
Soluble Protein of the Organic Matrix of Mollusk Shells: 
A Potential Template for Shell Formation 

Abstract. A significant proportion of the soluble protein of the organic matrix of mol- 
lusk shells is composed of a repeating sequence of aspartic acid separated by either gly- 
cine or serine. This regularly spaced, negatively charged aspartic acid may function as a 
template upon which mineralization occurs. 

Mollusk shells are generally composed 
of calcium carbonate crystals enclosed in 
an organic matrix. Chemical analyses in- 
dicate that the organic matrix is primarily 
a glycoprotein, characteristically contain- 
ing large proportions of acidic amino acids 
(I) and acid mucopolysaccharides (2). Lip- 
ids are also found in some organic matrices 
(3). The organization of these components 
in the matrix is not understood. 

The organic matrix is observed to form 
prior to mineralization (4) and probably is 
involved in the formation of the shell (5). 
Two different functions have been ascribed 
to the matrix during mineralization (6). 
One theory envisages the organic matrix as 
a template which controls crystal growth 
(7), while the other proposes that the ma- 
trix functions as a compartment in which 
crystals grow (4). We report here a partial 
characterization of the protein component 
of the organic matrix. This information 
should be useful for obtaining a better un- 
derstanding of the role of organic material 
in the process of mineralization. 

Our strategy in this study was dictated 
by the observation that the organic matrix 
extracted from these shells contained from 
15 to 43 mole percent of aspartic acid 
(Table 1). Accordingly, a mild acid hydrol- 
ysis procedure was employed that prefer- 
entially cleaves on both sides of aspartic 
acid (8). This procedure released signifi- 
cant quantities of additional free amino 
acids from all shell proteins, indicating 
that portions of the shell proteins are made 
up of simple repeating sequences with al- 
ternating aspartic acid residues (Fig. 1). 

Shells of Crassostrea virginica and Mer- 
cenaria mercenaria (freshly collected) and 
Crassostrea irredescens and Nautilus pom- 
pilius (air-dried and stored) were physi- 
cally cleaned and the periostraca removed. 
The shell portions and their mineralogy 
used for analysis are identified in Table 2. 
The shells were decalcified by dialysis at 
room temperature against phosphate-buf- 
fered 8 percent ethylenediaminetetraacetic 
acid, pH 6.9, containing 0.1 percent so- 
dium azide. After complete decalcification 

the organic matrix was dialyzed against 
distilled water. The soluble and insoluble 
fractions were separated by centrifugation. 
The insoluble fraction was washed repeat- 
edly with distilled water and then lyophi- 
lized. The soluble fraction was lyophilized 
and then desalted on a Sephadex G-25 col- 
umn in distilled water in order to remove 
any adherent free amino acids. The obser- 
vation that the soluble fraction of the or- 
ganic matrix of C. virginica is partially ex- 
cluded on Sephadex G-200 and included on 
Sepharose 4B suggests that it has a maxi- 
mum molecular weight of the order of 1 
million. The yields of soluble and insoluble 
fractions per unit of shell weight, given in 
Table 1, compare favorably with yields re- 
ported by Hare and Abelson (5). Weighed 
portions of the soluble fraction containing 
norleucine as an internal standard were hy- 
drolyzed in vacuo with 0.5 ml of redistilled 
6N HCI at 108?C for 20 hours. The hydrol- 
ysis products were analyzed on a Durrum 
500 amino acid analyzer, and the amino 
acid compositions are given in Table 1. 
Shell proteins were also treated with 1.0 ml 
of 0.25M acetic acid in vacuo at 108?C for 
48 hours. The resulting freed amino acids 
were analyzed directly on the Durrum 500 
amino acid analyzer. 

Cleavage on both sides of aspartic acid 
resulted in the release of significant quan- 
tities of glycine and serine in addition to 
the expected aspartic acid [see Table 2 and 

Table 1. Amino acid compositions of the soluble fraction of the shell organic matrix and the proportions of soluble and insoluble organic matrix per unit 
shell weight. 

Crassostrea virginica Crassostrea irredescens Mercenaria Nautilus 
mercenaria pompilius 

Quantity Foliated Folated ChaFoliated Adductor shell layers shell layers and chalky laye layers and chalky myo- minus minus 
layers, alcte calte layers, stracum, myostracum, myostracum, 
calcite calcite aragonite aragonite aragonite 

Amino acid composition of soluble 
fraction (mole %) 

Aspartic acid + asparagine 32.53 36.75 33.22 42.96 15.10 25.60 26.13 
Threonine 2.12 1.34 1.49 0.85 4.48 3.84 4.82 
Serine 21.54 12.00 27.14 11.85 8.43 11.06 7.94 
Glutamic acid + glutamine 5.25 7.08 5.31 6.60 13.70 7.16 6.59 
Proline 2.78 2.43 1.53 0.70 6.43 8.11 4.58 
Glycine 24.67 27.27 25.70 26.02 15.89 12.28 23.58 
Alanine 1.47 1.52 1.15 2.80 4.85 4.78 4.44 
Cysteine 2.08 
Valine 1.05 0.94 1.36 2.65 2.38 1.52 
Methionine 0.33 0.29 0.64 1.64 1.22 0.57 
Isoleucine 0.91 1.14 0.39 0.69 4.53 2.16 1.72 
Leucine 0.89 0.96 0.43 0.98 6.45 3.23 2.21 
Tyrosine 3.20 3.19 2.04 1.44 2.55 3.88 6.43 
Phenylalanine 0.68 3.38 2.24 2.06 
Histidine 0.46 0.87 0.14 0.44 2.26 0.99 2.12 
Lysine 1.90 2.67 1.09 1.73 5.04 4.74 2.84 
Arginine 0.90 1.77 0.87 2.54 4.18 2.38 

Soluble and insoluble nondialyzable 0.33 0.58 0.91 0.45 0.60 0.33 ? 0.04 4.05 0.6 
organic matter in shell (%)* 

Soluble nondialyzable organic 0.12 0.29 0.85 0.11 0.07 0.09 0.01 0.27 0.05 matter in shell (%) 
Proportion of protein in 42.70 45.0 19.4 63.6 11.3 83.6 14.7 soluble fraction (%)t 

Reresnt the prprin of soul an inoul orai mari afe deacfcto an exastv dilyi agis water.. 
tCalculated from moles of amino acid per 
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*Represents the proportions of soluble and insoluble organic matrix after decalcification and exhaustive dialysis against water. unit weight soluble fraction obtained on complete hydrolysis assuming 25 percent of the "dry" weight to be water. 
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Fig. 1. Schematic illustration of the (Asp-Y)n sequence, where Y represents serine or glycine. The 
distance from one aspartic acid residue to the next in the 3-sheet conformation is 6.95 A. The Ca-Ca 
distance in the unit cells of aragonite and calcite ranges from about 3.0 to 6.5 A. 

Table 2. Proportions of free amino acids released after 48 hours of hydrolysis with 0.25M acetic acid 
at 108?C. After 48 hours the maximum yield of aspartic acid (Asp) was obtained. Yields are calcu- 
lated from the amounts of the particular amino acids present in an equivalent, completely hydro- 
lyzed sample of soluble organic matrix. The yields of gylcine (Gly) and serine (Ser) are significantly 
greater than yields obtained as a result of random cleavage (9). Values in the last column represent 
the moles released assuming an Asp-Y-Asp-Y-Asp-Y. .. sequence divided by the total moles present 
in an equivalent, completely hydrolyzed sample of soluble organic matrix. 

Minimum 
Yield (%) Minimum Yield (%)~ proportion Species and shell parts Mineral Asp-Y-Asp-Y Mineral Asp-Y-Asp-Y analyzed 

Asp Gly Ser sequence 

Crassostrea virginica 
Foliated and chalky 

layers Calcite 82.1 28.8 20.0 29.9 
Foliated layers Calcite 58.9 25.7 13.0 17.8 
Chalky layers Calcite 89.9 33.3 27.7 37.8 

Crassostrea irredescens 
Foliated and chalky 

layers Calcite 80.2 36.8 28.8 26.4 
Adductor myostracum Aragonite 65.4 14.7 17.1 8.3 

Mercenaria mercenaria 
Shell layers minus 

myostracum Aragonite 65.0 26.5 18.3 13.3 
Nautilus pompilius 

Shell layers minus 
myostracum Aragonite 68.0 26.7 10.0 14.3 

(9)]. Threonine, glutamic acid, and alanine 
are released in such small quantities that 
quantitation is not reliable. 

The release of serine and glycine togeth- 
er with aspartic acid implies that sequences 
of the type (Asp-Y)n, where Y is pre- 
dominantly serine or glycine, are found in 
the protein of all the organic matrices ex- 
amined (Fig. 1). The minimum proportion 
of (Asp-Y), sequence is calculated, assum- 
ing one continuous Asp-Y-Asp-Y-Asp- 
Y... sequence, from the moles of glycine 
and serine released on partial acid hydroly- 
sis compared to the total number of moles 
of amino acids present in a completely hy- 
drolyzed equivalent portion of soluble or- 
ganic matrix. The results are shown in 
Table 2. In all the species examined the 
(Asp-Y)n sequence comprises a significant 
part of the soluble organic matrix protein. 
In no case could it account for more than 
about 55 percent of the protein present. 
These results do not, however, distinguish 
between long continuous or short discon- 
tinuous sequences of the (Asp-Y)n type. 
Furthermore, it is not known whether such 
sequences comprise a majority of certain 
shell polypeptides or whether they are in- 
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terspersed among a heterogeneous collec- 
tion of proteins. This sequence, because of 
its repeating nature and the predominance 
of glycine and serine in the repeating unit, 
is similar to that of other structural pro- 
teins, such as collagen and silk. 

This characterization of the protein 
components does not reveal any consistent 
differences between the calcitic shells of 
the oyster species and the aragonitic shells 
of Mercenaria and Nautilus. However, the 
protein fractions of the separated shell lay- 
ers of C. virginica contain different 
amounts of (Asp-Y)n sequence and the 
proportions of Gly and Ser released are 
also different. 

Negatively charged aspartic acid resi- 
dues are thus found to be present as ap- 
proximately every second residue, forming 
a significant portion of the organic matrix 
proteins (Fig. 1). It is possible that this se- 
quence, comprising regular repeating neg- 
ative charges, could bind Ca2+ ions and 
thus perform an important function in 
mineralization. The distance from one as- 
partic acid residue to the next, if the pro- 
tein is fully extended, is 7.27 A (10). Most 
of the Ca2+-Ca2+ distances in the crystal 

lattices of aragonite and calcite range from 
about 3.0 to 6.5 A (11). As folding will re- 
duce the aspartate-aspartate distances, the 
spatial requirements for interacting with 
crystals of calcium carbonate are consist- 
ent with an (Asp-Y),-type sequence, pro- 
vided the charges are located on one side of 
the protein only. This latter provision 
could be accounted for if the (Asp-Y),- 
type sequence adopted a p-sheet con- 
formation. Infrared spectroscopy indicates 
that at least part of the protein is present in 
the :-sheet conformation (12). Further- 
more, when aspartic acid, glycine, and ser- 
ine occur in proteins, more than 50 percent 
of the time they are most likely to be in the 
d-sheet conformation (13). 

It is interesting to note that one of the 
calcium binding sites of carp and hake 
myogen has a sequence remarkably similar 
to the organic matrix protein, namely, Gly- 
Asp-Ser-Asp-Gly-Asp-Gly-Val-As p- G 1 u 
(14). Although the mechanisms of binding 
are probably different, the known associa- 
tion of calcium with this type of sequence 
lends support to the hypothesis that the 
(Asp-Y),-type sequence itself binds cal- 
cium. 

The (Asp-Y),-type sequence is shown to 
be present in the organic matrices from the 
five mollusks examined. This repeating se- 
quence clearly plays an important func- 
tional role in the organic matrix and may 
function as a template for mineralization. 
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Goldfish Retina: Functional Polarization of 

Cone Horizontal Cell Dendrites and Synapses 

Abstract. In serial electron micrographs we observed that dendrites of goldfish cone 
horizontal cells are either central or lateral in ribbon synaptic triads, depending on cone 
and horizontal cell type. The chromatic properties of cone horizontal cell responses may 
be explained if the cone horizontal cells act as interneurons, receiving from cones through 
their central processes but acting on cones through their lateral processes. 
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The initial step in the processing of neu- 
ral information by the vertebrate retina in- 
volves interactions between photoreceptor, 
horizontal, and bipolar cells at the outer 
synaptic (or plexiform) layer. It is known 
that photoreceptors make synapses on 
bipolar cells and that horizontal cells mod- 
ify bipolar cell responses (1). 

Studies of synaptic ultrastructure in the 
retina (2, 3) have shown that the synapses 
of photoreceptors are characterized by 
clusters of postsynaptic processes opposite 
presynaptic organelles (synaptic ribbons). 
In goldfish, the postsynaptic processes are 
arranged in groups of three (4). Such triads 
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comprise a bipolar cell dendrite that is cen- 
trally located opposite the ribbon and a 
pair of horizontal cell processes that are 
lateral to the ribbon and bipolar cell den- 
drite. We now report on the relation of the 
structural arrangements in ribbon synap- 
ses to functional pathways that involve 
cones and horizontal cells. 

Stell and Lightfoot (5) identified three 
morphologically distinct types of cone hor- 
izontal cells in the goldfish retina by silver 
chromate impregnation (Golgi method). 
By morphological identification of the 
cones that made contact with processes of 
these cells, and by correlation of cone 
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structure with visual pigment content as 
determined by microspectrophotometry 
(6), they showed that type HI cells make 
contact with red-, green-, and blue-sensi- 
tive cones, H2 cells make contact with 
green- and blue-sensitive cones, and H3 
cells make contact only with blue-sensitive 
cones. 

Cone horizontal cells of all three types 
were selected from Golgi preparations, re- 
mounted, and sectioned serially at 60 to 90 
nm in the plane perpendicular to the long 
axis of the cones. Fifty-three cone pedicles 
(synaptic endings) were sectioned serially 
and recovered. Each section was examined 
and photographed in the electron micro- 
scope. The series of micrographs were 
evaluated with regard to (i) cone type, 
identified by continuing the series of sec- 
tions to the characteristic cone inner seg- 
ments; (ii) number of cone synaptic rib- 
bons; (iii) number of ribbon synapses in 
which a stained horizontal cell process 
made contact (7); and (iv) position of that 
contact (central or lateral) in the synaptic 
ribbon complex. Representative synaptic 
complexes were reconstructed graphically 
as projection drawings on orthogonal 
planes. 

Electron micrographs of cone pedicles 
contacted by Golgi-stained horizontal cell 
processes (Fig. I) demonstrate that hori- 
zontal cells of different types contact cones 
of a given type in different ways. Figure IA 
shows dendrites of an HI cell that termi- 
nate as lateral elements in synaptic ribbon 
complexes of a green-sensitive cone. This 
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Fig. 1. Electron micrographs of horizontal ultrathin sections through pedicles of green-sens'tive cones (GP) in goldfish retina. Numerous presynpi 
ribbons (R) and postsynaptic triadic arrangements of central (C) and lateral (L) horizontal cell processes are shown. (A) Dendrites of Golgi-im- 
pregnated H I cells are lateral in distribution. (B) Dendrites of Golgi-impregnated H2 cells are central in distribution. 
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