozen in their positions with only small fluctua-
tions around the average configurations, but the last two residues an-
alyzed, corresponding to the C-terminus of Kemptide, seem to be
fairly unbound and free to move in comparison to the other residues
and, more importantly, to the 1ATP-Kemp model (Fig. S1).

Another quite unexpected result is shown in Fig. S5 where the tor-
sion distribution of the P-site serine side chain is presented. Contrari-
ly to the results that we have obtained in the other two cases (Fig. 6
Ref. [13] and Fig. S2), and to what Cheng et al. [7] have presented in
their work, in our MD simulation of the 1ATP-SP20 model the side
chain of the serine seems to prefer a torsion between 60° and 70°,
with a sharper distribution with respect to the 1CDK model. This re-
sult is a consequence of the different orientation of the serine O
atom, which tends to remain in a different position than in the previ-
ous two models, just on the opposite side with respect to Asp166.

The direct consequence of the stability and steadiness of this
model can be observed looking at the interaction distances of the P-
site serine. In Fig. 5 the trends of the main interactions involving the
alcoholic oxygen of the serine are depicted. No other distances will
be presented in this subsection because, as already mentioned in
the previous subsection, the model does not show any noticeable dif-
ference in the distances between the internal residues, thus no signif-
icant information can be added to the analysis by further commenting
on them.
Fig. 5. Evolution of the interaction distances involving Ser21 throughout the MD simulation
are represented. The interactions of Ser21 with some residues of PKA are depicted in the lo
In the lower part of Fig. 5 the distances between the P-site serine
and some enzyme residues of interest can be observed. At a first
glance, the Figure shows the stability of the selected interactions.
The evolution of the four distances depicted tends to a highly steady
average distance with fluctuation not big enough to consider that
there might be a possible change in the conformation. It is interesting
to underline that all these interaction distances are larger than the
counterparts presented for the other models; even the distance
with Lys168 side chain is too long to allow the formation of an H-
bond. In the upper part of the Figure we can observe the trends on
the distances between the Oγ atom of the serine and the atoms of
the γ-phosphoryl group of ATP, and, once again, the almost complete
absence of movement is deduced from the Figure. This time, the dis-
tances are smaller than those of the other models and, particularly,
the Pγ-ATP-Oγ-Ser21-SP20 distance has an average value of 3.48 Å, quite
similar to the lower limit distance given by Mildvan for the associa-
tive mechanism prereactive state [8].

In conclusion, the results presented in this subsection, which in-
cludes the stability of the model, the distance between the P-site ser-
ine and the γ-phosphoryl group, the distance between the serine and
Asp166, the torsion of the side chain of Ser21, and the overall steadi-
ness of the catalytic center, lead us to the conclusion that the 1ATP-
SP20 model presents all the favorable conditions for the associative
mechanism, in contrast to the result obtained in previous theoretical
works [7,19]. The disagreement between them might be explained
through the hypothesis that the system could be too rigid to allow
conformational changes.

The cause of the rigidness of this last model is most likely due to the
presence of extra residues in the SP20 peptide with respect to Kemp-
tide. These extra residues are not free to move, but instead make this
substrate and the PKI inhibitor tightly bound to the enzyme.
in the 1ATP-SP20 model. In the upper part the interaction distances of Ser21 with ATP
wer part of the Figure.
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3.3. 1CDK deactivated form

In this and the next subsection we are going to briefly discuss the
results of two simulations carried out with the two slightly modified
forms of the PKA. Both modifications have been performed starting
from the already equilibrated 1CDK model, in order to observe the re-
sponse of the system. The first one is a deactivated form, which is the
PKA enzyme without any phosphorylated residue, neither the Thr197
nor the Ser338. In this model these two residues cannot form the H-
bonds that they establish in the phosphorylated state through the
phosphoryl group. In Fig. 6 the structure of the doubly phosphorylat-
ed form of PKA is depicted. The picture is meant to show the relative
positions of the two phosphorylated residues and that of the active
center, highlighted with red circles. The distances between Oγ-Ser17-

kemp and the phosphorous atom of pThr197PKA and pSer338PKA are
12.47 Å and 30.47 Å, respectively.

The case of Thr197 is especially interesting, since, when phosphor-
ylated, it forms two H-bonds with the guanidinium protons of
Arg165. This last residue is directly connected through the backbone
atoms to Asp166 and thus, the Thr197–Arg165 interaction seems to
have a key role in the orientation of the catalytic Asp166 residue in
the active center.

In Fig. 7 the RMSD of the deactivated PKA backbone (upper sec-
tion) is represented respect to the protein and ligand backbone coor-
dinates in the crystallographic structure, together with the RMSDs of
the two regions where Thr197 and Arg165, Asp166, and Lys168 are
situated, respectively named coil 197 and coil 165 (lower section).
The whole backbone does not show any evident movement, but a
slow and continuous rise in the RMSD value can be noticed: at the be-
ginning the average value is lower than 1 Å, but at the very end it is
increased by about 50% of the initial value, and the fluctuations
around the average are rather small all through the simulation,
which means that the movement of the protein is not a simple respi-
ration, but rather a slow conformational change from the active form
to the inactive one.

The observation of the RMSDs of coils 167 and 165 gives us some
other interesting information about what is happening in the active
center. Foremost, the movement of the coil 197 (black line), where
Fig. 6. Structure of 1ATP-Kemp Michaelis complex. The red circles highlight, from the top lef
Thr197 is located is quite evident. At the very beginning the RMSD
value jumps from about 0.5 Å to about 1.5 Å and, after the first nano-
second of the simulation starts increasing again reaching the value of
about 2.5 Å with evident fluctuations around the average. This leads
to the conclusion that the H-bond interactions between pThr197
and Arg165 are needed to maintain the configuration, and their ab-
sence leaves the coil free to move in a wide space. As a consequence,
the distance between the alcoholic oxygen of Thr197 and the nearest
nitrogen of Arg165 is 3.76 Å at the beginning, 7.24 Å at 3 ns, and
6.72 Å at 6 ns. In Fig. 8 schematic representations of the main interac-
tion distances of the deactivated model are depicted.

On the other hand, the RMSD of coil 165 remains at the value of
about 0.5 along the whole simulation. Nevertheless, a variation in
the fluctuations can be noticed: they become slightly but perceptibly
smaller going from the beginning to the end, indicating that the
residues in this region (Arg165, Asp166, and Lys168) reach a more
stable configuration with respect to the initial destabilized conforma-
tion, increasing the strength of their interactions. Indeed, the distance
between Cγ-Asp166-PKA and Nζ-Lys168-PKA changes from the initial value
of 3.25 Å to 3.20 Å at 3 ns and then remains constant until the end of
the simulation. As a consequence, while one of the two Asp166 car-
boxylic oxygen atoms remains at the distance of 2.71 Å from the
Lys168 nitrogen throughout the whole simulation, the other one
passes from the initial distance of 3.02 Å to the final distance of
2.84 Å.

Finally, Fig. 9 shows the RMSD of the Kemptide backbone, along
with its last 3-residues backbone RMSD. The Fig. 9a shows an increase
of the average value almost continuously along the MD simulation,
from an initial value of 0.7 to a final one greater than 2.5, without
coming to a stable configuration. Analyzing the trend of the second
RMSD depicted in the lower Figure, it shows that the 3-residue C-
terminus section of Kemptide (blue line in Fig. 9), where the P-site
serine is located, contributes to the increasing of the overall RMSD:
the value goes on increasing along the 6 ns, which is an indication
of the deactivation, and apparently, it would follow the same trend
even after.

Focusing on the interaction distances, we have observed a large
change in the position of the P-site serine, and thus in the
t, the position of pSer338, the position of pThr197, and the position of the active center.
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Fig. 7. RMSDs of a. PKA backbone and b. its two sub-selections in the 1CDK deactivated form of the enzyme.
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configuration of Kemptide in the active center: the distance between
P-ATP and O-Ser17kemp changes from 4.76 Å to 7.58 Å along the sim-
ulation (see Fig. 8) and the same trend is followed by all the other
Fig. 8.Main interaction distances schemes of the 1CDK deactivated model: a. beginning
of the MD simulation; b. end of the MD simulation.
interaction distances of Kemptide analyzed in the previous subsec-
tions, as can be observed in Table S3. From the values in the Table it
can be inferred that all the interactions required to hold the P-site
of the substrate and to keep it in the active center become significant-
ly weak when Lys168 and Asp166 get closer to each other as if they
were acting as a gate to the catalytic site of the enzyme. All these re-
sults suggest why the unphosphorylated enzyme is not active.

3.4. 1CDK mutant D166A

Following the guideline of the preceding subsection we have stud-
ied another modified model of the holoenzyme. In this case the
Asp166 residue has been mutated to an alanine residue, hence the
name D166A for this model.

In Fig. 10 the RMSDs of the backbone of the enzyme and of the two
regions of it named coil 165 and coil 197 are depicted. Observing the
trend of the whole backbone (red line), once again we have found a
slow but stable rise of the RMSD value along the entire simulation,
similar to the 1CDK deactivated model. The difference is that this un-
natural modification (it must be underlined that the previous modifi-
cation was just a deactivation and not a mutation) leads to greater
rearrangement of the global structure: indeed, the final RMSD value
reached after 11 ns is slightly higher than 2 Å, which is the expected
behavior for a deactivated form. Nevertheless, the local effect of the
mutation on the coils 197 and 165 is somewhat different than in
the deactivated form. First of all, it can be seen that the effect on the
coil 197 (black line) is not as exaggerated as in the preceding
model: the magnitude of the RMSD reaches a value of about 2 Å at
the end of the simulation, and the rise is probably due to a little rear-
rangement in the configuration, as the two distances between the
guanidinium nitrogen atoms of Arg165 and the oxygen atoms of
pThr197 are maintained at about 2.7 Å along the whole simulation.
Indeed, the effect of the mutation on the coil 165 is probably the
most interesting at this point: the substitution of Asp166 leads to
the destabilization in the area of the catalytic center, but the overall
effect seems to be more subtle than it could be expected. In fact the
rise of the value is quite small along the 11 ns. It goes from the initial
value of about 0.5 Å to the final RMSD of approximately 1 Å. The only
noticeable movement in the backbone is due to the loss of the inter-
actions between the residue 166 and the other residues in the
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Fig. 9. RMSDs of a. Kemptide backbone and b. the backbone of the 3-residue C-terminus of Kemptide for 1CDK deactivated form of the enzyme.
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catalytic center, and the consequent relaxation of the coil 197 con-
nected to the coil 165 through Arg165.

As done before, we now focus on the RMSD of the Kemptide
depicted in Fig. 11. It is not surprising to notice a rise of the RMSD. In-
terestingly, the major change of the whole peptide, and most impor-
tantly, of the C-terminal section (blue line), takes place at about 3 ns,
just at the same time that the RMSD of coil 165 starts rising. Keeping
this fact in mind, we can now analyze the distances between the alco-
holic oxygen of the P-site residue and the other non-mutated residues.
Fig. 10. RMSDs of a. PKA backbone of the 1CDK D
The distances between Oγ-Ser17-kemp and the other residues in the
active center are represented in Fig. 12. Comparing the data in Fig. 12
with their counterpart in the previous subsection (Fig. 8), it is clear
that the effect of the aspartate to alanine mutation leads to the oppo-
site effect than the one occurred when deactivating the enzyme. In
fact, it can be observed that the interaction between the Ser17 and
the ATP molecule becomes stronger and the other interactions be-
come slightly weaker, but still present, with the general disposition
of the catalytic center resembling the associative mechanism
166A mutant and b. its two sub-selections.
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Fig. 11. RMSDs of a. Kemptide backbone and b. the backbone of the 3-residue C-terminus of Kemptide for the 1CDK D166A mutant form of the enzyme.
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prereactive state. Indeed, we know from experimental works, that the
mutation of Asp166 to Ala166 noticeably lowers the kcat of the reac-
tion [5]. From our results, we conclude that this is, in part, due to
the weakened interaction of the negative moieties acting in the reac-
tion with the positive and flexible side chain of Lys168, needed to co-
ordinate the movement of the γ-phosphoryl group along the transfer
from the ATP molecule to Ser17Kemp; and, in part, due to the unfeasi-
bility of the dissociative reactive channel. On the other hand, a role of
Fig. 12. Main interaction distances schemes of the 1CDK D166A mutant model: a. be-
ginning of the MD simulation; b. end of the MD simulation.
Asp166PKA in the associative mechanism at a certain level can also be
derived from these results: it may in fact, not only stabilize the side
chain of Lys168PKA in its position, but also facilitate with its negative
charge the abstraction of the moving proton.
4. Conclusions

In this work, we have identified the overall effect of the phosphor-
ylation state of the enzyme: under the light of the results obtained,
the first phosphorylation site of the PKA, Thr197, seems to be abso-
lutely necessary for the functioning of the entire system. We have in
fact observed that all the models with a phospho-threonine instead
of a threonine in the 197th position can reach and maintain an active
configuration of the catalytic center. While, on the other side, the only
model without such phospho-threonine, not only cannot keep the
initial active configuration, but also experiences destabilization of
the configuration of the substrate that then tends to escape from
the active region. We have also noticed how the different phosphor-
ylation states can influence the flexibility of the structure and thus
the possibility to explore different conformational states. The singly
phosphorylated model (1CDK) shows a good flexibility that permits
the system to jump from a dissociative-like prereactive conformation
to an associative-like one, while the doubly phosphorylated model is
a little more rigid. It can still easily rearrange from the user built con-
figuration to a prereactive configuration, but only one conformational
state is reached and maintained all through the simulation.

Finally, we have observed the effect of the presence and the ab-
sence of the highly conserved residue Asp166. This residue seems to
be crucial for the correct placement of the P-site of the substrate,
through the interaction with Lys168PKA. Also, it appears to have an ac-
tive role in the regulation of the activity of the enzyme, by limiting the
accessibility to the active center and especially to the γ-phosphoryl
group of the ATP molecule. In the end, the conservation of Asp166
seems to affect the choice of the prereactive state: we must remind
here that experimentally, the mutation of the Asp166 to Ala166
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does not lead to the deactivation of the enzyme but to a decrease of
the reaction rate through the reduction of the kcat [5,9].

In fact, this work has been followed by a QM/MM reactivity study,
based on the two models that show the needed stability to maintain a
prereactive configuration and the necessary flexibility to explore the
accessible configurational space, that are the 1CDK and the 1ATP-
Kemp models. From 1CDK, that presents two moderately stable con-
figurations along the equilibration, we have selected two initial struc-
tures for the reactivity study: one for the associative mechanism and
one for the dissociative one. Instead, for 1ATP-Kemp, whichmaintains
only one stable configuration along the MD simulation, we have se-
lected one initial geometry to explore both reaction mechanisms.

In that study we have demonstrated that the two mechanisms are
possible [24]. However, the associative mechanism is only viable for
the 1CDK model, and its potential energy barrier height (23 kcal/
mol) is comparable with that of dissociative mechanism for 1CDK. In-
stead, the value of the potential energy barrier for the associative
mechanism in the doubly phosphorylated model is more than 4
times higher than that in 1CDK.

The difference between the two models is most likely due to the
different degree of rigidity of 1CDK and 1ATP-Kemp, which has
been demonstrated in the present study. The higher flexibility of
1CDK may in fact allow the reactants to move rather freely in the ac-
tive center, thus permitting them to rearrange comfortably along the
reaction path.
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