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An active form of p38 protein kinase, belonging to the mitogen-activated
protein kinases subfamily, has been designed based on erystallographically
known structures of two other kinases, an active form of protein kinase A (PKA)
and an inactive form of extracellular signal-regulated kinase 2 (ERK2). The
modelling procedure is described. Its general scheme can also be applied to
other kinases. The structure of the active forms of p38 and PKA is very similar
in the region which binds the substrate. The ATP-binding mode is very similar
in the active forms of all the three studied kinases. Models of the active forms
allow for further studies on transphosphorylation processes at the molecular
level, and modelling of inhibitors competitive with ATP and/or substrates.

The family of protein kinases is large and
diverse. The enzymes differ in size and sub-
cellular distribution. Protein kinases and
phosphatases play a key role in signalling
and posttranslational control of biochemical
processes (for review see e.g. [1]). The best
known protein kinase is the cyclic AMP-de-
pendent protein kinase (cAPK), called also
protein kinase A (PKA). Crystalline struc-
ture of the enzyme in complex with a protein
kinase inhibitor (PKI) was solved first [2, 3].
Several other forms of PKA complexed with

the inhibitor and/or MnATP have been crys-
tallised and their structures determined [4,
5]. The structures of several other protein
kinases have also been reported, among
them: cyelin-dependent kinase 2 (CDK2) [6],
extracellular signal-regulated kinase 2
(ERK2) [7], twichin kinase [8], and insulin
receptor kinase (IRK) [9]. Although the se-
gquence identity among many protein kinases
is small, their secondary structures reveal
several common features [10]. All known pro-
tein kinases contain a two-domain conserved
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catalytic core, consisting of about 260 resi-
dues. The amino-terminal domain, the “up-
per” one, consists of a twisted f-sheet, while
the carboxy-terminal domain, the “lower”
one, is composed almost entirely of o-helices.
The domains can form either an “open” or
“closed” form [4, 11]. The first is capable of
accommodating ATP and a substrate. After
the ATP and substrate have been docked, the
domain can close and the enzyme is thus
transformed, ready for transphosphorylation
process. Figure 1 shows traces of the a-carb-
on atoms in the closed and open forms of
PKA. A detailed analysis of the crystal-
lographic data shows that the internal strue-
ture of the domains in the closed and open
forms is very similar. This observation was
taken advantage of in the modelling proce-
dure of the active forms (see below). The
knowledge of the enzyme active forms is
required for detailed, quantum-dynamics
studies (see e.g. [12]) of the phosphorylation
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mechanisms, as well as for rational design of
inhibitors (potential drugs).

There are nine residues which are con-
served in their 3D positions in all known
structures of protein kinases. They play a
crucial role in the binding of ATP and sub-
strates, and are responsible for the trans-
phosphorylation processes. ATP, which is the
y-phosphate donor, binds in a pocket between
the above mentioned domains. The substrate
binding site is located on the outer part of the
protein, covering the lips of the cleft between
the domains. In PKI there are several basic
residues preceding, and one hydrophobic
residue following the phosphorylation site
{Ser/Thr). The preferred sequence of the PKA
substrates is: Arg-Arg-X-Ser/Thr-Y, where X
is any residue and Y a hydrophobic one.

The purpose of this study was to develop an
effective method for designing of active forms
of biologically important protein kinases
whose crystallographic structures are not

Figure 1. The c-carbon trace
diagram of the closed (hold)
and open (thin) conformations

of the PKA catalytic core.

The ecarboxy-terminal (lower) do-
mains are superimposed, showing
the rotation of the upper domain
in the apen conformation.
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known. For this study p38 kinase has been
chosen. Its active form is compared with the
known active form of PKA, their common
features are analysed and will be used for
further analysis of the transphosphorylation
processes catalysed by kinases.

Kinase p38 belongs to the MAPK (mitogen-
activated protein kinases) subfamily. MAPK
cascades represent one of the major signal
systems used by eukaryotic cells to transduce
extracellular signals into cellular responses.
Kinases MKK3, MKK4 and MKKS6 are nearly
equally active when phosphorylating p38
[13, 14]. Kinases of the MAPK subfamily
achieve maximum activity only when both
Tyr and Thr, located in the activation loop,
are phosphorylated. These are Thr-183 and
Tyr-185 in the case of extracellular signal-
regulated kinase 2 (ERK2), and Thr-180 and
Tyr-182 in the case of p38 (zee Fig. 2 for the
alignment scheme of PKA, ERK2 and p38).
p38 was first identified in studies on a com-
plex glycolipid found in the outer membrane
of Gram-negative bacteria. Further studies
have shown that p38 activation can also be
observed in cells treated with cell wall com-
ponents from Gram-positive bacteria, proin-
flammatory cytokines such as tumour ne-
crosis factor-a (TNF-o) and interleukin-1
(IL-1), physical stress such as high osmolar-
ity, as well as chemical stress such as expo-
sition to Ha(O5 [15, 16]. Activation of p38 may
be essential for some cellular responses asso-
ciated with acute or chronic inflammation.

ERK2 also belongs to the MAPK subfamily.
Its inactive 3D structure is known [7]. As
mentioned above, the active form of PKA is
also known. Neither the active nor inactive
form of p38 has been determined. The first
two structures will be used in this study as
the reference systems for constructing the
active form of p38.

Both in p38 and ERKZ2 the conserved core
has an insertion between 34 and 5 strands
as compared with PKA (see Fig. 2). p38 has
also one residue more than ERKZ2 in the loop
between B5 strand and the aD helix, and it's
length is the same as the length of the loop
in PKA. In p38 the helix B, present in PKA,
doesn't exist. In the lower domain, p38 as
compard to PKA has an insertion after the
helix oG, present also in ERK2. Most impor-
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tant, the activation loop in ERK2 is longer by
six residues than the loops of PKA and p38.
All these features were taken into account in
the procedure of p38 modelling.

MODELLING SCHEME

Taking into consideration that all erystal-
lographically known protein kinases bind
ATP in the same manner, i.e. in the cleft
between the “upper” (small) and “lower”
(large) domains, it can be concluded that the
relative orientation of these domains in their
active forms should be similar. Conse-
quently, the PKA active form can be treated
as a template for relative orientations of the
small and large domains in the active forms
of other kinases. The modelling procedure
described below includes some of the tech-
niques previously applied in meoedelling of
other kinases, in particular myosin light
chain kinase (MLCEK) [17] and EGF receptor
[18].

The model of the p38 active form was de-
signed using the Homology program [1Y]
based on the inactive ERK2 crystallographic
structure [7]. A two-step procedure was ap-
plied. First the structure of the ERKZ2 active
form was built based on the crystal structure
of its inactive form. Next the p38 active form
was obtained by replacing side chains of the
ERK2(Mg?* »ATP™*) model with the p38 side
chains according to the alignment scheme
depicted in Fig. 2.

The model of the ERK2(Mg?*,ATP ™) active
form was designed based on the crystal struc-
ture of the PKA active form and the ERK2
inactive form. All atomic positions were
taken from the ERK2 crystallographic struc-
ture and those of the lower lobe were un-
changed. The upper lobe was treated as a
rigid body and transformed to obtain its rela-
tive orientation with respect to the lower lobe
the same as in the PKA active form. The
linker between the domains (Aspl04-
Aspl09) was adjusted manually. Finally
Mgz“ zllﬂnk"l‘l""_'4 was docked in the same orien-
tation as in the PKA crystallographic struc-
ture. Refinement of the structure was done
using the energy minimization procedure as
described below for the p38 model. The en-
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Figure 2. Sequence alignment of the PKA, ERK2 and p38 catalytic cores.

Primary sequences were aligned by using invariant residues in the crystal streueture models of FKA and ERK2.
Boxed sequences indicate a-helices and B-strands of PKA that are conserved in ERK2 and p38. Highly conserved

sequences are shaded.

of the ERK2(Mg>"»ATP™) back-

Regarding the procedure of p38 modelling,
bone atoms in the conserved regions and

AMBER force field [20] applying the steepest  positions

ergy optimizations were performed with the
descent and conjugate gradient methods.
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loops of the same length were left unchanged.
The p38 side chains attached to the con-
served regions followed the ERK2 side chain
positions wherever possible. The loops with
insertions in p38 were modelled using the
information contained in the Brookhaven
Protein Data Bank (BPDB). We assumed
that conformation of an insertion is deter-
mined by its two neighbouring regions. These
regions, separated by a gap of a length equal
to the length of the insertion, were searched
in the bank. The detected structural frag-
ments were adopted for modelling of the
insertion by assuming that the backbone(s)
of the gap region(s) and the backbone(s) of
the required insertion(s) are identical. In the
case when few candidates for such an inser-
tion were available, this was chosen which
resulted in the best fitting of the insertion
into the existing structure of p38. Regarding
the deletion in the activation loop, it was
generated manually. In order to eliminate
tensions, the model of the p38 active form
was relaxed with the energy minimization
using the DISCOVER program [21]. The po-
sitions of the atoms in the loops and positions
of all hydrogen atoms were first optimized,
keeping the heavy atoms of the conserved
regions as well as the atoms of MgZ*, ATP?
fixed until the root mean square (r.m.s.) gra-
dient was smaller than 1 kcal/(mol A). Next
holding the conserved o carbon atoms fixed,
positions of other atoms were optimized un-
til the r.m.s. energy gradient was smaller
than 0.1 keal/(imol A). Loops with the inser-
tion and deletion regions were subjected to
simulated annealing procedure from 2000 K
to 300 K while keeping the remaining atoms
of the model fixed, followed by additional
energy minimization. A substrate septamer
with the proposed following sequence, Arg-
Glu-Asn-Thr-Glu-Tyr-Asp and residues lo-
cated at positions: p—-3,p-2,p—-1,p,p+ 1,
p + 2, p + 3, was modelled based on the
PKI(5-24) inhibitor and structural proper-
ties of the p38 binding site. The side chains
of the substrate were adjusted manually to
maximize electrostatic and hydrophobic in-
teractions with the p38 structure. The energy
of the whole complex was minimized keeping
the c-carbon atoms of the conserved regions,
Mg2*,ATP* and the substrate backbone
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heavy atoms fixed, or restrained by harmonic
forces, until the r.m.s. energy gradient was
0.01 keal/(mol A). Finally all atoms were
subjected to the energy minimization, except
the restrained o carbon atoms of the con-
served regions until the r.m.s. energy gradi-
ent was 0.001 keal/(mol A).

RESULTS AND DISCUSSION

The final model of the p38 active form con-
taining Mg2*sATP* and the Arg-Glu-Asn-
Thr-Glu-Tyr-Asp substrate is characterized
by the r.m.s. deviation of the backbone atoms
in the conserved regions equal to 2.22 A as
compared with the ERK2 active form model,
and 2.77 A as compared with the PKA crystal
structure. Figure 3 presents a comparison of
active forms of PKA and p38. The ATP-bind-
ing site in p38 is similar to the ATP-binding
sites of PKA and ERK2. In the discussion
below, the numbering in parentheses corre-
sponds to the numbering of PKA, and with-
out the parentheses it refers to a currently
discussed kinase. There are two hydrogen
bonds between the adenosine ring and the
enzyme backbone atoms of p38 (see Fig. 4).
The first is formed between N-H of Leu-108
(Val-123) and N; of adenosine, the second
between C=0 of Thr-106 (Glu-121) and Ng-H
of adenosine. O3—H of the ribose ring forms
a hydrogen bond with C=0 of Ser-154 (Glu-
170). Phosphates are held by several groups.
The interactions occur between NH3" of Lys-
53 (Lys-72) and o-phosphate, as well as be-
tween NHy" of Lys-152 (Lys-168) and y-phos-
phate. Mg“* ions interact with COO™ of Asp-
168 (Asp-184). Asn-155 (Asn-171) binds to
the inhibitory ]."«'_Ig2+ ion and stabilizes the
catalytic loop by a hydrogen bond to the
a-carbonyl of Asp-150 (Asp-166). All hydro-
gen bonds between ATP and p38 are very
similar to those seen in PKA or ERKZ, ie,
they are formed by the same amino acids in
the sequence alignment.

Figure 5 shows interactions between the
proposed substrate molecule and its binding
site on p38. Arg at the p — 3 site is located at
the same position as in PKA. It submerges
into enzyme and forms a hydrogen bond with
the O3’ ribose oxygen atom of ATP. In ERKZ2,
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at the p — 3 site, a hydrophohic amino acid is
preferred, and the O3 atom interacts with
Lys-112. At the p — 2 site a negative charged
Glu is placed. It is located on the enzyme
surface, and interacts with positive Lys-118.
Glu at the p + 1 site interacts both with Arg-
-186 and Arg-189. Asp at p + 3 forms a pair
with Lys-66. The Tyr ring at the p + 2 site is
surrounded by several aromatic rings: Tyr-
35, Phe-59 and His-64. The sequence p-

1997

Figure 3. Ribbon diagrams
of the PKA and p38 catalytic

COrcs.

Both structures are complexed
with ATP, as well as with an
inhibitor in the case of PEA, and
with the proposed substrate in
the case of p38. The w-helices
are in red, p-strands in yellow
and connecting loops are in grey.
The MgATP heavy atoms and
the substrate backbone are rep-
resented by the stick model.

(p + 1)<(p + 2) of the substrate, i.e., Thr-Glu-
Tyr, is identical with that occuring in the
activation loop of most MAP kinases. The
latter may thus cause activation of the MAP
kinases by themselves.

As mentioned above, there are nine con-
served residues in the neighbourhood of ac-
tive sites of the kinases, and in particular
there are such residues in the p38 structure.
On superimposing the upper domains of the

Figure 4. Stick
model of p38 Mg-
ATP binding
site.

ATP and a frag-
ment of the sub-
strate  molecule
are drawn as bold
sticks. Surround-
ing residues of the
binding pocket are
drawn as thin
sticks. Mg®* ions
are represented by
pink balls, Mosi
important distan-
CES Are given in A,
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p38 (hydrophobic interactions)

P3 P2 P-1
Substrate
® 06
g @
0 Cl NHQ
\C/ |
P38 (electrostatic interactions) | LYS 118
ASP 112

structures of p38 and PKA, one gets the
r.m.s. deviation of 2.15 A for the three con-
served amino acids in that domain, superim-
posing of the lower domains leads to the
r.m.s. of 1.10 A for the other six residues. The
values for p38 and ERK2 are equal to 1.25 A
and 0.87 A, respectively. The r.m.s. values
refer to the backbone atoms. The overlap of
amino acids is not perfect, but their positions
and hydrogen bonds, which they form with
the substrate and ATP, are congerved, Since
positions of the most important residues,
such as Lys-152 (Lys-168) and Asp-150 (Asp-
166) are very similar, the phosphorylation
processes catalyzed by p38 and PKA are
probably very similar. These conserved
charged residues at the active site clearly
play the same role in catalysis by p38 as in
PEKA [22]. Lys-152 (Lys-168) binds to the
y-phosphate helping to neutralize its charge
and pulling the equilibrium in the direction
of the closed conformation. The catalytic base
Asp-150 (Asp-166), being 2.86 A apart from
the hydroxyl group of Thr, is positioning the
hydroxyl for the nucleophilic attack on the
v-phosphate (cf. Fig. 4).

SUMMARY

Based on the crystallographically known
active form of PKA and the inactive form of
ERKZ2, the active form of p38 has been de-
signed. The developed modelling procedure
can also be applied to other kinases. The
ATP-binding mode is very similar in the
active forms of all three kinases studied. The
active forms of p38 and PKA have very simi-

ARG 189, Arg 186

Phe 59

TyrBE(PHIaE#

P Psl Ps2 Pe3

00000800

C? EE"-‘ Figure 5. Contacts be-
r tween p38 and its pro-
® ® posed substrate.

NHE\ s 8 e Charged residues of the
c l substrate involved in its
| LYS 66 recognition by the kinase

are shaded.

lar structures in the region where the sub-
strate is bound. In particular, the separation
distances between the ATP y-phosphate and
serine/threonine of the substrates are very
similar both in p38 and PKA, which means
that the transphosphorylation mechanism in
these kinases should be also very similar.
One should note, however, that p38 and
ERK2 differ in the binding site region. Once
the models of the active protein kinases are
designed it will be possible to continue study-
ing on several key problems, in particular on
transphosphorylation mechanisms at a
quantum level, as well as on design of inhibi-
tors and potential drugs, competitive with
ATP and/or substrates.

The computations were performed at ICM,
Warsaw University, Poland. The authors
thank Professor D. Shugar for stimulating
discussions.
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