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Abstract Surveys of X-ray structures of Ca?*-contain-
ing and lanthanide ion-containing proteins and coordi-
nation complexes have been performed and structural
features of the metal binding sites compared. A total
of 515 structures of Ca®*-containing proteins were con-
sidered, although the final data set contained only 44
structures and 60 Ca>* binding sites with a total of 323
ligands. Eighteen protein structures containing lantha-
nide ions were considered with a final data set con-
taining eight structures and 11 metal binding sites.
Structural features analysed include coordination
numbers of the metal ions, the identity of their lig-
ands, the denticity of carboxylate ligands, and the type
of secondary structure from which the ligands are
derived. Three general types of calcium binding site
were identified in the final data set: class I sites supply
the Ca®* ligands from a continuous short sequence of
amino acids; class II sites have one ligand supplied by
a part of the amino acid sequence far removed from
the main binding sequence; and class III sites are
created by amino acids remote from one another in
the sequence. The abundant EF-hand type of Ca®*
binding site was under-represented in the data set of
structures analysed as far as its biological distribution
is concerned, but was adequately represented for the
chemical survey undertaken. A turn or loop structure
was found to provide the bulk of the ligands to Ca”*,
but helix and sheet secondary structures are slightly
better providers of bidentate carboxylate ligation than
turn or loop structures. The average coordination
number for Ca’* was 6.0, though for EF-hand sites it
is 7. The average coordination number of a lanthanide
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ion in an intrinsic protein Ca?* site was 7.2, but for
the adventitious sites was only 4.4. A survey of the
Cambridge Structural Database showed there are
small-molecule lanthanide complexes with low coordi-
nation numbers but it is likely that water molecules,
which do not appear in the electron density maps, are
present for some lanthanide sites in proteins. A
detailed comparison of the well-defined Ca®* and lan-
thanide ion binding sites suggests that a reduction of
hydrogen bonding associated with the ligating residues
of the binding sites containing lanthanide ions may be
a response to the additional positive charge of the lan-
thanide ion. Major structural differences between Ca”*
binding sites with weak and strong binding affinities
were not obvious, a consequence of long-range elec-
trostatic interactions and metal ion-induced protein
conformational changes modulating affinities.

Keywords Calcium ions - Lanthanide ions - Protein
structures

Introduction

Since proteins that bind metal ions as part of their
normal physiological function may account for as
many as 40% of all proteins, understanding the rela-
tionships between the structures of proteins and their
ability to bind metal ions is an important aspect of
protein science [1, 2, 3, 4]. Ca** binding has a variety
of functional roles in proteins, including: behaving as
a structure-forming switching control, as in calmodu-
lins and many other Ca’*-sensor proteins [2, 3, 4, 5, 6,
7, 8, 9, 10, 11, 12]; enhancing protein stability [13];
and acting as an electrostatic control on the redox
potential of free radical species in heme-containing
redox proteins such as peroxidases [14]. To date, com-
parative structural analyses of Ca®* binding to proteins
have usually concentrated on structural features of the
protein itself rather than the inner coordination sphere
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of the Ca”*. Notable exceptions to this are the studies
of Einspahr and Bugg [6] and McPhalen et al. [7],
which considered both protein structural features and
details of the coordination geometry of the Ca** ion
site; the review of Glusker [4], which dealt with the
coordination chemistry of Ca’* within the context of
its binding to proteins; and the analysis of Katz et al.
[15], which compared the binding of divalent metal
ions in proteins and small molecules. This last work
showed that the average coordination number of Ca®*
ions in proteins was 7, a value higher than for protein-
bound Mg?* ions even though there were generally
less water molecules bound to Ca?* than to Mg”*.
Katz et al. [15] suggested that this was because there
was a tendency for Ca®* to be bound in sites with less
solvent exposure than Mg?* binding sites. There has
been a significant increase in the number of Ca?*-con-
taining protein structures determined: prior to 1994
there were 100 such structures but since 1994 there
have been more than 515 additional structures. As a
recent detailed analysis of the coordination chemistry
of Ca’* in proteins has not been reported, we have
carried out a detailed survey of structures deposited in
the Protein Databank since 1994 to determine the
preferences for particular amino acids to bind to Ca?*,
and to investigate whether monodentate or bidentate
coordination of carboxylate groups is more prevalent.
Our study complements and extends the earlier ones
[6, 7, 15], although there are significant differences
between them stemming from differences in the way
the protein structural data sets used were constructed.
While our main data set had only one EF-hand site to
avoid biasing general conclusions concerning the coor-
dination chemistry of protein-bound Ca”*, the earlier
studies had a high proportion of EF-hand Ca** bind-
ing sites [5] in their data sets, reflecting the excep-
tional abundance of this binding motif. This is illus-
trated by the Drosphila melanogaster genome [16] in
which the EF-hand family is the 12th most abundant
protein domain.

One of the reasons for identifying the key chemical
features of Ca”* binding sites is that they are able to
bind lanthanide ions, and there has been a resurgence
of interest in the interaction between proteins and lan-
thanide ions, including the construction of lanthanide
ion binding sites in proteins previously lacking that
capability [17, 18] and the investigation of lanthani-
deion binding to transition metal ion binding sites (e.g.
[19]). This activity stems from the use of lanthanide
ions in spectroscopic and crystallographic studies of
biomolecules. = The  crystallographic  application
revolves around the use of a lanthanide ion to deter-
mine the phases of the diffracted X-rays, either
through the conventional isomorphous replacement
procedure or through anomalous dispersion [20, 21,
22, 23, 24, 25, 26]. Spectroscopic applications include
the use of lanthanide ions with specific magnetic prop-
erties to obtain information to characterize protein
structures by NMR spectroscopy [27, 28, 29, 30, 31],

and the use of luminescent lanthanide ions in bioana-
lytical assays [17, 32, 33, 34, 35]. Since these studies
may be assisted by analyses of the coordination chem-
istry of lanthanide ions in proteins, we have carried
out a detailed survey of structures in the PDB that
bind lanthanide ions in well-formed sites.

The structures we have analysed do not contain the
unusual amino acids sometimes found in Ca?* binding
proteins, namely y-carboxyglutamic acid (Gla), which
contains two side-chain carboxylic acid groups, f-hy-
droxyaspartate and f-hydroxyasparagine. More than
10 Gla residues are often found in the first 40 amino
acids of proteins involved in blood clotting and bone
structure, and they are involved in binding an array of
Ca?* ions (often >5). The two carboxylate groups of
the Gla residue can donate one oxygen of each car-
boxylate group to a single Ca?*, with the other carbox-
ylic oxygen atoms able to interact with adjacent Ca?*
ions. Thus Gla is able to be part of a site binding mul-
tiple metal ions in the form of a “Ca?" cluster” rather
than acting as a tridentate or tetradentate ligand in a
single metal binding site. The X-ray structure of blood
coagulation factor VIla illustrates one such “Ca’*
cluster” [36]. f-Hydroxyaspartate and f-hydroxyaspar-
agine residues are often found in EGF-like protein
domains, but their functional role is not clear since
Sunnerhagen et al. [37] found from NMR studies that
the S-hydroxyl group is not essential for high-affinity
Ca’* binding and is not a ligand for Ca”*. Thus, our
survey has concentrated on well-characterized proteins
containing mononuclear Ca?* and/or lanthanide ion
binding sites.

Materials and methods

The Cambridge Structural Database [38] was searched using
QUEST to build a molecular fragment. The Protein Databank
[39] was searched using the PDB Browser (http:/pdb-
browsers.ebi.ac.uk) and the header files of the desired crystallo-
graphic structures were downloaded. A program was written in
MATLAB which used the PDB header file as input and
returned the amino acid counts used in the statistical analysis:
total number of aminoacids; number of amino acids in helices
and sheets; number of aspartate and glutamate residues present
in helices and sheets. Ligands to the metal ions were classified
as any group (for example, carbonyl oxygen or carboxylate
oxygen) within 3 A of the metal ion, visualized using RASMOL
[40] or MOLMOL [41]. Diagrams of protein structures were
constructed with MOLMOL.

NMR structures were excluded from the statistical analyses
because the number of water molecules coordinated to Ca** is
not generally obtained in such studies; andalthough the identities
of the amino acid ligands are usually established (e.g. [37, 42]),
their denticity may not be. Care was taken when selecting the
data set to ensure that the statistics were not biased by over-rep-
resentation of Ca®* binding sites whose ligands were supplied by
an amino acid sequence common with many other proteins in
the data set, for example EF-hand sites or trypsin sites. PRO-
SITE [43] was used to identify structures which contained
sequences that coded over the calcium binding ligands (hence
identifying similar calcium binding sites in non-homologous pro-
teins) and PDBSum [44] was used in the identification of fami-
lies of homologous proteins. The initial data set was reduced by



removing structures whose Ca”* binding sites contained ligands
which were shared between metal binding sites or ligands other
than those donated by the protein and water. Information con-
tained within the header of the PDB files was used to determine
whether the Ca®* binding ligands were localized in stretches of
regular secondary structure. In the final data set, aspartate resi-
dues accounted for 6.5% of the total amino acids and glutamate
for 4.4%. These frequencies are different from those obtained
for a larger number of unrelated proteins (1021 structures) [45],
which contained 5.3% aspartate and 6.2% glutamate residues.
The frequencies from the present data set were used for calcula-
tions in this study.

McPhalen et al. [7] discuss the general procedure for crystal-
lographic structure analyses of Ca’*-containing proteins, particu-
larly the fact that interatomic distances and angles are not
usually restrained during structure refinement. This provides
confidence for the kind of analysis reported in this study. How-
ever, similar confidence cannot be attributed to analyses of lan-
thanide ion binding sites in proteins where the lanthanide ion
does not occupy an intrinsic Ca?* binding site. This is because
such sites are often not refined during the structure determina-
tion. To minimize the impact of poorly defined lanthanide ions
present in adventitious sites for the purpose of determining the
phases of the diffracted X-rays, only protein structures in which
the lanthanide ion had two or more protein derived ligands
were included in the data set; sites where the lanthanide ion was
bound by exogenous ligands or was held on the surface of the
protein by one ligand were ignored. Protein structures contain-
ing lanthanide ions and with multiple entries in the PDB were
also removed from the final data set to reduce bias caused by
common structures.

Results

Small-molecule complexes containing Ca®*
or lanthanide ions

A survey of calcium-containing and lanthanide-con-
taining coordination complexes within the Cambridge
Structural Database [38] was undertaken to establish a
reference for protein binding sites. A search was con-
ducted for Ca?*, Pr**, Tb** and Yb** bonded to a
specified number of oxygen ligands via an unspecified
type of bond (Table 1). A total of 162 Ca®* sites was
found, 38% of which had a coordination number of 6,
30% a coordination number of 7 and 22% a coordina-
tion number of 9. The average coordination number
was found to be 6.9. The complexes which exhibited
the higher coordination numbers often had polyden-
tate ligands with 3-6 oxygen atoms donated by a sin-
gle macrocyclic ligand. The database was searched for
complexes of Pr3*, Tb** and Yb** containing oxygen
donor ligands and with coordination numbers of 3-10
(Table 1). The average coordination numbers calcu-
lated for Pr**, Tb* and Yb** are 8.3 (91 complexes),
8.0 (46 complexes) and 6.9 (95 complexes), respec-
tively. This trend of decreasing coordination number
is a result of the contraction in size of the lanthanide
ions [46, 47]. In contrast to the results obtained for
Ca?*-containing molecules, the majority of ligands of
the high coordination number lanthanide complexes
were not polydentate ligands but combinations of
bidentate and tridentate ligands. A further difference
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Table 1 Coordination numbers (CN) of small-molecule com-
plexes containing Ca®* or lanthanide ions

Number CN10 CN9 CN8 CN7 CN6 CN5,4,3

of sites
Ca** 162 6 5 36 48 62 5
Pr3+ 91 18 28 26 9 5 5
Tb3* 46 0 20 19 0 4 3
Yb* 95 4 12 31 8 17 23

between the data setsis found for the low coordination
number complexes. Less than 1% of the Ca** data set
is represented by complexes with a coordination
number of three or four. For Pr3*, Tb3* and Yb3*,
3-10% of the data sets are complexes with a coordina-
tion number of three or four. The ligands employed in
such low coordination complexes are generally steri-
cally bulky, for example trisubstituted tert-butyl phe-
nolic complexes.

Protein Ca”* binding sites

Interrogation of the PDB for the years 1994-1999
yielded a list of 515 fully normalized crystal structures
of Ca’*-containing proteins with a resolution between
1.0 and 2.5 A. Forty of the 44 structures in the final
data set (Table 2) had a resolution of 2.3 A or better,
similar to the cut-off value chosen by McPhalen et al.
[7]. Three general types of calcium binding site were
identified in the final data set (Table 2): those which
supply the Ca?* ligands from a continuous short
sequence of amino acids, labelled class I in Table 1;
class II sites, which have one ligand supplied by a part
of the amino acid sequence far removed from the
main binding sequence; and the smallest category,
class III, where all the ligands aresupplied by amino
acids remote from one another in the sequence, as
exemplified by adamalysin [48]. Similar classification
schemes were employed by McPhalen et al. [7] and
Einspahr and Bugg [6].

Representations of the structures of three of the
proteins considered in the statistical analysis are
shown in Fig. 1: the class I lectin (Fig. 1a and b) [49];
a class II site of a copper amine oxidase (Fig. 1c and
d) [50]; and the class III site of adamalysin (Fig. le
and f) [48]. All three proteins have global folds with a
high content of secondary structure, and in all three
the Ca®* binding sites are located to one side of the
protein, close to the molecular surface. The figures
show that all of the Ca®* binding sites are located in
regions of the structure where some of the backbone
forms loops or turns. The Ca?* binding site of TolB is
also shown in Fig. 1g and h. This remarkable struc-
ture, which was reported [51, 52] after our statistical
analysis had been completed, contains a single Ca”*
ion within the central hole of af-propeller subunit.
The Ca’* ion is coordinated by only one amino acid
side chain, a monodentate aspartate. There is suffi-
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Table 2 List of calcium-con-

taining protein structures PDB code  Structure Resolution Nurpber Type of site
obtained from the Protein (A) of sites

Databank. Entries marked .

with an “a” indicate the bound ﬁ)efg gean;;t lectin . | %(5) % %I

Ca’* has only one protein-de- 1bfd Bseu O7monas 150amy’ase ’

: : e enzoylformate decarboxylase 1.6 1 a
rived ligand. I, IT and III indi- 1bi C lex-lactoferrin £ ¢ and 24 1 I
cate sites where: the Ca®* lig- I ompIex: alio ernn tragment an )
ands are from a continuous 1 proteinase

. o egz Cellulase 2.3 1 11
short sequence of amino acids; lecs B-Trypsin 19 1 I
one ligand is supplied by a 169z B- Ari]lplase 2'1 1 I
part of the amino acid 1b90 Huma}; a-lactalbumin 1.2 1 1
sequence far removed from 1fzc Fibrin ‘ 2'3 ) I
the main binding sequence; all 1k Carboxvlic ester hvdrol 1'9 1 I
the ligands are supplied by 1 VS Flar O(i(y lc ester hydrolase 1'8 ) I
amino acids remote from one IZig4 Pea;:]i(c)illci)l)ilgc lase 2' 4 1 I
another in the sequence, 1 Amvl ¥ 1'9 1 I
respectively agm a-Allylase :
lax0 Lectin 1.9 1 1
layo a-2-Macroglobulin 1.9 1 1
1gsp Endoribonuclease 2.2 1 a
lhei Hepatitis ¢ virus RNA helicase domain 21 2 111
lirb Carboxylic ester hydrolase 1.7 1 11
1jda Maltotetraose forming exo-amylase 22 2 1I/11
Schy Signal transduction protein 2.0 1 11
1tcm Cyclodextrin glycosyl transferase 22 1 111
loil Lipase 2.1 1 II
lobr Carboxypeptidase T 23 2 1I/1
Inbc Cellusomal scaffolding protein A 1.8 1 I
1kit Hydrolase 23 2 1I/11
1js4 Endoexocellulase E4 2.0 2 1I/11
1kbc Neutrophil collagenase 1.8 2 1I/11
1sbf Soybean agglutinin 24 1 1
1tn3 Tetranectin 2.0 2 TI/TIT
lvsi Integrase 22 1 111
4lip Lipase 1.8 1 1I
2fib Fibrogen 2.1 1 1
lala Annexin v 2.3 3 TII/ITI/TIT
latl Atrolysin C 1.8 1 111
lclx Xylanase 1.8 1 1
1mmgq Matrilysin 1.9 2 /1T
loac Amine oxidase 2.0 2 1I/11
1sbh Subtilisin 1.8 1 I
1sra Calcium binding protein 2.0 2 1711
1cel Cellulase 1.8 1 III
lesl E-Selectin 2.0 2 1/11
lgcg Galactose binding protein 1.9 1 I
1hyt Thermolysin 1.7 2 111
liag Adamalysin (IT) 2.0 1 111

cient electron density for at least three bound water
molecules; andfrom the remaining electron density
and stereochemical arrangement of the Ca’* ion and
identifed ligands, Carr [52] suggests that there are
actually five bound water molecules to create an
octahedral binding site for the Ca?* ion. Though the
dissociation constant for the Ca?* ion binding to TolB
has not been reported, Carr [52] makes the point that
since Ca** was not added to the purification or crystal-
lization media, TolB must have a relatively high affin-
ity for Ca’** (the dissociation constant is probably
<10 M) to have acquired it from the Escherichia coli
cytoplasm.

The 44 structures listed in Table 2 provide 60 cal-
cium binding sites that consist of a total of 323 ligands
(Table 3). Side-chain carboxylates of aspartate and
glutamate residues form the major class of ligand,

with water as the next most abundant. Glycine is the
largest contributor to the total backbone carbonyl lig-
ands, which represents 22% of all non-carboxylate,
protein-derived ligands. Oxygen atoms from amide-
containing side chains make up 9% of protein-derived
ligation, with asparagine occurring nine times more
frequently than glutamine. The average calcium coor-
dination site is described by 1.4 waters, 1.9 carboxylate

Table 3 Coordinating ligands at the Ca>* sites listed in Table 2

Total Water Side-chain Side-chain Backbone Side-chain

ligands carboxylates amide carbonyl  hydroxyl

323 86 113 21 99 4
Asp/Glu Asn/GIn  Gly/other Ser/Thr
80/33 1972 22/77 1/3




483

Fig. 1 Representations of the structures of (a, b) lectin (1ax0),
(¢, d) amine oxidase (10ac), (e, f) adamalysin (liag), and (g, h)
TolB ([51, 52], Carr S, Hemmings AM, personal communica-
tion), constructed with MOLMOL [41]. The figures of the class
I, II and IIT sites show the overall fold of the protein (top) and
a close-up view of the Ca?* binding site. The figures for TolB
show a close-up view of the Ca’* binding site and a view of the
entire molecule in which the molecular surface is shaded grey.
The position of the Ca’* ion in the central hole of the B-pro-
peller domain can be seen in this figure. The colour coding is:
green and orange for Asp/Glu and Asn/Gln residues whose side
chains are ligands to Ca?*; cyan for residues whose backbone
carbonyls are ligands to Ca®*; and, for a—g, red for the oxygen of
water molecules bound to Ca?*. The Ca®* ions are shown in grey
in a-g and in red in h. The ligands of the Ca®* ions shown are:
(a, b) lectin (1ax0): Asp129, Phel31 CO, Asnl33, Asp136 and 2
H,0 molecules; (¢, d) amine oxidase (10ac): Asp533, Leu534
CO, Asp535, Asp678, Ala679 CO and 1 H,O molecule; (e, f)
adamalysin (liag): Glu9, Asp93, Cys197 CO, Asn200 and 1 H,O
molecule; (g, h) TolB: Asp337, Ala338 CO and 2-4 H,O mole-
cules

ligands (donating an average of 2.5 oxygens) and 2.1
oxygen atoms from carbonyl, amide or hydroxyl

groups to give an overall,
number for Ca?* of 6.0.

For 29 of the 60 Ca’* sites the positive charge on
the Ca®* is balanced by the negative charges of its car-
boxylate ligands.In the remaining 31 cases the site is
left with a residual positive (11 cases) or negative (19
cases) charge, after Ca’>* ion binding. Hydrogen bond-
ing networks, which link the carboxylate oxygen atoms
of calcium ligands and other polar residues located
inthe calcium-binding loop to main-chain NH groups,
may be involved in modulating the excess negative
charge represented by the acidic residues [7, 9].

Of the Ca’*-containing proteins studied (Table 2),
28% of the total of 13,598 amino acids were found in
helices, 21% in sheets, leaving 51% in regions denoted
as a turn/loop structure hereafter (Fig. 2). A total of
72.5% (172 of the 237) of the protein-derived Ca?* lig-

average coordination
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ands (i.e. all ligands excluding water) are supplied by
the turn/loop structure. Therefore the supply of lig-
ands from the turn/loop structure is disproportionately
large with respect to the occurrence of the turn/loop
structure in the proteins of Table 2.

Of the 113 carboxylate ligands, 58% are supplied
by turn/loop regions, 20% by helices and 22% by
sheet structure, in reasonable agreement with the
overall breakdown of secondary structure in the data
set (Fig. 3). The ratio of aspartate to glutamate resi-
dues calculated from the 13,598 amino acids of the
data set is 1.5:1. However, the observed ratio of aspar-
tate to glutamate ligands is 2.4:1, a statistically signifi-
cant deviation from the ratio expected on the basisof
the population of aspartate and glutamate seen in our
data set (i.e. 1.5:1). The expected distribution of aspar-
tate and glutamate ligands through the different sec-
ondary structure types has been calculated using the

values determined for the occurrence of these residues
in the data set of Table 1, and their secondary struc-
ture propensities [45, 53]. For example, the expected
number of ligands donated by turn/loop structures is
58 out of 113 (66 were observed), of which 39 are
expected to be aspartates (50 were observed). Also,
64% of the aspartate and 72% of the glutamate lig-
ands are monodentate. In terms of secondary struc-
ture, the ratio of monodentate to bidentate ligands in
turn/loop structures is 2.5:1, helices 1.4:1 and sheets
1.5:1.

Protein lanthanide binding sites
Interrogation of the PDB yielded a list of 18 struc-

tures containing lanthanide ions, but after filtering the
list as described in Materials and methods the final
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Fig. 2 Pie charts showing the 13.9% 13.5 %
secondary structure distrib- 28.0% 281 2% Helix Sheet 19.5% ZSZh.;B"fn
ution of A all amino acids in Helix heet
the data set of Table 2; B all
protein-derived ligands to
Ca’*; and C all carboxylate
ligands to Ca?* between the
three secondary structural
types
50.8 % 72.6 % 58.4 %
A Turn/Loop B Turn /Loop C Turn /Loop
40+ ]
35 % [ Mono, Asp » 121 11 1 Mono, Asp
§ 30 @ Bi, Asp g ol T [ Bi, Asp
2 ] Mono, Glu 2 | ] Mono, Glu
o 257 M 8i Gl 2 8] M Bi, Glu
S 20 N
& g 6]
o 15 o i
€ E 4]
S >
z 104 P4 u
51 2
Helix Sheet

Helix Sheet

Secondary structural types

Turn/Loop

Fig. 3 Bar chart showing the distribution of carboxylate ligands
to Ca?* over the secondary structural types, obtained from pro-
teins given in Table 2. Carboxylate ligands are divided on the
basis of residue type and denticity of ligation

data set contained 8 structures and 11 metal binding
sites (Table 4). In contrast to the data set for Ca’*
binding sites (Table 2), there is a high proportion of
EF-hand sites in the lanthanide ion data set: 4 out of
11. The lanthanide data set (Table 4) also differs from
the Ca’* binding site data set (Table 2) in having
a significant number of adventitious binding sites,
5 out of 11, with relatively few protein-derived ligands.
The average lanthanide ion coordination site in this
data set is described by 1.1 water ligands, 1.2 back-
bone carbonyl, amide or hydroxyl oxygen atoms and
2.6 carboxylate ligands supplying 3.6 carboxylate
oxygen atoms to give an average coordination number
of 5.9.

Turn/Loop
Secondary structural types

Fig. 4 Bar chart showing the distribution of carboxylate ligands
to lanthanide ions over the secondary structural types, obtained
from proteins in Table 4. Carboxylate ligands are divided on the
basis of residue type and denticity of ligation

Of the 42 protein-derived ligands (excluding 12
water molecules) for the complete lanthanide ion data
set (Table 4), 69% are carboxylate ligands. The major-
ity of non-carboxylate ligands (9 out of 13) originate
in turn/loop structures. The breakdown of the 29 car-
boxylate ligands which coordinate lanthanide ions in
terms of secondary structural types is given in Fig. 4:
62% of carboxylate ligands are supplied by turn/loop
structures and 38% from regular secondary structures.
Similar to the data obtained for calcium sites, the sin-
gle largest carboxylate oxygen donor is monodentate
aspartate from turn/loop regions. The ratio of mono-
dentate to bidentate ligands calculated from the 11lan-
thanide binding sites is 18:11 or 1.6:1.

Table 4 List of lanthanide-

L : PDB Protein Res. Sites Metal-substituted
containing structures obtained code ( A) site
from the Protein Databank. In
column 5, A indicates the lan- 1,3, Transcription regulation 1.6 1 Sm A
:hamdg ltcl)1n tSIttI? 1? actlﬁen%— 1qat Phospholipase C 0-1 3.0 2 Sm A
Lious, 1at the fanthamde 2tcl Fibroblast collagenase 22 1 Sm C
ion occupies an intrinsic Ca 1b9y Phosducin complexed with transducin 3.0 1 Gd A
binding site other than an EF- 1,7 Troponin C 1.8 2 Tb E
hand site, and E that the lan- 1nch Cell adhesion protein 2.1 1Yb A
thanide ion binds to an EF- 1ytt Subtilisin fragment of mannose binding 1.8 2Yb C
hand site protein A

1psr EF-hand protein 1.1 1 Ho E
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Discussion

Coordination numbers, types of ligands and secondary
structure in protein Ca?* binding sites

The average coordination number for the data set of
Table 2 is 6.0, significantly lower than the 7 and 6.7
obtained in the analyses of Katz et al. [15] and
McPhalen et al. [7], respectively. The difference is a
result of the EF-hand class of protein, which contains
seven-coordinate Ca®* [5, 7, 8, 9, 12], being given less
weight in our data set than in the earlier sets: there is
only one EF-hand site in our set of 44 (Table 2) com-
pared with 10 out of 27 for McPhalen et al. [7].

Helices and sheets provide relatively few of the lig-
ands to Ca®*, helices providing only 14% of all protein
derived ligands and sheets 13.5%. Helices and sheets
have well-defined structures and are not able to sup-
ply many ligands to a single site since only the side
chain of every third or fourth amino acid in a helix
will point in approximately the same direction (i.e.
towards the calcium ion), while in a sheet the side
chain of every other amino acid is orientated on the
same side, but linearly spaced by approximately
6-7 A. Conversely, the turn/loop structure is flexible
and can readily supply three ligands from a sequence
of five amino acids. Therefore the turn/loop structure
provides the bulk of the ligands to Ca*.

Aspartate ligands are observed more frequently,
and glutamate ligands less frequently, than expected.
These results indicate that Ca®* binding sites have a
slight preference for aspartate residues. A contributing
factor to this preference may be that aspartate resi-
dues are commonly involved in Asx turns, in which a
side-chain oxygen of an aspartate (also of an aspara-
gine, serine or threonine) in position n of a turn is
hydrogen bonded to the main-chain NH of a residue
at position n+2 [7, 54]. These hydrogen bonding
networks are particularly prevalent in Ca?* binding
sites. Alternatively, a preference of Ca’* binding sites
for carboxylate ligands with a less bulky side chain
may explain the greater than expected ratio of aspar-
tate ligands to glutamate, consistent with asparagine
being present to a greater degree than glutamine
(Table 3).

Monodentate versus bidentate ligation in protein Ca®*
binding sites

In small complexes the denticity of a ligand is an
important factor in determining binding affinities and
coordination geometries. In proteins too the denticity
of a ligand may be important. In order to determine if
a particular residue or secondary structural type
favours bidentate ligation, the expected ratio of mono-
dentate to bidentate ligands has to be determined.
The main consideration in this is the allowable combi-

nations of monodentate and bidentate carboxylate lig-
ands for a given coordination number. For example,
the description of a Ca?* binding site may include
three carboxylate oxygen atoms, provided by either
three monodentate carboxylates or by one monoden-
tate and one bidentate carboxylate ligand. Therefore
the expected ratio of monodentate to bidentate lig-
ands observed for a sample of Ca?* sites which contain
three carboxylate oxygen atoms is 4:1. For four car-
boxylate oxygen atoms the ratio is 2:1. An analysis
of this type for the data set given in Table 2 results
in an expected ratio of monodentate to bidentate lig-
ands of approximately 3:1, close to the observed
values of 64% monodentate aspartates ligands and
72% monodentate glutamate ligands. Thus it appears
that there is not a significant preference for aspartate
or glutamate to bind in a monodentate or bidentate
fashion.

The type of secondary structure donating the ligand
seems to have more influence on the denticity of the
ligand than the particular amino acid, with helix and
sheet structures being slightly better providers of
bidentate ligation than flexible turn/loop structures
(Fig. 2). Though the data set is relatively small, this
conclusion is consistent with the large number of
structure studies of EF-hand [5, 6, 7, 12] and EGF-like
[42, 55] motif binding sites, which show that a care-
fully placed ligand in a helix or as part of a sheet reli-
ably provides bidentate coordination.

Lanthanide ion binding to proteins

The average coordination number for the data set of
Table 4 is less than that calculated for the Ca®* bind-
ing sites (Table 2), which is a reflection of the differ-
ence in composition of the data sets used. For the
Ca”* binding sites of Table 4 substituted by lanthanide
ions the average coordination number is 7.2 and for
the adventitious sites it is only 4.4. As described
above, a search of the Cambridge Structural Database
[38] established a precedent in small-molecule com-
plexes for the low-coordination, adventitious lantha-
nide binding sites observed in the protein crystallo-
graphicdata set. However, three-coordinate complexes
of lanthanide ions are susceptible to hydrolysis and
therefore the presence of coordinated but disordered
water molecules, which do not appear in the electron
density maps for the low-coordinate lanthanide sites
in proteins, cannot be discounted.

Bidentate ligation is present to a higher degree in
the lanthanide ion binding sites (Table 4) than in Ca®*
sites (Table 2): of the 11 bidentate ligands, 7 (64%)
are supplied by regular secondary structure, 5 by
helices. The small size and nature of the data set pre-
cludes strong conclusions, but in agreement with the
analysis of Ca?* binding sites it appears that regular
secondary structure may be a better provider of biden-
tate ligands than the turn/loop structure, which pro-



vides the majority of monodentate carboxylate ligation
for the lanthanide ions.

In some cases, lanthanide ions bind to sites in pro-
teins that do not bind Ca?* strongly. Bacillus subtilus
PyrR [56] is a good example. This is normally a hex-
americ protein but in the presence of lanthanide ions
it becomes a dimer because the lanthanide ion binds
to groups that would otherwise form the intersubunit
contacts at the three-fold axis of the hexamer. In this
site, Sm** is octahedrally coordinated to six side-chain
carboxylates. Binding of Yb3* to the cadherin NCD1
[19] is another example. In this structure, Yb** binds
to two carboxylate side chains, both of which are
bidentate, with two coordinated water molecules also
visible. The Yb** has a high mobility, which presum-
ably results from its attachment to only two amino
acids. Lanthanide ions also bind at sites that are nor-
mally occupied by two divalent metal ions, thoughof-
ten only one lanthanide ion will bind to such a site
[20, 24]. The active site of the Klenow fragment of
DNA polymerase I is a good example [57]. Here a
single Eu’* ion binds to carboxylate groups at the
dinuclear metal ion binding site and occupies a posi-
tion in between those taken by two divalent metal
ions.

A common feature of the analysis above is an
uncertainty about the precise coordination number of
bound lanthanide ions, despite good quality X-ray
structures. For some X-ray structures there is also an
uncertainty concerning the location of the lanthanide
ion, which may be relatively mobile compared to
other parts of the structure. Both of these uncertain-
ties are related to the fact thatthe inner coordination
sphere of lanthanide ions can change rapidly, as Willi-
ams [47] noted for complexes of lanthanide ions with
dipicolinic acid: the bound ligands interchanged posi-
tion rapidly on the surface of the lanthanide ion
andexchanged rapidly with ligands not bound to it.
Even polydentate ligands bound to lanthanide ions
fluctuate rapidly so that the co-existence of multiple
isomeric forms is common (e.g. see [58, 59]).

Comparison of corresponding lanthanide ion
and calcium bound structures

Where good quality crystal structures exist for both
lanthanide ion and Ca®" bound forms of a protein, a
detailed comparison of their metal binding sites is
revealing, as Matthews and Weaver [20] demonstrated
for lanthanide ions binding to three Ca** binding sites
in thermolysin. The data set for our study comprises
three proteins: troponin C (1TOP, calcium; INCZ, ter-
bium) [60, 61], mannose binding protein A (lectin
domain) (2MSB, calcium; 1MSB, holmium) [21, 55]
and parvalbumin (1B8R, calcium; 1PSR, holmium)
[12, 25]. In all cases, neither the coordination number
of the metal ion calculated from the PDB coordinates
nor the ligating residues change between the struc-
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tures with bound Ca?* or lanthanide ions. These sites
are carboxylate-rich, with at least three carboxylate
ligands each, and hence no additional ligands are
required to compensate for the additional charge of
the trivalent lanthanide ion. Even though lanthanide
ions favour high coordination numbers, no change in
the denticity of the carboxylate ligands is induced and
no extra water molecules are included in the lantha-
nide binding sites as defined by the X-ray structures.
However, it is possible that the coordination number
of the bound lanthanide ion is greater than that of
Ca®* in the same site. Horrocks [33] has used a lumi-
nescence spectroscopy procedure for determining the
number of water molecules coordinated to Eu** and
Tb3* in proteins. With Eu** bound in the four calcium
sites of troponin C, luminescence studies [62] show
that two water molecules are bound per ion instead of
the one seen in X-ray structures of the Ca’**-contain-
ing troponin C. In general, Horrocks [33] suggests that
lanthanide ions generally have a coordination number
one greater than that of Ca®" in well-formed protein
sites.

Small differences between the Ca’>* and lanthanide
sites were revealed by a survey of possible hydrogen
bond donor groups to the carboxylate ligands of the
metal ions. A backbone nitrogen atom within the
range 2.7-32 A of the coordinating carboxylate
oxygen and with a C-O~N angle within the range
106-144° was considered to be a hydrogen bond donor
[54]. Similar analyses were undertaken for hydrogen
bond donors such as water, serine and threonine OH
groups, and asparagine and glutamine NH, groups,
using the appropriate distance and angle parameters
given by Baker and Hubbard [54]. For the three pairs
of Ca?* and lanthanide ion binding sites considered,
the lanthanide ion sites contained fewer groups capa-
ble of acting as donors of hydrogen bonds than the
Ca?* sites, as determined with the above criteria. Since
hydrogen bonding networks may reduce the negative
charge provided by the acidic side chains of the bind-
ing site [7, 9], a reduction of hydrogen bonding associ-
ated with the sites containing lanthanide ions may be
a response to their additional positive charge. Mat-
thews and Weaver [20] also noted small structural dif-
ferences between thermolysin with Ca** and different
lanthanide ions bound and they suggested that a shift
in the position of some of the lanthanide ions
occurred as a result of their difference in size.

Binding affinities for calcium and lanthanide ions
to proteins

In their early study, Einspahr and Bugg [6] noted that
there were no dramatic structural differences between
calcium binding sites with weak and strong binding
affinities, and that remains the case with the much
greater database of structures. In particular, neither
the coordination number of bound Ca?>* nor the
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number of ligands supplied by the protein are corre-
lated with binding affinity. This is shown by the pres-
ence of Ca®* in the TolB structure (Fig. 1g, h) [51, 52]
and by the variation in Ca®* dissociation constants for
a range of seven-coordinate EF-hand-containing pro-
teins, which vary from 10# to 10°M [11]. This is
because, in addition to inner-sphere effects such as
those arising from the number and type of ligands
coordinating the bound metal ions, there are two
other general phenomena that will affect binding
affinities: electrostatic interactions and metal ion-in-
duced protein conformational changes. As statedear-
lier, less than half of the Ca’*-containing binding sites
in our data set are formally charge-balanced by the
acidic carboxylate ligands, and of the remainder some
have an excess of formal positive charge and some an
excess of formal negative charge. There is a parallel
here with the structural factors that control metallop-
rotein reduction potentials, which can be considered
to be the energy changes associated with binding of
an electron (see for example [63]). In either the
reduced or oxidized state of most such proteins an
additional charge buried within the protein has to be
stabilized. Where it is an additional positive charge
which is satisfactorily stabilized the reduction potential
is generally low, but where anadditional positive
charge is not well compensated the reduction potential
is high. The compensating factors that affect the
reduction potential include hydrogen bonding inter-
actions at the metal site, electrostatic interactions with
both buried and surface charges of the protein, some
up to 20 A away from the metal ion, and the electro-
static effects of protein and solvent dipoles [64]. Sim-
ilar factors will influence the stability of Ca’>* and lan-
thanide ions in protein sites so that they do not need
to be formally charge-balanced with the inner-sphere
ligands alone. Conformational changes induced by the
binding of Ca®" ions can also have a major effect on
apparent binding affinities, with large induced confor-
mational changes utilizing some of the binding energy
released by the Ca’*-protein interaction and thereby
reducing the observed binding affinity, as has been
recognized by many authors (e.g. [7, 8, 9, 10, 11]).
Because of these electrostatic and conformational phe-
nomena, it is not possible to simply relate the struc-
tures listed in Tables 1 and 2 with reported binding
affinities. However, EF-hand sites of proteins which
are structured in their metal-free states have been
extensively investigated by a combined protein engi-
neering and metal ion binding approach, which has
allowed structural features governing the binding
affinities of these particular sites to be determined [9,
11, 65, 66, 67, 68].

Lanthanide ions bind more strongly to some car-
boxylate-rich sites than Ca?* ions. For example, the
single Ca?* ion EF-hand site of the E. coli receptor
for D-galactose and D-glucose (GGR) binds a Ca”* ion
with a dissociation constant (K,) of 2.5x10°M and
lanthanide ions such as Yb** and Lu** with K, values

of 0.8x10°M and 1.1x10°M, respectively [65]. Pre-
sumably this is a response to the higher positive
charge of the lanthanide ions.

Choice of data sets and evolutionary selection
of EF-hand sites

The protein sites chosen for this study were selected
to inform on features of the coordination chemistry of
protein-bound Ca?* rather than evolutionary aspects
of protein folds. For this reason we included no more
than one representative of each type of homologous
protein site in the final data set, unlike all other ear-
lier surveys of proteins containing Ca?*. Nevertheless,
it is clear that the EF-hand type of binding site has a
special significance as this is the most widespread type
of protein Ca?* binding motif in nature, as illustrated
by its being the most abundant Ca?>* binding motif
encoded by the Drosophila genome [16]. However,
the natural selection of the EF-hand motif probably
does not result from an especially high binding affinity
for Ca®* coordination since different proteins contain-
ing EF-hand sites have very different Ca** binding
affinities [11]. The observation that the non-EF-hand
binding sites in our data set (Table 2) have a similar
Ca’* coordination environment to Ca®* in the EF-
hand sites, albeit with a coordination number that is
generally less than that of the EF-hand site, empha-
sizes that the EF-hand sites have been evolutionarily
selected for other reasons.
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