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ABSTRACT 

Three-dimensional X-ray d&action data were used to determine the crystal structure 
of cc-D-glucuronate CaBr- 3H20, a model system for mvestrgatmg the factors mvolved 
m the bmclmg of calcmm Ions to D-glucuronate residues of ohgo- and poly-saccharides 
Crystals of the salt are monochmc, space group P2,, havmg a = 6 410 (l), b = 
10 784 (2), c = 8 879 (1) A, j? = 92 07 (l)“, and Z= 2 Intensity data for 1082 re- 
flections were measured with an automated dtfikactometer A tnal structure, obtamed 
by the heavy-atom method, was refined by least squares to R = 0 025 The absolute 
configuratron was confirmed by anomalous-dispersion effects An outstandmg feature 
of the crystal packmg IS the mteractron of D-glucuronate amons with calcmm Ions 
The calcmm ion is coordmated to three symmetry-related D-glucuronate anions and 
to two water molecules. The D-ghXUrOUate amon bmds calcmm catrons through three 
chelation sites- one that involves a carboxyl-oxygen atom combined wrth O-5; one 
that mcludes the second carboxyl-oxygen atom acting m concert with O-4, and one 
composed of the O-l-O-2 pair of hydroxyl groups 

INTR0DUCTION 

Calcium complexes of polysacchandes that contain D-glucuronate resrdues have 
been unphcated m such brological processes as calcmm storage’, calc&atron24, and 
calcium-dependent cell-cell adhesron5-8 LIttIe IS known about the factors mvolved in 
calcmm-D-glucuronate interactions, but rt IS generally assumed that the interactions 
are nonspecific and are governed by simple coulombrc binding of the calcmm catron 
to the amoruc carboxyl groups of the D-glucuronate moretresg Contrary to thrs vrew, 
there IS evrdence that calcium mteractrons with glycosammoglycans and with 
glycuronans drsplay considerable stereospecnkty, suggesting that these poly- 
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saccharides probably bmd calcmm through chelatron sates composed of several 
hgands that act m concert lo-l 5. Studies of calcmm-glycuronan complexes Indicate 
that hydroxyl groups combme with carboxyl groups at the calcmm-bmdmg srtes13-14. 
Recent n m r. l 6-l 8 and crystallograpluc 1g--23 studies have shown that many sample 
carbohydrates also chelate calcium Ions through sets of hydroxyl groups and at sites 
that involve carboxyl groups acting m concert with hydroxyl groups and other 
uncharged oxygen atoms . l6 Therefore, it IS possrble that calcium interactions wrth 
D-glucuronate residues may be somewhat stereospecrfic and may mvolve hgands other 
than the carboxyl group 

In tlus paper, we descrrbe the mteractrons of calcium Ions wrth the D-glucuronate 
amons m the crystal structure of a hydrated calcium bromrde salt of D-glucuromc 
acrd 

EXP-AL 

Independent crystallographx studies of the salt were completed at the 
University of Alabama m Bnmmgham24 and at the Umversrty of Montrealz5 As 
results of these two studres are m excellent agreement, only the experimental procedure 
and the results from one of these mvestrgatrons wrll be described m thrs paper 

Clear, tnanguIar crystals (plates) of the salt were grown by evaporating an 
aqueous solutron that contained an approxrmately eqmmolar mixture of sodmm 
D-glucuronate and calcmm bromrde Werssenberg and osclllatlon photographs 
showed the crystals to be monochmc, space group P2,, as mdrcated by the systematic 
absence of reflectrons Ok0 with k odd A crystal fragment havmg approxrmate 
dlmensrons of 0 07 x 0 32 x 0 37 mm was mounted on a Picker FACS-1 diffractometer 
with its b axis shghtly inchned to the 4 axts of the drffractometer Cell parameters for 
use m collectmg mtensrty data were calculated by a least-squares analysis of the 
observed angular settmgs for twelve medmm-angle reflectrons (CuKZ, R = 1 5418 A) 
Intensrty data were collected with the diffractometer by use of a scmtrllatron counter, 
mckel-filtered copper radratron, and a 8 -2 8 scanmng techmque The scannmg speed 
was 1” mm- ‘, and the background was counted for 20 set at each termmus of the 
scans Measurements were made for the 1082 symmetry-mdependent reflectrons having 
2 6 < 128”. Three strong, medmm-angle reflectrons, whrch were momtored penodically, 
showed no srgnmcant vanatlons m mtensrty durmg the penod of data collection 
Immediately after data collectron, accurate values for the cell parameters were 
determmed by a least-squares analysrs of 28 values for twelve lngh-angle reflections 

wu=1, ;1= 1.54051 A), these cell parameters were not srgmficantly &fferent from 
those obtamed pnor to the measurement of mtensltles Crystal data are hsted m 
Table I 

Those refiectrons havmg scan counts below background level were grven 
negative mtensltIes and were retamed m all subsequent calculations All mtensltles 
were assigned varxuxes, ts2(1), according to the statlstlcs of the scan and background 
counts plus a correctronal term (0 03 S)2, S bemg the scan counts The mtensrtres and 
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TABLE I 

CRYSTAL DATA 

Stolchlometry 
z 
Space group 

; 

; 
p (calculated) 
p (observed)” 
p (CuK?i) 

CeH907CaBr 3Hz0 

h, 
6 410 (1) A 

10 784 (2) 
8 879 (1) 

92 07 (1) o 
1988 g crnb3 
1 98 g cmA3 

90Ocm-l 

The density was measured by flotation m tetrabromoethane-benzene A ,U value of 101 4 cm-‘, 
which was cakulated Ignoring the water molecules, was used for calculatmg absorption corrections 

tbelr vanances were corrected for Lorentz and polanzation factors, and absorption 
correctlons were applied by usmg the computer program ORABS26 Data were then 
scaled by means of a W&.on2’ plot 

Coordmates for the brormde ion were determmed from a sharpened, three- 

dImensIona Patterson map, and those for the calcmm Ion from a three-dImensIona 
Founer map phased on the bromide ion The remammg nonhydrogen atoms were 
located m a Founer map that was calculated by usmg phase angles denved from the 
two Ions The tnal structure was refined by usmg a modtied versxon of the full matnx, 
least-squares program ORFLS 28V2g The quantity nummlzed was IZZO(FO~-FC~/~~)~, 
where k IS a scale factor and the weight, zu, IS equal to l/02(Fo2) Scattermg factors 
for the nonhydrogen atoms (Ca2+, Br’-, C, and 0) were obtamed from the Inter- 
nafronal Tables for X-Ray CrystaJZograpJzy3”, and hydrogen-atom scattermg factors 
were those Bven by Stewart, DavIdson, and Slmpson31 All hydrogen atoms were 
located m dfierence Founer maps that were ca!culated durmg the latter stages of 
refinement 

Real and lmagmary anomalous-chsperslon correctlons were apphed to the 
scattenng factors of the nonhydrogen atoms, and both enantlomenc structures 
(D-glucuronate and L-glucuronate) were refined Included m the refinement for both 
enantlomers were all nonhydrogen-atom posItIona and amsotroplc temperature- 
parameters, as well as Zachanasen’s3 3 Isotropic extmctlon parameter 9 (as formulated 
by Coppens and Harmlton34) For the correct enantlomer (D-glucuronate), all 
hydrogen-atom positional parameters and lsotreplc temperature factors were also 
included, except for those of one water molecule (Wl) that &splayed excessive 
thermal motion Because of the hnuted core-storage capacity of the computer, it was 
lmpractlcable to refine all parameters snnultaneously, consequently the nonhydrogen- 
atom parameters were refined together, and the hydrogen atom parameters were 
refined m the alternate cycles For the incorrect enantlomer (L-glucuronate), the 
hydrogen atoms were assxgned the lsotroplc temperature-factors of the atoms to whch 
they are bonded and were Included m the calcnlatlon of structure factors but not m the 
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least-squares refinement; all least-squares parameters were Included m one matnx 
Dunng the last cycle of refinement for each of the two models, no parameter sbfted 
more than one-fourth of its standard deviation The final R mdex(C 1 IFol - IF’clI /CIFal) 
based on all reflections was 0 025 for the D-glucuronate enantlomer and 0 034 for 
L-glucuronate The goodness-of-fit, @ru(Foz - Fc2/k2)/(m -s)> li2, where m IS the 
num!zer of reflections used and s IS the number of parameters refined, 1s 1.65 and 2 53 
for the D- and L-glucuronare models, respectively In a final, d&‘erencc Founer map 
that was phased with the D-glucuronate enantlomer, there were several peaks and 
troughs havmg magnitudes as high as 0 S/w3 that occurred in the vlcmitxes of the 
brormde and calcmm Ions, no other fluctuations exceeded 0 2 e/k3 m magmtude 

RESULTS 

Heavy-atom and hydrogen-atom parameters, together with their estimated 
standard devlatlons, are hsted m Tables II and III respectively Estimated errors m 
posltlonal parameters are about 0 001 a for brormde and calcmm Ions, 0 004 A for 
carbon and oxygen atoms, and 0 05 A for hydrogen atoms A table of observed and 
calculated structure factors will be furmshed by the authors upon request 

TABLE III 

FINAL HYDROGEN-ATOW PARAhfETERs AND THEIR ESTIhfATED STANDARD DEVIATIONS= 

Atom X Y Z B (A’) 

H-l 228 (6) 193 (5) 705 (4) 1 6 (0 8) 
H-2 300 (5) 367 (4) 582 (4) 0 6 (0 7) 
H-3 506 (8) 491 (6) 787 (7) 41 (13) 
H-4 82 (7) 546 (5) 713 (5) 2 4 (0 9) 

H-5 222 (5> 422 (4) 978 (4) 02@6) 
HO-1 335 (7) 191 (6) 930 (5) 2 9 (1 0) 
HO-2 641 (7) 346 (5) 593 (5) 1 8 (0 8) 
HO-3 526 (9) 611 (6) 649 (6) 4 8 (1 4) 
HO-4 136 (11) 689 (9) 863 (7) 6 8 (1 8) 
HOW1 610 (IO) -23 (8) 800 (7) 5 1 (1 4) 
HOWl’ 428 (9) -25 (6) 859 (6) 3 7 (1 2) 
HOW3 781 (6) ill (4) 556 (4) 1 5 (0 8) 
HOW3’ 950 (10) 44 (8) 617 (7) 6 3 (1 8) 
HOW2 134 856 630 39 
HOW2’ 272 963 630 39 

aPosltlonal parameters were mdtlphed by IO3 Parameters for atoms H(OW2) and H(OW23 were 
not refined The temperature factors for these two hydrogen atoms were taken from the last lsotroplc 
least-squares refinement of the oxygen atom, 0W2 

Fig 1 shows the crystal-packmg and hydrogen-bondmg schemes All hydrogen 
atoms that are covalently bonded to oxygen atoms partrclpate m hydrogen bonding 
Hydrogen-bond distances and angles are listed m Table IV The calcium ion 1s 
surrounded by oxygen atoms, and the bromide ion IS hydrogen bonded to hydroxyl 
groups and to water molecules The brotide ions are not &rectly coordmated to the 
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calcium 10x1s; the closest contact between the two IS 4 64 A, which is about 1 70 a 
longer than the sum of therr romc radn 

Fxg 1. Stereo drawmg of the crystal structure Heavy hnes denote covalent bonds and thm hnes 
denote hydrogen bonds flhls drawmg and those in Figs 2-4 were prepared with the program 
0RTJZP3s ) 

TABLE IV 

HYDROGEN-BOND DISTANCES AND ANGLES 

Donor Hydrogen 
atom atom 

Acceptor 
atom 

Donor-acceptor Hydrogen- 
distance acceptor 

<& drstance 

<Is> 

Donor-hydrogen 
acceptor 
angIe 

(“1 

o-1 
_ 

g-f 
O-4 
owl 
owl 
ow2 
ow2 
ow3 
ow3 

HO-l 
HO-2 
HO-3 
HO-4 
HOW1 
Howl’ 
HOW2 
HOW2’ 
HOW3 
HOW3’ 

0-6O 2 859 22 150 
ow2* 2 808 20 172 
BrC 3 281 25 167 
BP 3 210 25 154 
Bi 3 241 27 146 
O-6” 2 888 21 162 
BP 3 363 25 147 
owl* 3 079 23 159 
o-3* 2 806 21 168 
ow29 2 960 21 163 

Symmetry codes O-x, y-3, 2-z *1-x, y-B l-2 =x, y, z dx-1, y, z ‘x, y-l, z fx, y+l, z 
*x+1, y-l, z 

Frg 2 shows the envuonment of the calcmm Ion, which is coordmated to two 
water molecules and to three symmetry-related D-glucuronate rons One of the 
D-glucuronate ions chelates the calcmm IOII through the O-l-O-2 parr of hydroxyl 
groups, the second through hydroxyl-oxygen atom O-4 combmed with carboxyl- 
oxygen atom O-6, and the thud through carboxyl-oxygen atom O-6’ actmg m concert 
wrth O-5, the rmg-oxygen atom. The calcium ion IS thus surrounded by a coo&nation 
polyhedron composed of e&t oxygen atoms two from water molecules, three from 



STRUT OF D GLUCXJRONATE CaBr-H,O 25 

hydroxyl groups, two from the carboxyl group, and the ring-oxygen atom Frg 3 
shows that these eight oxygen atoms form a shghtly dstorted, square-antlpnsm 
polyhedron around the calcmm Ion. The calcmm-oxygen &stances range from 
2 38-2 57 w This coordmatron-geometry IS smular to that found m a number of other 
calcmm-carbohydrate salt.slg and complexes20*21 

Fig 2 Enmronment of the calcmm ion, which IS coordmated to three o-glucuronate amens and to 
two water moIecules Wl and W3 correspond to oxygen atoms of water molecules 

Fig 3 Geometry of the cakmm-Ion coordmatlon shell All oxygen-oxygen contacts shorter than 
3 10 A are shown, together with the calcmm-oxygen dlstancp Estimated standard devlatlons are 
about 0 004 i% for Ca-0 &stances and 0 006 A for O-O contacts Wl and W3 correspond to oxygen 
atoms of water molecuks 
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(Cl’ 

Fig 4 In (a) nonhydrogen atoms are represented by thermal elhpsolds that are scaled to mclude 50% 
probablhty Hydrogen atoms are represented by spheres of 0 07 ii radws In (b) angles are g~\en m 
degrees Estimated standard dewatlons m bond lengths are about 0 006 8, for those bond lengths 
rnvolvmg only nonhydrogen atoms, 0 05 8, for those bond lengths mvolvmg hydrogen atoms, and 
0 3” for bond angles 

Frg 4 shows the D-glucuronate conformatton, calcmm-bmdmg s&es, thermal 
elhpsords, bond lengths, and those bond angles that mvolve only nonhydrogen atoms 
Conformatronal torston angles are hsted in Table V 

As deprcted m Frg 4, the D-glucuronate amon provrdes three calcmm-chelatron 
sates, all of whtch mvolve uncharged oxygen atoms (hychoxyl groups and the ring- 
oxygen atom) Two of these sites also use oxygen atoms from the carboxyl group, but 
even at these srtes, the mteractrons are not exclusively attnbutable to sample coulombic 
mteractrons between the calcmm catron and the amomc oxygen atoms As the calcmm 



STRUT OF DGLuC~~~~NATE CaBr HZ0 27 

TABLE V 

CONFORMATIONAL TORSION-ANGLES INVOLVING ONLY NONHYDROGEN ATOMS OF 

THE D-GLUCURONATE ANION“ 

Angie Magnztude 
(degrees) 

Angle Magnrrude 
(degrees) 

O-5-C-l-C-2-C-3 
C-l-C-2-C-3-C-4 
C-2-C-3-C-4-C-5 
c-3-c-4-C-5-0-5 
c4-C-5-0-5-C-I 
0-1-c-1-c-2-0-2 
0-2-C-2-C-3-0-3 
0-3-C-3-C-4-0-4 
04-C-4-C-5-C-6 
0-6-c-6-c-5-0-5 
0-6’-C-6-C-5-C-4 

45 8 
-424 

49 5 
-624 

70 6 
47 9 
779 

-io7 
56 6 

-17790 
1246 

0-6-c-6-c-5-c-4 -573 
O-6 -C-6-C-5-0-5 29 
0-1-c-1-0-5-c-5 59 3 
0-1-c-1-c-2-c-3 -745 
0-2-c-2-c-1-c-5 168 3 
O-2-C-2-C-3-C-4 -161 7 
O-3-C-3-C-2-C-l -162 8 
o-3-c-3-c-4-c-5 1677 
o-4-c-4-c-5-o-5 179 1 
0-4-C-4-C-3-C-2 171 1 

“Estimated standard dewations are about 0 A0 The signs of the angles correspond to the notation 
of Klyne and Prelog36 

ions are bound at these sites by uncharged oxygen atoms (O-4 and O-S) actmg m 
concert with the carboxyl group, the resultant calcium complex must satrsfy the 
overall geometry of the chelation sites, rather than merely assummg a conformatron 
that permits smtable electrostatic contacts between the calcmm catlons and the 
carboxyl group The O-l and O-4 atoms of D-glucuronate residues m ohgo- and 
polysacchandes are generally mvolved m glycos~d~c hnkages However, as acetal- 
oxygen atoms (such as atom O-5 of the D-gIucuronate amon) are smtable hgands for 
bmdmg calcmm ions, rt IS reasonable to assume that all three of the chelation sites 
mvolved m the calcmm brormde-D-glucuronate crystal struc:ure may also participate 
m the bmdmg of calcmm ions to D-glucuronate residues of c hgo- and polysacchandes 

It 1s noteworthy that the glucuronate Ion crystalhzzs as the a-anomer m this 
calcmm salt, smce the /3-anomer predommates m aqueous solutlon3’ and 1s found m 
the crystal structures of the potassium and rubldmm salts of D-glucuromc acld3’ It 
has been shown that calcmm Ions have different affimtles for the a- and /3-anomers of 
certain sugars m aqueous solution16, and so It IS possible that calcmm InteractIons 
affect the favored anomenc form of the D-&CUrOnate amon It appears that calcmm 
mteractlons also exert a large effect on the conformation of the D-glucuronate amon 
The carboxyl group 1s rotated about 30” from the posItIon found for the D-glucuronate 
moleties m the crystal structures of potassium j?-D-glucuronate38 and an aldo- 
tnouromc acld3’, resultmg m a conformation where O-5 1s nearly In the plane of the 
carboxyl group This conformatlon appears to be stablhzed by the calcmm mter- 
actions, as It leads to simultaneous chelation of calcmm Ions by the 0-4-O-6 and the 
0-5-O-6’ sites of the D-glucuronate amon Companson of the a-D-glucuronate 
conformafion with that in the crystal structure of an aldotriouronic acid indicates that 
the calcium mteractlons also affect the Internal torsion-angles w&m the sugar nng 
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The correspondmg toraon-angles Qffer by amounts rangmg from 5 to 15”, wrth an 
overall root-mean-square hfference of 11 8”. These conformatronal changes are 
smular to those found m other crystal structures of calcmm-carbohydrate salts and 
complexes ’ g-2 3 s40. 

An mterestmg feature of the crystal structure 1s the role that calcmm ions play 
m crosshnkmg D-glucuronate amens The calcmm ion 1s chelated by three, symmetry- 
related D-glucuronate Ions (Frg 2) and the calcmm-coordmatron polyhedron is 
completed by water molecules Thus the crystal structure consrsts of hydrated 
calcmm D-glucuronate bndges Thrs same feature occurs in all calcmm+arbohydrate 
crystal structures exammed It has been consrstently found that the calcmm ions are 
coordmated to two or more carbohydrate resrdues, and usually to several water 
molecules, thus formmg hydrated carbohydrate-calcmm-carbohydrate bndges As m 
the calcium bronude-D-glucuronate structure, the bndges have only hmrted geo- 
metrical freedom, as they must satrsfy the coordmatron geometry of the calcmm ran 
These crystallographic findmgs suggest that calcmm-carbohydrate mteractrons can 
provide an effective, stereospecrfic mechamsm for hnkmg carbohydrate chams 
together Such hnkages may be of importance 111 brologrcal adhesron and agglutmatron 
processes that are calcmm-dependent and mvolve glycosammoglycans or other 
saccharrdes composed of D-@UCUTOmC acrd5-8. 

REFERENCES 

1 S J FARBER, M SCIIUBFXT, AND N SCHUSTER, 3 CZm. Imestrg, 36 (1957) 1715 
2 J R DUNSTONE, Blochem J, 85 (1962) 336 
3 Q T Shm AND A LINDENBAIJM, Caic TISS Res , 7 (1971) 290 
4 J M Bo\mms, Chin Orrhop ReI Res , 53 (1968) 233 
5 R S TURNER AND M M BURGER, Nature, 244 (1973) 509 
6 G WJZINBAUM AND M M BURGER, Nurure, 244 (1973) 510 
7 B PEX,AC AND V DEFENDI, Sczence, 175 (1972) 898 
8 L M J &XXLD~NI Int Rea Cytoi, 7 (1958) 587 

9 I G F GILBERT AND N A MYERS, Brochrm Btophys Acta, 42 (1960) 469. 
16 G T.G m, E R MO-, D A REES, P J C S&urn, and D THOM, FEBS Letrers, 32 (1973) 

195 
11 0 SMIDSRBD AND A HAUG, Acta Chem Scund, 26 (1972) 2063 
12 R KOHN, I FURDA, A HAUG, ANDY 0 S?&IDSR~D, Acfa Chem Scund, 22 (1968) 3098 
13 R G SCHWEIGER, J Org Chem, 27 (1962) 1789 
14 A HAUG AND 0 SMIDSRBD, Acra Citent Stand, 24 (1970) 843 
15 M B -MAmEwS, Brochmt Blophys Acta, 37 (1960) 288 
16 T ANIXONSEN, B LARSEN, AND 0 SMIDSRCD, Acfa Chem &and, 26 (1972) 2988 
17 S J hGYAL, Aust J Chem, 25 (1972) 1957 
18 S J. ANGYAL AND K P DAVIES, J Chem SOC, D, (1971) 500 
19 W J COOK AND C E BUGG, Acta CrystaZfogr , B29 (1973) 215 
20 C E BUGG AND W J COOK, Chem Commun , 12 (1972) 727. 
21 C E BUGG, J Amer Chem Sot, 95 (1973) 908 
22 W J COOK AND C. E BUGG, Carbohyd Res, 31 (1973) 265 
23 W J COOK AND C E BUGG, J Amer Chem Sot ,95 (1973) 6442 
24 L DELUCA~ AND C E BUGG, International Association of Dental Research Meetmg, Atlanta, 

Georaa, March 21-24, 1974, abstract 13 
25 A TERZ~S AND R RIVE=, Amencan Crystallographx Association Meeting, Berkeley, Cahforma, 

March 24-28, 1974, abstract Gil. 



STRUCl-URE OF D GLUCURONATE ca%-H30 29 

26 D J WEHE, W R BUSING, AND H A LEVY, ORABS Report ORNGTM-229, Oak &dge 
Natlonal Laboratory, Tennessee, 1962 

27 A J C WUSON, Nature (London), 150 (1942) 152 
28 W R BUSING, K 0 Mm-i-m, AND H. A LEVY, ORFLS Report ORNL-TM-305. Oak IZldge 

National Laboratory, Tennessee, 1962 
29 W R BTXING, Acta Crystalogr , A27 (1971) 683 
30 International Tables for X-Ray CrystalIography, Vol III, Kynoch Press, Btrrnmgham, 1962, 

pp 202-214 
31 R F STEWART, E R DAVIDSON, AND W. T S-SON, J Chem Phys, 42 (1965) 3175 
32 D T CROMER AND D LIBERMW, J. Chem. Phys, 53 (1970) 1891 
33 W H ZACHARIAXN, Acta Crystdogr , 16 (1963) 1139 
34 P. COPPENS AND W C HAMUTON, Acfa Crystallogr , A26 (1970) 71. 
35 C K JOHNSON, ORTEP Report ORNL-3794, rewscd, OakRxdgeNatlonal Laboratory, Tennessee, 

1965 
36 W KL~ AND V PRELOG, Experzenha, 16 (1960) 521 
37 W F. GOEBEL AND F H BABERS, J. WoZ Chem , 100 (1933) 573. 
38 G E G~RR, Acfu Crysfallogr , 16 (1963) 690 
39 R_ A MORAN AND G. F_ RICWRJX, Acta Crystallogr ED9 (1973) 2770 
40 R A Ha.- AND C E BUGG, Acta Crystallogr , B30 (1974) 2705 


