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SUMMARY

X-ray diffraction data were used to determine the crystal structure of a hy-
drated CaBr, complex of x-fucose, a common terminal sugar of oligosaccharide
chains on glycoproteins. Crystals of C¢H,,0O4 - CaBr, - 3H,0 are orthorhombic,
space group P2,2,2,, with a = 14.360(2), b = 12.896(3), and ¢ - 8.043(1) A. Inten-
sity data for 1442 independent reflections were measured with an automated diffrac-
tometer. A trial structure, obtained by the heavy-atom method, was refined by least-
squares to R = 0.052. Ca?" is chelated by a pair of hydroxyl groups from each of
two symmetry-related fucose molecules and is coordinated to three water molecules.
Thus the structure consists of hydrated fucose-calcium-fucose bridges. The bridge
geometry, which is dictated by the coordination requirements of Ca?*, is like that
of other calcium-carbohydrate complexes. Our results indicate that calcium-fucose
interactions can provide an effective, stereospecific mechanism for cross-linking carbo-
hydrate chains. Similar calcium-carbohydrate bridges may be involved in a variety
of Ca’*-dependent agglutination and adhesion processes.

INTRODUCTION

Ca?* and carbohydrates appear to participate in a variety of biological
adhesion and agglutination processes, particularly those occurring at cell surfaces.
For example, Ca?* and membrane-bound carbohydrate residues have been strongly
implicated in cell-cell adhesion [1-7], cellular adhesion to extracellular aggregating
factors [8], and binding of glycoproteins to cell surfaces [9-11]. Although calcium-
carbohydrate complexes are thought to mediate many of these processes, little is
known about the types of interactions that are likely to be involved. The interactions
are generally presumed to be of the simple ionic type, with Ca?* binding non-
specifically to such anionic residues as the carboxyl groups of glucuronate [3] or
sialic acid [6] moieties. However, many solution studies have shown that, in aqueous
media, Ca2* also binds to uncharged carbohydrates [12-15]: these observations
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suggest that Ca’* may interact with the carbohydrates of biological systems at
uncharged sites. Recent crystallographic studies demonstrated that, in hydrated solid-
state environments, neutral sugars chelate Ca’* through sets of hydroxyl groups.
These results indicated that Ca?*, in conjunction with water molecules, can bind
simultancously to several uncharged sugar residues and thereby form hydrated
carbohydrate-calcium-carbohydrate bridges [16-19].

In this paper we describe the crystal structure of a hydrated CaBr, complex of
a-fucose, a common terminal residue of the oligosaccharide chains on glycoproteins
and glycolipids [20]. We show that Ca?* can form hydrated bridges between fucose
moieties, and we suggest that similar interactions may provide an effective, stereo-
specific mechanism for cross-linking carbohydrate chains in biological systems.

EXPERIMENTAL

Evaporation of an approximately equimolar mixture of CaBr, and a-pD-fucose
yielded clear, rectangular plates of a-D-fucose - CaBr,*. Weissenberg and oscillation
photographs showed the crystal to be orthorhombic; the space group is P2,2,2,, as
indicated by the systematic absence of reflections #00 with # odd, 0k0 with & odd, and
00/ with / odd. Since the crystals are deliquescent, they were enclosed in thin-walled
glass capillary tubes for X-ray analysis. A crystal fragment with approximate dimen-
sions of 0.10, 0.20, and 0.50 mm was mounted on a Picker FACS-1 diffractometer
with its b axis slightly inclined to the @ axis of the diffractometer. Approximate cell
parameters for use in collecting intensity data were calculated by a least-squares
analysis of the angular settings for eight medium-angle reflections (CuKz, A =
1.5418 A).

Intensity data were collected with the diffractometer, by use of nickel-filtered
copper radiation, a scintillation counter, and a #-26 scanning technique. Measure-
ments were made for 1442 symmetry-independent reflections with 20 < 128°. Imme-
diately after data collection, accurate values for the cell parameters were determined
by a least-squares analysis of 20 values for 12 high-angle reflections (CuK«, ); these
cell parameters were not significantly different from those obtained before intensities
were measured. Table I lists crystal data. Reflections with scan counts below back-
ground level (“negative” intensities) were assigned intensities of 0.0 and were retained
in all subsequent calculations. The intensities were assigned variances, 02(1 ), accord-
ing to the statistics of the scan and background counts plus a correctional term
(0.035)?, S being the scan counts. Intensities and their variances were corrected for
Lorentz and polarization factors, and crystal absorption corrections were calculated
by using the computer program ORABS [21]; absorption by the glass capillary tube
was ignored. The data were scaled by means of a Wilson [22] plot.

We arrived at a suitable trial structure by the heavy-atom method, using one
of the Br™ as the heavy atom. The trial structure was refined by using a modified
version of the full-matrix least-squares programs ORFLS [23, 24]. The quantity
minimized was Zw(Fo?—Fc?/k*)?, where k is a scale factor and weight w is equal to

* The p-isomer of a-fucose was used for this crystallographic analysis. The crystal structure of
the corresponding CaBr, complex of «-L-fucose, the common isomer in glycoproteins and glyco-
lipids, would be the mirror image of that described here.
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TABLE 1
CRYSTAL DATA

Stoichiometry CgH,,05 - CaBr, - 3H,0

Z 4
Space group P2,2,2;
a 14.360 (2) A
b 12.896 (3) A
c 8.043 (1) A
p (calculated) 1.864 g+ cm™3
p (observed) 1.86g-cm~?

4t (CuKa) 106.9cm™!

1/a?(Fo?). Scattering factors for the non-hydrogen atoms were from the International
Tables for X-ray Crystallography [25], and hydrogen atom scattering factors were
from Stewart et al. [26]. Coordinates for those hydrogen atoms bonded to carbon
atoms, except those of the methyl group, were calculated by assuming tetrahedral
coordination around the carbon atoms and C-H bond distances of 0.95A. The
hydrogen atoms of the methyl and hydroxyl groups and of the water molecules were
located in difference Fourier maps that were calculated during the latter stages of
refinement. Hydrogen atoms were assigned the isotropic temperature factors of the
heavy atoms to which they are bonded and were included in the calculation of struc-
ture factors but not in the least-squares refinement. The heavy-atom positional and
anisotropic temperature parameters and Zachariasen’s [27] isotropic extinction
parameter g (as formulated by Coppens and Hamilton [28]) were included in the
refinement. As the refinement proceeded, the coordinates of the hydrogen atoms
attached to oxygen atoms were improved by the use of difference Fourier maps.

The final R index (X||Fo|—|Fc||/Z|Fo|) is 0.052, and the goodness-of-fit
([Xw(Fo*— Fc?)?/(m~s)]'/2, where m is the number of reflections used and s is the
number of parameters refined) is 1.43. During the last cycle of refinement, no param-
eter shifted more than one-fifth of its estimated standard deviation. A final difference
Fourier map showed several peaks and troughs in the vicinities of the Br™ that ranged
in magnitude from 0.5 to 0.7 ¢/A%; no other peaks or troughs exceeded 0.5 ¢/A°.

During the refinement, both real and imaginary components of the anomalous
dispersion correction factors were applied to the atomic scattering factors for the
non-hydrogen atoms. The correction factors of Cromer and Liberman were used [29].
After the correct enantiomer (D-fucose) was refined, coordinates were then inverted
and the incorrect enantiomer (L-fucose) was refined. The L-fucose model refined to
only R = 0.061 and goodness-of-fit = 1.72. A comparison of the two enantiomers, by
use of the R-factor ratio test [30], indicated that the absolute configuration of p-fucose
is correct with a probable error of less than 0.5 9.

RESULTS

Table 11 lists the final non-hydrogen atom parameters and their estimated
standard deviations: the estimated errors in positional coordinates are about 0.001 A
for Br~ and Ca?* and 0.006-0.011 A for carbon and oxygen atoms. Tables of hydro-
gen-atom parameters, calculated and observed structure factors, bond angles, con-
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Fig. 1. Conformation and bond lengths of the fucose molecule. Estimated standard deviations in
bond lengths are 0.09-0.013 A. Non-hydrogen atoms are represented by thermal ellipsoids defined
by the principal axes of thermal vibration and scaled to include 30 %, probability; hydrogen atoms
are represented by spheres of 0.07 A radii. (This drawing and those in Figs 2 and 3 were prepared by
using the computer program ORTEP [36].)

formational torsion angles, and hydrogen-bond distances and angles have been
deposited*. Fig. 1 depicts the fucose conformation, atomic thermal ellipsoids, and
those bond lengths that involve only non-hydrogen atoms.

No direct contacts exist between Ca?* and Br~; the closest bromide-calcium
distance is 4.8 A, which is 1.8 A greater than the sum of the ionic radii for these two
ions [31]. All hydroxyl- and water-oxygen atoms are coordinated to Ca**: none of
these oxygen atoms serves as a hydrogen-bond acceptor in the crystal structure. All
hydrogen atoms from the hydroxyl groups and from the water molecules from hydro-
gen bonds to Br~

Fig. 2 shows the environment of Ca?*, which is coordinated to two symmetry-
related fucose molecules and to the three water molecules. Ca?" is chelated by one
fucose molecule through its 0(1)-0(2) pair of hydroxyl groups, and by the second
fucose molecule through its 0(3)-0(4) pair of hydroxyl groups. Ca’* is thus surround-
ed by a coordination polyhedron composed of seven oxygen atoms: four from hydrox-
yl groups and three from water molecules. The stereochemistry of the coordination
polyhedron is shown in greater detail in Fig. 3. The seven oxygen atoms assume a
pentagonal-bipyramidal configuration, with calcium-oxygen distances that range
from 2.32 to 2.44 A,

* These tables are deposited with, and can be obtained upon request from: Elsevier Publishing
Company, BBA Data Deposition, P.O. Box 1527, Amsterdam, The Netherlands. Reference should
be made to No. BBA/DD/024/76959/000 (1975) 000.
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Fig. 2. Environment of Ca%* in the fucose - CaBr, - 3H,0 complex.
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Fig. 3. Stereochemistry of Ca?* coordination shell in the fucose - CaBr, - 3H,0 complex. Calcium-
oxygen distances are given. O (W1), O (W2), and O (W3) are oxygen atoms of water molecules.

DISCUSSION

As in other crystalline calcium-halide complexes of uncharged carbohydrates
[16-19], fucose chelates Ca2* through sets of hydroxyl groups. Interactions of this
type have also been observed in aqueous solution [12-15], where a wide variety of
simple, uncharged sugars bind Ca®* by substituting hydroxyl groups for the water
molecules in the Ca?* hydration shell. Crystallization experiments indicate that
calcium-hydroxyl interactions are of general importance in the transition from
aqueous solution to condensed, hydrated phases. Almost all our attempts to crystallize
uncharged carbohydrates from aqueous calcium-halide solutions have produced
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hydrated carbohydrate-calcium halide complexes. Even carbohydrates that possess
anionic moieties bind Ca®* through sets of hydroxyl groups, or through sets of
hydroxyl groups acting in concert with the anionic substituents [32-35]. Anionic
substituents may enhance the Ca’*-binding properties of carbohydrates. but they
are clearly not required for the formation of calcium-carbohydrate complexes in
aqueous solution or in the solid-state.

Calcium-carbohydrate interactions in aqueous solution appear to be governed
by the availability of sets of oxygen atoms that are in the proper geometrical arrange-
ment to substitute for water molecules in the Ca?* hydration shell [13]. The impor-
tance of this geometry in the solid phase is readily seen in the crystal structure of the
fucose - CaBr, complex, as well as in all other crystal structures of calcium-carbohy-
drate complexes that have been examined. In each of these crystal structures, the
carbohydrate moieties are positioned around Ca’* in geometrical arrangements that
permit the chelating oxygen atoms to form calcium contacts ranging in length from
2.3 to 2.6 A. Since all of the chelating oxygen atoms must form suitable calcium-
oxygen contacts simultaneously, the interactions are necessarily subject to appreciable
geometrical constraints. In addition to these constraints, it appears that particular
coordination geometries may be preferred by Ca®™*. Only two general types of calcium-
coordination polyhedra have been found in the many crystal structures (approximately
twenty) of calcium-carbohydrate salts and complexes that have been examined. In
most cases, Ca?? is coordinated to eight oxygen atoms in distorted square-antiprism
arrangements. In other calcium-carbohydrate crystal structures, including the
fucose - CaBr, complex, Ca’* is coordinated to seven oxygen atoms, which form
pentagonal-bipyramidal polyhedra around Ca®*. In view of the geometrical con-
straints observed for calcium-carbohydrate interactions in aqueous solution and in
crystal structures, it is likely that these interactions display considerable stereospecifi-
city in a wide range of other environments, including those of biological systems.

A particularly prominent feature of the crystal packing scheme in the fucose -
CaBr, complex is the role that Ca’* plays in cross-linking fucose molecules. As
shown in Fig. 3. Ca’* is bound to two symmetry-related fucose molecules and to
three water molecules so that hydrated fucose-calcium-fucose bridges are formed.
Similar carbohydrate-calcium-carbohydrate bridges have been found in all of the
crystal structures of calcium-carbohydrate salts and complexes that have been exa-
mined. Considering the role of water molecules in these bridges, it is reasonable to
assume that related bridging interactions occur in other condensed, hydrated phases
containing carbohydrates and Ca?*. If so. these interactions could provide an effec-
tive, stereospecific mechanism for cross-linking carbohydrate chains in biological
systems, and might thereby contribute to a variety of calcium-dependent agglutina-
tion and adhesion processes.

ACKNOWLEDGEMENTS
We thank Miss Mary Ann Comer and Miss Catherine Sims for assistance with

the preparation of this manuscript. This work was supported by N.I.H. Grants CA-
12159 and DE-02670.



435

REFERENCES
1 Hays, R. M., Singer, B. and Malamed, S. (1965) J. Cell Biol. 25, 195-208
2 Cook, G. M. W. (1968) Biol. Rev. Cambridge Phil. Soc. 43, 363-391
3 Turner, R. S. and Burger, M. M. (1973) Nature 244, 509-510
4 Chipowsky, S., Lee, Y. C. and Roseman, S. (1973) Proc. Natl. Acad. Sci. U.S. 70, 2309-2312
5 Winzler, R. J. (1970) Int. Rev. Cytol. 29, 77-125
6 Weiss, L. (1973) J. Nat. Cancer Inst. 50, 3-19
7 Roseman, S. (1970) Chem. Phys. Lipids 5, 270-297
8 Weinbaum, G. and Burger, M. M. (1973) Nature 244, 510-512
9 Deman, J., Mareel, M. and Bruyneel, E. (1973) Biochim. Biophys. Acta 297, 486-490
10 Pricer, Jr, W. C. and Ashwell, G. (1971) J. Biol. Chem. 246, 4825-4833
11 Humpbhreys, T. (1967) in The Specificity of Cell Surfaces (Davis, B. D. and Warren, L., eds),

12
13
14
15
16
17
18
19
20
21

22
23
24

25

26
27
28
29
30
31

32
33

35
36

pp. 195-210, Prentice-Hall, Inc., Englewood Cliffs, N. J.

Angyal, S. J. and Davies, K. P. (1971) J. Chem. Soc. (D) 500-501

Angyal, S. J. (1972) Aust. J. Chem. 25, 1957-1966

Rendleman, Jr, J. A. (1966) Adv. Carbohydr. Chem. 21, 209-271

Mills, J. A. (1961) Biochem. Biophys. Res. Commun. 6, 418-421

Cook, W. J. and Bugg, C. E. (1973) J. Am. Chem. Soc. 95, 6442-6446

Cook, W. J. and Bugg, C. E. (1973) Acta Crystallogr. B29, 2404-2411

Cook, W. J. and Bugg, C. E. (1973) Carbohydr. Res. 31, 265-275

Bugg, C. E. (1973) J. Am. Chem. Soc. 95, 908-913

Ginsburg, V. and Neufeld, E. F. (1969) Annu. Rev. Biochem. 38, 371-388

Wehe, D. J., Busing, W. R. and Levy, H. A. (1962) ORABS Report ORNL-TM-229, Oak Ridge
National Laboratory, Tennessee

Wilson, A. J. C. (1942) Nature 150, 151-152

Busing, W. R. (1971) Acta Crystallogr. A27, 683-684

Busing, W. R., Martin, K. O. and Levy, H. A. (1962) ORFLS, Report ORNL-TM-305, Oak
Ridge National Laboratory, Tenn.

International Tables for X-Ray Crystallography (1962) Vol. III, pp. 202-209, Kynoch Press,
Birmingham

Stewart, R. F., Davidson, E. R. and Simpson, W. T. (1965) J. Chem. Phys. 42, 3175-3187
Zachariasen, W. H. (1963) Acta Crystallogr. 16, 1139-1144

Coppens, P. and Hamilton, W. C. (1970) Acta Crystallogr. A26, 71-83

Cromer, D. T. and Liberman, D. (1970) J. Chem. Phys. 53, 1891-1898

Hamilton, W. C. (1965) Acta Crystaliogr. 18, 502-510

Pauling, L. (1960) The Nature of the Chemical Bond, pp. 511-519, Cornell University Press,
Ithaca

Norrestam, R., Werner, P. E. and Von Glehn, M. (1968) Acta Chem. Scand. 22, 1395-1403
Furberg, S. and Hellend, S. (1962) Acta Chem. Scand. 16, 2373-2383

Balchin, A. A. and Carlisle, C. H. (1965) Acta Crystallogr. 19, 103-111

Cook, W. J. and Bugg, C. E. (1973) Acta Crystallogr. B29, 215-222

Johnson, C. K. (1965) ORTEP, Report ORNL-3794, revised, Oak Ridge National Laboratory,
Tenn.



