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ABSTRACT: The crystal structure of a Ca2+ salt of a-ethylmalonic acid was determined from three-dimensional 
X-ray diffraction data. The dicarboxylate anion represents the functional side chain of y-carboxyglutamic 
acid (Gla) residues, which are implicated as essential calcium-binding ligands in a variety of proteins. The 
a-ethylmalonate ion chelates the Ca2+ ion in a bidentate manner that involves an 0 atom from each of the 
two malonate carboxylate groups. This type of binding arises from the constrained arrangement of carboxylate 
ligands in the malonate group and may be of significance to the calcium-binding properties of Gla-containing 
sites in proteins. The Ca*+-malonate chelation forms a six-membered ring, which is stabilized by interactions 
that are  consistent with the preferred stereochemistries of both calcium-carboxylate and metal-malonate 
complexes. No other interactions are  observed between Ca2+ ions and a-ethylmalonate ions that depend 
upon the malonate juxtaposition of two carboxylate groups. The potential for this type of binding distinguishes 
Gla residues from the monocarboxylate residues, aspartate and glutamate, and confers a novel calcium- 
chelation ability upon Gla-containing sites in proteins. 

Ca lc ium(2+)  ions play principal roles in the regulation of 
biological processes. In many of these processes, complex 
formation with proteins is implicated in the molecular mech- 
anism of Ca2+ action. One class of such calcium-binding 
proteins is distinguished by the presence of a modified amino 
acid residue, y-carboxyglutamic acid (Gla) (Stenflo et al., 
1974), incorporated through a posttranslational, vitamin K 
dependent, microsomal carboxylation of glutamate residues 
(Esmon et al., 1975a). This class includes zymogens of the 
blood clotting pathway [Jackson & Nemerson (1980) and 
references therein], as well as proteins isolated from bone 
matrix (Hauschka et al., 1975; Price et al., 1976), dentin 
(Linde et al., 1980), chorioallantoic membrane (Tuan & Scott, 
1977), and a variety of ectopic calcifications (Lian et al., 1976). 
Studies of Ca2+ binding to decarboxylated forms of Gla-con- 
taining proteins (Stenflo & Ganrot, 1973; Esnouf & Prowse, 
1977; Hauschka & Carr, 1982) indicate that the presence of 
Gla residues is required for these proteins to interact with Ca2+ 
ions [with apparent dissociation constants of 10-3-10-4 M 
(Nelsestuen, 1976; Hauschka & Gallop, 1977)l. 

Direct interaction between Gla side chains and CaZ+ ions 
is suggested by NMR spectroscopic studies of 43Ca and lan- 
thanide complexes of Gla-rich peptides (Robertson et al., 1978; 
Furie et al., 1979). The virtually invariant positions of the 
Gla residues in the sequences of a number of Gla-containing 
proteins of bone [Hauschka & Carr (1982) and references 
cited therein] and in the sequences of the NH2-terminal 
portions of the Gla-containing plasma proteins [Davie (1980) 
and references cited therein] suggest the importance of the 
spatial relationship of the Gla residues in Gla-containing 
proteins. In prothrombin and a Gla-containing protein from 
bone, spectral analyses suggest that Ca2+ binding involving 
Gla residues induces a reversible coil-to-helix structural 
transition (Bloom & Mann, 1978; Hauschka & Carr, 1982) 

'This work was supported by National Institutes of Health Grants 
DE-02670 and Ca-13148. H.E. is the recipient of NIH Research Career 
Development Award DE-00106. 

* Address correspondence to this author at the Comprehensive Cancer 
Center, University of Alabama at Birmingham. 

of similar magnitude to those seen in the intracellular calci- 
um-binding proteins troponin C (Murray & Kay, 1972) and 
calmodulin (Klee, 1977). Coordination of Ca2+ ions to Gla 
residues of Gla-containing proteins appears to be responsible 
for a number of the functional properties of these proteins, 
including the capacity of the plasma clotting factors to bind 
to phospholipid dispersions (Esmon et al., 1975b) and the 
capacity of the bone Gla-containing proteins to adsorb to 
calcium phosphate mineral surfaces (Hauschka et al., 1975). 

The calcium-binding properties conferred on proteins by Gla 
residues are not well understood in structural terms. However, 
several lines of evidence, including accumulated crystallo- 
graphic data from a variety of calcium complexes, indicate 
that the geometrical arrangements of ligands limit the types 
of sites that can bind Ca2+ ions with significant affinity. 
Therefore, it seems likely that Gla residues contribute to 
calcium-binding sites on proteins by providing ligand groups 
in orientations that are particularly favorable for Ca2+ che- 
lation. In order to understand more about the geometries of 
Ca*+-Gla interactions, we undertook the crystallographic study 
of a Ca2+ salt of the functional side-chain analogue of Gla 
residues, a-ethylmalonic acid. 

EXPERIMENTAL PROCEDURES 
Clear platelike crystals of the calcium salt of a-ethylmalonic 

acid were grown at room temperature by slow evaporation of 
a filtered solution of approximately 1:l molar quantities of the 
acid and calcium bromide in water, adjusted to pH 7.4 by 
addition of sodium hydroxide. Oscillation and Weissenberg 
photographs showed 2 / m  diffraction symmetry and indicated 
the monoclinic crystal system. Space group P 2 , l c  was uni- 
quely indicated by the systematic absence of reflections of the 
type OM),  k odd, and hOl, 1 odd. Three-dimensional diffraction 
intensity data were collected within a temperature range of 
20-22 "C from a single crystal of approximate dimensions 1.1 
X 1.1 X 0.1 mm on an automated four-circle diffractometer 
by use of nickel-filtered copper radiation. Measurements were 
made for each of the 1086 symmetry-independent reflections 
of 28 < 128'. Three reflections that were remeasured peri- 
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Table I :  Crystal Data (Cu Kn)" 
stoichiometry 
formula units/unit cell (2) 
crystal system 
space group 
a (A) 
b (A) 
c (A) 
P (deg) 
Pcalcd (g cm-)) 

calcd linear absorption coeff ( F )  (cm-I) 
no. of indeoendent observations f I  > 0 )  

Pobsd ( e  cm-3) 

CaC50,H, 
4 
monoclinic 

11.003 (2) 
6.595 ( I )  
9.723 (2) 
110.14 ( I )  
1.706 
1.71 (3) 
78.5 
1021 

P2dC 

" Estimsted standard deviations (ESD's) in quantities reported here 
and elsewhere in  the manuscript are represented parenthetically and 
have the order of magnitude of the least significant digit of the quan- 
ti ty to which they are appended. ESD's in a, b, c, and 3 are based on 
a least-squares analysis. 

odically during data collection to monitor crystal decay showed 
no significant fluctuations. Precise estimates of the unit-cell 
parameters were obtained by a least-squares analysis of the 
observed 28 values (Cu Ka, X = 1.5418 A; T = 21 "C) of 
14 medium-resolution reflections. Crystal density was mea- 
sured at room temperature by flotation in a mixture of ethylene 
bromide, carbon tetrachloride, and benzene. Pertinent crystal 
data are listed in Table I .  

Of the 1086 unique reflections measured, 65 had scan counts 
below background level and were assigned intensity values of 
0.0. The raw intensity data were reduced to net intensities 
and assigned variances, d(Z), on the basis of counting statistics. 
An additional intensity-dependent term, (0.03S)2, where S = 
scan count, was added to u2(I) to account for measured un- 
certainity introduced by instrumental instability. Analytical 
corrections for Lorentz and polarization effects and for ab- 
sorption were made to the net intensities and their variances. 
Transmission factors, evaluated by numerical integration 
(computer program ORABS; Wehe et al., 1962), ranged from 
0.50 to 0.89. The data were then put on an absolute scale 
according to Wilson (1942) statistics. 

A trial structure was obtained by conventional Patterson 
and Fourier methods. These trial coordinates, together with 
an absolute scale factor (k) and individual isotropic thermal 
parameters, were refined by a full-matrix least-squares analysis 
that minimized Cw(lFol - IFc1)2, where w = 1/u2(Fo) and 
where lFol and lFcl are the square roots of the observed and 
calculated intensities (Frenz, 1978). X-ray atomic scattering 
factors, and anomalous dispersion corrections to the factors, 
were taken from Tables 2.2B and 2.3.1 of International Tables 
for X-ray Crystallography (1 974). 

Five of the six hydrogen atoms were located by a difference 
Fourier synthesis calculated after several cycles of least-squares 
refinement. The remaining hydrogen atom, attached to the 
methyl carbon atom, was assigned an approximate position 
on the basis of expected bonding geometry. Final cycles of 
refinement included the scale factor, positional and anisotropic 
thermal parameters for the non-hydrogen atoms, positional 
and isotropic thermal parameters for the hydrogen atoms, and 
an isotropic secondary extinction parameter. At convergence, 
the conventional R value (xllFol - IFJ/CIF,J) considering 
all unique data measured is 0.060, and the estimated good- 
ness-of-fit ([Cw(lFol - IFc1)2/u]'/2, where v = number of ob- 
servations minus number of parameters refined) is 1.96. In 
the last cycle of refinement, no parameter shifted more than 
1/50th of its estimated standard deviation (ESD). A final 
difference electron density map calculated from the refined 
model showed no peaks or troughs exceeding 0.25 elA3 in 
magnitude. 

Table 11: Atomic Parameters and Their Estimated Standard 
Deviations" 

Ca 0.51369 (7) 0.5145 ( I )  -0.30790 (7) 0.0166 (2) 
0 1  0.5820 (2) 0.3321 (4) -0.0778 (2) 0.019 (1) 
0 2  0.6089 (2) 0.3154 (2) 0.1603 (2) 0.020 (1) 
0 3  0.6420 (2) 0.8987 (4) 0.0506 (2) 0.021 (1) 
0 4  0.6533 (2) 0.7434 (4) -0.1446 (2) 0.017 (1) 
C1 0.6333 (3) 0.3905 (5) 0.0535 (4) 0.016 ( I )  
C2 0.7339 (3) 0.5617 (6) 0.0845 (4) 0.021 ( 1 )  
C3 0.6741 (3) 0.7476 (5) -0.0084 (4) 0.017 (1) 
C4 0.8527 (4) 0.4846 (6) 0.0514 (5) 0.030 ( I )  
C5 0.9173 (5) 0.3063 (9) 0.1465 (6) 0.061 (2) 
H1 0.760 (3) 0.597 (6) 0.182 (3) 0.02 (1) 
H2 0.825 (4) 0.442 ( 6 )  -0.052 (4) 0.03 (1) 
H 3  0.911 (3) 0.602 (6) 0.062 (4) 0.03 (1) 
H4 0.993 (5) 0.248 (9) 0.123 (6) 0.08 (2) 
H5 0.938 (5) 0.331 (9) 0.253 (6) 0.10 (2) 
H6 0.860 (5) 0.194 (8) 0.128 (5) 0.07 (2) 
"Values of x, y ,  and z are in fractions of the unit-cell edges, a, b, and 

c, respectively. Isotropic thermal parameters, U,, = u2 = mean-square 
amplitude of vibration, are shown for hydrogen atoms. Equivalent 
isotropic thermal factors for the non-hydrogen atoms are given by U, 
= ( l /3)(Ull  + U2, + U3, + 2U12 cos y + 2U13 cos 6 + 2U2, cos CY), 

where the U ,  values define the thermal ellipsoids in terms of mean- 
square amplitudes of vibration. The atom numbering scheme is de- 
fined in Figure l .  

- 

An analysis of the final residuals [llFol - ~ F c ~ ~ / u ( F o ) ]  vs. (sin 
8)/X revealed that, of the 22 reflections with lAl/u 1 5, 21 
(with lAl/u values ranging up to 11) lie in the (sin 8)/X interval 
0.553-0.568 A-'. A check of scan and background counts for 
reflections in this interval suggests that an unexplained sys- 
tematic variation in background scattering is responsible for 
the concentration of large residuals. To test the effects that 
these reflections might have exerted on our refined model, the 
18 reflections with the largest residuals were removed from 
the data set, and the structure was again refined to conver- 
gence. No parameter shifted more than 1 ESD. 

RESULTS 
Final estimates of atomic coordinates and isotropic thermal 

vibration parameters (or their equivalents) are listed in Table 
11. Tables of observed and calculated structure factors and 
of anisotropic atomic thermal parameters are available as 
supplementary material (see paragraph at end of paper re- 
garding supplementary material). ESD's in positional pa- 
rameters are approximately 0.0007 h; for the Ca2+ ion, 0.002 

for 0 atoms, 0.004 A for C atoms, and 0.05 A for H atoms, 
on the basis of the least-squares analysis. The conformation 
of the anion along with bond lengths and angles is presented 
in Figure 1. 

Sites at which the a-ethylmalonate anion binds crystallo- 
graphically related Ca2+ ions are depicted in Figure 2. The 
Ca2+ ion is surrounded by an eight-membered coordination 
polyhedron formed by 0 atoms from seven carboxylate groups 
contributed by six symmetry-related anions (Figure 3). Three 
different modes of interaction comprise the coordination 
scheme. Four of the six anions bind the Ca2+ ion in a uni- 
dentate fashion that involves a single carboxylate 0 atom. One 
anion chelates the Ca2+ ion in a bidentate manner via both 
0 atoms of a single carboxylate group. The sixth a-ethyl- 
malonate ion also chelates the Ca2+ ion in a bidentate manner, 
but this chelation involves a single 0 atom from each of the 
two carboxylate groups of the anion; this interaction is referred 
to as the malonate chelation. The geometries of the unidentate 
and bidentate calcium-carboxylate interactions observed in 
this structure are in good agreement with the preferred ge- 
ometries of these modes of binding,which are discussed in a 
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FIGURE 1 : The asymmetric unit of the calcium a-ethylmalonate crystal 
structure, showing bond lengths (A) and bond angles (") that involve 
non-hydrogen atoms. Non-hydrogen atoms are represented as el- 
lipids of thermal vibration, scaled to include 50% probability density. 
Hydrogen atoms are represented by spheres of arbitrary volume. 
Estimated standard deviations (ESD's) in bond distances are ap- 
proximately 0.002, 0.003, and 0.004 A for Ca-O, C-O, and C-C 
bonds, respectively. ESD's in bond angles are approximately 0.2". 
All figures were prepared by use of the computer program ORTEP 
(Johnson, 1965). 

Cab 

\ 2.544 2.356 

FIGURE 2: Cationic environment of the a-ethylmalonate ion in the 
crystal, showing the modes by which the anion coordinates to Ca2+ 
ions. Atom representation and ESD's in bond distances and angles 
are as stated in the caption to Figure 1. Ca2+ ions are related by 
symmetry operations denoted in su rscript by the letters a-f as follows: 
(a) x, Y ,  z; (b) 1 - x, '/z + Y ,  - /Z - z; (4 x, '/2 - Y ,  '/z + z; (d) 
1 - x, 1 -y, -2; (e) x, + z; (f) 1 - x, -'/2 + y,  -'/2 - z .  

recent survey by Einspahr & Bugg (1981). Both unidentate 
and bidentate modes are found to involve Ca-0 distances 
between 2.2 and 2.75 A. Unidentate coordinations, due to 
relative lack of constraint, show the greatest variability: a 
bimodal distribution of Ca-0-C angles with peaks at 110-140 
and 150-170O and deviations of CaZ+ ions from carboxylate 
planes that range up to 2.4 A. Bidentate chelations, due to 
confinement by interactions with both 0 atoms of the car- 
boxylate group, show the most restricted range: Ca-0-C 
angles between 80 and 100' and deviations of Ca2+ ions from 
carboxylate planes of less than 1.0 A. 

The malonate chelation, which involves an 0 atom from 
each of the two carboxylate groups of the anion, is of special 
interest. Unlike the unidentate and bidentate interactions, it 
is a type of CaZ+ coordination that is not possible with mo- 
nocarboxylate amino acid side chains (viz., those of aspartate 
and glutamate). It is shown in isolation in Figure 1 and with 

p" 
- y ,  

FIGURE 3: Anionic environment of the Ca2+ ion in the crystal. Atoms 
are represented by spheres of arbitrary radii, scaled relative to atomic 
number. Anions are related by symmetry operations denoted by the 
letters a'-f' as follows: (a') x, 1/2 - y ,  + z; (b') x, -1 + y ,  z ;  (c') 
1 - x, -y, -z; (d') 1 - x, + y,  - z; (e') 1 - x, 1 - y ,  -2; (f') 
x, y ,  z .  The position of the Ca2+ ion is given by x, + z .  
The anion at position x, l/z - y ,  + z ,  illustrating the malonate 
mode of calcium chelation, is highlighted by blackened bonds. 

the other calcium-arboxylate interactions in Figure 3. This 
chelation forms a six-membered ring that includes the Ca2+ 
ion, along with atoms 0 1 ,  C1, C2, C3, and 0 4 .  Atoms 0 1 ,  
C1, C3, and 0 4  of the ring are coplanar within 0.062 (4) A, 
while the Ca2+ ion and atom C2 are situated 0.575 (1) A and 
-0.706 (4) A, respectively, on opposite sides of the 0 1 ,  C1, 
C3 ,04  least-squares plane. The ring appears to be relatively 
free of internal strain, as no ring bond angles deviate signif- 
icantly from preferred values and no nonbonded interactions 
with distances at van der Waals limits are evident. The two 
Ca-O coordination bonds of the ring, considered individually, 
have geometries that are consistent with observed unidentate 
geometries cited above. The Ca-0-C angles are 124 and 
132O, and the Ca2+ ion deviates from the two carboxylate 
planes by 1.07 and 1.74 A. The Ca-0 distances are, re- 
spectively, the shortest and third shortest of the eight Ca-0 
bonds in this structure and are at the lower extreme of the 
distribution of Ca-0 distances observed in calcium- 
carboxylate complexes (Einspahr & Bugg, 198 1). 

The malonate chelation seems to be a favored mode of 
interaction of the malonate group with alkali metal, alkaline 
earth, lanthanide, and transition metal ions [see, for examples, 
Soriano-Garcia & Rao (1983), Duc et al. (1 978), Briggman 
& Oskarsson (1977, 1978), Lis & Matuszewski (1979), Butler 
& Snow (1976), Post & Trotter (1974), and Hansson 
(1973a,b)]. Of the approximately 45 independent metal- 
malonate complexes that have been studied crystallographi- 
cally, roughly three-fourths form this six-membered chelate 
ring. In many of these other metal-malonate salts, the che- 
lation is favored in spite of considerable angle strain imposed 
at the tetrahedral C2 atom of the malonate group by distortion 
of the Cl-C2-C3 valence angle. Deviations by as much as 
16" from the tetrahedral value are observed in several of these 
compounds and appear to be the result of the relatively 
flattened conformations assumed by the chelate rings (Mat- 
sumoto & Kuroya, 1972; Briggman & Oskarsson, 1978; Duc 
et al., 1978; Soriano-Garcia & Parthasarathy, 1978; Pajunen 
& Pajunen, 1980). Such conformations place the two malo- 
nate carboxylate groups nearly coplanar with one another and 
with the plane through the carbon backbone of the malonate 
group, requiring C-C-C angle opening to relieve the resultant 

- y ,  
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A survey of the approximately 45 other metal complexes of 
malonate derivatives that have been studied crystallographi- 
cally does not reveal any instances of tri- or quadridentate 
metal-malonate chelates. Nor are any multidentate chelation 
patterns involving a carboxylate group as a bidentate donor 
found in Ca2+ complexes of carboxylate derivatives (Einspahr 
& Bugg, 1981). Therefore, we feel that the malonate chelation 
pattern depicted in Figure 1 is the one most likely to be in- 
volved in interactions between Ca2+ ions and Gla residues of 
proteins. 

Calcium-binding sites on proteins generally involve several 
ligands. The geometrical arrangements of the component 
ligands with respect to the Ca2+ ion appear to be major factors 
in stabilizing complexes between Ca2+ ions and proteins. 
Accumulated crystallographic data from a variety of calcium 
complexes reveal favored calcium-ligand coordination geom- 
etries, which differ among the various types of ligands [Ein- 
spahr & Bugg (1980, 1981, 1983) and references therein]. In 
contrast, coordination numbers and types of ligands appear 
to be similar at both strong and weak calcium-binding sites 
in proteins (Einspahr & Bugg, 1983; Kretsinger & Nelson, 
1976), and uncharged ligands (e.g., water molecules and 
carbonyl groups) can make major contributions to both types 
of sites. The malonate chelation, which we observe in the title 
structure, represents a favorable arrangement of ligands for 
binding Ca2+ ions that may contribute to calcium-binding sites 
in proteins that contain Gla residues. 
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