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Abstract A method of docking Ca’" ions in proteins
with flexible side chains and deformable backbones is
proposed. The energy was calculated with the AMBER
force field, implicit solvent, and solvent exposure-depen-
dent and distance-dependent dielectric function. Starting
structures were generated with Ca®* coordinates and side-
chain torsions sampled in 1000 A® cubes centered at the
experimental Ca®" positions. The energy was Monte Carlo-
minimized. The method was tested on fourteen Ca®'-
binding sites. For twelve Ca**-binding sites the root mean
square (RMS) deviation of the apparent global minimum
from the experimental structure was below 1.3 and 1.7 A
for Ca*" jons and side-chain heavy atoms, respectively.
Energies of multiple local minima correlate with the RMS
deviations from the X-ray structures. Two Ca”"-binding
sites at the surface of proteinase K were not predicted,
because of underestimation of Ca®" hydration energy by
the implicit-solvent method.
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Introduction

Ca*" ions play important physiological roles (Clapham
2007). An extracellular concentration of Ca>" ions of
~1 mM is maintained with the help of calcitonin, para-
thyroid hormone, and Ca*"-sensing receptors (Huang et al.
2007). Extracellular Ca®" ions are required for activity of
many enzymes, e.g., phospholipase A2 (Singh et al. 2007).
Ca”" ions protect proteases such as trypsin (Szmola and
Sahin-Toth 2007) against autolysis. They also provide
thermal stability to extracellular proteins such as thermol-
ysin-like proteases (Veltman et al. 1998) and extracellular
domains of transmembrane proteins such as epithelial
cadherin (Prasad and Pedigo 2005). Besides the extracel-
lular medium, high Ca** concentration is also maintained
in the endoplasmic reticulum. The cytosolic concentration
of Ca*" ions (<1 uM) is much lower than that of the
extracellular medium. Ca”*" influx through voltage-gated
and/or ligand-gated Ca®" channels in the plasma and
endoplasmic-reticulum membranes raises Ca>* concentra-
tion in the cytosol. This regulates or switches activity of
various intracellular proteins. Some proteins, for example
troponin, a key component of the skeletal and cardiac
muscle-movement machinery, undergo conformational
changes upon direct binding of Ca®' ions (Galinska-
Rakoczy et al. 2008; Suarez et al. 2008). Other proteins
change their conformations in response to binding of
Ca”*-sensing proteins such as calmodulin. Important ele-
ments of Ca®" homeostasis are Ca®" pumps, which enable
uphill movement of Ca®" ions across the cytoplasmic and
endoplasmic-reticulum membranes and thus restore low
Ca*" concentration in the cytosol.

X-ray structures of Ca®'-binding proteins reveal
diverse coordination geometries, coordination numbers,
and Ca®"—ligand distances (McPhalen et al. 1991; Nayal
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and Di Cera 1994; Pidcock and Moore 2001; Yang et al.
2003). In most complexes Ca>" ions are heptacoordinated
by oxygen atoms located at the vertices of a pentagonal
bipyramid (Pidcock and Moore 2001) with an average
Ca®>*-0 distance of ~2.4 A (McPhalen et al. 1991). Data
acquired from the X-ray structures have been used in
knowledge-based approaches developed to identify Ca®'-
binding sites in proteins (Bagley and Altman 1995; Sodhi
et al. 2004), to design Ca**-binding proteins (Yang et al.
2002, 2003, 2005), and to predict Ca2+—binding sites
(Deng et al. 2006). Such approaches employ rigid protein
geometries and are not suitable for some applications.
These include homology modeling, prediction of low-
affinity Ca®*-binding sites, simulation of Ca®'-induced
conformational changes, and recognition of Ca”*"-binding
sites in NMR-determined and low-resolution structures.
Methods of predicting Ca®" positions and side-chain
conformations by optimizing energy calculated with
physics-based force fields are desirable for these appli-
cations, for understanding atomistic determinants of Ca’*-
binding affinity and selectivity, and for elaborating test-
able mechanisms of Ca’"™ movement through Ca®"
channels and Ca®* pumps.

In this study, we employed the Monte Carlo energy
minimization (MCM) method (Li and Scheraga 1987)
realized in ZMM software to develop and test a procedure
for docking Ca®" ions in proteins with completely flexible
side chains and deformable backbones. We first selected
the X-ray structures of Ca*"-bound EDTA (Arriortua et al.
1992; Barnett and Uchtman 1979) and p-galactose-binding
protein (Vyas et al. 1988) in which the Ca**—O distances
are typical for Ca*"-bound proteins. We then used these
structures to parameterize solvent exposure-dependent and
distance-dependent dielectric permittivity function (Tik-
honov and Zhorov 2008) and optimize the multi-MCM
docking procedure (Bruhova and Zhorov 2007; Tikhonov
and Zhorov 2007). The procedure involves sampling of
tens of thousands of Ca®" positions and side-chain con-
formations within and around the Ca*" binding region and
MC-minimizing the sampled structures. We tested the
method on 14 Ca*"-binding sites with known structures.
For 12 sites the method correctly predicted Ca** positions
and side-chain conformations.

Methods

Modeling Ca*"-binding proteins

X-ray structures of selected Ca*"-binding proteins (Ach-
arya et al. 1989; Betzel et al. 1988; Chattopadhyaya et al.

1992; Gros et al. 1989; Holland et al. 1992; Meyer et al.
1988; Toyoshima et al. 2000; Vyas et al. 1988) were taken

@ Springer

from the Protein Data Bank (Berman et al. 2000). A dou-
ble-shell model (Zhorov and Lin 2000) was built around
the X-ray positions of Ca®" ion(s) to reduce the compu-
tational cost of energy minimizations. The flexible inner
shell contains residues that have at least one atom within
10 A of the Ca** ion(s). The fixed outer shell contains
residues that do not belong to the flexible shell and have at
least one atom within 20 A of the Ca>" ion(s). All calcu-
lations were performed using ZMM software (Zhorov
1981, 1983) (http://www.zmmsoft.com). Upon importing
X-ray structures into ZMM, tautomers of histidines and
starting orientations of the hydroxy and carboxamide
groups in the fixed-shell amino acids were adjusted to
minimize steric clashes and to maximize number of
H-bonds. Energy was presented as a sum of van der Waals,
electrostatic, torsional, and dehydration components.
Interactions between atoms involved in ion—ion and ion—
dipole interactions were calculated at all distances, and a
cutoff of 8 A was used for other interactions. Alpha carbon
atoms were constrained to their crystallographic positions
by pins, unless stated otherwise. A pin is a flat-bottom
parabolic penalty function that allows a C* atom of the
model to deviate from the corresponding position in the
template by up to 1 A without energy penalty and imposes
a penalty of 10 kcal mol™" A~ for larger deviations.
Without the pins, unavoidable steric clashes at early stages
of MC-minimizations would significantly disrupt protein
folding.

The force field

Ca*"-binding to a protein is governed by many interac-
tions, the strongest among which are favorable electrostatic
interaction with the first coordination-shell oxygen atoms
and unfavorable dehydration of Ca®" ions and the oxygen
atoms. We used the first generation of the AMBER force
field (Weiner et al. 1984, 1986) that was developed for
simulations with implicit solvent. The later versions of the
AMBER force field were parameterized for use with the
explicit solvent (Cornell et al. 1995). Because the sampling
efficiency of Monte Carlo-minimizations decreases with
the number of variables, addition of numerous water
molecules would dramatically reduce the chances of solv-
ing multiple-minima problems in highly ragged energy
hypersurfaces of protein-Ca>" complexes. The available
AMBER parameters for Ca>" are similar to those proposed
by others (i\qvist 1990; Hori et al. 1988; Yasuhiko and
Setsuko 1991). Electrostatic energy was calculated with the
solvent exposure-dependent and distance-dependent
dielectric function (Tikhonov and Zhorov 2008), which
was parameterized as described in a later section. Water
molecules, which are seen in X-ray structures, were not
included in the models. The dehydration energy was
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estimated by the implicit-solvent method, which provides
five parameters for each of 17 types of atoms and groups
common in proteins (Lazaridis and Karplus 1999). Because
no hydration parameters for Ca>" ions are available, we
assigned a value of —60 kcal/mol for the reference
hydration free energy (AG'") and the hydration free energy
of the isolated Ca>" ion (AG™®). The atomic volume, the
thickness of the hydration shell, and the van der Waals
radius of Ca*" were assigned respective values for the
NH;" group, the only cationic group parameterized by
Lazaridis and Karplus (1999). At first sight, the chosen
energy values are inconsistent with the experimental
hydration energy of Ca**, which is —397 kcal/mol (Edsall
and McKenzie 1978). The following considerations sup-
port our choice. AG*" = AG™® = —20 kcal/mol for the
NH;* group (Lazaridis and Karplus 1999) are much
smaller than experimental hydration energies of NH,"
(AH = —86.8 kcal/mol) and EtNH;" (AH = —80.5 kcal/
mol) cations (Meot-Ner 1987). However, the values of
Lazaridis and Karplus represent the energetics of the first
hydration shell, whereas the experimental data represent
the entire hydration energy. We varied AG'" and AG™®
from —80 to —20 kcal/mol in test simulations of Ca®"
complexes with EDTA and p-galactose binding protein and
also tried different combinations of values for solvent
exposure-dependent and distance-dependent dielectric
function (see below). These simulations predicted com-
plexes with the same Ca®"-coordination patterns, but dif-
ferent Ca®"—O distances. Calculations with larger Ca®"
hydration values (AG’" = AG™® = —80 kcal/mol) over-
estimated Ca’*—Q distances, whereas calculations with
smaller values (AG™ = AG™ = —40 kcal/mol) under-
estimated the distances. On the basis of these results, we
chose AG™ = AG™° = —60 kcal/mol. These values
enable our method to reproduce experimental Ca’t—O
distances.

Besides the implicit-solvent component, the energy of
Ca’" binding includes strong electrostatic attractions
between the ion and its first coordination-shell oxygen
atoms and weaker electrostatic interactions with atoms
beyond the first coordination shell. Further parameteriza-
tion of the implicit-solvent energy function along with the
electrostatic energy function is a challenging task that
would require a stand-alone study. Here we did not
attempt to modify the assigned hydration parameters and
parameterized only the dielectric function as described
below.

Solvent exposure-dependent and distance-dependent
dielectric function

Different approaches have been proposed for calculation of
electrostatic interactions with Ca®* ions (Aqvist 1990; Hori

et al. 1988; Meiler and Baker 2006; Tikhonov and Zhorov
2007). In this study, we calculated electrostatic interactions
using Coulomb’s law with a solvent exposure-dependent
and distance-dependent dielectric function (Tikhonov and
Zhorov 2008) ¢ = d [¢;—s (g;—&p)], where d is the distance
between interacting atoms, s is the solvent-exposure factor
that ranges from O for a pair of water-exposed atoms and 1
for a pair of atoms buried in the protein, and ¢, and ¢; are,
respectively, the lower and upper limits of dielectric per-
mittivity. ¢ and &; were optimized to reproduce Ca®™—
oxygen distances in the X-ray structures of Ca’*" com-
plexes with EDTA (Arriortua et al. 1992; Barnett and
Uchtman 1979) and p-galactose-binding protein (Vyas
et al. 1988) and root mean square deviation (RMSD)
between the predicted and X-ray structures of the Ca®'-
binding site in the protein (Table 1). We tested all com-
binations of ¢y = [1,2] and ¢; = [1, 2, ..., 8;] and obtained
a Ca>*—0 distance of ~2.4 A with [eop =1, ¢, = 3] and
[eo =1, ¢, =4]. This is in good agreement with the
average Ca’T—O distances of 2.42-2.44 A observed in
Ca’"—EDTA complexes (Arriortua et al. 1992; Barnett and
Uchtman 1979) and in various Ca*"—protein complexes
(McPhalen et al. 1991). The combination [¢y = 1, &; = 3]
was used in further calculations.

Table 1 Characteristics of two Ca®>™-binding complexes predicted
with various values of the dielectric-function terms &, and &;

& €&  Average Ca’"-0 distance (A) RMSDP, A
EDTA DGBP* Ca*" ion 10 A shell

1 1 221 2.42 0.4 1.3
1 2 230 243 0.1 1.6
1 3 238 2.44 0.4 14
1 4 243 2.45 0.4 1.1
1 5 250 2.48 0.3 1.3
1 6 255 2.46 0.3 1.2
1 7 259 2.44 0.5 1.2
1 8 2.63 2.48 0.4 1.2
2 2 237 2.55 0.2 1.7
2 3 242 2.64 0.3 1.3
2 4 248 2.66 0.3 1.3
2 5 252 2.59 0.2 1.3
2 6 256 2.62 0.3 1.2
2 7 260 2.60 0.2 1.2
2 8 265 2.63 0.4 1.3
X-ray 242 2.40 n.a n.a

2 p-galactose-binding protein, Ca®>"—O distances do not include

coordinating bonds with water

°® Root mean square deviation of the AGM (apparent global mini-
mum) from the X-ray structure of D-galactose-binding protein
(1 GBP)
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Monte Carlo-minimization

Because the ragged energy landscape limits the conver-
gence radius for a single MCM trajectory, we employed a
multi-MCM  procedure (Bruhova and Zhorov 2007;
Tikhonov and Zhorov 2007). At the first (seeding) stage
20,000 starting structures were randomly generated and
briefly MC-minimized to ensure broad sampling of posi-
tions of Ca®" ions and side-chain conformations. In the
second (refinement) stage the lowest-energy structures
collected at the first stage were further optimized in
long MCM trajectories. In proteins with two proximal
Ca*"-binding sites, fixing one Ca®" ion at its X-ray posi-
tion would bias the docking of the other Ca®" ion towards
its X-ray position. Therefore in such proteins both Ca®"
ions and side chains around these ions were sampled
simultaneously.

At the seeding stage, x, y, and z-coordinates of a Ca’t
ion were randomly displaced from the X-ray coordinates
up to 5 A, which gives a maximum of 8.7 A displacement.
All side-chain torsions of residues that had at least one
atom within 5 A of the X-ray position of the Ca®" ion were
assigned random angles. Each starting point was optimized
in a brief 20-step MCM trajectory and each energy mini-
mization within the trajectory was terminated after 200
iterations. Preliminary calculations demonstrated that a
Ca”" ion could easily move away from its starting position
towards acidic residues, whereas the latter were less
mobile. To ensure broader sampling of Ca®' ions, their
positions during the seeding-stage MC-minimizations were
constrained to be within 2 A of corresponding starting
positions. These constraints did not preclude approach of
the protein side chains to Ca**, but precluded movement of
Ca*" ions by more than 2 A from the seeded starting point.
Structures up to 200 kcal/mol from the lowest-energy
minimum found in all the seeding-stage trajectories were
collected and refined by long MCM trajectories. Each
refining trajectory was terminated when the last 1,000
consecutive energy minimizations did not improve the
lowest energy found in the trajectory. This termination
criterion was chosen to ensure thorough optimization of
each complex. Doubling this criterion to 2,000 minimiza-
tions increased the computational cost with only little
effect on results (Fig. 1). The apparent global minimum
(AGM) was chosen among minimum-energy complexes
collected in all the refining trajectories.

Clustering minimum-energy structures
Both seeding and refining stages produce large number of
minimum-energy complexes, which are difficult to collect

and analyze. Therefore, during MC-minimizations struc-
tures were clustered as follows. When a new minimum
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Fig. 1 Convergence of five refining MCM trajectories for Ca*"
docking in a-lactalbumin. Each trajectory was terminated when 2,000
consecutive energy minimizations did not improve the record energy
(the lowest energy achieved prior to a given energy-minimization
step). Arrows show steps at which the same trajectories would have
been terminated with the standard criterion of convergence (1,000
unproductive steps) and the halved criterion (500 unproductive steps)

with energy below a threshold value from the current
lowest-energy structure found at the given stage was gen-
erated, it was compared with all the minimum-energy
structures collected at that stage. If a match was found with
RMSD < 1 A for a specified set of atoms, the two struc-
tures were merged and the lower-energy structure was
chosen to represent the cluster. The set of atoms included
Ca>* ion(s) and a pair of atoms from each residue which
has at least one atom within 5 A of the Ca>* ions in the
X-ray structure. The pair of atoms in a residue is C* and a
heavy atom most distal from C” along the side-chain
covalent bonds. (When we included all side-chain heavy
atoms in the RMSD calculations, computational require-
ment increased substantially with minimal impact on
results.) The above clustering procedure dramatically
reduced the number of geometrically similar structures thus
increasing the diversity of the collected structures.

Comparing predicted and X-ray structures

The comparison was performed using five RMSD mea-

surements between a minimum-energy and the X-ray

structures:

1. Ca*" ion(s) only;

2. heavy atoms within 5 A of the X-ray position of Ca®"
ion(s);

3. side-chain heavy atoms of residues within 5 A of the
X-ray position of Ca®" ion(s);
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4. heavy atoms within 10 A of the X-ray position of Ca®"
ion(s); and

5. side-chain heavy atoms of residues within 10 A of the
X-ray position of Ca®* ion(s).

For all RMSD calculations, minimum-energy structures
were not re-oriented to X-ray structure. In cases of simul-
taneous docking of two Ca’t ions, they were considered
identical despite the fact they have different “residue”
numbers in the PDB files. This precluded incorrect con-
tributions to RMSDs from those structures in which two
Ca”’" ions exchanged their positions during docking. A
prediction was considered a success only if all five RMSD
values between the AGM and the X-ray structure were
below 2 A. The average Ca’™—O distance in the X-ray
structure (excluding water molecules) was compared with
that in the model. We also calculated RMS deviations of
Ca”* ligands in the experimental and modeled structures
from the ideal octahedron and pentagonal bipyramid ver-
tices that are 2.4 A distant from the polygon center. The
ideal polygon was superimposed with the X-ray and
modeled structures by the least squares method. The
coordination-geometry type of an X-ray structure was
chosen on the basis of the number of oxygen atoms within
2.8 A of the Ca>* ion. The coordination-geometry type of
the modeled structure was assigned according to the best-
fitted ideal polygon. Because the modeled structures lack
explicit water molecules, the match of the predicted and
modeled coordination-geometry types was not used as a
criterion for successful prediction.

Results

Because of the large computational cost of Ca** docking in
flexible proteins, we selected for testing only fourteen
Ca”"-binding sites in seven proteins. In these proteins
Ca*"-coordination number varies from six to eight and the
number of water molecules in the Ca2+-binding sites varies
from zero to four. Simultaneous docking of a pair of Ca®"
ions in proximal binding sites is a more challenging task
than docking of a single ion. Three of the selected proteins
have pairs of proximal Ca?*-binding sites with inter-cal-
cium distances varying from 3.8 to 12.0 A. Structural
features of each binding site and results of Ca*" docking
are described below.

Ca*" ATPase, a member of the P-type ATPases family
(Toyoshima et al. 2000), carries out active transport of
Ca”" ions. We focused on the site with two Ca>" ions in
the transmembrane domain, which comprises ten o-helices.
The Ca’" ions are surrounded by four transmembrane
helices, two of which unwind to provide optimal coordi-
nation geometry (Toyoshima et al. 2000). Figure 2a shows

superposition of 100 out of 10,000 randomly generated
starting structures, which cover both Ca”—binding sites
seen in the X-ray structure. The multi-MCM procedure
yielded a large number of minimum-energy complexes
(Fig. 2b) indicating a ragged character of the energy
hypersurface.

The AGM matches well the X-ray structure (Fig. 2c, d)
with RMSDs of Ca®" ions of 0.7 A (Table 2). In both 5 A
and 10 A shells, all heavy atoms and side-chain heavy
atoms RMS-deviated from the X-ray structure by 0.7 A
and 0.8 A, respectively. The second carboxylate oxygen of
Glu908 in chain A (Glu™®®) coordinated Ca’*" in the
model to fill the vacancy, which is occupied by a water
molecule in the X-ray structure. MC minimizations of the
Ca*"—ATPase model without Ca®" ions predicted struc-
tures in which side-chain heavy atoms in the 5 and 10 A
shells RMS-deviated from the X-ray structure by 2.1 and
1.6 A, respectively (not shown). Thus, as expected, side-
chain conformations in the Ca®"-binding site depend on
interactions with Ca’.

Relative energies of minimum-energy complexes cor-
relate with their RMSDs from the X-ray structure (Fig. 3a).
Electrostatic interactions provide the major contribution to
the interaction energy (Fig. 3b). Variations of hydration
energy among different structures are much smaller than
variations of electrostatic energy (Fig. 3c). The dehydra-
tion energy does not correlate with RMSD (Fig. 3c).
However, the absence of points below the dashed line in
Fig. 3¢ indicates a substantial dehydration of Ca*" ions in
low-RMSD complexes. RMSD values calculated over all
heavy atoms in the flexible shell within 10 A of the crys-
tallographic positions of Ca*" ions (Fig. 3a—c) do not
exceed 1.2 A, indicating that overall geometry of the Ca®"-
binding sites is rather conserved even in the high-energy
local minima. By contrast, RMSD values calculated just
over two Ca®" jons may be as high as 8 A, but the total
energy correlates well with this metric (Fig. 3d). The total
energy of any minimum-energy complex, in which Ca®"
ions deviate less than 1 A from the X-ray structure, does
not exceed 25 kcal/mol (Fig. 3d).

Calmodulin, a sensor of intracellular concentration of
Ca®*" ions, has four EF hand-type Ca’"-binding sites
located in helix—loop—helix motifs. Micromolar affinity of
calmodulin for Ca®" decreases dramatically when just one
aspartate residue is mutated to glutamate (Wu and Reid
1997) indicating that the affinity is highly sensitive to
binding site structure. The X-ray structure at 1.7 A reso-
Iution (Chattopadhyaya et al. 1992) shows two pairs of
Ca2+—binding sites. At each site, Ca”-coordinating oxygen
atoms form a pentagonal bipyramid. The oxygen atoms are
provided by side chains of residues in relative positions i,
i+ 2,i+4,and i 4+ 11 (a bidentate glutamate), the main
chain of residue i + 6, and a water molecule. We
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Fig. 2 Starting, minimum-energy, and X-ray structures of Ca>"
complexes with Ca®*—ATPase. Helices with Ca®*-binding residues
are shown as ribbons. For clarity, one of the four ribbons is shown as
a rod. C* tracings show helices more remote from the Ca>™-binding
site. Ca>* ions are shown as small spheres. a Extracellular view at
superposition of 100 out of 10,000 starting structures generated at the
seeding stage. Side chains that have at least one atom within 5 A of
either of the two Ca®" ions seen in the X-ray structure are shown as

simultaneously docked two Ca** ions to the N-terminal
sites. Side chains of Asp®® and Asp® provided additional
Ca®" ligands at site 2. The AGM complex matches the
experimental structure well (Fig. 4; Table 2) and energy of
local minima correlates with the RMS deviations of the
Ca”* ions from their X-ray positions (Fig. 5).

Elastase is a member of the serine protease family. The
X-ray structure of a porcine pancreatic elastase at 1.65 A
resolution (Meyer et al. 1988) has a Ca**-binding site with
the Ca®" ion hexacoordinated by five protein oxygen atoms
and a water molecule at vertices of an octahedron. The
AGM matches well the X-ray structure (Fig. 4; Table 2)
and the energy of local minima correlates with deviation of
the Ca*" ion from its X-ray position (Fig. 5). The major
difference between the experimental and predicted
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sticks with red oxygen atoms, blue nitrogen atoms, and gray carbon
atoms. b Superposition of 100 minimum-energy structures obtained at
the refinement stage. Side chains involved in Ca®" coordination are
shown as sticks. Note deviations of backbones of the Ca*™-binding
helices between individual structures. ¢ and d Extracellular and side
views at superposition of the AGM and X-ray structures. Helices,
carbon atoms, and Ca®* ions in the AGM are shown in light blue
whereas those in the X-ray structure are shown in yellow

structure is that Glu’® and Glu®® coordinate Ca** mono-
dentately in the X-ray structure but bidentately in the
AGM. Ca?’*—Glu’ interaction in the X-ray structure is
considered monodentate only because one of the Ca®>"—O
distances (2.9 A) slightly exceeds the chosen criterion of
2.8 A for a Ca>"-O coordination bond (Harding 2002,
2006). A likely cause of this discrepancy is the absence of
explicit water molecules in the model, which would com-
pete with the second oxygen atom of Glu’.
o-Lactalbumin is a small globular protein stabilized by
four disulfide bonds. The X-ray structure (Acharya et al.
1989) shows a Ca?*-binding site formed by three uniden-
tate Asp carboxylates, two backbone carbonyls, and two
water molecules at the vertices of a pentagonal bipyramid.
The Ca**-binding site contains only four residues preceded
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by a single-turn 3¢ helix (McPhalen et al. 1991). Therefore
the site is considered unrelated to typical EF-hand Ca®"-
binding motifs, which are 12 residues long (Acharya et al.
1989). An additional Ca®"-coordinating bond in the AGM
complex was provided by the side chain of Asp®*. The
AGM matches well the X-ray structure (Table 2; Fig. 4)
and energy of local minima correlates with their RMSDs
from the X-ray structure (Fig. 5).

Thermitase is a thermostable serine protease (McPhalen
et al. 1991). The X-ray structure (Gros et al. 1989) shows
two Ca2+—binding sites, which contain side-chain nitrogen
atoms from Asn®®> and GIn"®. Our calculations predict
that these side chains contribute oxygen atoms rather than
nitrogen atoms to Ca®" binding. One of the Ca®" ions is
coordinated by seven protein oxygen atoms at the vertices
of a pentagonal bipyramid. Another Ca** ion is coordi-
nated by six protein oxygen atoms. The coordination
geometry at the second site matches a pentagonal bipyra-
mid better than an octahedral pyramid, which is expected
for a hexacoordinated Ca** ion (McPhalen et al. 1991).
The vacant axial position is likely to be filled by a water
molecule not modeled in the X-ray structure. Indeed, the
difference electron-density map (F, — F.) associated with
the X-ray structure suggests a significant electron density
not accounted for in the X-ray structure. The AGM mat-
ches well with the X-ray structure (Fig. 4; Table 2). The
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predicted positions of Ca*" ions are 0.4 and 1.3 A from the
respective X-ray positions (Fig. 4).

Thermolysin is a member of the bacterial neutral pro-
tease family. The X-ray structure at 1.6 A resolution
(Holland et al. 1992) shows four Ca”-binding sites. The
first site contains eight Ca”*"-coordinating oxygen atoms
including a water oxygen and the backbone oxygen of
Glu®"®". The oxygen atoms are at the vertices of a pen-
tagonal bipyramid with a bidentate Glu™'®° at an axial
position. The second Ca®' ion is coordinated by six
oxygen atoms including two water oxygen atoms and the
backbone oxygen from Asn®'®?. This site has octahedral
geometry. The third Ca®' ion is coordinated by seven
oxygen atoms including three water oxygen atoms and the
backbone oxygen from GIn"™®' at the vertices of a pen-
tagonal bipyramid (Fig. 4). The fourth site is formed by
seven oxygen atoms, two of which are from water mol-
ecules and two from Thr®'**. The coordination geometry
does not resemble a typical pentagonal bipyramid
observed in many sites with heptacoordinated Ca®". A
possible cause is an unusual bidentate coordination of
Ca”’" by the backbone and side-chain oxygen atoms of
Thr®'**. Because Ca®" ions in the first two sites are just
3.8 A apart and share three Ca®'-binding residues, we
docked both ions in these sites simultaneously and pre-
dicted the AGM with the RMSD of the Ca>* ions 1.0 A
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from the X-ray structure (Fig. 4; Table 2). The major
difference between the predicted and experimental struc-
tures is that in the AGM the side-chain oxygen atoms
from Asn®'® and Asp®'”!' coordinate the second-site
Ca’" ion, whereas in the X-ray structure respective
positions in the Ca®" coordinating sphere are filled by
water molecules. Some high-RMSD points seem to
approach the abscissa, but the corresponding structures
have energy more than 2 kcal/mol above the AGM
(Fig. 5), which is difficult to see at the plot scale. For
sites 3 and 4, the AGM positions of Ca”* ions are 0.4 and
0.9 A, respectively, from the X-ray positions (Table 2)
and the local-minima energies correlate with RMSDs
(Fig. 5). At site 3, three out of seven of Ca’" ligands are
water molecules. However, unlike in elastase and o-lact-
albumin, there is no free acidic side chain at the Ca*t-
binding site. In the absence of explicit water molecules in
the model, the protein did not provide additional Ca®"
ligands.

Proteinase K is an endolytic serine protease (Betzel
et al. 1988). The X-ray structure at 1.5 A resolution (Betzel
et al. 1988) shows two distinct Ca®"-binding sites. At the

Proteinase K

first site, four of the eight Ca®*-coordinating oxygen atoms
are provided by water molecules. The eight oxygen atoms
are arranged in a pentagonal bipyramid with a bidentate
carboxylate in an axial position. The second Ca*" ion is
chelated by only three protein oxygen atoms and appar-
ently by two water molecules. It was suggested that Ca®"
in this site is heptacoordinated because the coordination
geometry approximates a pentagonal bipyramid in which
two unfilled equatorial positions (McPhalen et al. 1991)
may be occupied by water molecules not presented in the
X-ray structure. Indeed, the difference electron density
map (F, — F.) associated with the X-ray structure has two
clusters of electron density at the above-mentioned
vacancies, which are not accounted for in the X-ray
structure. Thus, up to five water molecules contribute to
coordination of the Ca®" ion in the crystal and, apparently,
in vitro. It is worthy of note that Ca** binding at site 2 is so
weak that attempts to titrate Ca®"-free proteinase K with
Ca’* for this site were unsuccessful (Bajorath et al. 1988).
Furthermore, the difference density map (F, — F.) shows
negative density at the position of the Ca®" ion in site 2,
indicating that the site may have a low occupancy. In the
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Fig. 5 Relative energy of minimum-energy complexes predicted for
Ca**-binding proteins correlates with RMSD of Ca>* ions from the
corresponding X-ray structures. For sites 1 and 2 of thermolysin, a

absence of explicit water molecules in our models, too few
Ca®" ligands were available at the first and second Ca®'-
binding sites (Fig. 4). Predicted positions of Ca*" ions are
2.6 and 5.3 A from respective X-ray positions. The Ca**-
binding sites are at the water-exposed surface of proteinase
K where bulk water molecules bind Ca®" ions (Fig. 4). In
these sites the implicit-solvent model failed to simulate the
Ca”*-coordinating water molecules.
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few low-energy but high-RMSD local minima were found. In the
X-ray structure, these Ca®*-binding sites are on the protein surface
and a nearby acidic residue does not bind the Ca®" ion

Ca*" coordination patterns in the experimental
and modeled structures

Table 2 shows how experimental and modeled Ca®"
coordination patterns deviate from the idealized ones,
which are, typically, pentagonal bipyramid for heptacoor-
dinated Ca®*" and octahedron for hexacoordinated Ca”.
Ca*™ coordination patterns match the pentagonal
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bipyramid in all the X-ray structures except those of elas-
tase and thermolysin site 2, in which they match the
octahedron. The modeled and experimental patterns match
in nine cases, but mismatch in three cases, including sites 3
and 4 of thermolysin, which contain 2 and 3 water mole-
cules, respectively. In the absence of explicit water mole-
cules in the models, additional oxygen atoms from the
protein filled vacancies in the Ca*" coordination shells. In
site 1 of Ca>"—ATPase, the predicted positions of Ca**
ligands RMS-deviate from the ideal octahedron and pen-
tagonal-bipyramid by 0.61 and 0.70 A respectively. These
values are comparable with deviations of some X-ray
structures from the idealized polygons (Table 2).

Sensitivity of models to backbone deformations

Our motivation for developing the current Ca®>" docking
procedure was its application for predicting Ca®" binding
in homology models of Ca®* channels. Because homology
models are less precise than X-ray structures, it is impor-
tant to know whether the docking procedure remains pre-
dictive in models with distorted backbone geometry. Ca”"—
ATPase resembles Ca®" channels in some functional and
structural aspects and we explored how results of docking
two Ca®" ions in the ATPase are sensitive to the backbone
deviation from the X-ray structure. We modified the X-ray
structure of Ca>"—ATPase by randomly shifting x, y, and z-
coordinates of all C* atoms in the entire protein up to 1 A
from the crystallographic values. Then we MC-minimized
the entire protein in the absence of Ca®" ions until 1,000
consecutive energy minimizations did not improve the
AGM. At the next step, we created a double-shell model of
the distorted protein around Ca®" ions using their X-ray
coordinates. The RMS deviations of C* atoms in the dis-
torted model from the X-ray structure were 1.1 and 0.8 A
for residues in the fixed and flexible shells, respectively.
The Ca®*-docking procedure was then applied to the
distorted model. Importantly, in this experiment, C* atoms
were pinned to respective positions in the distorted model
rather than to the X-ray structure. The RMSD of Ca®" ions
in the distorted-model AGM from the X-ray structure is as
small as 0.6 A. RMSDs of all heavy atoms in the 5 and
10 A shells are 1.1 and 1.3 A, respectively. RMSDs of
side-chain heavy atoms in the 5 and 10 A shell are 1.6 and
1.7 A, respectively. Relative energies of minimum-energy
structures still correlate with the RMSDs of Ca®" atoms
from their X-ray positions (Fig. 6). However, unlike in the
non-distorted Ca’"—ATPase (Fig. 3d), some local minima
with large RMSDs of 6-8 A from the X-ray structure have
small relative energies of 5-25 kcal/mol. Attempts to dock
Ca®" ions in models in which C* atoms were shifted
more than 1.5 A from the X-ray structures still produced
many minimum-energy complexes resembling the X-ray
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Fig. 6 Docking of Ca®" ions in the Ca>"—ATPase model with C*
carbon atoms shifted up to 1.7 A from the X-ray structure. Energies
of minimum-energy structures still correlate with RMSDs of the Ca**
ions from the X-ray structure

structure, but their relative energy did not correlate with
RMSD from the X-ray structure. We also attempted to
dock Ca’" jons to the N-terminus of apo-calmodulin
(Houdusse et al. 2006) in which alpha carbon atoms RMS-
deviate from the Ca>"-bound calmodulin as much as 5.7 A.
Pin constraints were not used in these calculations and no
constraints were used to impose formation of Ca*" coor-
dination bonds. Unsurprisingly, the unbiased docking of
Ca”" ions in the apo-protein was unable to induce large-
scale movement of the protein backbone.

Thus, the Ca*" docking procedure successfully pre-
dicted twelve Ca’"-binding sites in six proteins, which
represent intracellular, extracellular, and transmembrane
proteins that bind Ca®" ions with different affinity and
different stoichiometry (Figs. 1, 2; Table 2). Furthermore,
correct positions of Ca*" ions and side-chain torsions were
predicted even for a moderately distorted model of a Ca®"-
binding protein. To the best of our knowledge this is the
first study in which docking of Ca®" ions in proteins with
completely flexible side chains and deformable backbones
reproduced X-ray structures. For comparison, predictions
of Ca®™ positions in rigid atomic-scale structures achieved
success rates between 80 and 97% (Deng et al. 2006; Nayal
and Di Cera 1994; Schymkowitz et al. 2005; Yamashita
et al. 1990).

Discussion

Important roles of Ca**-binding proteins in biochemistry
and cell physiology motivated theoretical studies aimed at
developing computational methods of recognition of Ca*"-
binding sites in proteins with known 3D structure. Pub-
lished methods consider the proteins as rigid bodies, with
fixed backbones and side chains (Nayal and Di Cera 1994;
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Schymkowitz et al. 2005; Wei and Altman 1998S;
Yamashita et al. 1990). For example, Scheraga and coau-
thors developed a method to distinguish the EF-hand motif
from other Ca®'-binding sites which employs a united-
residues force field that ignores side-chain conformations
(Khalili et al. 2004). Eisenberg and coworkers observed a
number of complexes in which metal ions bind at centers of
high hydrophobicity contrast (Yamashita et al. 1990). The
authors proposed a “hydrophobicity contrast function” to
detect Ca’"-binding sites as a void space bounded by
hydrophilic atoms within 3.5 A of the void center and
hydrophobic atoms 3.5-7.0 A from the center (Yamashita
et al. 1990). In an examining set of 14 Ca®*-binding sites,
ten sites were predicted as the function maximum within
2.0 A of the experimental Ca®" position. In a similar
approach, a void space with three or more oxygen atoms
within 3.4 A of the void center was sought to correctly
predict 58 out of 62 tested Ca®"-binding sites (Nayal and
Di Cera 1994). An observation that Asp and Glu side
chains and amide and carbonyl groups occur frequently
within 7 A of Ca”*-binding sites was used to predict Ca®"-
binding sites within 5 A from the experimentally observed
positions (Wei and Altman 1998). A success rate of 97% in
predicting 244 Ca®'-binding sites within 1 A of X-ray
positions was achieved by creating a training-set database
of “clouds” representing distribution of Ca*" ions around
electronegative atoms and identifying Ca*" ions at the
overlapping clouds (Schymkowitz et al. 2005).

Importantly, the above methods rely on high-resolution
crystallographic data and use completely rigid proteins.
Such methods are less useful for predicting Ca**-binding
sites in homology models and in low-resolution NMR or
electron microscopy structures. Even when a high-resolu-
tion X-ray structure of a protein is available, experimental
determination of Ca®>"-binding sites with low affinities can
be problematic. For example, Ca*" ions are known to be
essential for the function of metabotropic glutamate
receptors (Francesconi and Duvoisin 2004), but no Ca**-
binding site is seen in the X-ray structures of the extra-
cellular domains of these receptors (Kunishima et al. 2000;
Tsuchiya et al. 2002). Furthermore, simulations of con-
formational transitions in response to Ca>* binding should
consider proteins with flexible backbones and side chains.
Unlike the above-mentioned methods, the method pro-
posed in this study does not assume any prior knowledge of
side-chain conformations at the Ca*"-binding sites.

The small size of Ca®" ions, their strong interaction with
ligand atoms, and the large structural diversity of Ca®'-
binding sites suggest that Ca>" binding is governed by the
local environment of Ca®'-binding sites rather than the
global properties of the proteins. Furthermore, the first
coordination sphere of Ca®" ions in proteins contains
predominantly oxygen atoms, implying that favorable
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electrostatic attractions between Ca®* and oxygen atoms
and their unfavorable dehydration provide significant
contributions to the energy of ion—protein interactions.
Despite the simplicity of this concept, we are not aware of
previous attempts to predict Ca>*-binding sites in flexible
proteins by searching the lowest-energy structures with the
help of physics-based force fields. We see two potential
reasons for this.

The first is the absence of a generally accepted force
field which would take into consideration, among other
aspects, polarizability of electronegative atoms in the
presence of divalent cations. We did not attempt to take
this challenging task and just used a classical force field
with electrostatic and dehydration components tuned to
reproduce X-ray structures of Ca>" complexes with EDTA
and a Ca*"-binding protein. By no means can force-field
parameters tuned using just two X-ray structures be
regarded as a universal approach for modeling Ca®'-
binding proteins. However, our method reasonably predicts
the side-chain geometry of Ca®-binding sites, which are
not exposed to the bulk water, and demonstrates a corre-
lation between the energy of local minima and their
RMSDs from the X-ray structure. This suggests that a
rather simple force field may be used as a starting point for
developing a more universal method of docking divalent
cations in flexible proteins.

The other reason is the large computational cost of
solving the multi-minima problem of Ca*" docking in
flexible proteins. Indeed, the number of local minima in the
highly ragged energy landscape is large, and prediction of
the correct geometry of a Ca”"—protein complex requires
global energy minimization. We addressed this problem
with the multi-MCM method. To reduce the computational
cost, we docked Ca”* ions in double-shell models of the
proteins. This approximation did not significantly affect the
accuracy of predictions, because residues within 7 A of
Ca”" ions are most important for Ca>* binding (Wei et al.
1999).

We tested our Ca®"-docking method with 14 Ca’*-
binding sites in a selection of intracellular, extracellular,
and transmembrane proteins. Our motivation for develop-
ing the Ca*"-docking procedure was to use it for theoret-
ical studies of the selectivity-filter region of Ca>* channels.
Therefore, we put special emphasis on Ca>"—ATPase, a
transmembrane protein in which side-by-side disposition of
Ca”" ions resembles that in models of Ca®" channels
(Zhorov and Ananthanarayanan 1996; Zhorov et al. 2001).
We considered Ca®'-binding sites either without water
molecules in the first coordination shell or with a small
number of water molecules in Ca®"-binding sites according
to X-ray structures. Because we used an implicit-solvent
method (Lazaridis and Karplus 1999), some Ca’*-coordi-
nating water molecules, which are seen in X-ray structures,
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were replaced in the models by additional oxygen atoms
from the protein. Modeling proteins with explicit water
molecules by the MCM method would have resulted in
prohibitive computational cost.

For most of the tested structures, the multi-MCM
method predicted a large number of minimum-energy
complexes. Most importantly, the energy of these com-
plexes correlates with the deviation of Ca*" jons from the
crystallographic positions (Figs. 2d, 4). This correlation
indicates that combination of the AMBER force field,
implicit solvent, and the solvent exposure-dependent and
distance-dependent dielectric function is suitable for pre-
dicting Ca®" positions in proteins. The fact that we suc-
cessfully predicted Ca*" coordination for most of the
tested proteins supports the abovementioned simple con-
cept of Ca®>" coordination in proteins. The essence of this
concept is maximization of electrostatic attractions and
minimization of dehydration cost with restrictions on
interatomic distances, which are provided by van der
Waals repulsion.

Modeling limitations

The objective of this study was to elaborate a computa-
tional procedure capable of predicting geometry of Ca®'-
binding sites, but not the energy of Ca*"—protein com-
plexes. The latter objective is hardly achievable with
classical force fields that do not consider polarization of
oxygen atoms, which may be strong in the presence of
Ca”" ions. Our results show that energies of Ca>"—protein
minimum-energy complexes do correlate with the RMSDs
of the complexes from the X-ray structures. However,
absolute values of these energies are unrealistic and the
energy should be considered just as a scoring function. The
scoring function enabled prediction of positions of a given
number of Ca®" ions and side-chain conformations in a
potential Ca®"-binding site, but neither the number of ions
in the binding site nor the selectivity of the site to a par-
ticular ion. Also, our method was unable to correctly pre-
dict Ca*" coordination in models where backbones were
substantially distorted compared with the respective X-ray
structures. Despite these limitations, the procedure may be
useful for various applications including homology mod-
eling, simulation of local conformational transitions upon
Ca*" binding, and predicting Ca** binding in experimental
structures in which Ca®" ions are not seen, either because
of poor resolution or because of the inability of the method
to detect Ca" ions.
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