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Polysaccharides of Intracrystalline Glycoproteins Modulate 
Calcite Crystal Growth In Vitro 

Shira Albeck, Steve Weiner, and Lia Addadi* 

Abstract: Assemblies of glycoproteins 
from within the mineralized tissues of sea 
urchins and mollusks both interact in vit- 
ro in a similar manner with growing cal- 
cite crystals. A protein-rich fraction, a 
polysaccharide-rich fraction, and a frac- 
tion composed of densely glycosylated 
peptide cores were obtained by chemical 
and enzymatic treatment of the glyco- 
proteins from sea-urchin spines. Each 
fraction was partially purified and charac- 

terized (amino acid composition, FTIR 
and NMR spectroscopy). A comparison 
of the interactions of these fractions with 
growing calcite crystals in vitro shows 
that the polysaccharide moieties of these 

Introduction 

Organisms form their mineralized tissues in a wide variety of 
different ways and from different minerals. In some cases the 
mineral is amorphous, whereas in others it is crystalline. In the 
latter, the mineral may be deposited as large, unusually shaped 
single crystals, or as an array of usually smaller organized crys- 
tals, each with a well-defined shape. Thus, many organisms 
exert control over the mineral phase precipitated, the orienta- 
tion of the crystals, as well as their shapes and textures.''] 

Dissolution of the externally cleaned crystal elements from 
various mineralized tissues releases into solution an ensemble of 
intracrystalline macromolecules.[21 These macromolecules 
clearly reside within the crystalline phase, where they create 
defe~ts.1~1 The distribution of these defects has been relatively 
well studied by X-ray diffraction, but much still remains to be 
learned about the macromolecules themselves. The distributions 
and compositions of these intracrystalline macromolecules vary 
between skeletal elements, suggesting that they may be em- 
ployed by the organisms in a variety of ways, such as to control 
the morphology of the growing crystal and to improve its me- 
chanical properties. 

Information on possible modes of action of the intracrys- 
talline macromolecules can be obtained by studying the interac- 
tion of solutions of the extracted macromolecules with growing 
calcite crystals in vitro. This interaction causes inhibition of 
crystal growth in the direction perpendicular to the plane of 
interaction, resulting in the expression of a new set of faces or 
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glycoproteins are intimately involved in 
the interaction with growing calcite crys- 
tals on planes approximately parallel to 
the c crystallographic axis. Presumably 
the polysaccharides in the mollusk-shell 
glycoproteins are likewise responsible for 
the similar interactions of these macro- 
molecules with calcite. We suggest that 
structured polysaccharide moieties of gly- 
coproteins are important in controlling 
aspects of crystal growth in vivo as well. 

the enhancement of existing ones. This in turn causes a macro- 
scopic change in the morphology of the synthetic calcite crystal, 
which provides information on the molecular nature of the in- 
teraction.t4] Furthermore, by correlating the molecular motifs 
which characterize the affected crystal planes with the structures 
of the interacting moieties on the macromolecule, more insight 
can be obtained into the basic processes involved. 

When macromolecules extracted from within the spines of the 
sea urchin (echinoderm) Paracentrotus lividus were introduced 
into solutions of growing calcite crystals, new faces other than 
the stable {104} faces were expres~ed .~~]  These additional calcite 
planes are roughly parallel to the c crystallographic axis and 
correspond to the {TOl} sets of faces, with 1 ranging between 1 
and 1.5.t63 '9 A similar study of macromolecules extracted 
from within the calcitic prisms of the mollusk Atrina rigida 
showed that the quantitatively abundant proteins rich in aspar- 
tic acid interacted with planes perpendicular to the c crystallo- 
graphic axis. In contrast, a minor fraction rich in glutamic acid 
and serine interacted with the same set of planes as did the 
sea-urchin macromolecules.[61 The latter observation was sur- 
prising, as the protein moieties are quite different in amino acid 
composition, yet the nature of the in vitro interactions appears 
to be the same. 

The present work was therefore undertaken to investigate 
which moieties common to both the sea-urchin and the minor 
fraction of mollusk macromolecules are involved in the interac- 
tion with growing calcite crystals. The macromolecular assem- 
blies were characterized by 'H NMR and FTIR spectroscopy. 
This in turn required the development of a new decalcification 
method which does not utilize ethylenediaminetetraacetic acid 
(EDTA), as the presence of traces of EDTA in the preparation 
interferes with the interpretation of the spectroscopic data. 

Here we show that both assemblies of macromolecules which 
interact with planes parallel to the c axis are glycosylated, while 
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those which interact with calcite planes perpendicular 
to the c axis are not. Furthermore, the protein-assem- 
bled polysaccharide moieties of the sea-urchin glyco- 
proteins interact with distinct calcite planes which are 
almost parallel to the c axis, whereas the deglycosylated 
protein moieties of the same ensemble of macro- 
molecules interact with planes oblique to the c axis. 
This detailed information on the various interacting 
moieties and their modes of interaction with synthetic 
calcite crystals contributes to our understanding of the 
mechanisms by which intracrystalline macromolecules 
regulate biological crystal growth. 

Results 

Dissolution of the Mineral Phase by an Ion-Exchange 
Resin: The first essential step in almost all studies of 
macromolecules from mineralized tissue is the dissolu- 
tion of the mineral phase. Most studies use the calcium 
chelator EDTA at slightly basic pH or various types of 
acid. The former is very difficult to remove complete- 
lyr9I and is usually very slow, and the latter denatures 
and possibly damages the proteins. Here, we employed 
a modification of a technique used to decalcify thin 
sections of bone for histology.["] This method uses a 
cation-exchange resin that binds the calcium ions that 
are slowly released from the mineral into the undersat- 
urated solution, and effectively removes them. By 
changing the solution daily, the pH is maintained be- 
tween 4-5. This method is relatively rapid and does not 
introduce extraneous molecules which remain associat- 
ed to the protein and which modify its properties. We 
were thus able to characterize the material extracted by 
this method spectroscopically, as well as analyze its in- 
teraction with growing calcite crystals in vitro. 
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The total ensembles of macromolecules were extracted 
from within the mineral phase of the spines of the sea urchin 
Paracentrotus lividus and from within isolated prisms from the 
prismatic layer of the mollusk Atrina rigida. Amino acid analy- 
ses and 'H NMR and FTIR spectroscopy were used to charac- 
terize the extracted soluble macromolecules from each of the 
mineralized tissues. 

Fig. 1. Selected regions of IR and 'HNMR spectra of glycoproteins extracted from within 
sea-urchin spines. A and B) IR and 'HNMR spectra, respectively, of the untreated ensemble 
of glycoproteins. C and D) IR and 'H NMR spectra, respectively, of polypeptides obtained 
by HF cleavage of saccharides from the glycoprotein ensemble. E and F) IR and 'H NMR 
spectra, respectively, of glycopeptides obtained by treatment of the glycoproteins with 
proteases. 

The Untreated Intracrystalline Macromolecules from the Spines 
of the Sea Urchin: There are two dominant features in the in- 
frared spectrum of the ensemble of macromolecules from sea- 
urchin spines (Fig. l A): A protein amide I absorption band at 
1653 cm-' and the large absorption band occurring at around 
1066 cm-'. The latter suggests that these proteins are heavily 
glycosylated. The small peak at 1255 cm- ' may imply that some 
of the saccharide moieties are sulfated.["] 

Complementary results were obtained from the 'H NMR 
spectrum of the same ensemble of macromolecules (Fig. 1 B). 
The relatively strong complex set of peaks in the region between 
6 = 3.3-3.9 is caused by the overlap of most of the saccharide 
ring protons and some amino acid protons. The 'H NMR spec- 
trum provides a quantitative measure of the ratio between the 
saccharide and the protein in the glycoproteins. We took advan- 
tage of the fact that the resonance of each of the amino acid 
protons is well-known and that some of the peaks result from 
these resonances only (Table 2).[12] From this, and from the 
relative amount of the specific amino acid in the protein (known 
from amino acid analysis, Table l), we calculated the average 
integrated area due to 1 mole of protons. Subtraction of the 

Table 1. Amino-acid compositions and calculated saccharide/protein ratios for treated 
and untreated glycoproteins from the mineralized tissues of sea urchins and mollusks. The 
type of macromolecules obtained from the tissue and the procedure used in each case are 
shown in the head of the table. 

Sea-urchin spines Mollusk prisms 
Untreated HF Protease Ion exchange 

Glyco- Proteins Glycopeptides Total protein Minor fraction 
proteins ensemble glycoproteins 

Asx 12.5 12.7 
Thr 6.3 8.4 
Ser 3.8 3.4 
Glx 8.3 14.4 
Pro 13.0 14.0 
G ~ Y  17.8 17.5 
Ala 10.8 11.0 
CYS 0.2 
Val 4.5 4.3 
Met 4.4 3.0 
Ile 3.1 2.1 
Leu 4.3 2.8 
TY r 2.1 0.8 
Phe 3.7 3.4 
LYS 1.3 0.4 
His 1.1 0.6 
Arg 2.2 1.1 
% aa [a] 100 > 50 
r/100 aa [b] 38f14  8 + 1  

(n = 6) (n =1) 

12.1 
12.1 
5.6 
5.9 
9.3 

13.5 
11.4 
0.5 
3.9 

12.7 
3.0 
2.2 
1.9 
2.0 
2.0 

2.9 
20 
67f13  
(n =1) 

54 
1.9 
3.3 

20.7 
1.6 
3.4 
8.2 
0.4 
1.9 
0.3 
0.5 
1 .o 
0.5 
0.5 
1 .o 
0.2 
0.5 

100 
I f 1  

(n = 2) 

12.0 
9.3 
7.1 

21.2 
6.1 
5.7 

14.0 
2.5 
4.5 
0.8 
2.8 
4.0 
1.6 
2.4 
3.4 
0.8 
1.8 

< I 0  
2 9 k 4  
(n = 2) 

[a] % aa = Mole% amino acids of total extracted material. [b] r/100 aa = Calculated 
number of saccharide residues per 100 amino acids based on NMR data, presented as 
averagefestimated error; n = number of spectra. 
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calculated contribution of amino acids from the integrated area 
of the peaks between 6 = 3.3-3.9 yielded the integrated area 
due to the resonance of the saccharide ring protons, which in 
turn allowed a rough evaluation of the number of saccharide 
residues per 100 amino acids (see Experimental Procedure). In- 
tracrystalline macromolecules from the sea-urchin spines con- 
tained an average of 38 saccharide residues per 100 amino acids. 

The extracted sea-urchin macromolecules were shown to in- 
teract with planes roughly parallel to the c crystallographic axis 
of calcite (Fig. 2A).[51 The fact that the sea-urchin macro- 

Fig. 2. Scanning electron micrographs of synthetic calcite crystals grown in the 
presence of fractions obtained by various treatments of glycoproteins extracted 
from sea-urchin spines. Note that the new faces induced by the additives express 
many steps, while the stable { 104) faces are smooth. The scale bars represent 10 fim. 
A) Total untreated ensemble of glycoproteins (2 pgmL- '). Note that the new faces 
produced are not well-defined. B) Polypeptides obtained by HF cleavage of saccha- 
rides from the glycoprotein ensemble. The new well-developed faces are oblique to 
the c crystallographic axis (in this crystal a is close to 21", which corresponds to the 
1203) set of planes). Insert: computer simulation of the morphology of a crystal 
expressing the {203) faces (designated by circles). C) Pure polysaccharides removed 
from the glycoproteins by PNGase F. D) Glycopeptides obtained by treatment of 
the glycoprotein ensemble with proteases. The new well-developed faces are almost 
parallel to the c axis. In this crystal u is close to 5", which corresponds to the j401) 
set of faces. Note that the inclination of the new planes relative to the c axis is in the 
opposite direction to those produced by the total untreated ensemble of glyco- 
proteins and the deglycosylated proteins. Insert: computer simulation of the mor- 
phology of a crystal expressing the {401} faces (designated by circles). 

molecules contain a significant amount of polysaccharide raised 
the possibility that the saccharide moieties may be involved 
directly in this mode of interaction. With this in mind, we inves- 
tigated how the saccharide and protein moieties of the sea- 
urchin glycoproteins interact separately with calcite crystal 
planes. This involved three different preparation procedures : 
treatment of the glycoproteins with H F  to remove the polysac- 
charide and to obtain the deglycosylated protein, treatment with 
an endoglycosidase to remove whole polysaccharide chains, and 
treatment with a mixture of proteases to yield densely glycosy- 
lated peptides. The resulting materials were characterized in 
terms of their amino acid contents, their saccharide/protein ra- 
tios based on 'H NMR and FTIR, and the ways in which they 
interact with growing calcite crystals. 

Deglycosylated Protein: The sea urchin spine glycoproteins were 
subjected to HF cleavage followed by extensive dialysis. H F  

splits all 0-glycosyl bonds gently to yield the corresponding 
monosaccharide fluorides, which spontaneously convert into 
the free monosaccharides after exposure to water.['31 N-Glyco- 
syl bonds and peptide bonds are stable to H F  under the condi- 
tions used. The HF-treated glycoproteins from the sea-urchin 
spines contained very little sugar, to judge by the IR spectrum 
(Fig. 1 C). Analysis of the 'H NMR spectrum (Fig. 1 D) showed 
that at most 9 sugar residues per 100 amino acids remained at- 
tached to the protein. These saccharides may correspond to 
monosaccharides linked to Asn in cases where the polysaccha- 
rides are N-linked. 

Calcite crystals grown in the presence of the deglycosylated 
protein at concentrations between 0.5-3 pgmL-' (amino acids, 
as determined by amino acid analysis) induced the formation of 
large well-developed rough faces inclined to the c crystallo- 
graphic axis, in addition to the stable (104) faces. In several 
crystals an average inclination (a) of 21" was measured for the 
additional faces corresponding to the (203) set of crystallo- 
graphic planes (Figs. 2 B, 3). Note that large, well-defined faces 
are expressed at relatively low concentrations of protein com- 
pared with the untreated material. 

I 

Fig. 3. Molecular structure of calcite viewed perpendicular to the c axis. The large 
atoms are calcium ions and the small atoms are the oxygen atoms of the carbonate 
molecules. a is the angle between the c axis and the newly developed face. The (104), 
( O O l ) ,  (203) and (401) faces are viewed edge-on. 

Isolated Polysaccharides: PNGase F has a broad specificity, 
cleaving N-linked oligosaccharides at the N-glycosidic bond.['41 
However, the polysaccharide moieties of the sea urchin spine 
glycoproteins were relatively resistant to treatment with this 
enzyme. They were, however, also resistant to base under reduc- 
tive conditions. The latter treatment should remove saccharides 
which are 0-linked to Ser or Thr.[''] Therefore, we attribute the 
relative lack of reactivity of the enzyme to steric hindrance, 
rather than to the dominance of 0-linked saccharide moieties. 

Partial purification of the PNGase F-treated material on a 
C18 Sep-Pak mini-column yielded a large fraction which con- 
tained a mixture of the unaffected glycoproteins and the partial- 
ly deglycosylated glycoproteins, and a fraction which contained 
a small amount of pure polysaccharide. The pure polysaccha- 
ride was identified both by IR and 'H NMR spectroscopy (not 
shown), and by the absence of protein in the amino acid analy- 
sis. When the polysaccharide was introduced into solutions of 
growing calcite, it interacted with a subset of all planes oriented 
approximately parallel to the c axis (Fig. 2 C). This resulted in 
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the formation of crystals with rough curved sur- 
faces, capped by rhombohedral faces. Note that a 
variety of monosaccharides at concentrations of up 
to 700 pgmL-' did not affect the crystallization of 
calcite, and produced perfect rhombohedral crys- 
tals. 

Densely Glycosylated Peptides: Protease activity is 
restricted in the vicinity of densely glycosylated re- 
gions of the protein, presumably because of steric 
hindrance. Therefore, treatment of glycoproteins 
with a mixture of proteases is expected to hydrolyze 
the protein, but will still leave short peptides to 
which polysaccharides are attached. Sea-urchin 
glycoproteins treated with proteases followed by 
extensive dialysis lost 80% of their amino acids 
relative to the starting material. The IR spectrum of 
the product (Fig. 1 E) containing 20 'YO of the amino 
acids showed a sharp increase in the proportion of 
polysaccharide, as judged by the enhancement of 
the peak around 1064 cm- ' relative to the amide I 
peak at 1637 cm-'. The 'HNMR spectrum of this 
product confirmed the loss of protein and the pres- 
ence of a large saccharide component, with about 
67 saccharide residues per 100 amino acids 
(Fig. 1 F). The amino acid composition of this mix- 
ture of glycopeptides (Table 1) exhibits several ob- 
vious differences compared with the composition 
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of the starting material. The decrease in the proportion of Glx, 
the increase in the proportion of Thr, and the 1 : 1 ratio of the 
amount of Asx and Thr suggest the presence of N-linked sugars, 
in the typical sequence Asn-X-Thr. Note that in the amino acid 
analysis the large increase in the region where Met elutes is 
probably caused by amino sugars. 

Calcite crystals grown in the presence of the glycopeptides 
thus obtained at concentrations between 0.1 -2.0 pgmL- ' 
(amino acids, determined by amino acid analysis) expressed 
well-developed faces other than the stable {104) faces. The new 
rough faces are very close to (010). The slight inclination 
(around 5") of the new faces with respect to the c axis is in the 
opposite direction to that produced by the ensemble of glyco- 
proteins (Fig. 2D, 3). At a concentration of over 2 pgmL-' 
(amino acids) inhibition of calcite crystallization occurred. Note 
that the effective concentration of the glycopeptide is signifi- 
cantly smaller than that of the ensemble of glycoproteins. 

Intracrystalline Macromolecules from the Mollusk Prisms: The 
infrared spectrum of the Atrina ensemble of macromolecules 
(Fig. 4A) has a protein amide I absorption at 1653 cm-', as 
well as relatively strong carboxylate absorption bands at around 
1575 and 1417 cm-'. The latter absorption bands are consistent 
with the high Asp and Glu content of the intraprismatic proteins 
(Table 1). The infrared absorption bands associated with 
polysaccharide at around 1050cm-' are very small in this 
ensemble of macromolecules. Furthermore, the typical peaks 
associated with saccharides in the region between 6 = 3.3-3.9 
are almost absent in the 'H NMR spectrum (Fig. 4B); this rein- 
forces the notion that these macromolecules contain very little 
saccharide, if any at all. 

While the quantitatively major acidic fraction of this ensem- 
ble was shown to interact with planes perpendicular to the c 
crystallographic axis of calcite, a minor fraction interacted in a 
way similar to the sea-urchin ensemble of glycoproteins, pro- 
ducing new calcite faces roughly parallel to the c crystallograph- 
ic axis.[61 The large infrared absorption band at around 

Fig. 4. Selected regions of IR and 'H NMR spectra of macromolecules extracted from within prisms 
of Arrina. A and B) IR and 'H NMR spectra, respectively, of the total ensemble of macromolecules. 
C and D) IR and 'H NMR spectra, respectively, of the minor fraction of macromolecules containing 
glycoproteins, obtained by anion exchange separation of the total ensemble of macromolecules. 

1057 cm-' (Fig. 4 C) and the relatively large peaks in the region 
between 6 = 3.3-3.9 of the 'HNMR spectrum (Fig. 4D) sug- 
gest that the minor fraction is glycosylated (with an average of 
29 saccharide residues per 100 amino acids). In contrast, the 
infrared spectrum of the major acidic fraction is almost identical 
to that of the total ensemble and contains little or no polysac- 
charide as inferred from the absence of peaks around 1050 cm- ' 
(data not shown). Thus, the interaction with planes parallel to 
the c axis of calcite involves the participation of glycoproteins, 
while the interaction with planes perpendicular to the c axis 
involves non-glycosylated proteins. 

Discussion 

We have shown that certain matrix glycoproteins from calcitic 
skeletal elements of mollusks and echinoderms interact in a 
similar manner with growing calcite crystals in vitro. The 
polysaccharide moieties of these macromolecules are intimately 
involved in these interactions, provided that they are still linked 
to a polypeptide core. We elucidated aspects of these interac- 
tions by investigating separately a polysaccharide fraction, 
densely glycosylated peptide cores, and a protein-rich fraction, 
and comparing these results with the interactions of the intact 
macromolecules. 

Small amounts of pure polysaccharides, removed enzymati- 
cally from the sea urchin spine glycoproteins, interacted with 
growing calcite in a nonspecific manner. They induced the for- 
mation of a subset of many faces oriented approximately paral- 
lel to the c axis. This type of interaction endows the crystal with 
a round and smooth appearance on surfaces parallel to the c 
axis. In contrast to the flat surfaces of inorganic calcite crystals, 
the sea-urchin skeletal calcite crystals are also smooth and 
rounded. It is conceivable that this type of nonspecific interac- 
tion of the polysaccharides is directly relevant to the formation 
of the smooth and rounded morphologies in vivo. We caution, 
however, that many polymeric and monomeric additives inter- 
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act in vitro in such a way with calcite crystals. Only the develop- 
ment of a defined set of faces in the presence of an additive is 
indicative of a specific interaction between the two and can be 
regarded as being characteristic of controlled 

It is not surprising that the free polysaccharides do not inter- 
act with a defined set of planes, since in the course of their 
release into solution these polymers probably lose any ordered 
conformation required for a cooperative interaction with a 
specific crystal plane. Unlike proteins and polynucleic acids, 
polysaccharides form very weak intramolecular interactions, 
which are required for the formation of ordered structures. Con- 
formational stability can, however, occur when a large number 
of polysaccharides acts cooperatively, usually by intermolecular 
interactions between two or more aligned chain segments.“ 71 

This can be achieved in part by the adjacent attachment of 
several polysaccharide chains to a protein core. 

Densely glycosylated peptide cores were produced by 
protease treatment of the glycoproteins. These cores did interact 
with well-defined crystal planes, producing faces which are very 
close to {OlO}. We suggest that the densely glycosylated regions 
of the peptide form assemblies of ordered structure that are 
capable of interacting with distinct crystal planes. This is consis- 
tent with the observations that polysaccharides extracted from 
within the coccoliths of E. huxleyi interacted in a nonspecific 
manner producing many faces roughly parallel to the c axis of 
calcite, while alginic acid interacted with distinct planes which 
were very close to (010) . [18] Unlike the coccolith polysaccha- 
ride, alginic acid forms dimers by alignment of two polymers in 
the presence of calcium. These in turn endow the polysaccharide 
with a regular secondary c~nformation.[’~] 

Treatment of the glycoproteins with HF produced a protein- 
rich fraction with only small amounts of Asn-linked monosac- 
charides. This protein moiety interacted very strongly with one 
set of calcite planes that is oblique to the c axis. While the 
purified protein moieties and the densely glycosylated peptide 
cores interact from solution with well-defined crystal planes, the 
intact glycoproteins do not. Instead they induce the formation 
of several closely related faces oblique and parallel to the c axis. 
Hence, the polysaccharide moieties on the protein contribute a 
spectrum of interactions which are not observed upon removal 
of most of the polysaccharide from the glycoproteins by HE In 
vivo, the glycoproteins are located within the calcite crystals and 
are intimately associated with the mineral phase. Upon dissolu- 
tion of the mineral, the released glycoproteins are probably 
partially denatured, exposing some moieties and concealing oth- 
ers in a non-native conformation. Consequently, exposed 
protein regions and assembled polysaccharide moieties may re- 
act simultaneously in an independent manner producing the 
combination of effects which we observe in vitro. It is interesting 
to note that calcite crystals grown epitaxially on the surfaces of 
sea-urchin skeletal elements develop the same faces as the glyco- 
proteins.[*] Under these conditions the glycoproteins released 
from the surfaces of the biogenic element by mild etching under- 
go minimal structural modification prior to being readsorbed on 
the newly crystallizing calcite. Thus the intact glycoproteins in- 
teract with calcite crystals in a manner similar to those in close- 
to-native conformation. We cannot rule out the possibility that 
some of these glycoproteins are partially associated with other 
macromolecules, surfaces or membranes in vivo. Therefore, our 
in vitro assay can identify interactions which may take place in 
vivo, but is unable to mimic the manner in which the organism 
coordinates the separate interactions to achieve the desired con- 
trol of crystal growth. 

Polysaccharides, and in particular sulfated mucopolysaccha- 
rides, are known to be closely associated with mineralization in 

 vertebrate^"^] and invertebrates.[”l Some studies clearly show 
their involvement in the nucleation process.[”] Among the best- 
characterized polysaccharide-containing macromolecules asso- 
ciated with mineralization are two of the many proteins in bone, 
bone sialoprotein and osteopontin.[”] In many mineralized tis- 
sues, a distinction is now made between matrix macromolecules 
located outside crystals (intercrystalline) and those located with- 
in crystals (intracrystalline). The former may also contain struc- 
tural polysaccharides such as  hiti in''^] as well as glycoproteins. 
Glycoproteins have also been identified in the intracrystalline 
macromolecules of sea-urchin larvae,[2a1 brachiopods,[2b1 and 
Coccolithophoridae.[”] 

The possible roles of glycoproteins in mineral formation have 
been investigated by several groups. Kinetic studies showed in- 
hibition of calcium carbonate precipitation in the presence of 
some glycoproteins in ~itro.[’~] Tunicamycin, an inhibitor of the 
formation of N-linkage of glycoproteins, inhibited gastrulation 
and spicule formation by sea-urchin embryos.[’ 51 A monoclonal 
antibody directed against a carbohydrate epitope of a glyco- 
protein isolated from sea-urchin larvae inhibited calcium uptake 
and spicule formation in vitro.[261 Very little was known, how- 
ever, about the direct involvement of the glycoproteins with the 
mineral or the role played by the carbohydrate side chains in the 
mode of action of glycoproteins. 

The two classes of matrix macromolecules present in the min- 
eralized tissues studied here, the Asp-rich proteins and the gly- 
coproteins, may perform different functions in crystal forma- 
tion in vivo. The Asp-rich proteins are capable in vitro of 
actively inducing, regulating, and inhibiting crystal growth 
along the c crystallographic axis by interacting with {OOl} 
planes.[271 The glycoproteins investigated, on the other hand, 
inhibit crystal growth in the direction perpendicular to the c 
axis. Hence, one possible function of the glycoproteins could be 
a stereochemical modulation of biological crystal morphology. 
Another demonstrated function of the sea-urchin glycoproteins 
is modification of the fracture properties of the calcite crystals. 
Inorganic calcite is very brittle and cleaves easily along {104} 
planes. Synthetic calcite crystals with occluded sea-urchin glyco- 
proteins fracture with a conchoidal cleavage reminiscent of 
amorphous materials. We have speculated that this is because of 
the deviation of crack propagation caused by glycoproteins lo- 
cated on crystal planes that are oblique to the { 104) cleavage 
planes.[s* 281 

Too little is known, as yet, about the composition and struc- 
tures of these polysaccharides even to speculate about the nature 
of their molecular interactions with calcite planes. Our results 
do, however, indicate that the interactions of glycoproteins with 
planes parallel to the c axis involve both rigid structural and 
stereochemical requirements, which are hard to mimic in our in 
vitro experiment. The organisms, on the other hand, can control 
the time, place, concentration and sequence in which macro- 
molecules are secreted into the mineralization site. It is most 
likely that they also take advantage of the fact that polysaccha- 
rides can form a variety of subtly different structures that could 
be used for “fine-tuning” the interactions. 

Concluding Remarks 

Until now many studies of matrix macromolecular functions 
have focused on the protein moieties. Schemes have been pre- 
sented which envisage protein surfaces with ordered arrays of 
charged amino acids that interact specifically with regularly 
structured crystal surfaces.“. The association of considerable 
numbers of polysaccharide chains with the protein backbone, 

~ 
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however, can endow the polypeptide portion with a high degree 
of chemical and physical diversity. Here we have shown that the 
polysaccharide moieties of these glycoproteins are also involved 
in certain types of interactions with calcite crystals. Much still 
remains to be understood, however, about the structural and 
stereochemical nature of these polysaccharide - crystal interac- 
tions. 

Experimental Procedure 

Skeletal Element Preparation: Adult specimens of the echinoid Paracentrotus lividus 
were collected alive from Atlit, Israel. The spines were removed and treated with 
2.5% NaOCl solution overnight on a rocking table to remove extraskeletal organic 
residues. They were then extensively washed with double distilled water (DDW) and 
stored dry at  room temperature. Shells of the bivalve mollusk Arrma rigida were 
collected alive off the coast of North Carolina, USA. The soft parts were removed 
and the shells stored dry. The calcitic prismatic layer was mechanically separated 
from the inner nacreous layer and treated with 12% NaOCl solution while stirred 
constantly for 4 days, with two changes of the solution. The crystal suspension was 
sonicated for 10min and allowed to settle (15min). and the NaOCl was then 
removed by decantation. The disaggregated crystals were washed with 10 changes 
of DDW. The crystalline skeletal elements were examined in a Jeol 6400 scanning 
electron microscope (SEM) to verify surface cleanliness and, in the case of the 
mollusk shells, to verify that the single-crystalline elements were completely disag- 
gregated. 

Decalcification by Ion Exchange Resin: The clean, dry single crystals were ground in 
a mortar. The fine powder was suspended in DDW (50 mL per 2 g mineral) and 
poured into a dialysis tube (Spectrapor 3 tubing with a molecular weight cutoff of 
3500 daltons, diameter 34 mm). The dialysis bag was placed in a glass tube 
(30 x 6 cm) and the two ends of the bag fastened to the rubber stoppers at the ends 
of the tube. Dowex 50 x 8 cation-exchange resin (Sigma, H +  form, mesh 50-100; 
100 g) prewashed with DDW was placed in the glass tube and DDW was added to 
fill it. The tube was continuously rotated (16 rpm) in a propeller-like mode at room 
temperature to keep the resin and mineral in suspension. The DDW was changed 
daily and the gas which accumulated inside the dialysis bag removed. The decalcifi- 
cation of 2 g of mineral takes 2- 5 days. After complete decalcification, the contents 
of the dialysis bag were extensively dialyzed against DDW and the soluble and 
insoluble materials were separated by centrifugation at 3000 g for 10 min. The 
soluble material was lyophilized and stored at -22°C for further analysis. 

Amino Acid Analysis: Aliquots of the protein solution were lyophilized and hy- 
drolyzed under vacuum in 6~ HCI (0.3 mL) at 112" for 24 h after flushing twice with 
nitrogen. Following evaporation of the HCI, the hydrolysates were analyzed on a 
Dionex BIOLC amino acid analyzer with ninhydrin detection. 

Crystal Growth Experiments: Synthetic calcite crystals were grown in Nunc multi- 
dishes with well diameters of 1.5 cm in which clean glass coverslips of 1.3 cm diame- 
ter (Fisons) were placed. A total volume of 0.75 mL of lOmM calcium chloride 
solution was introduced into each well, the wells were covered with aluminum foil 
and punctured by a needle. Calcite crystals were grown for 2 days by slow diffusion 
of ammonium carbonate in a closed desiccator [4c]. When the effect ofadditives was 
studied, aliquots of concentrated solutions of the additive were added to the above 
calcium chloride solution. Each crystallization experiment included controls of pure 
calcium chloride solution. The crystals grown in the absence of additives always had 
perfect rhombohedra1 morphology. 
The glass coverslips covered with calcite crystals were lightly rinsed with DDW, 
dried, and glued to SEM stubs. After gold coating, the crystals were observed in the 
SEM. In order to identify the new (h01) faces [7], the crystals were viewed with their 
{hOl) and corresponding (1041 faces both edge-on. In this position the c crystallo- 
graphic axis lies in the plane of the picture. allowing the measurement of the r angle, 
which is the angle between the c axis and the unknown {hOl} face. This angle 
unequivocally identifies the Miller indices of the face [8]. The sign of h and I is 
defined by the angle between the new face and the (104) face both in the edge-on 
position (Fig. 3). When h and I are of the same sign, the new face forms an angle of 
(135 +a)" with the (104) face, while a face for which h and I have opposite signs 
will form an angle of (135 - a)". Calcite crystals grown in the presence of the 
deglycosylated proteins expressed faces which formed an angle of less than 135" 
between the new face and (104) face in the edge-on position corresponding to {KO[} 
faces. In contrast, calcite grown in the presence of the glycopeptides expressed faces 
which formed an angle of over 135" in the same position corresponding to {hO/} 
faces. 

FTIR Spectrometry: A few tens of micrograms ofdry sample were uniformly ground 
in an agate mortar. The sample was mixed with about 70 mg of KBr (IR grade). A 
7-mm pellet was made without evacuation. The spectra were recorded (4cm-' 
resolution) with a computer-controlled spectrometer (MIDAC, Costa Mesa, CA. 

USA). The spectrum of pure KBr was subtracted from the spectrum of the sample 
in KBr. The band occurring at 1660-1630 cm-' is assigned to the amide I vibra- 
tional modes of the protein, and possibly to the N-acetyl groups of polysaccharide. 
The band at 1575 cm" could be caused by the a i d e  I1 absorption, but this has 
been observed to be weak in mollusk shell proteins [9b]. We suspect that it is due to 
absorption by the calcium-loaded carboxylate groups. IR bands around 1600 and 
1400cm-' are assigned to the carboxylate groups. The absorption bands in the 
1400- 1200 cm-' region can be assigned primarily to coupled vibrations of the 
C-C-H. 0-C-H, and C-0-H groups. Bands occurring around 1255 and 1230 cm-'  
are tentatively assigned to sulfate-related modes and/or the amide 111 absorption 
[l l] .  The region of the 1R spectrum from 1200- 1000 cm-' is associated mainly with 
C-C-0 and C-0-C stretchings of the pyranose ring structures of saccharides [30]. 

'H NMR Spectroscopy: Dry samples were dissolved in D,O (Merck) in a concentra- 
tion of at least 5 pmole amino acids per 500 pL, Spectra were run on a Bruker 
AMX400 spectrometer with the water peak at 6 = 4.8 as reference. Typically be- 
tween 500-1000 scans were collected at room temperature. Suppression of the 
water peak often resulted in the reduction or disappearance of some of the peaks 
corresponding to the anomeric protons of the sugar and a-H of protein, which 
resonate in this region. Regions where different amino acid protons are expected to 
resonate have been assigned (Table 2) [12]. The characteristic features of the 

Table 2. Measured integrated areas of NMR peaks and their assignment to resonating 
protons of treated and untreated macromolecules from sea-urchin and mollusk skeletal 
elements. 

Integrated area of NMR peaks 
Sea-urchin spines Mollusk prisms 

6 Resonating Protons Un- HF- Protease- Minor Total 
treated Treated Treated fraction ensemble 

4.23 1.83 0.8-1.0 y-CH,(Val), y-CH, (Ile), 0.85 1.39 4.28 

1.0-1.5 y-CH, (Thr), y-CH, (Lys), 1.26 1.62 4.46 2.60 

1.5-1.8 p-CH, (Leu), &CH, (Lys) 0.35 1.42 

1.8-2.4 B-CH (Ile), B-CH, (Lys), 2.72 3.61 6.13 7.33 8.38 

6-CH3 (lle), 6-CH, (Leu) 

B-CH, (Ala), y-CH, (Ile) 

y-CH, (Arg), y-CH (Leu) 

B - C H ,  (Arg), B-CH (Val), 
B,y-CH, (Pro), B,y-CH, 
(Glx). 8-CH, (Met), 
E-CH, (Met), CH,-NAc 

2.4-2.8 p-CH, (Asx), y-CH, (Met) 0.56 1.27 [a] 1.29 5.29 
2.8-3.3 8 - C H ,  (Lys), B-CH, (Phe), 1 .oo 

B-CH, (TW, 6-CH, (A%) 
3.3-3.9 &CH, (Pro), B-CH, (Ser), 4.34 [b] 2.20 27.41 11.30 [b] 1.31 

saccharide ring protons 
3.9-4.0 a-H (Gly), r - H  (Val) 1 .oo 

[a] Integrated area measured in the range 6 = 2.4-3.3. [b] Integrated area measured in 
the range 6 = 3.3-4.0. 

'H NMR spectra of polysaccharides are the overlap of most of the saccharide ring 
protons in the region 6 = 3.3-3.9, the methyl protons of N-acetyl group between 
6 = 1.9-2.1, and the occurrence of some well-resolved resonances associated with 
the anomeric protons between 6 = 4.0- 5.2 [31]. Calculation of the average integrat- 
ed area due to 1 mole of protons was carried out by dividing the measured integrated 
area of a given peak (Table 2) by the relative number of moles of amino acids 
(Table 1) and by the number of resonating protons contributing to that peak. Sub- 
traction of the calculated weighted integration due to the 6-CH, of Pro and S-CH, 
of Ser from the measured integrated area between 6 = 3.3-3.9 yielded the area 
associated with the resonance of saccharide protons only. This value divided by the 
average integrated area of 1 mole ofprotons and by six (the number of ring protons) 
yielded the number of saccharide residues per 100 amino acids. Owing to the broad 
and often convoluted peaks from resonating protons in mixtures of macro- 
molecules, it is very difficult to assign the peaks to specific protons. Furthermore, 
it is often difficult to obtain integrated areas of single peaks. Therefore, we have used 
groups of peaks both in the assignment to the resonating protons and in the mea- 
surement of the integrated area (Table 2). Consequently, this calculation yields only 
a rough estimate of the number of saccharide residues. 

Protease Digestion: Glycoprotein (5 pmole, determined by amino acid analysis) was 
dissolved in sodium phosphate buffer (100mM. pH 7.8, 1 mL). Pronase (protease 
type XIV from Streptomycesgriseus, Sigma; 10 pg) was added and the solution was 
left for 18 h at 37°C. Protease from Staphylococcus aureus V 8  (Sigma; 50 pg) and 
trypsin (Sigma; 10 pg) were added and left for an additional 12 h at 37 "C. Follow- 
ing centrifugation, the solution was extensively dialyzed against DDW. 
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PNGase F Treatment: Sea-urchin glycoprotein (9 pmole) was dissolved in denatur- 
ing buffer (700 pL) containing 0.5% SDS and 1 % mercaptoethanol by heating at 
100°C for 2 min. Reaction buffer was added to make a 0 . 0 5 ~  sodium phosphate 
solution (pH 7.5). 1 Yo NP-40 followed by 20 units of PNGase F (New England 
Biolabs) were added and incubated for 12 h at 37°C. An additional 20 units were 
added the next day and left for another 12 h under the same conditions. The product 
was dialyzed and separated by reverse phase chromatography on a Sep-Pak CIS 
cartridge (Waters Associates) [2d]. The mixture was dissolved in sodium acetate 
(5.0 mL, 0 . 0 5 ~ ,  pH 6.5) and then passed through the cartridge 5 times by means of 
a syringe. The cartridge was then flushed 5 times with 5.0 mL of 50% acetonitrile 
in sodium acetate (0.05~, pH 6.5). Finally the cartridge was flushed with 5.0 mL of 
dimethylsulfoxide. The three fractions were dialyzed separately against DDW, 
lyophilized and analyzed by FTIR, NMR and amino acid analysis. The first wash 
contained the glycoprotein, partially deglycosylated glycoprotein and the enzyme, 
while the second and the last washes contained small amounts of polysaccharide 
that had been removed. 

HF Treatment: Glycoproteins (5 pmole) were lyophilized in a Teflon tube. HF 
(3 mL) was allowed to condense in the tube, which was immersed in an ice bath 
under nitrogen. The solution was stirred for 3 h at 0 "C. Evaporation of HF was 
carried out under vacuum followed by extensive dialysis against DDW. 
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