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ABSTRACT Assigning proteins with functions
based on the 3-D structure requires high-speed tech-
niques to make a systematic survey of protein struc-
tures. Calcium regulates many biological systems by
binding numerous proteins in different biological
environments. Despite the great diversity in the
composition of ligand residues and bond angles and
lengths of calcium-binding sites, our structural anal-
ysis of 11 calcium-binding sites in different classes
of proteins has shown that common local structural
parameters can be used to identify and design cal-
cium-binding proteins. Natural calcium-binding
sites in both EF-hand proteins and non-EF-hand
proteins can be described with the smallest devia-
tion from the geometry of an ideal pentagonal bi-
pyramid. Further, two different magnesium-bind-
ing sites in parvalbumin and calbindinD9K can also
be identified using an octahedral geometry. Using
the established method, we have designed de novo
calcium-binding sites into the scaffold of non-
calcium-binding proteins CD2 and Rop. Our results
suggest that it is possible to identify calcium- and
magnesium-binding sites in proteins and design de
novo metal-binding sites. Proteins 2002;47:344–356.
© 2002 Wiley-Liss, Inc.
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INTRODUCTION

One important problem in current biology and chemis-
try is the ability to assign proteins with functions based on
the 3-D structure. To catalog the common ways of protein
folding and active site formation, structural genomics
applies high-speed techniques to make a systematic sur-
vey of protein structures.1,2 Although comparative analy-
sis of primary sequences provides some important informa-
tion, it would be useful to probe functions by chemical
potentials based on the structure if the sequence is not
conserved. This problem is directly related to the inverse
protein design.3 In this article, we demonstrate the ability
to identify calcium- and magnesium-binding sites in pro-
teins using an automated tool.

Calcium regulates many biological systems by interact-
ing with proteins with different affinities in different
biological environments.4,5 The binding of calcium to pro-
teins leads to an increase in stability and changes in

conformation of the calcium-binding proteins. According to
structural features of calcium-binding sites, proteins can
be classified as EF-hand or non-EF-hand. The EF-hand
calcium-binding proteins have more than 500 entries in
the Protein Data Bank. They control many cellular pro-
cesses and calcium levels in the cell.6,7 Over 60 subfamilies
have been identified.8 These include parvalbumin (Parv),
troponin C (TnC), calmodulin (CaM), sarcoplasmic calcium-
binding protein, the essential and regulatory light chains
of myosin, calbindinD9K (CBD), and the S100 and VIS
subfamilies.8 Although the EF-hand subfamilies vary
greatly in sequence and in number of EF-domains, the
canonical calcium-binding site (loop) remains narrowly
defined. All of the EF-hand motifs that we know consist of
a highly conserved loop flanked by two helices (helix–loop–
helix)9; these can be further divided into classic EF-hand
motifs and pseudo-EF-hand motifs (Fig. 1). Classic and
pseudo-EF-hand motifs contain 12 and 14 residues in the
calcium-binding loop, respectively (Fig. 1). For example,
calmodulin contains four classic EF-hand calcium-binding
sites. CalbindinD9k and S100A12 have a classic EF-hand
motif in site 2 and a pseudo-EF-hand motif in site 1 of the
protein. Parvalbumin has three classic EF-hand calcium-
binding motifs, in which one motif lacks the calcium-
binding ligands in the central loop.10,11 EF-hand proteins
not only have strong calcium affinities [about 10�6–10�7

M (Kd)], but also display a strong selectivity (relative
affinity KCa2�/KMg2�) for calcium over magnesium of up to
104 because the intracellular Mg2�concentration is about
104-fold higher than that of Ca2� (10�3 M for Mg2� and
10�7 M for Ca2� in the resting eukaryotic cell).12 In
contrast to the marked structural transitions induced by
Ca2� binding, Mg2� binding causes only localized confor-
mational changes within the four Ca2�-binding loops of
CaM.13–15 For example, when magnesium binds to the
EF-hand loop of parvalbumin it uses the same residues as
the ligands used in calcium binding.16,17 The unidentate
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ligand of Glu for magnesium at position 12 of the EF-loop
is changed into a bidentate ligand for calcium, which
results in the conversion of an octahedral geometry for
magnesium into the pentagonal bipyramidal geometry for
calcium (Fig.1). It is interesting to note that, in EF-hand
proteins, calcium/magnesium exchange appears to be
closely related to physiological processes that involve cell
excitation and relaxation, such as muscle contraction.6,11

Non-EF-hand proteins, such as cell adhesion molecules,
receptors, and transmembrane proteins, often have Ca(II)-
binding sites located at the linker regions between do-
mains or at the exposed loop and turn regions between
�-strands18–20 and do not have conserved calcium-binding
loops and flanked helices.21

Understanding the molecular basis of diseases caused
by the overloading of calcium, the disruption of calcium-
binding sites of proteins, and the mechanism of calcium-
modulated signal transduction requires the establishment
of the principles for calcium-binding affinity and calcium
over magnesium selectivity of calcium-binding pro-
teins.8,22,23 To date, more than 100 structures of calcium-
binding proteins have been solved. However, the process

by which calcium-binding proteins specifically achieve
their affinities for calcium is not clear despite the enor-
mous efforts that have been devoted to the understanding
and prediction of calcium-binding affinity and selectivity
of proteins. As pointed out in many extensive reviews,
calcium-binding sites in proteins are highly irregular with
great variation in ligand type, length, and angle of the
metal coordination shell. The prediction of calcium-
binding sites at the residue level is challenging and has yet
to be achieved.24–26 In this article, we report our struc-
tural analysis of 11 calcium-binding sites in different
classes of proteins with the aim of establishing structural
parameters for identifying and designing calcium-binding
proteins. In this work, we first use four calcium-binding
sites in calmodulin as a training set to obtain geometric
descriptions of calcium-binding sites. We then demon-
strate that both classic and pseudo-EF-hand calcium-
binding sites in three EF-hand proteins (calmodulin, parv-
albumin, and calbindinD9K) can be described and
reidentified with the smallest deviation from the ideal
pentagonal bipyramidal geometry. In addition, calcium-
binding sites in non-EF-hand proteins, such as thermitase

Fig. 1. (a). Calcium-binding site with the pentagonal bipyramidal geometry (left) and the magnesium-
binding site with the octahedral geometry (right). The oxygen atom from water molecules as a calcium-binding
ligand is shown as an empty circle. (b). Schematic diagrams of classic (top) and pseudo-EF-hand (bottom)
calcium-binding motifs and their conserved ligand residues. S, side chain; b-s, bidentate side chain; and m-c,
mainchain oxygen atoms.
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and �-lactalbumin, can be identified despite their lack of
homology in protein sequence and structure. We further
demonstrate that two different magnesium-binding sites
in metal-loaded forms of parvalbumin and calbindinD9k

can also be described and identified using an octahedral
geometry. In contrast, no calcium-binding sites were found
in non-calcium-binding proteins with all natural residues.
Finally, the design of novel calcium-binding sites has been
carried out in non-calcium-binding proteins.

MATERIALS AND METHODS
Construction of Metal-Binding Sites

A geometric description of the ligands around a metal,
the 3-D structure of the backbone of a protein, and a
library of side-chain rotamers of amino acids (or atoms
from the main-chain) were input into the Dezymer algo-
rithm to identify a set of potential metal-binding sites
using an SGI computer (O2).20,27. Four calcium-binding
sites in the high-resolution X-ray structure of calmodulin
(3CLN) were used to establish the structural parameters
of the calcium-binding site. Three EF-hand proteins
S100A12 (1E8A),28 parvalbumin (5CPV),29and calbin-
dinD9k (4ICB)30 containing both classic and pseudo-EF-
hand calcium-binding sites, and two non-EF-hand pro-
teins, �-lactalbumin (1ALC)31 and thermitase (1THM),32

were used to evaluate the structural parameters for describ-
ing calcium-binding sites. The natural magnesium-bind-
ing site (site 2) of calbindinD9k (5ICB)33 was used for
establishing geometric parameters of magnesium-binding
sites in proteins. The crystal structure of the parvalbumin–
magnesium complex (4PAL)16,17 is then used to evaluate
the structural parameters for magnesium-binding sites.
All of the heteroatoms in these structural files, including
metal ions and water, were deleted from pdb files. For a
protein with about 100 amino acids, it takes about 2 h for
the site-search step.

For the design of the calcium-binding sites in both
classic and pseudo-EF-hand motifs, a bidentate ligand,

Glu residue, was used as an anchor, which is the first
residue placed on the protein frame. A calcium atom is
placed on the same plane as two of the side-chain oxygen
atoms and the C� atom with a distance of 2.4 Å between
the calcium and oxygen atoms. The angle of OOCaOO and
torsion of CaOOOC�OC� are set to 53.8 and 93.5°,
respectively. This anchor residue (GluOCa) shares the
same rotamer library of the Glu side-chain with 24 configu-
rations.27 For non-EF-hand calcium-binding sites, an an-
chor residue was generated by attaching a calcium atom to
the Asp with an OOCa distance of 2.4 Å and using a
CaOO�OC� angle of 139° and a C�OO�1OO�2OCa
torsion angle of 168°. For magnesium-binding sites, a
pseudoresidue, aspartate with the attachment of a magne-
sium atom, was used as the anchor. The magnesium atom
is placed 2.1 Å away from the side-chain oxygen atom of
aspartate with a MgOO�OC� angle of 141° and a
MgOO�OC�OC� dihedral angle of 62.5°.

After attaching the anchor residue to the backbone of
the protein, the calcium-binding geometry or positions of
other ligands are then defined around the anchor (Fig. 2).
A pentagonal bipyramidal geometry, with five oxygen
atoms on the same plane and the other two above and
below the plane, is used to describe all calcium-binding
sites in the natural calcium-binding proteins. The two
oxygen atoms from the anchor residue Glu are placed on
the plane. The other four ligand positions are further
defined according to the relative position of each ligand
residue to the anchor residue using oxygen atoms from the
side-chain oxygens of Asp and Asn and the main-chain
oxygen from the protein backbone. The distance between
calcium and ligand oxygen is set to 1.5–3.5 Å for all of the
ligands. The ranges for the angles of O�OCaOO (anchor
O�, Ca, and ligand O) are set to 30–150, 60–180, and
60–180° for the ligands in the same plane of the two
side-chain oxygen atoms of the anchor because the ideal
values for a pentagonal model are 72, 144, and 144°,
respectively, with the dihedral angles of atom

Fig. 2. Strategies for searching calcium- (left) and magnesium-binding sites (right). The first residue
(bidentate Glu with the attachment of Ca2�) located in the calculation (called anchor) defines the relative
position of the calcium atom to the protein backbone and is used as a starting point to construct a
calcium-binding site. Asp with the attachment of Mg2� is used as the anchor to search for the magnesium-
binding site. After attaching the anchor residue to the backbone of the protein along the protein sequence, the
metal-binding geometry or positions of other ligands are then defined around the anchor. A metal-binding site is
constructed with the residue combination when all the oxygen ligand atoms satisfy the requirements. If any
ligand atoms do not satisfy the geometric requirement, the residue combination is rejected and the program
moves to the next anchor position in the primary sequence to test for the possibility of constructing the next
metal-binding site.
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C�OO�OCaOO (anchor C�, O�, Ca, and ligand O) set to
0–30°. For the ligand out of the pentagonal plane, both
these angles and the dihedral angles are set to 60–120°, as
the ideal values are both 90°. For pseudo-EF-hand calcium-
binding sites, (site 1) in calbindinD9k (4ICB)30 and S100A12
(1E8A),28 the oxygenOcalcium distance is still set to
1.5–3.5 Å, while all of the angles and dihedral angles are
set to �180–�180°. Except for the anchor GluOCa pseu-
doresidue in this calculation, only main-chain carbonyl
oxygen atoms are used as ligands. For non-EF-hand
calcium-binding sites, four non-anchor ligands from the
protein were defined in the site-search step using a
distance range of 1.5–3.5 Å and an angle range of 120°. For
magnesium-binding sites, an octahedral geometry was
used to define the magnesium-binding site (Fig. 1). The
distance between the magnesium and the ligand oxygen is
restricted to 1.0–3.0 Å for all four ligands. The ranges for
angles of OOMgOO are set to 30Å–140° because the ideal
value for an octahedral geometry is 90°. The other angles
and dihedral angles are not constrained. The remaining
parameters for magnesium are identical to those for the
EF-hand calcium-binding sites.

Rank of Metal-Binding Sites

The configurations generated from the previous calcula-
tion are minimized using the Polak–Ribiere nonlinear
conjugate gradient algorithm34 with eq. (1).27
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Pi is the test configuration i and 
L, 
�, 
��, 
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are weights for bond lengths 1…NL, bond angles l…N�,

position shift constraints of amino acid backbone atoms
1…Ns, and van der Waals’ contact between all atom pairs
1…NA in the test configuration. �X is the standard devia-
tion for parameter type X; lj and Lj are the measured and
target jth bond lengths, respectively. Similar definitions
are given for bond angles 
j and �j, dihedrals 
j and �j,
coordinates xj and Xj, and the distance djk between non-
bonded atoms j and k with the atomic hard-sphere radii ri

and rj, respectively.27 The L value used for all the calcium-
binding sites is 2.4 Å and for all the magnesium-binding
sites is 2.1 Å. The values of � and 
 are the values from the
ideal pentagonal bipyramidal or octahedral geometry. In
the refinement step, the maximal cycles used were 250.
For all the protein studies here, the average cycles used
are 126.5. An average CPU time of 57.2 s is required to
minimize one site.

RESULTS AND DISCUSSION
Common Features of Calcium-Binding Sites in
Proteins

High-resolution X-ray structures of four EF-hand pro-
teins, calmodulin, calbindinD9k, S100A12, and parvalbu-
min, and two non-EF-hand proteins, �-lactalbumin and
thermitase, were used to identify the common structural
features of calcium- and magnesium-binding proteins. The
bound forms of both classic and pseudo-EF-hand loops
share a similar spatial arrangement despite their ex-
tremely diverse cellular functions and different response
to calcium binding. For a classic (canonical) EF-hand
motif, seven oxygen atoms from the side-chains of Asp,
Asn, and Glu, the main chain, and water at the loop
sequence positions of 1, 3, 5, 7, 9, and 12 coordinate the
calcium ion in a pentagonal bipyramidal arrangement. In
a typical geometry, position 1 of the calcium-binding loop
has been shown to be Asp and the side-chain of Asp serves
as a ligand on the x-axis. The �x-axis (position 9) is filled
with a bridged water molecule connecting the side-chains
of Asp, Ser, or Asn.9,35 Axis �z is shared by the two
carboxyl oxygen atoms of a glutamate side-chain at posi-
tion 12 that binds in a bidentate mode to Ca(II). Glu is used
predominantly (92%) as a bidentate ligand for both classic
and pseudo-EF-hand motifs in all intracellular calcium-
binding proteins.6,7,35 As shown in Figure 1, for the
calcium-binding loop of a pseudo-EF-hand motif, four
oxygen atoms from the main-chain carbonyl groups at
sequence positions 1, 4, 6, and 9 provide ligands for the
calcium ion with coordination geometry similar to that of a
classic EF-hand motif.30,36 As listed in Tables I and II,
different types of oxygen ligands of natural calcium-
binding sites in calmodulin, parvalbumin, and calbindinD9k

have similar CaOO distances with an average value of
2.4 � 0.4 Å. On the other hand, the angles of OOCaOO
differ largely in the natural calcium-binding sites (Table
I). The oxygen atoms out of the plane from the side-chain
ligand (Asp or Asn) at sequence position 1 have OOCaOO
angles between 74 and 116° for natural calcium-binding
sites.

For non-EF-hand proteins, the calcium-binding sites
consist of fragments from several stretches of the protein
sequence. Different numbers of oxygen from water mol-
ecules are used as ligand atoms. For example, site 2 of
thermitase contains five ligand atoms from the carboxyl
oxygens of the side-chains of Asp62 (bidentate), Asp57,
and Gln66 and from the carbonyl oxygen atoms on the
main-chain of Thr64. The ligand residue Asp57 is located
on the �-strand rather than in the loop or helical regions as
observed in EF-hand proteins. Although �-lactalbumin
contains a continuous calcium-binding loop, it differs from
an EF-hand motif in several respects. First, its calcium-
binding loop is flanked by an �-helix and a 310 helix
instead of two EF helices. In addition, oxygens from two
water molecules are used as calcium ligands. The other
five ligands are from the side-chains of Asp82, 87, and 88
and from the main-chains of Lys79 and Asp84. While
calcium-binding ligand residues are not conserved, Table
II shows that the local geometry of non-EF-hand calcium-
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binding sites in �-lactalbumin and thermitase is similar to
that of EF-hand proteins.

Based on the structural data of the coordination shell,
all calcium-binding sites in natural calcium-binding pro-
teins can be described with the common parameter set of
the ideal pentagonal bipyramidal geometry. This geometry
has CaOO bond lengths of 2.4 Å with a relatively narrow
range from 1.5–3.5 (2.5 � 1.0) Å and a relatively open
value with a range of 120° in the OOCaOO angle to
accommodate the great variations in different calcium-
binding sites. We hypothesize that all the natural calcium-
binding sites in these proteins can be reidentified with this
set of structural parameters. To test this hypothesis, we
carried out reidentifying calcium-binding sites in natural
calcium-binding proteins after removing all of the calcium-
binding sites (see Materials and Methods).

Establishing Structural Description of
Calcium-Binding Sites Using Calmodulin

All four of the natural calcium-binding sites in the
calcium-bound form of calmodulin were first used for
establishing and training our geometric parameters. They
were successfully identified with the descriptions of the

bond lengths of CaOO from 1.5–3.5 Å (2.5 � 1.0 Å) and a
range of 120° for the OOCaOO angles. The bond lengths
of CaOO and angles of OOCaOO for the natural and
reconstructed calcium-binding sites are listed in Table I.
All of the reidentified natural calcium-binding sites use
the expected ligand residues and corresponding oxygen
atoms. As shown in Figure 3, the local geometries of the
reidentified natural calcium-binding sites are similar to
those of natural calcium-binding sites. The deviations of
bond lengths of CaOO and OOCaOO angles are within
0.35 Å and 18°, respectively (Table I).

About 4000 potential sites were constructed in calmodu-
lin. Their locations in the primary sequence are shown in
Figure 4. The majority of the constructed sites were
located at the four calcium-binding loops while only four
bidentate Glu ligands (anchor) are placed out of the
calcium-binding loops. Besides Glu at loop position 12, loop
positions 2, 8, and especially 9 are also used to place the
bidentate Glu (anchor). Because loop position 9 in the
natural calcium-binding sites is often occupied by an
oxygen ligand from a bridged water molecule,5 in our
calculation process water molecules were removed along
with other heteromolecules before the computational con-

TABLE I. CaOO Lengths and OOCaOO� Angles of the Natural and Reidentified Calcium-Binding Sites in CaM

Protein Site CaOO lengths (Å) OOCaOO� angles (°)

CaM 1 E31/O�1 E31/O�2 D20/O� D22/O� D24/O� T26/O D20/O�a D22/O� D24/O� T26/O
Natural 2.275 2.382 2.335 2.424 2.611 2.455 99.0 73.5 149.8 129.9
Identified 2.249 2.441 2.446 2.430 2.401 2.347 110.9 74.3 145.1 133.0

2 E67/O�1 E67/O�2 D56/O� D58/O� N60/O� T62/O D56/O�a D58/O� N60/O� T62/O
Natural 2.308 2.487 2.206 2.479 2.463 2.172 89.9 71.1 150.0 128.7
Identified 2.375 2.469 2.407 2.367 2.388 2.340 106.5 78.0 149.3 138.1

3 E104/O�1 E104/O�2 D93/O� D95/O� N97/O� Y99/O D93/O�a D95/O� N97/O� Y99/O
Natural 2.317 2.764 2.135 2.221 2.388 2.055 95.4 78.1 149.0 130.1
Identified 2.156 2.452 2.425 2.180 2.423 2.079 110.4 76.5 148.5 137.4

4 E140/O�1 E140/O�2 N129/O� D131/O� D133/O� Q135/O N129/O�a D131/O� D133/O� Q135/O
Natural 2.322 2.572 2.166 2.558 2.074 2.383 84.6 85.1 164.5 113.0
Identified 2.312 2.309 2.371 2.391 2.338 2.345 96.1 75.6 146.0 137.4

aOxygen atom is placed out of the plane.

TABLE II. CaOO Lengths and OOCaOO� Angles of the Natural and Reidentified Calcium-Binding Sites

Protein Site CaOO lengths (Å) OOCaOO� angles (°)

Parv 3 E101/O�1 E101/O�2 D90/O� D92/O� D94/O� K96/O D90/O�a D92/O� D94/O� K96/O
Natural 2.486 2.505 2.246 2.415 2.439 2.294 116.5 124.4 147.2 79.7
Identified 2.124 2.560 2.575 2.445 2.200 2.140 131.9 129.0 146.3 84.3

CBD 2 E65/O�1 E65/O�2 D54/O� D56/O� D58/O� E60/O D54/O�a D56/O� D58/O� E60/O
Natural 2.534 2.538 2.412 2.336 2.387 2.387 112.3 125.2 152.9 76.8
Identified 2.461 2.482 2.301 2.309 2.459 2.246 112.9 122.8 161.2 88.2

1 E27/O�1 E27/O�2 A14/O E17/O D19/O Q22/O A14/Oa E17/O D19/O Q22/O
Natural 2.124 2.560 2.575 2.445 2.200 2.140 98.7 110.0 161.8 82.1
Identified 2.269 2.395 2.336 2.454 2.416 2.428 92.0 126.2 150.9 76.0

S100A12 2 E72/O�1 E72/O�2 D61/O� N63/O� D65/O� Q67/O D61/O�a N63/O� D65/O� Q67/O
Natural 2.532 2.570 2.385 2.344 2.401 2.346 112.4 125.4 151.1 79.2
Identified 2.204 2.385 2.156 2.383 2.575 2.476 142.1 123.6 116.8 118.6

1 E31/O�1 E31/O�2 S18/O K21/O H23/O T26/O S18/Oa K21/O H23/O T26
Natural 2.583 2.416 2.302 2.378 2.436 2.402 74.7 72.6 140.9 122.4
Identified 2.405 2.325 2.306 2.390 2.536 2.417 104.6 63.0 149.6 128.3

Ther 2 D62/O�1 D62/O�2 D57/O� Q66/O� T64/O D57/O�a Q66/O� T64/O
Natural 2.463 2.640 2.420 2.371 2.350 93.0 146.7 79.3
Identified 2.339 2.378 2.440 2.709 2.392 87.6 139.6 76.2

�-Lac 1 D82/O� D84/O D87/O� D88/O� K79/O D84/Oa D87/O� D88/O� K79/Oa

Natural 2.366 2.269 2.319 2.293 2.222 85.7 140.2 145.5 79.5
Identified 2.529 2.526 2.380 2.372 2.389 65.0 145.8 113.2 74.8

aOxygen atom is placed out of the plane.
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struction of metal-binding sites. This may cause a rela-
tively larger space allowing for the placement of the
oxygen atoms as the calcium-binding ligands from the
longer side-chain of Glu.

The U(p) numbers for all of the reconstructed calcium-
binding sites in calmodulin are plotted in Figure 5. The
highest number is 150.55 and the lowest is 5.02 with a
mean of 58.21. The U(p) number indicates the deviation of
the geometry of a site from identity. For example, site 3091
has the highest U(p) value of 150.55 with bond lengths
that vary from 1.9–3.7 Å and OOCaOO angles with a 50°
deviation from the target values. Interestingly, all natural
calcium-binding sites have small U(p) numbers (� 20),
suggesting small deviations from the ideal pentagonal
bipyramid target model geometry.

Several similarities are shared by all of the constructed
sites with U(p) numbers close to those of the natural sites.
First, they all show the correct bidentate Glu residues
from positions 31, 67, 104, and 140 contained in the
natural calcium-binding sites of calmodulin. Second, main-
chain oxygen atoms from T26, T62, Y99, and Q135 in
natural calcium-binding sites (sites 1–4) are always used.
Third, residue numbers used for the remaining four ligand
positions are the same as those in the natural calcium-
binding sites with either Asp replaced by Asn or Asn
replaced by Asp. These calcium-binding sites are intro-
duced mainly because both Asn and Asp are used for four
positions and both residues have similar side-chain rota-
mer configurations.

Testing and Identification of Different Classes of
Calcium-Binding Sites in Proteins
Classic EF-hand calcium-binding sites

To evaluate the structural parameter set (CaOO length
of 2.5 � 1.0 Å and OOCaOO angle range of 120°), we
carried out identifying three classic EF-hand calcium-
binding sites from site 2 of calbindinD9K, site 3 of parvalbu-
min, and site 2 of S100 A12. There were 399 potential sites
constructed in calbindinD9K using the parameter set. Like
calmodulin, the reidentified natural classic EF-hand site
uses the expected ligand residues and corresponding oxy-
gen atoms as shown in Figure 3 and Table I. In addition,
the geometric properties, such as CaOO bond lengths and
OOCaOO angles of the constructed calcium-binding sites,
are similar to those in the natural calcium-binding sites.
Among the 399 constructed calcium-binding sites in
calbindinD9K, 10% use the desired Glu65 at loop position
12 as the bidentate ligand (anchor) while the rest of the
calcium-binding sites use Glu at loop position 62 (loop
position 9) as the bidentate anchor. This situation is similar
to that of calmodulin. The U(p) value for the reidentified
natural calcium-binding site is again the lowest among all
the constructed sites of calbindinD9K (Fig. 5).

Site 3 of the EF-hand calcium-binding site (residues
90–101) in parvalbumin is also identified (Fig. 3 and Table
II). The crystal structure 5CPV29 was used to search the
calcium-binding sites in parvalbumin using the same
parameters as those used for calmodulin. To save time and
disk space, the anchor positions were restricted to the

residues after Gly80 to the C-terminal in parvalbumin.
After removing the degenerate sites, 650 sites were con-
structed with an average U(p) value of 54.42. The highest
U(p) value is 129.56 and the lowest is 10.06. The reidenti-
fied natural calcium-binding site in parvalbumin has a
U(p) of 19.54. Like calmodulin, about 52% of the 650 sites
were constructed using the anchor located at residue 98,
which is the ninth residue in the EF-loop. The other
anchor positions used in the search were residues 81, 85,
91, and 101, which are located in the E-helix (�9, �5) and
at the loop positions 2 and 12, respectively.

The classic EF-hand site 2 of S100A12 has also been
reidentified. Among 327 calcium-binding sites constructed at
residues in the EF-hand motif for site-search and refinement,
the reidentified natural calcium-binding site with side-chain
oxygen atoms from Asp61, Asn63, Asp65, Glu72, and the
main-chain oxygen Gln67 has the pseudoenergy of 20.04. As
shown in Table II, the CaOO bond length and OOCaOO
angles of the reidentified natural calcium-binding site are
similar to the natural calcium-binding site 2.

Identification of Pseudo-EF-Hand Calcium-Binding
Sites

CalbindinD9k and S100A12 have a pseudo-EF-hand cal-
cium-binding site 1. Differing from their classic EF-hand
calcium-binding site 2, four main-chain oxygen atoms at
loop positions 1, 4, 6, and 9, rather than side-chains, are
used as ligands except for the side-chain oxygen atoms at
position 12, which remains as a bidentate ligand. To
identify the pseudo-EF-hand site 1 in both proteins, the
same GluOCa pseudoresidue used in the classic EF-hand
sites is used as the anchor and the other ligands are all
from main-chain carbonyl groups. When a main-chain
carbonyl is used as a ligand in the calculation, only the
anchor rotamer is used to search the positions that satisfy
the requirements. In contrast, when the side-chain oxygen
is used as a ligand both rotamers of the anchor and the
tested residue type are used to search positions that
satisfy the requirements. Therefore, to construct a calcium-
binding site with the same parameters using the main-
chain carbonyl groups as ligands is more difficult than
using the side-chain carboxyl groups. To facilitate the
calculation, only the oxygenOcalcium distance is limited
to 1.5–3.5 Å. All of the angles and dihedral angles are
unconstrained (�180–�180°). However, the same target
values are used for the minimization of the geometry,
which eliminates the larger deviation caused by the loose
restrictions for the construction of a site. Using the param-
eters with enlarged angle ranges, the identified natural
pseudo-EF-hand site has an identical ligand type and
ligand position to that of site 1 in calbindinD9k. As shown
in Figure 4 and Table II, the geometric values for both
angles and both lengths for the identified pseudo-EF-hand
sites from calbindinD9k and S100A12 are also similar to
their corresponding natural calcium-binding site 1.

Comparison of Natural EF-Hand Calcium-Binding
Sites

The U(p) number reflects the difference between the
constructed metal-binding site and the defined target site
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based on the bond length, angle, and side-chain clashes
(see Material and Methods, eq. 1). As shown in Table III,
the identified natural calcium-binding sites in calmodulin,
calbindinD9k (site 2), S100A12, and parvalbumin have

small U(p) values (� 20). More strikingly, they all have the
smallest U(p) values among all of the constructed sites for
each protein. Therefore, the U(p) number can be used to
rank the constructed potential sites for their deviations

Fig. 3. The local structures of the natural (left) and reidentified (right) EF-hand calcium-binding sites are similar.
(A–B). Site 1 of calmodulin. (C–D). Site 3 of parvalbumin. (E–F). Site 1 of calbindinD9k. (G–H). Site 2 of calbindinD9k.

(I–J). Site 1 of S100A12. The oxygen atoms directly linked to the calcium are shown as filled circles.
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from the target site. The parameters that we use to
describe the geometry of calcium-binding sites allow us to
accurately identify natural calcium-binding sites. When
the coordinates of the natural EF-hand sites from these

proteins are minimized with the same defined parameters
of the ideal pentagonal bipyramidal geometry, the differ-
ences between the natural sites in proteins can be evalu-
ated. As shown in Table III, the difference in the pseudoen-
ergy value between the natural classic EF-hand calcium-
binding site and the identified site of parvalbumin (site 3)
is noticeably greater than that of the remaining sites we
examined. The reidentified natural site 3 of parvalbumin
exhibits the largest deviations from those of the natural
sites in both OOCa length and OOCaOO angle (Table II).

Non-EF-hand calcium-binding sites in thermitase
and �-lactalbumin

Table II shows that the local geometries of non-EF-hand
calcium-binding sites in �-lactalbumin and thermitase are
similar to those of EF-hand proteins although calcium-
binding ligand residues are not conserved. All of the
calcium-binding sites in these two proteins were identified
using different residues as anchors. For example, to reiden-
tify the calcium-binding site 2 in thermitase in the high-
resolution crystal structure (1THM),32 an anchor residue
with Ca2� attached to the Asp was used. The other four
ligands from the protein were defined using the same
parameter set established for calmodulin. A total of 518
sites were constructed in the residue sequence from 50–70

Fig. 4. Locations of residues used for the construction of the bidentate
ligand in calmodulin. The sequence positions and relative orientations of
the ligand residues are labeled above the amino acid sequences.

Figure 3. (Continued.)
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in thermitase. The average U(p) of these sites was 40.61
with a maximum value of 121.28 and a minimum value of
6.33. The reidentified natural calcium-binding site has a
deviation (7.68) from the target site comparable to that of
the natural calcium-binding site (7.65) (Fig. 6). The same
process has been performed to identify the natural calcium-
binding site in �-lactalbumin (1ALC).31 A total of 144 sites
were constructed from 75–95 in the protein sequence with
an average U(p) of 41.99. The reidentified natural calcium-
binding site in �-lactalbumin has a U(p) of 18.35, close to
the lowest value of 12.90 (Fig. 6 and Table III). Therefore,
the non-EF-hand calcium-binding sites can be described
and identified using the same set of geometric parameters
with the change of anchor residues.

Two Different Magnesium-Binding Sites in
EF-Hand Proteins Can Also Be Identified
Common features of magnesium-binding sites

Mg2� (0.65 Å) is 24% smaller than Ca2� (0.99 Å). The
smaller size of Mg2� determines its preference for a
coordination number of six with an octahedral geometry of
its complexes. In contrast, Ca2� favors a coordination
number of seven. The bond distances to the oxygen ligand
atom typically range from 2.0–2.1 Å for Mg2� and 2.1–2.8
Å for Ca2�. Mg2� is less comfortable than Ca2� in accept-
ing large multidentate and anionic ligand groups.

Structural analysis of the available high-resolution struc-
tures of magnesium-loaded forms of calbindinD9k and
parvalbumin were also carried out. An octahedral geom-
etry with an average MgOO length of 2.1 Å is observed for
both proteins that differ from the pentagonal bipyramidal
geometry of calcium-binding sites having an average CaOO
length of 2.4 Å. Magnesium-binding sites for both proteins
exhibit several variations in ligand types in contrast to the
conserved ligand types of both classic and pseudo-calcium-
binding sites. As shown in Figure 7(c), magnesium binds to
site 2 of calbindinD9k by six oxygen atoms from four
residues and two water molecules. Three carboxyl groups
from the side-chains of Asp54, Asn56, and Asp58 and one
carbonyl group from Glu60 directly coordinate the Mg(II)
metal ion. In addition, one of the Mg(II) coordinating water
molecules (Wat1) is hydrogen bonded to the side-chains of
Gln22, Asp58, and Asn56. The other Mg(II) coordinating
water (Wat2) is hydrogen bonded by the side-chain of
Glu65.33 On the other hand, magnesium binds to site 3 of
parvalbumin with all the ligands used for calcium binding
except for the bidentate ligand Glu at loop position 12,
which is converted to a unidentate ligand.16,17,37

Magnesium-binding site in calbindinD9k

The natural magnesium-binding site (site 2) of
calbindinD9k was first described and identified (5ICB)
using the common octahedral geometry.33 A pseudoresi-
due Asp with magnesium attached (AspOMg) was used as
the anchor. Four ligands at loop positions 1, 3, 5, and 7
were used to search the magnesium-binding sites in
calbindinD9k with an OOMg distance range of 1.0–3.0 Å,
and an OOMgOO angle range of 30–140°. As the limita-

TABLE III. Pseudoenergy Value of Reidentified Sites and
Natural Sites

Protein Site Natural Reidentified

Calmodulin 1 7.84 7.47
2 5.54 5.72
3 11.41 11.86
4 5.44 5.26

Parvalbumin 3 5.66 19.83
CalbindinD9k 2 10.23 14.50

1 4.52 7.02
S100A12 2 19.24 20.04

1 6.51 6.02
Thermitase 2 7.65 7.68
�-Lactalbumin 1 16.13 18.35

Fig. 5. Deviation of the designed sites from the ideal pentagonal
bipyramidal geometry [pseudoenergy U(p)] for calmodulin (top) and
calbindinD9k (bottom). The natural calcium-binding sites of these proteins
are shown with an arrow.
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tion is reduced with fewer ligands, the possible sites will
increase. To avoid the large file size resulting from the
increase of possible sites with fewer ligands used, the
anchor positions were limited around the EF-hand motif 2
of the protein (residue 50–70). The octahedral geometry
with an OOMg distance of 2.1 Å was used as the target
geometry for the refinement step of magnesium-binding
sites. The weight coefficient constant for each deviation in
eq. 1 remains the same as used for calcium-binding sites.
After removing the degenerate sites by using the CLEAN
program, 1171 sites were constructed. The average U(p)
for all these sites is 39.29 with the minimum at 11.87 and
the maximum at 93.17 (Fig. 8). As shown in Figure 7 and
Table III, the natural magnesium-binding site is also
successfully reidentified; it also has the lowest U(p) num-
ber of 14.91.

Magnesium-binding site in parvalbumin

The magnesium site 3 in parvalbumin was further used
to test the same common parameters of MgOO length and
OOMgOO angle. About 2480 magnesium-binding sites
with pseudoenergy from 31.87–165.87 (average of 70.22)

are constructed in parvalbumin. Surprisingly, the identi-
fied natural magnesium-binding site has a pseudoenergy
of 41.75, significantly greater than that of calcium.

Table IV shows the OOMg distances and OOMgOO
angles of the natural magnesium-binding site and the
identified natural site. Each OOMg distance is close to 2.1
Å except for the side-chain oxygen of Glu101. The OOMg
distance of the side-chain of Glu101 (at loop position 12) is
2.625 Å, significantly greater than that for the rest of the
ligand atoms. Such a large deviation from the target value
of 2.1 Å is likely to contribute to the greater pseudoenergy
of the magnesium-binding site (41.75) than that for the
classic EF-hand calcium-binding sites (� 20). It is interest-
ing to note that the relatively longer MgOO distance at the
C-terminal EF-loop observed here correlates with the
nuclear magnetic resonance (NMR) structural studies of
calmodulin by Ohki et al.13 and Malmenda et al.14 By
monitoring chemical shift changes as a function of magne-
sium concentrations they observed that a magnesium ion
binds to the N-terminal half of the EF-hand motif of
calmodulin in solution. Position 12 of the EF-loop is not
involved in the binding of magnesium, and position 7 only

Fig. 6. Local structures of the calcium-binding site 2 of non-EF-hand proteins thermitase (A) and site 1 of
�-lactalbumin (C). The corresponding reidentified sites are shown in (B) and (D).
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partly coordinates to the magnesium ion. Such preferen-
tial binding of the N-terminal of the EF-loop by magne-
sium ions is likely due to different metal properties of
magnesium vs. calcium and was proposed to be responsible
for the lack of conformational change upon magnesium
binding.14 Magnesium rarely uses neutral oxygen donors
such as carbonyls and hydroxyls as ligands, while calcium
interacts with both negatively charged carboxyls and
neutral carbonyls and hydroxyls.4

Design of Calcium-Binding Sites in
Non-Calcium-Binding Proteins

Chicken-type (c-type) lysozymes and �-lactalbumin are
evolutionarily related proteins with strong similarity in
their amino acid sequences and 3-D structures.31,38 Egg-
white lysozyme is not able to bind calcium because the
calcium-binding ligand residues at positions 79 and 88 of
�-lactalbumin were mutated at the corresponding posi-
tions in lysozyme. Our studies have shown that many
calcium-binding sites can be constructed in lysozyme at
the same location as �-lactalbumin with the potential
calcium-binding ligand oxygen atoms from side-chains of
Asp, Glu, Asn, and Gln and carbonyl main chains from any
amino acids of the crystal structure 1LYZ39 using the same
parameters as for �-lactalbumin. Although several amino
acids (Gln, Asp, and Asn) clustered in the same continuous
loop at positions 86, 87, and 88 could serve as calcium-
binding ligands, no calcium-binding sites using all-natural

residues (i.e., Asp, Asn, Glu, and Gln, main-chain car-
bonyl) are identified in lysozyme by the program.

To further test the possibility of designing calcium-
binding sites in non-calcium-binding proteins without
generating artifact calcium-binding sites, proteins with
different scaffolds were used. Domain 1 of CD2 is an all
�-sheet protein with an IgG fold40 while Rop has a
four-helix bundle protein frame.41 Both proteins contain
many amino acids that may serve as calcium-binding
ligands. For example, domain 1 of CD2 has 8 Asp, 5 Glu, 8
Asn, and 1 Gln (22% of the protein). GluOCa was used as
the anchor residue to design calcium-binding sites in CD2
and Rop. About 7000 and 1800 calcium-binding sites can
be constructed in loops and exposed positions of CD2 and
Rop, respectively. U(p) values are varied from 3.15–219.84
(average 47.12) for CD2 and from 6.56–172.86 (average
50.61) for Rop. As expected, no calcium-binding sites were
found in either non-calcium-binding proteins using all the
natural residues. All of the designed calcium-binding sites
in these proteins contain at least three or more mutations
to the original structure with the calcium-binding ligand
residues. Our lab has shown that four designed calcium-
binding sites in CD2 bind calcium strongly.42 Our results
have two important implications. First, using the estab-
lished geometric descriptions, we are able to specifically
identify natural calcium-binding sites with the lowest
deviations. No artificial “natural” calcium-binding sites
can be generated using all of the possible natural amino

Fig. 7. Local structures of the natural (A) and reidentified (B) magnesium-binding site 3 of parvalbumin and
the natural (C) and reidentified (D) magnesium-binding site 2 of calbindinD9k.
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acids, even when they are clustered in the protein se-
quence. Second, it is possible to de novo design calcium-
binding sites in non-calcium-binding proteins with this
established computational method. Designing calcium-
binding sites in a non-calcium-binding scaffold protein
contributes to our understanding of the protein design
process in general and the biological role of calcium ions in
particular. It allows us to define the key determinants for
calcium-binding affinity and metal selectivity by establish-
ing the required metal coordination ligands and geometry
for calcium binding in a scaffold that lacks the complica-
tion of global conformational changes and the cooperative
effect of multiple calcium-binding sites in proteins, which
are frequently observed in natural calcium-binding pro-
teins.5 Because isotope-labeled metal ions can be tracked
by radiological, NMR, or chemical means, our success in
designing metal-binding sites into arbitrary proteins will
likely lead to new ways of developing useful reagents for
diagnostic tests and chemotherapy.

CONCLUSIONS

Although there are many complications associated with
calcium-binding sites in proteins because of various ligand
types and irregularities in metal coordination geom-
etries,18,19,26 we have shown that all the natural calcium-
binding sites of EF-hand (both classic and pseudo-EF-
hand motifs) and non-EF-hand proteins can be described
and identified using a set of geometric descriptions of the
ideal pentagonal bipyramid geometry. The relative U(p)
values can be used to rank the success of each constructed
site. The searched native-like sites in proteins have the
smallest deviation from the target geometry. In addition,
two different natural magnesium-binding sites in
calbindinD9k and parvalbumin can also be identified in the
metal-loaded form of proteins. None of the natural cal-
cium- or magnesium-binding sites can be constructed in
the apo-form of calmodulin. In addition, no calcium-
binding sites were found in non-calcium-binding proteins

Fig. 8. Deviation of the designed sites from the ideal octahedral geometry [(pseudoenergy U(p)] for
calbindinD9k and parvalbumin. The natural magnesium-binding sites of both proteins are labeled with arrows.

TABLE IV. MgOO Lengths and OOMgOO Angles of the Natural and Reidentified Magnesium-Binding Sites

Protein Site OOMg distance (Å) OOMgOO� angle (°)

CBD 2 D54/O� N56/O� D58/O� E60/O N56/O� D58/O� E60/O
Natural 2.185 2.232 2.254 2.130 85.0 82.6 89.5
Identified 2.112 2.137 2.212 2.232 94.2 87.8 82.8

Parv 3 D90/O� D92/O� D94/O� M96/O E101/O� D92/O� D94/O� M96/O E101/O�
Natural 2.073 2.083 2.176 2.142 2.047 85.5 85.0 85.0 106.7
Identified 2.166 1.976 2.180 2.142 2.625 75.6 108.0 87.9 111.1
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CD2 and Rop with all-natural residues. Four designed
calcium-binding sites have been engineered into CD2 and
they have shown a strong metal-binding ability. Our work
indicates that a useful method for searching calcium-
binding sites in proteins has been developed. It is possible
to use the established parameters to identify calcium- and
magnesium-binding sites in proteins and design de novo
calcium-binding sites.
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