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Abstract: Calcite and aragonite are the
two most stable polymorphs of calcium
carbonate. Even though they have very
similar structures, many organisms are
able to selectively deposit one poly-
morph and not the other. Recent in
vitro studies have shown that one or
more mollusk shell matrix macromole-
cules are capable of specific polymorph
nucleation, provided they are in an
appropriate microenvironment.[1] In this
study we examine aspects of the struc-
ture and function of some of the com-
ponents of this b-chitin ± silk fibroin in
vitro system. We also show, by scanning
electron microscopy, that the chitin
framework is very porous, thus facilitat-

ing the diffusion of ions and macro-
molecules into the structure. Fluores-
cent light microscopy and scanning elec-
tron microscopy (SEM) demonstrate
that the silk fibroin is intimately associ-
ated with the chitin framework. One
particular fraction purified from the
assemblage of mollusk-shell macromo-
lecules extracted from an aragonitic
shell layer is able to specifically induce
aragonite crystal formation in vitro.
These crystals are needle-shaped,

whereas the aragonite crystals induced
by the total assemblage of macromole-
cules are shortened into ellipsoids. This
implies that other components in the
assemblage modulate crystal growth.
Finally, testing of a series of Asp and
Leu or Glu and Leu containing synthetic
peptides in the in vitro assay system
shows that only (Asp-Leu)n is capable of
specifically inducing aragonite forma-
tion. All these observations demonstrate
that polymorph specificity is dependent
upon the amino acid sequence, the
conformation of specific protein(s) in
the mollusk shell and the microenviron-
ment in which crystal nucleation and
growth takes place.
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Introduction

Crystal formation processes in biology are often very well
controlled. Characteristically, the resulting crystals are ori-
ented in specific directions, and have shapes and sizes that are
quite different from their inorganic counterparts. In the case
of CaCO3-containing skeletons, there is also usually complete
control over which of the various polymorphs are formed.[2,3]

The most common biologically formed polymorphs are calcite
and aragonite, which are structurally very similar. The major
difference between these two polymorphs is that the carbo-

nate groups in calcite are all in a plane, whereas in aragonite
they are slightly staggered and rotated.[4] The manner in which
organisms control polymorph formation is not well under-
stood, and is particularly perplexing bearing in mind the small
differences in structure and stability at ambient temperature
between polymorphs. One frequently suggested mechanism
involves the introduction of a specific inhibitor of calcite (such
as magnesium), which allows the aragonitic polymorph to
form.[5±7] Magnesium is known to induce aragonite formation
from sea water, and in vitro at ratios of Mg/Ca> 4,[8] but has
never been shown to be operative in vivo.

Falini et al.[1] recently addressed the question of calcite/
aragonite polymorphism using mollusk shells as a starting
model (where calcite and aragonite often compose two
different coexisting shell layers). They assembled in vitro a
complex containing the major matrix components present in a
mollusk shell, namely b-chitin,[9] silk-fibroin-like protein,[10,11]

and water-soluble acidic macromolecules.[12±14] They obtained
b-chitin from the normally unmineralized pen of the squid,
Loligo (which belongs to the Cephalopoda, a class within the
mollusk phylum). Silk fibroin was extracted and purified from
the cocoon of the silk moth, Bombyx mori. They then diffused
into the matrix aspartic-acid-rich glycoproteins extracted
from either an aragonitic mollusk shell layer or a calcitic
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layer. When this assemblage was placed in a saturated
solution of calcium carbonate, multicrystalline spherulites
formed within the complex. These were aragonitic if the
added macromolecules were from an aragonitic shell layer, or
calcitic if they were derived from a calcitic shell layer. In the
absence of acidic glycoproteins no mineral formed within the
complex. However, crystals of vaterite, another (relatively
unstable) polymorph of CaCO3, did form on the complex
surfaces. Falini et al.[1] also observed an intimate relation
between the assembled organic complex and the crystals that
formed. The morphologies of the latter varied according to
the source of the added macromolecules.

Belcher et al.[15] have produced an analogous in vitro system
that is also capable of specifically inducing the formation of
aragonite or calcite crystals. They used the so-called ªgreen
layerº from the abalone shell and added macromolecules
from either a calcitic layer or an aragonitic layer of the
abalone. As yet, little is known about the composition and
structure of the green layer.

In an artificial system (not including any biogenic constit-
uents), Litvin et al.[16] have recently shown that aragonite
formation can be induced under a Langmuir monolayer
composed of 5-hexadecyloxyisophthalic acid (C16ISA).

These studies clearly showed that considerable control can
be exerted in vitro over the crystal formation process. This
includes control over nucleation and the type of polymorph
formed, as well as over crystal growth. The present study was
aimed at elucidating some of the factors involved in specific
aragonite nucleation, as well as characterizing the micro-
environment in which crystal growth takes place in the system
devised by Falini et al.[1]

The strategy adopted was first to examine aspects of the
ultrastructure of the b-chitin from squid pen following the
earlier investigation of Hunt and El Sherief.[17] We then
addressed the question of the spatial relations between the
chitin framework and the added silk fibroin proteins. In the
third stage, we purified the soluble macromolecules from an
aragonitic shell layer of the mollusk Atrina, in order to better

understand their individual functions in the in vitro system.
Finally, in order to further clarify the possible roles of specific
amino acid sequences, we used the in vitro systems to test a
series of synthetic peptides.

Results

Structural characterization of the chitin ± silk-matrix macro-
molecules complex : After removal of the originally associated
proteinaceous material, the chitin from the squid pen seen at
low magnification (Figure 1A) has a lamellar structure with
parallel fibers organized to form sheets. The fibers that lie
along the surface appear smooth at these magnifications, as do
the surfaces of the different sheets. At higher magnifications,
however, the surface of each lamella is visibly porous
(Figure 1B). The presence of pores might conceivably be
due to the critical point drying prior to observation in the
scanning electron microscope, but we note that a porous
structure was also observed after freeze fracture in a trans-
mission electron microscope (data not shown). No difference

Figure 1. Scanning electron micrographs of chitin (A,B) and of chitin/silk
assembly (C) after critical-point drying. A) View of the chitin surface and
edge showing the lamellar structure. B, C) High magnification of the chitin
surface before (B) and after (C) deposition of silk.
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was observed in the appearance of the chitin in the SEM
before or after deposition of silk fibroin (Figure 1C). Thus,
silk does not appear to fill and/or block the pores, and we infer
that it is spread on the chitin lamellae as a thin layer
undetectable at a resolution of tens of nanometers (at least in
the dried state).

For the study of the relative distributions of the different
components (chitin, silk and matrix proteins), the fluorescent
dye rhodamine isothiocyanate was first covalently bound to
soluble matrix proteins extracted from the nacreous layer of
the shell of Atrina serrata. The labeled proteins were adsorbed
on polystyrene tissue-culture dishes, on the b-chitin frame-
work, and on the assembly of b-chitin and silk fibroin.
Fluorescence was then monitored with a fluorescence micro-
scope and compared in the different systems. No fluorescence
was observed when the labeled proteins were adsorbed on
polystyrene. Labeled protein adsorbed on chitin showed weak
fluorescence (Figure 2A), whereas labeled protein adsorbed
on the assembly of chitin and silk showed more intense
fluorescence (Figure 2B). In the latter, characteristic features
of the chitin framework, such as lamellae and fibers, were also
highlighted by the fluorescent dye. When the same procedure

Figure 2. Fluorescence micrographs of A,B) rhodamine-labeled matrix
proteins adsorbed on chitin (A) and on chitin/silk assembly (B); C)
rhodamine-labeled silk fibroin adsorbed on chitin.

was applied using gelatin instead of silk, the intensity of the
fluorescence was as weak as on chitin in the absence of silk.
This indicates that the silk fibroin has a more specific role than
just forming a protective coat that traps the protein within the
chitin pores, as is presumably the case with gelatin.

Rhodamine isothiocyanate labeled silk fibroin was also
adsorbed on polystyrene and on chitin. The former has a very
weak fluorescence relative to that on chitin. The labeled silk
adsorbed on chitin fluoresced strongly (Figure 2C) and high-
lighted the lamellae as well as the macroscopic fibers of the
substrate, implying a more specific spatial adsorption of the
protein on the chitin polysaccharide fibers. In order to verify
that the dye itself does not have a preference for one of the
substrates, the free dye was allowed to adsorb on chitin with or
without silk. No fluorescence was observed in either case
(data not shown). The fluorescence experiments show that the
soluble acidic macromolecules are adsorbed directly on silk
fibroin, which is itself deposited on chitin.

Isolation of aragonite-nucleating macromolecular fractions :
These experiments were aimed at isolating and characterizing
components of the assemblage of macromolecules associated
with the aragonitic layer that are capable of inducing in vitro
aragonite nucleation. The choice of monitoring aragonite
rather than calcite induction was motivated by the more
stringent requirements for aragonite nucleation, as aragonite
is the less stable of the two polymorphs.

The macromolecules associated with aragonite were ex-
tracted from the nacreous layer of the shell of the mollusk
Atrina serrata after complete dissolution of the mineral. A
recently developed ion-exchange method for dissolution of
the mineral in the absence of any chelating agent or acidic
denaturing conditions was used.[18]

The yield of protein was, on average, 0.01 mole % amino
acids per unit weight of mineral, with the following typical
composition of major amino acids (mole% of total protein):
Asx (25), Gly (18), Ser (14), Ala (9), and Glx (8). The
assemblage of macromolecules was fractionated by FPLC on
an ion-exchange column. Figure 3 shows a typical chromato-
gram of the eluting fractions. Each fraction was adsorbed
separately onto the assembled substrate composed of b-chitin
and silk fibroin. The residual protein in solution was removed
by extensive washing, and calcium carbonate crystallization
was induced. The products of crystallization were character-
ized by infrared spectroscopy, light microscopy, and SEM.
Three different macromolecular preparations were separated
and assayed in this way, all of which gave similar separation
profiles and the same activity of the corresponding fractions.

Fractions A ± C induced the formation of vaterite and
calcite on the surface of the substrate together with very few
spherulites within the complex (<10 per 25 mm2). The few
spherulites that did form were a mixture of vaterite, calcite,
and aragonite. Fractions D and E produced mostly aragonite
within the complex with as little as 2 mg mLÿ1 of protein
introduced in solution at the adsorption step. The activity of
fraction E was especially remarkable, as massive crystalliza-
tion, exclusively of aragonite, occurred inside the chitin
complex (>200 per 25 mm2), while very few crystals formed
on the substrate and around it.
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Figure 3. DEAE ion-exchange chromatographic separation of the
total assemblage of soluble proteins extracted from the nacreous layer of
Atrina. The dashed line represents the salt gradient applied during
the elution. The arrow indicates the aragonite-nucleating fraction
(fraction E).

SEM observations of the mineral phase produced by
fraction E inside the substrate showed that the chitin ± silk
complex and the mineral are intimately associated, with each
crystallite making contact with the organic matrix. The
crystallites produced by fraction E are needle-shaped and
often reach 1 ± 2 mm in length (Figure 4B). This is in contrast
to the aragonite single crystallites produced by the total
assemblage of macromolecules; these are elliptical in shape,
with sizes in the range 100 ± 300 nm (Figure 4A). Preferential
orientation of the needle-shaped crystallites was often ob-
served locally. Massive aragonite crystallization was never

observed in the presence of the total assemblage of macro-
molecules. Moreover, in order to induce aragonite nucleation
with the total protein assemblage, at least 10 mg mLÿ1 of
protein had to be used in the adsorption step (five times the
concentration used with fraction E).[19] Lower protein con-
centrations produced mixtures of calcite and aragonite. In the
absence of adsorbed protein, no crystallization occurs inside
the substrate, indicating that aragonite formation is due to
selective nucleation of this phase, rather than to calcite
inhibition.

Fraction E is a small fraction within the entire macro-
molecular ensemble, consisting of only 6 mole % of the total
amino acids. Its major amino acid components are (mole %):
Asx (21), Gly (15), Glx (12), Ser (11) and Ala (7). Fraction E
has a PI (isoelectric point) of less than 3 (determined by
isoelectric focusing). Separation by gel electrophoresis shows
that fraction E runs as a fairly wide band with an apparent
molecular weight of 10 ± 14 kDa (Figure 5). This band is

Figure 5. Silver-stained SDS-PAGE separation of A)
the total assemblage of proteins extracted from the
nacreous layer of Atrina serrata (the arrow denotes the
position of fraction E); B) the total assemblage of
proteins extracted from the prismatic layer of Atrina
serrata. C) MW markers: 66, 48.5, 29, 18.4 and 14.2 kDa.

absent from the assemblage of proteins ex-
tracted from the calcitic prismatic layer,
strengthening the suggestion that this is a
unique aragonite nucleating protein.

The fractions which eluted at higher ionic
strength produce more calcite inside the sub-
strate than aragonite, and in some experiments
only massive calcite crystallization occurred.
Observation of the calcite spherulites by SEM
showed that the individual crystallites retain
their typical rhombohedral morphology. Thus
the assemblage of macromolecules from the
aragonitic layer contains components that
after partial or complete purification have
different activities in the in vitro assay system.
Fraction E in particular has a remarkable
ability to nucleate aragonite.
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Figure 4. SEM micrographs of fractured sections of the spherulites of aragonite grown inside
the b-chitin ± silk fibroin assembly. A) Induced by the total assembly of macromolecules; B)
induced by fraction E; C) induced by poly(Asp); D) induced by poly(Asp-Leu).
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Polypeptide analogues of nucleating macromolecules : In
order to further clarify the possible roles of specific amino
acid sequences in aragonite nucleation, we performed a series
of crystallization assays in which various polypeptides were
used in place of the acidic proteins. The choice of peptides was
based on the following information about soluble macro-
molecules present in mineralized tissues, and in particular
those from mollusk shells. The high concentration of aspartic
acid characteristic of many of this group of proteins[13]

suggests that sequences of polyaspartic acid may be common
in these proteins. Partial sequencing has confirmed that such
stretches most probably do exist.[20] Weiner and Hood[21] used
partial acid hydrolysis of mollusk-shell soluble proteins to
infer that stretches of (Asp-Y) n-type sequences may also be
present. Peptides with a repeating Asp-Ala sequence as well
as (Asp)n have been shown to possess inhibitory activity in the
crystallization of CaCO3 from solution.[22] Mollusk shells, as
well as other mineralized tissues, are also known to have a
minor assemblage of proteins that are rich in glutamic acid. In
certain sponge and ascidian spicules they are associated with
amorphous calcium carbonate.[23] We therefore also used
polyglutamic acid and Glu-containing repeating motifs. We
chose to use leucine to separate Asp or Glu residues, as its
hydrophobic nature encourages interaction with the relatively
hydrophobic silk fibroin. The following polypeptides were
therefore used: 1) poly(Asp-Leu), 2) poly(Leu-Asp-Asp-
Leu), 3) poly(Glu-Leu), 4) poly(Leu-Glu-Glu-Leu), 5) poly-
(Asp) and 6) poly(Glu).

Circular dichroism measurements of polypeptide 1 indicate
that in a 1:2 Ca:carboxylate solution, this polypeptide assumes
a b-sheet conformation.[24] The carboxylate groups of the
alternating Asp residues are thus exposed on one side of the
sheet, while the hydrocarbons of the leucine residues are
exposed on the other side. The resulting sheet has a hydro-
phobic face that can bind to a hydrophobic substrate, and a
hydrophilic face that can be in contact with the solution.
Polypeptide 2, in contrast, assumes a predominantly a-helical
conformation in the same solution. Polypeptides 3 and 4
assume conformations similar to 1 and 2, respectively, but
differ from them owing to the higher conformational freedom
of the Glu side-chain carboxylates. In addition, the pKa of Glu
(4.25) is higher than that of Asp (3.65). In solution, polypep-
tide 5 assumes mainly a b-sheet conformation, and 6 is
disordered. Note, however, that the conformation of a
polypeptide when adsorbed on the framework is not neces-

sarily the same as in solution.[25] The results of the crystal-
lization experiments are summarized in Table 1.

Poly(Asp) and poly(Glu) always induced massive deposi-
tion of spherulites (100 ± 400 per 25 mm2) inside the chitin,
with little or no crystallization on the surface or around the
substrate assembly. Significantly, both aragonite and calcite
and usually a few vaterite spherulites were formed. With
poly(Asp), aragonite spherulites were more abundant in
9 cases out of 15, while with poly(Glu) mainly calcite
spherulites were formed in 6 cases out of 9. SEM examination
of the aragonitic spherulites showed that the single crystallites
have the shape of elongated rods (100 ± 200 nm) (Figure 4C).
The calcite crystallites maintain the typical rhombohedral
morphology of synthetic calcite, with dimensions of about
400 nm.

When poly(Asp-Leu) was used, spherulites were formed
inside the chitin in only 4 out of 12 experiments. Significantly,
and in contrast to all the other experiments, these were
exclusively composed of aragonite. Furthermore, the arago-
nitic crystallites were in the shape of elongated needles
(Figure 4D), similar to those obtained from protein fraction
E.

All the crystallization experiments included, as controls, a
system of chitin alone and of chitin and silk without
polypeptides. No crystallization was observed inside either
of these substrates (in 15 cases out of 15).

The importance of the silk fibroin layer for the adsorption
of the acidic macromolecules and the polypeptides is reflected
in the results of the crystallization experiments (Table 1). In
the absence of silk, no aragonite was formed with any of the
polypeptides, analogous to the experiments performed with
adsorbed proteins.[1] Poly(Asp) and poly(Glu) induced for-
mation of calcite and small amounts of vaterite inside the
chitin. The density of the spherulites (20 ± 50 per 25 mm2) was,
however, lower than that formed with the whole assembly
including silk. Changing the order of assembly such that the
polypeptides were first adsorbed on the chitin and the silk was
subsequently introduced gave the same results as the assem-
bly of chitin and polypeptides in the absence of silk, namely
no aragonite formed.

Discussion

Crystal nucleation studies using acidic macromolecules ex-
tracted from the shells of different mollusks, and employing
two different in vitro assays, showed that these specialized
macromolecules are involved in the control of calcite ± ara-
gonite polymorphism in vitro.[1,15] It appears, however, that the
nucleation of the desired polymorph also requires an appro-
priate microenvironment, which at least in part reproduces
the biological environment of crystal growth. In the case of
the system devised by Falini et al.,[1] we used three separate
but convergent approaches to better understand the micro-
environment of crystal growth. From the ultrastructure of the
artificial assay system (comprising chitin and silk) we
elucidated structural and biophysical parameters important
in the process, such as diffusion of ions and macromolecules,
adsorption of proteins and their relative juxtaposition.
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Table 1. Calcium carbonate polymorphs formed inside the chitin or chitin ± silk
fibroin assembly containing different polypeptides. The mineral phase shown in
parentheses indicates the quantitatively minor component formed.

CaCO3 polymorphs formed inside substrate of:
Polypeptide b-chitin� silk fibroin

� polypeptide
b-chitin
� polypeptide

poly(Asp) aragonite,[a] calcite (vaterite) calcite (vaterite)
poly(Glu) calcite,[a] aragonite (vaterite) calcite (vaterite)
poly(Asp-Leu) aragonite/ ± ±
poly(Leu-Asp-Asp-Leu) ± ±
poly(Glu-Leu) ± ±
poly(Leu-Glu-Glu-Leu) ± ±

[a] Usually the most abundant polymorph.
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Purification of the acidic matrix macromolecules and testing
of the function of each purified fraction in the system
provided information about the components of the macro-
molecular mixture, their nucleating potential, and other
possible functions. From the use of ordered synthetic poly-
peptide analogous, we gained more insight into the control of
polymorph formation at the protein sequence level.

Examination of the squid pen b-chitin framework with
SEM showed that its fibers form a highly porous layered
structure. This would enable the diffusion of both ions and
large macromolecules into the structure, and could provide
potential sites for crystal nucleation and growth. Addition of
silk to the chitin framework does not alter the appearance of
the structure, nor does it form a recognizable separate layer.
However, it does penetrate the chitin and associate to its
fibers. The presence of the silk is essential for the adsorption
of the acidic macromolecules. We observed a significant
enhancement of fluorescence upon adsorption of labeled
macromolecules to chitin after silk was added, and we noted
that the order in which silk and polypeptides are introduced
into the system affected the results. As polymorph control
occurs only in the inner layers of the chitin ± silk substrate and
never on the outer surface, we infer that the chitin ± silk
assembly serves not only as a substrate onto which macro-
molecules adsorb, but also as a three-dimensional framework
contributing to the proper microenvironmental conditions for
controlled nucleation.

In the absence of acidic macromolecules, no crystals are
formed inside the framework. The total assemblage of
macromolecules extracted from the aragonitic layer selec-
tively induces aragonite nucleation with very high fidelity.[1]

After separation of the constituents of this assemblage by
liquid chromatography, one fraction was isolated which
produces aragonite in very high yields, while other fractions
nucleate calcite and some hardly nucleate any crystals at all.
Interestingly, the calcite nucleating fractions are those which
elute from the anion-exchange column with high salt concen-
trations, indicating that they are strongly polyanionic. Calcite
also forms when macromolecules extracted from the calcitic
layer are introduced into the system.[1] Consistent with these
two observations, the calcite-inducing macromolecules are
known to be much more strongly acidic than the aragonite-
inducing ones.[26,27] The polyanionic polypeptides, poly(Asp)
and poly(Glu), induced massive nonspecific nucleation of
both calcite and aragonite. It may be envisaged that the
polyanions create a cation sink, to which calcium is strongly
attracted. The resulting local, supersaturated, condition is
probably the reason for the absence of specificity in poly-
morph nucleation, as the activation energy required for the
nucleation of both polymorphs is exceeded. (We note that
poly(Asp), with a predominantly b-sheet conformation,
produces more aragonite than poly(Glu), which in solution
assumes a predominantly disordered conformation.)

Unlike the strongly anionic proteins that induce calcite in
vitro, the fraction which induces only aragonite is unique to
the aragonitic layer. Its amino acid composition does not
differ substantially from the average composition of the total
assemblage, indicating that the characteristics that lead to its
special nucleation activity may be identified only at the level

of sequence and structure. We note that recently the first total
sequence of a protein from mollusk nacre was determined.[28]

It has domains with repeating Gly ± Xaa ± Asn (where Xaa�
Asp, Glu or Asn) sequences. In the present experiments,
poly(Asp-Leu), which adopts the b-sheet conformation, also
induces aragonite formation exclusively or else does not
nucleate at all. In thermodynamic terms, this may be
interpreted as the polypeptide that provides the correct
structural organization of the nucleation site not producing a
sufficient ion concentration to overcome the required energy
of activation for nucleation.[29] Concomitantly, the other
polypeptides containing the same relative amounts of neg-
ative charge never induce any crystallization. Poly(Leu-Asp-
Asp-Leu) has the same average composition as poly(Asp-
Leu), but assumes a different conformation, namely predom-
inantly a-helical. The other two ordered synthetic polypep-
tides used here, poly(Glu-Leu) (b sheet) and poly(Leu-Glu-
Glu-Leu) (a helix), contain Glu rather than Asp. All these
results seem to indicate that nucleation of aragonite is not
exclusively the result of the Ostwald rule of stages. The
macromolecules involved in calcium carbonate nucleation in
vivo are also preferentially Asp-rich,[13] however, the reason
for this is not known. Interestingly, Glu-rich macromolecules
have been observed in two different natural biological
systems, both of which are associated with the stabilization
of amorphous calcium carbonate, and thus they presumably
function as inhibitors rather than inducers of nucleation.[23]

The presence of both aragonite and calcite nucleating
proteins together in the aragonitic nacreous layer raises some
questions regarding the roles of these proteins in the in vivo
mineralization process. As calcite is the most stable poly-
morph, the presence of calcite-nucleating proteins in the
assemblage of matrix macromolecules should lead to at least
partial calcite precipitation. As this does not occur, we infer
that either the proteins are not reconstituted in their correct
conformations in the artificial system, or they influence each
other such that in the assemblage the separate components do
not behave as individuals.

SEM shows that the calcite precipitated in the presence of
the total assemblage of macromolecules derived from a
calcitic shell layer was composed of individual unmodified
rhombohedral crystallites.[1] On the other hand, aragonite
spherulites that formed in the case of adsorption of the total
assemblage of proteins from the aragonitic layer were
composed of elliptically-shaped crystallites. This morphology
is very different from the thin needles typical of nonbiogenic
aragonite. The elliptical shape may be indicative of the
presence of proteins that inhibit or modify the crystal
morphology during growth. Since the proteins are adsorbed
onto the framework, their ability to participate in modulation
of growth and morphology implies that the framework is in
intimate contact with the growing crystallites on a nanometer
scale. In agreement with this observation, use of the purified
aragonite-nucleating protein resulted in the formation of
needles, as did the use of the polypeptide poly(Asp-Leu).
Thus, needles form in the absence of other growth-modulating
factors.

This study has taken us one step further in the under-
standing of the importance of the microenvironment for the
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specific nucleation of aragonite. Structural characterizations
of the different components of the organic matrix, as well as
study of the relations between them and the crystals, are
necessary to better understand the nature of the nucleation
site in vitro. This in turn will shed light on the control of crystal
nucleation and growth in vivo.

Experimental Section

Skeletal element preparation : Shells of the bivalve mollusk Atrina serrata
were collected alive off the coast of Florida (USA). The soft parts were
removed and the shells stored dry. The calcitic prismatic layer was
mechanically separated from the inner nacreous layer, and each layer was
washed with 10 % ammonium hydroxide solution followed by extensive
washes with double-distilled water (DDW). The shell layers were then
ground in a mortar and decalcified by an ion-exchange resin as described
elsewhere.[18] After complete decalcification and extensive dialysis against
DDW, the soluble and insoluble materials were separated by centrifugation
at 3000 g for 10 min. The soluble material was concentrated by lyophiliza-
tion and stored at 4 8C for further analysis. The protein concentrations of
the soluble macromolecules were determined by amino acid analysis.

Amino acid analysis : Aliquots of the soluble protein solution were
lyophilized and hydrolyzed under vacuum in HCl (6n, 0.3 mL) at 112 8C
for 24 h after flushing twice with nitrogen. Following evaporation of the
HCl, the hydrolysates were analyzed on an automatic amino acid analyzer
(HP amino quant).

FPLC separation of the macromolecular ensemble : High-performance
liquid chromatography was carried out with an FPLC system (Pharmacia)
equipped with an anion-exchange Mono Q column (Pharmacia, HR 5/5).
The column was equilibrated with a buffer solution of 0.02m Tris base, pH
8.0. The buffer solution and a 2m NaCl solution in buffer were degassed
under reduced pressure in an ultrasonic bath for 10 min. A 40 min, two-step
gradient was initiated following a 10 min isocratic run at 0.2m (0.5m, 1.6m)
NaCl. The proteins were eluted at room temperature at a flow rate of
0.7 mL minÿ1 and monitored both at 230 nm and 280 nm. The pooled
fractions were extensively dialyzed and their protein concentrations
determined by amino acid analysis. The fractions were stored at 4 8C prior
to analysis.

Polyacrylamide gel electrophoresis (PAGE) of proteins : Minigels
(0.75 mm thick) of 10% polyacrylamide were used with the discontinuous
buffer system of Laemmli.[30] Usually 1 ± 10 mg protein (determined by
amino acid analysis) was applied per gel lane. The gels ran at 35 mA for 1 h
on a Hauffer minigel apparatus and were silver-stained according to
ref. [31].

Crystal growth experiments : Pieces of pure b-chitin (� 0.5 cm2) were
placed in Nunc multidishes (well diameters of 1.5 cm) and immersed in
calcium chloride solution (10 mm, 0.75 mL) for 2 h. Following the removal
of the calcium chloride solution, silk fibroin solution (� 2 %, 0.1 mL) was
added to the chitin and air-dried. The assembly was then treated for 1 h
with methanol (80 %, 0.75 mL), followed by three washes with calcium
chloride solution (10 mm). A total volume of 0.75 mL calcium chloride
solution (10 mm) containing the protein or polypeptide sample (10 ±
100 nmole amino acid mLÿ1) was introduced into the wells and incubated
overnight at room temperature on a rocking table. Following the removal
of the protein solution and extensive washes with CaCl2 solution (10 mm),
the substrate was overlaid with fresh CaCl2 solution (10 mm, 0.75 mL). The
wells were covered with aluminum foil, which was punctured by a needle.
Crystals were grown for 2 d by slow diffusion of ammonium carbonate in a
closed desiccator.[1] Each crystallization experiment included controls of
pure calcium chloride solution, pure b-chitin, and b-chitin with silk without
protein. The complete assembly of chitin, silk, and soluble macromolecules
induced the formation of crystals of CaCO3 inside the chitin ± silk substrate.
These crystals were referred to as spherulites despite that fact that they
were not always spherical, since the many crystallites from which these
spherulites are constructed appear to nucleate from discrete centers of
nucleation.

FTIR Spectrometry : Individual spherulites were removed mechanically
with a needle under an optical microscope and mounted in an infrared
transparent diamond pressure cell (High Pressure Diamond Optics, Tucson
(AZ, USA)). The spectra were collected (4 cmÿ1 resolution) by means of a
computer-controlled spectrometer (MIDAC Corporation, Costa Mesa
(CA, USA)). The absorption peaks characteristic of vaterite are at 877
and 744 cmÿ1, of calcite at 876 and 713 cmÿ1, and of aragonite at 860 and
713 cmÿ1.[32]

Rhodamine isothiocyanate labeling : This was performed according to
ref. [33]. Rhodamine B isothiocyanate (Sigma) was dissolved in dry
dimethyl sulfoxide at 1 mg mLÿ1. A solution of Atrina nacreous protein
(2 mg mLÿ1) in sodium carbonate solution (0.1m) was prepared. The dye
solution (30 mL) was added slowly in 5 mL aliquots to the protein solution
(0.6 mL), which was gently but continuously stirred during the addition.
The coupling reaction was left in the dark for 8 h at 4 8C, NH4Cl was added
to make up a 50mM solution, and the reaction was incubated for a further
2 h in the dark at 4 8C. The separation of the unbound dye from the
conjugate was achieved by dialysis of the solution in a dialysis tube
(Spectrapor 3 tubing, MW cutoff 3500 daltons) against DDW for 12 h in a
cold, dark room. The absorbance of a solution of labeled protein was
measured at 575 nm (rhodamine lmax) and 280 nm and the ratio OD575/
OD280 found to be 1.22. The concentration of the labeled protein was
determined from amino acid analysis to be 3.27 nmol amino acid per
microlitre. This corresponds to approximately one rhodamine per 200 ami-
no acids.
Rhodamine isothiocyanate labeling of silk was performed following the
same procedure. A 500 mL dye solution was added in 10 mL aliquots to a silk
solution (10 mg mLÿ1 in 0.1m sodium carbonate), incubated as above and
dialyzed (MW cutoff 12000 ± 14 000). OD575/OD280� 0.717.

Fluorescence experiments : The substrates chitin, silk, and the chitin/silk
assembly were prepared according to the procedure described above. The
adsorption protocol for the labeled proteins was the same as that described
for the nonlabeled proteins, except that the 24h incubation was carried out
in the dark. Gelatin was prepared by dissolving gelatin powder (2 g;
Biochemical) in DDW (10 mL) at 40 8C, and adsorption was performed as
for the silk sample. The intensity of the fluorescence was monitored by a
laser scanning confocal imaging system (MRC-1024) operating at the
wavelength of rhodamine B.

Preparation of the polypeptides : The following polypeptides were synthe-
sized as described in ref. [24]: poly(Asp-Leu), MW� 9500 Da; poly(Leu-
Asp-Asp-Leu), MW� 5000 Da; poly(Glu-Leu), MW� 15 000 Da; and
poly(Leu-Glu-Glu-Leu), MW� 15 400 Da. The polypeptides were dis-
solved and dialyzed against DDW for 24 h at 4 8C. Poly(l-glutamic acid)
(MW� 9700 Da; Sigma) and poly(l-aspartic acid) (MW� 9900; Sigma)
were dissolved in DDW and kept frozen.

Preparation of samples for SEM : In order to preserve the structure of the
organic material (chitin, chitin� silk), the assemblage was first fixed by
immersion in a 2 % glutaraldehyde fixative solution for 1 h. The sample was
then washed 3 times with sodium cacodylate buffer (0.1m) for 5 min each
time, and finally 3 times with DDW. The sample was transferred to the
appropriate holder and critical-point dried (PELCO CPD-2). The dehy-
drated sample was fixed to an aluminum stub using double-sided carbon
tape, sputter-coated with gold, and examined with a JEOL 6400 scanning
electron microscope at 15 kV. For characterization of the crystals, single
spherulites were mechanically removed from the chitin with a needle,
dried, transferred to a stub covered with double-sided carbon tape and
sputter coated with gold.

Circular dichroism (CD) measurements : Different concentrations of the
polypeptides in aqueous solutions (ranging from 10ÿ3 ± 10ÿ4m) were
prepared and their CD spectra were recorded at room temperature (l�
190 ± 250 nm) with a Jasco J-500 spectrometer. Measurements were also
performed in CaCl2 solutions with a ratio [Ca]:[polypeptide]� 1:2.

Acknowledgements : We thank Giuseppe Falini for providing us with squid
pens and silkworm cocoons and Scott Brande for providing Atrina shells.
This research was supported by a United States ± Israel Binational
Foundation grant.

Received: August 13, 1997 [F793]

Chem. Eur. J. 1998, 4, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0403-0395 $ 17.50+.25/0 395



FULL PAPER L. Addadi et al.

[1] G. Falini, S. Albeck, S. Weiner, L. Addadi, Science 1996, 271, 67 ± 69.
[2] H. A. Lowenstam, S. Weiner, On Biomineralization, Oxford Univer-

sity Press, New York, 1989.
[3] K. Simkiss, K. M. Wilbur, Biomineralization, Cell Biology and Mineral

Deposition, Academic Press, New York, 1989.
[4] F. Lippmann, Sedimentary Carbonate Minerals, Springer, Berlin,

1973.
[5] R. E. Blackwelder, R. E. Weiss, K. M. Wilbur, Mar. Biol. (Berlin)

1976, 34, 11.
[6] K. M. Wilbur, A. M. Bernhardt, Biol. Bull. 1984, 166, 251 ± 259.
[7] R. Giles, S. Manne, S. Mann, D. E. Morse, G. D. Stucky, P. K. Hansma,

Biol. Bull. 1995, 188, 8 ± 15.
[8] Y. Kitano, Bull. Chem. Soc. Jpn. 1962, 35, 1973 ± 1980.
[9] C. Jeunieux, Chitine et Chitinolyse, Masson, Paris, 1963.

[10] S. Weiner, W. Traub, FEBS Lett. 1980, 111, 311 ± 316.
[11] S. Sudo, T. Fujikawa, T. Nagakura, T. Ohkubo, K. Sakaguchi, M.

Tanaka, K. Nakashima, T. Takahashi, Nature 1997, 387, 563 ± 564.
[12] M. A. Crenshaw, Biomineral. Res. Rep. 1972, 6, 6 ± 11.
[13] S. Weiner, Calcif. Tissue Int. 1979, 29, 163 ± 167.
[14] S. Weiner, W. Traub, Phil. Trans. R. Soc. London Ser. B 1984, 304,

421 ± 438.
[15] A. M. Belcher, X. H. Wu, R. J. Christensen, P. K. Hansma, G. D.

Stucky, D. E. Morse, Nature 1996, 381, 56 ± 58.
[16] A. L. Litvin, S. Valiyaveettil, D. L. Kaplan, S. Mann, Adv. Mater. 1997,

9, 124 ± 127.
[17] S. Hunt, A. El Sherief, Tissue Cell 1990, 22, 191 ± 197.
[18] S. Albeck, S. Weiner, L. Addadi, Chem. Eur. J. 1996, 2, 278 ± 284.
[19] This ratio is not necessarily equal to the ratio of adsorbed protein

concentrations, which, being a quantity dependent on the exposed

surface area of the chitin substrate, is practically impossible to
determine accurately.

[20] A. P. Wheeler, K. W. Rusenko, C. S. Sikes in Chemical Aspects of
Regulation of Mineralization (Eds.: C. S. Sikes, A. P. Wheeler), Mobile
(AL, USA), 1988, pp. 9 ± 13.

[21] S. Weiner, L. Hood, Science 1975, 190, 987 ± 989.
[22] A. P. Wheeler, C. S. Sikes in Biomineralization: Chemical and

Biochemical Perspectives (Eds.: S. Mann, J. Webb, R. J. P. Williams),
VCH, Weinheim, 1989, pp. 95 ± 131.

[23] J. Aizenberg, G. Lambert, L. Addadi, S. Weiner, Adv. Mater. 1996, 8,
223 ± 226.

[24] M. Bertrand, A. Brack, Origin Life Evol. Biosph. 1997, 27, 585 ± 595.
[25] L. Addadi, J. Moradian-Oldak, S. Weiner in Surface Reactive Peptides

and Polymers (Eds.: C. S. Sikes, A. P. Wheeler), Washington, DC,
1991, pp. 13 ± 27.

[26] H. Nakahara, M. Kakei, G. Bevelander, Jpn. J. Malac. 1980, 39, 167 ±
177.

[27] S. Albeck, J. Aizenberg, L. Addadi, S. Weiner, J. Am. Chem. Soc. 1993,
115, 11 691 ± 11 697.

[28] H. Miyamoto, T. Miyashita, M. Okushima, S. Nakano, T. Morita, A.
Matsushiro, Proc. Natl. Acad. Sci. USA 1996, 93, 9657 ± 9660.

[29] L. Addadi, J. Moradian, E. Shay, N. G. Maroudas, S. Weiner, Proc.
Natl. Acad. Sci. USA 1987, 84, 2732 ± 2736.

[30] U. K. Laemmli, Nature (London) 1970, 227, 680 ± 685.
[31] J. Morrisey, Anal. Biochem. 1981, 117, 307 ± 310.
[32] W. B. White in Infrared Spectra of Minerals (Ed.: V. C. Farmer),

Mineralogical Society, London, 1974, pp. 227 ± 284.
[33] E. Harlow, D. Lane in Antibodies: A Laboratory Manual, Cold Spring

Harbor Laboratory, New York, 1988, pp. 354 ± 355.

� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0403-0396 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 3396


