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Abstract

Protein kinases are essential signaling molecules with a characteristic bilobal shape that has been
studied for over fifteen years. Despite the number of crystal structures available, little study has
been directed away from the prototypical functional elements of the kinase domain. We have
performed a structural alignment of thirteen active-conformation kinases and discovered the
presence of six water molecules that occur in conserved locations across this group of diverse
kinases. Molecular dynamics simulations demonstrated that these waters confer a great deal of
stability to their local environment and to a key catalytic residue. Our results highlight the
importance of novel elements within the greater kinase family and suggest that conserved water
molecules are necessary for efficient kinase function.
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Introduction

In protein kinases, phosphotransfer capability requires at least two well defined conserved
elements in addition to the polypeptide: an active site metal cofactor, usually magnesium or
manganese, and ATP. The only element found in crystallography data with potential
conservation between kinases that has not been examined in detail is water. It was first noted
by Shaltiel, Cox and Taylor! that different crystal structures of protein kinase A (PKA) had
water molecules in virtually identical locations. They noted several waters within the active
site, interacting with both conserved and non-conserved residues, as well as ATP and the
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active site manganese, and the authors suggested a critical role for these waters in the
efficient function of PKA.

That water molecules play critical roles in enzymes/proteins has been known for some time.
Condensation and hydrolysis reactions are two clear examples of water functioning as a
crucial molecular element — a product or reactant. In chemical reactions water molecules can
also function as transition state intermediates. Another role for water at the molecular level
is as a structural element, interconnecting the protein through hydrogen bonds and
maintaining/stabilizing the positions of residues and/or the fold.2 These structural waters are
often conserved within a protein family, i.e. they perform the same functions and occur in
nearly identical three-dimensional locations with reference to their associated structures.
Structurally conserved waters have been found in several classes of proteins, including
ribonuclease T1,34 serine proteases,® Rossmann fold dinucleotide binding proteins,® MHC
class 1 proteins’ and aspartic proteinases.8 In these studies, conserved waters are often
found in or near an enzyme's active site, suggesting they play an important function in active
site stability, flexibility, ligand coordination and residue positioning, hence their
evolutionary conservation. Rodriguez-Almazan and colleagues® have shown recently how
even a conservative amino acid change can disrupt conserved water molecules and the
connective networks they form, drastically altering enzyme function.

Protein kinases can be divided into two interdependent functional regions: the ATP binding/
phosphotransfer region, and the second where substrate binding occurs. These regions are
obviously interconnected but they can be discussed separately. The area where ATP is
bound, and the tertiary phosphate positioned for transfer, is bordered principally by the 5-
stranded P sheet, helix C, the magnesium-positioning loop and the catalytic loop, with the
area between them forming the active site (Figure 1). It is in the immediate area of the
transferable phosphate where the greatest conservation is found.10:11 Six fully conserved
residues play very important roles in positioning this key element, all of which are
absolutely critical for efficient function.12 The ATP-positioning lysine is located on p—strand
3 and interacts with the a- and - phosphates of ATP, and this lysine is critically stabilized
by a glutamic acid originating from helix C. The catalytic aspartic acid that initiates
phosphotransfer is located on the catalytic loop directly beneath the y-phosphate. The vy-
phosphate itself is directly and indirectly coordinated by three residues and one or two
divalent cations. The magnesium-positioning aspartic acid arises from the magnesium-
positioning loop and indirectly positions the y-phosphate through a magnesium or
manganese ion. Similarly, an asparagine residue located on the catalytic loop also indirectly
positions this phosphate through a secondary metal ion. And the last fully conserved residue
is a lysine located just downstream of the catalytic residue that directly aids in positioning
the y-phosphate, although this residue is exchanged for an arginine in tyrosine kinases.
While the area of phosphotransfer is relatively well-studied and understood, in contrast the
substrate binding region is not. Substrates are bound within a cleft formed from the catalytic
loop, the P+1 loop, helix D, and parts of helices F and H. There is little residue conservation
within this area,11 which is entirely consistent with its function in substrate binding.
However, understanding this area is critical as it mediates substrate binding and contains the
information that confers substrate specificity. In neither the substrate binding groove, nor the
well-studied active site, has the role of water molecules and the conserved functional roles
they might play been examined.

Here we report on an examination of water conservation across a diverse array of kinases
from a variety of species to better establish and elucidate the importance of individual water
molecules for kinase function. In addition to an analysis of crystallography data, we have
performed molecular dynamics simulations to examine the potential roles of conserved
waters within the protein kinase domain. Our results reveal the presence of six conserved
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water molecules in protein kinases. Two waters are located within the heart of the active
site, interacting with some of the aforementioned key functional residues. Both of these
waters have large free energy benefits and simulations demonstrate how one aids in
coordinating the absolutely critical magnesium-positioning aspartic acid. We also
discovered a collection of dynamic yet conserved waters trapped within a closed pocket that
lend dramatic stability to the substrate binding cleft. And there are a further two water
molecules for which we cannot postulate clear reasons for their conservation. In all, our
results suggest that conserved waters are crucial to the efficient function of the kinase family
and reveal in general the different circumstances and behaviors associated with water
molecules in proteins.

Kinase structures representing active conformations were retrieved from the Protein Data
Bank. A kinase was considered “active” if it had any necessary phosphorylations, ATP or a
non-hydrolyzable ATP analog, and had at least one divalent cation in the active site. Crystal
structures with resolutions poorer than the diameter of water (2.8 A) were rejected. Thirteen
structures met these criteria (Table 1).

Structural Alignment and Conserved Water Identification

Structures were aligned using a sequence order independent structural alignment algorithm
we have developed.1 After alignment, water molecules were sought for in identical
locations between structures. For each structure all water molecules within 3.2 A of a
nitrogen, oxygen or sulfur atom were included in the search. Waters from different
structures that fell within a sphere of 2 A radius were deemed to occupy the same location.
Only waters found in at least ten of the thirteen structures were considered conserved.
Normalized B-factors were calculated as (Bj-<B>)/c(B), where B; is the B-factor of water i,
<B> the mean of all waters, and o(B) the standard deviation. ASA was calculated with the
program GETAREA 1.113 using a probe radius of 1.4. Internal water surfaces were defined
using the CASTp server with default parameters.1# A residue was considered fully
conserved if an identical or similar residue could be found in all structures within a sphere of
2 A radius. Partially conserved residues need only be found in ten of thirteen structures.
Conserved categories must be present in all structures (see Supplementary Table II).

Molecular Dynamics

The coordinates of the initial structure used in this study was the crystal structure of protein
kinase A (LATP)1® obtained from the protein data bank (PDB). The hydrogens were added
to the heavy atoms using the Leap module in the AMBER 816 suite of programs.
Furthermore, the atomic charges and force field parameters of the bound ATP were obtained
from the work of Meagher et al.1” The complex was solvated with TIP3P18 water molecules
such that the solvent was placed up to about 10 A away from the protein complex to fill a
truncated octahedron box. Three chloride ions were placed around the complex using the
Leap module in AMBER 8 to obtain electrostatic neutrality. All molecular dynamics
simulations were performed with the sander module in AMBER 8.

The system was equilibrated by using a multistage equilibration protocol. At the start of the
equilibration, 100 kcal/mol/A2 harmonic constraints were placed only on the complex. The
water and ions were minimized for 1000 steps. This was followed by another 1000 step
minimization on the entire system with a 50 kcal/mol/A2 constraint placed on the complex.
With 50 kcal/mol/A2 constraint on the complex, the entire system was heated from 100 to
300 K over 50 picoseconds. Finally, the entire system was simulated for another 50
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picoseconds without any constraints applied at 300 K. After equilibration, the final
equilibrated structure was used to carry out 10 nanoseconds MD simulations in the NPT
ensemble with periodic boundary conditions at a constant temperature of 300 K and pressure
of 1 bar. The SHAKE algorithm1® was applied to all bonds involving hydrogen atoms and
an integration time step of 2.0 femtoseconds (fs) was used in solving Newton’s equation of
motion. Long-range electrostatic interactions were evaluated using the particle mesh Ewald
(PME) summation method.2? The non-bonded interactions were subjected to a 9 A cutoff
that distinguished between the direct space and the reciprocal space in PME. The MD
trajectories were collected at every one picosecond (ps) time interval. The resulting
trajectories were used to calculate the atomic positional fluctuation of the oxygen atom of
the bound water molecules in order to estimate the harmonic force constants used in the free
energy simulations, as previously described.2!

Free Energy Calculations

The free energy calculations were performed using the double-decoupling method, as
previously described.2! The double-decoupling free energy simulations involve gradually
turning off the electrostatic and van der Waals interactions of the bound water molecule
from the rest of the system. This involves two sets of simulations: the transfer of the water
molecule from bulk water to the gas phase, and transferring the water molecule from the
binding pocket of the protein complex to the gas phase during which the water molecule is
always constrained to occupy the binding site as defined by the coordinate system of the
complex. To perform the change from H;Og) to HyOgss, the energy term is progressively
mapped from U(sol) to U(gas) along a chosen path, where U is the potential energy function.
This chosen path is mapped as a function of a coupling parameter X that varies from 0 to 1,
where U can be written in terms of A as U(X) = (1- 1)K U(0) + [1-(1- A)¥]U(1), and U(0) =
U(sol) and U(1) = U(gas). k = 1 when decoupling the electrostatic interactions and k = 6
when decoupling the van der Waals interactions. The free energy difference between the two
states is calculated by the thermodynamic integration approach using 12-points Gaussian
quadrature integration at discrete points of A; of 0.00922, 0.04794, 0.11505, 0.20634,
0.31608, 0.43738, 0.56262, 0.68392, 0.79366, 0.88495, 0.95206, and 0.99078 along the
path. The simulation for each value of A was initially equilibrated for 200.0 picoseconds, and
the data sampling was also performed for 200.0 picoseconds after the equilibration. All of
the free energy simulations were performed under the same conditions as described above
for the molecular dynamics simulation, except for the fact that a time step of 1.0 fs, instead
of 2.0 fs, was used when evaluating the free energy component of the van der Waals
interactions. Three independent runs were performed for each free energy calculation. The
final free energy was then estimated by averaging over the calculated free energies from the
three independent simulations. Also the error was estimated by calculating the standard error
using the standard deviation of the calculated free energies from the three independent
simulations.

Results and Discussion

Conserved Waters

We present our results with reference to the death associated protein kinase (DAPK) and
PKA. The structure of DAPK is shown in Figure 1 for purposes of orientation. Thirteen
kinases in active conformations (Table I) were aligned (Figure 2(a)) and six conserved water
molecules identified (Figure 2(b) and Table Il). These waters have low average B-factors,
reflecting a general lack of mobility in these molecules and confidence in their placement.
These waters bind both to side-chain and main-chain atoms (Supplementary Table I). All but
ten of the fifty-seven side-chain interactions are with conserved residues. Water interactions
with main-chain atoms occur evenly between conserved and non-conserved residues.
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Between structures, water interactions with main-chain residues are entirely with equivalent
parts of the polypeptide. Waters Ay, Cy, Dy, and F,, have low accessible surface areas.

Of the waters consistently found by Shaltiel, Cox and Taylor! across several different crystal
structures of PKA, we also found ASCW B (their nomenclature) as conserved across the
protein kinase family (our Ay,), as is ASCW C (our Cy,). Although they only reported these
as potentially interacting with single atoms, both can interact with two (using our distance
cut-off, which was also slightly stricter). Interestingly, unlike these authors, we find no
conserved waters interacting with either ATP or magnesium/manganese. The functions of
these waters in PKA are not likely to be substituted for by amino-acid residues in other
kinases, as the region around the y-phosphate is a very highly conserved area. However,
while the active-site divalent cations necessary for catalytic activity are consistently placed
throughout the structures we have used, there is a moderate degree of variability in the
positioning of the y-phosphate. We do not know what to attribute this to but variability in the
position of this phosphate would be accompanied by variability in the local water
environment, and this would manifest as a lack of water molecule conservation in this area.
Whether this lack of conservation is real and in contradiction to the findings of Shaltiel, Cox
and Taylor, or instead is an artifact of the data set we are examining, we cannot say. When
more active-conformation kinase structures become available this issue can be better
answered.

The conserved water molecules from DAPK are shown in Figure 3 as an example of the
typical interactions that are occurring. Water molecule A,, (Figure 3(a)) interacts with the
fully conserved glutamic acid E64 of helix C and connects it to the main chain of the
magnesium positioning loop (Supplementary Table Il lists conserved residues). Molecule
B,y (Figure 3(b)) can potentially interact with three atoms, connecting the terminus of helix
C with the end of the loop preceding B-strand 4. Molecule C,, (Figure 3(a)) can interconnect
the magnesium positioning loop through three main-chain atoms and join these to the main
chain of the catalytic loop. Molecule D,y (Figure 3(c)) is only bound to the structure in one
place, through the carbonyl of the residue following the catalytic base D139. Molecule E,,
(Figure 3(c)) can interact with the side chains of two partially conserved residues from helix
F and connect these to the main chain of the catalytic loop. Lastly, water molecule F,y
(Figure 3(d)) can connect the side chain of the partially conserved tryptophan W201 from
helix F with two main-chain atoms of the P+1 loop.

From these results we hypothesized that these water molecules may be conserved because of
the connectivity they create within the protein kinase domain, and hence the stability they
lend to the fold, and/or because of the roles they play in positioning/stabilizing key residues
crucial to the efficient function of these enzymes.

Molecular Dynamics and Free Energy

Water Ay

To further elucidate the functions of these water molecules and probe their apparent
stabilizing role, molecular dynamics simulations were performed and free energies
calculated for the structure of protein kinase A (PKA).

This water is internal and does not exchange with bulk solvent during the time course of
simulation. It is fixed within its pocket, with an average fluctuation in position of 1.03 A. Its
free energy contribution is highly favorable at —2.1+0.4 kcal/mol. We also performed
simulations to observe the effects of this water molecule on nearby atoms. Simulations were
performed with and without this water, and the average positional fluctuation of all atoms
from adjacent residues were measured (Figure 4). The conserved leucine of helix C (PKA:
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95, DAPK: 68) and the conserved phenylalanine of the magnesium positioning loop (PKA:
185, DAPK:162) show increased stability in the absence of this water. This is not
unexpected as these are hydrophobic residues. In the absence of this water the fully
conserved and functionally critical aspartic acid found on the magnesium positioning loop
(PKA: 184, DAPK: 161) shows a great increase in fluctuation. This aspartic acid chelates
the active site magnesium/manganese, thereby aiding in its positioning and the orientation of
the y-phosphate. A lack of stability in this residue is likely to detrimentally affect catalysis.

Water B, is found on the surface of the protein. It is accessible to and exchanges with bulk
solvent. The occupancy for the site this water is found in is ~10%. The residence time for
waters in this site is ~2.5 picoseconds. These results suggest this water is not playing an
obvious beneficial role in so far as regional stability is concerned, however we cannot rule
out that it may be positively involved in the “fluidity”/movement of its local environment,
hence its loosely bound nature and simultaneous conservation.

This water is internal and does not exchange with bulk solvent. Its atomic positional
fluctuation is only ~0.78 A. In other proteins in our dataset (apart from PKA) this water is
not adjacent to any other waters but only contacts atoms of the polypeptide. This is not the
case in PKA, where it is found in contact with a second water. This creates unfavorable
conditions, resulting in a free energy contribution of 0.4+1.6 kcal/mol. However, we believe
the second water (424) to be erroneously assigned, as it displays a large overlap with the
carbonyl oxygen of tyrosine 164 and has a high average B-factor. When the second water is
removed, the free energy contribution of water C,, is very favorable: —5.1+0.7 kcal/mol.
This significant lowering of free energy is of obvious benefit in a region so crucial to
function as the catalytic loop.

Waters D, and E,,

These two waters are found in a pocket that contains four additional waters and will be
discussed together. This pocket is found in all structures and contains between two and six
water molecules. Only those found in the positions of D,y and E,, are consistently placed. In
the first 1-2 nanoseconds of the simulations two water molecules of PKA exit through a
mouth that opens between three hydrophobic residues (PKA: leucine 198, leucine 205 and
isoleucine 209). The mouth then closes trapping the remaining four waters. The waters in
this pocket do not exchange with bulk solvent but do exchange with one another. Their
average positional fluctuation is ~2.30 A. The site occupied by water D,y is occupied ~19%
of time, while site E, is occupied ~54% of the time. The respective residence times of
waters in these sites are 27.8 picoseconds and 46.6 picoseconds. The free energy
contribution of adding one water into this pocket is —4.1+1.2 kcal/mol, followed by a second
—3.8£1.4 kcal/mol, third —2.6+1.8 kcal/mol and fourth —3.8+1.9 kcal/mol. Their presence
obviously lends a great deal of stability.

In several of the structures, water D, interacts with a carboxyl oxygen from the catalytic
aspartic acid and a main-chain carbonyl oxygen from the adjacent downstream residue.
From the orientations of these atoms in crystals it appears that this water may aid in
positioning the catalytic aspartic acid. However, the crystal structure orientation of the
carbonyl is strained and high energy, and during the equilibration stage of the simulations
this functional group flips inwards towards the active site and does not change position.

An important point emerges from consideration of waters D, and E,,: none of the water
molecules we have studied is permanently trapped, nor are hydrogen bonds made
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permanent. Water molecules, even those found in internal pockets, will exchange with bulk
solvent. This occurs over nanosecond to microsecond timescales,?2 outside of the range of
our simulations, and results from large-scale fluctuations in structure.23 Exchange between
water molecules in deep pockets can be rapid and have a small enthalpic cost when the
water is weakly hydrogen bonded.22 Hydrogen bonds must obviously be broken prior to
exchange. But even when a water molecule is present in a closed pocket and in contact with
the polypeptide, they often have great rotational freedom.22 Interactions between such
waters and the polypeptide should be viewed as transient, not permanent. These points do
not contradict the notion of water-molecule mediated stability. Although on/off, hydrogen
bonds between water and other functional groups may only need to exist for a continuous
series of brief instants to stabilize and orient atoms of the polypeptide. What we see in
crystal structures, and even to a degree in molecular dynamics simulations, are the average
or end effects of a water molecule's presence. Differences between waters, such as rate of
exchange and occupancy, should be considered against one another rather than on their own
when assessing any particular water's functional role.

This water is internal and does not exchange with bulk solvent. It has the most restricted
motion at ~0.53 A. Its free energy contribution is —0.4+0.7 kcal/mol. As with water A, the
dynamics of adjacent residues was also examined in the presence and absence of this water.
However, all atoms with the exception of one showed an increase or decrease in atomic
positional fluctuation of less than 10%. The exception showed an ~25% decrease in
fluctuation. The location of this water in the substrate binding groove may suggest that its
interaction with adjacent residues/regions participates beneficially in this process,
facilitating residue movement or stability on substrate binding, or assisting in large-scale
domain motions. We examined the apo(free) enzyme state and found a negative free energy
for this water (—2.940.5), alternatively suggesting it may play a beneficial role in stabilizing
this region prior to ATP or substrate binding. As we are only examining short timescales of
a single context in our simulations, an understandable solution may exist in another
unexplored context.

Conclusion

Our examination of active-conformation protein kinases has revealed the presence of six
conserved water molecules that create a high degree of inter-protein connectivity. Two of
these waters are located adjacent to the magnesium-positioning and catalytic loops, and
three more are located within the relatively unstudied substrate binding groove. Molecular
dynamics simulations on these waters and their local environments suggest that one water
molecule (Ay) plays a key role in stabilizing an important catalytic residue and that (very)
favorable free energy benefits (and hence stability) are conferred by five of the six waters
we uncovered. In our study, if we consider conserved waters against conserved amino acids
in protein Kinases, then we find water is more abundant than all of the twenty amino acids
except leucine. The lack of reported proteins with conserved water molecules is striking in
this regard. Although the waters we have discovered are not directly involved in the
phosphotransfer mechanism, and hence cannot be considered cofactors or ligands, our
results suggest they may be essential structural and functional elements necessary for the
efficient function of protein kinases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The crystal structure of the active conformation death-associated protein kinase.24 p-strands,
helices and prominent loops are labelled in accordance with Knighton, et al.2> The non-
hydrolyzable ATP analog ANP is shown in green sticks and manganese ion as a black
sphere. The small lobe comprises the p-sheet, helix C and the interveening loops. The
remainder of the protein, below ANP, constitutes the large lobe. CL: catalytic loop; MPL.:
magnesium positioning loop.
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(b)

Figure 2.

An active conformation protein kinase structural alignment and consensus. (a) The structural
alignment of the thirteen kinases listed in Table I. The ATP or non-hydrolyzable ATP
analog of each structure is shown in green sticks. Each kinase is colored uniquely. (b) The
conserved water molecules are shown superimposed above the alignment, coloured as red
spheres with attached hydrogens in white. Waters are labelled as in Table II.
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Figure 3.

Conserved waters in DAPK. Each of the conserved waters is labelled as in Table Il. Dashes
indicate potential hydrogen bonds to oxygen and nitrogen atoms within 3.2 A. Oxygens are
colored red, nitrogens blue and hydrogens white. Side chains are shown as sticks, as is the
bond between the main-chain carbonyl atoms. CL.: catalytic loop; MPL: magnesium
positioning loop.
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Figure 4.

Water A, mediated stabilization/destabilization. Molecular dynamics simulations were
performed on protein kinase A in the presence (black) and absence (red) of this water. The
root-mean-square fluctuation of all atoms in the vicinty of this water is shown in the top
panel and the percent difference beneath.
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