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Purification and Functional Analysis of a 40 kD Protein
Extracted from the Strombus decorus persicus  Mollusk Shells
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A 40 kD protein has been extracted from the biomineral matrix of the calcium carbonate gastropod shell of
Strombus decorus persicuBhe protein was isolated by decalcification and ion exchange HPLC. We have named
this protein ACLSA40, i.e., aragonite crossed-lamellar structure protein. A partial sequence of the isolated ACLS40
and amino acid analysis both indicate that it does not belong to the family of very acidic proteins, i.e., rich in
aspartic and glutamic residues. The shell-extracted protein shows the ability to stabilize calcium carbonate in
vitro, in the form of thermodynamically unstable vaterite polymorph, and to inhibit the growth of calcite.

Introduction to date are associated with calcitic microstructdregiile a
majority of proteins extracted from aragonitic nacre have not
Numerous organisms require shields built of inorganic been found to be acidicA number of extremely acidic proteins
materials in order to survive. An example is mollusk shells associated with calcitic prisms have recently been characterized,
which provide protection for their soft-bodied inhabitants against and their sequences show that most probably they play an
predators. The shells of mollusks are in fact composite materials important role in the shell formatiol. In contrast to other
built of a calcium carbonate (ceramic phase) and organic aragonitic proteins previously described, an acidic 8 kDa protein
molecules: The ceramic phase is usually composed of one of was extracted recently from the abalone nacre (aragonite) and
the two main polymorphs of CaGQaragonite or calcite. If both  shown to influence calcite morphology in vittb Some of the
polymorphs are present in a particular shell, they are typically proteins described above, and in some cases their associated
separated in different layefsThe organic molecules secreted  sulfated polysaccharides, have been shown to interact with
by mollusks are present in small concentrations<{® Wt %), calcium in vitro8 Indeed, calcium appears to facilitate the
but have a decisive effect on the internal architecture of the formation of g-sheet structures in some of these macromol-
shells and their superior mechanical propertidhe organic eculest®.20
phase is responsible for stabilizing the metastable aragonite

7 ; 10 ) > .
polymorpt?” and for controlling the morphology*® and homogeneity and characterized. Most of these proteins are from
orientation of the crystafs.The organic molecules can be e nacreous microstructure. Mucoperlin has been extracted from

divided into two groups: macromolecules that are soluble in e nacreous layer of the fan musBeina nobilisand was found
the aqueous phase when the shell is demineralized and thos, pa 5 mucin-like proteih. The sequence of Lustrin A from

that remain insolublé: This topic has been recently reviewed  yhe analone Haliotis rufescens nacre has similarities with

by Marin and Luquet. _ _ _ collagen (the presence of glycine-rich repeats) and has a modular
The majority qf the organic phasg in the seashells is located gtrycture where cysteine and sefingoline-rich domains

between crystallites. In the nacre microstructure, the intercrys- 5ternate?l Three proteins from the nacre of the Japanese oyster

talline organic phase has a layered structure composed of highly pinctada fucathhave been genetically characterized. Two of

ordereds-chitin, which is responsible for the overall interlamel-  ham are very similar to silk protein (MSI31 and MSI6@while

lar sheet structur€ The chitin fibrils are arranged in parallel g thirg one, called Nacrein, has been shown to possess carbonic

arrays within each interlamellar sheet. The second major onhydrase activity and most likely has the ability to chelate

component of the organic matrix is silk, which is intimately  c4icjium jons2? Several other shell-associated proteins have been
associated with thg-chitin and is in the form of an amorphous reported, including three proteins from the molludaliotis

gel phasé? It was also shown that the organic molecules can laevigata (with molecular weights of 13, 15, and 17 ki%and
penetrate into the crystals of biogenic caltitand biogenic 5 5 \pa peptide called Pelovaterin froRelodiscus sinensis
aragonite'! turtle eggshells. This last peptide was shown to stabilize the
Soluble macromolecules have been exracted from a large c4icium carbonate polymorph vaterifén most of these studies,
variety of mineralized tissues and have been found to be ratherihe amino acid composition has been determined, but protein
anionic (i.e., rich in aspartic and glutamic acids). In addition, nctionality has been difficult to address. A number of studies
the presence of phosphorylated amino acids and/or acidicpaye indicated the limited usefulness of sequences in under-

sulfated polysaccharid€shas also been identified. It is impor- standing the mechanism of action performed by these pro-
tant to note that all the aspartic-acid-rich shell proteins isolated {gj,526-28

Only a very few soluble shell proteins have been isolated to

- ) In the current study, we have extracted the organic macro-
* To whom correspondence should be addressed. E-mail: nadir@ 5160y jes that are soluble in aqueous solution fimombus
tx.technion.ac.il. . .
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Figure 2. SDS—PAGE of the soluble proteins extracted from the
shell with 1 M EDTA pH 8. Lane M shows molecular weight markers.
Lanes 1 and 2 are soluble proteins, extracted as is described in the
text from two different batches of shells. Lane 3 is the purified 40 kD
protein (arrowed) obtained by HPLC using an anion exchange column.
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Figure 1. (a) SEM image of the crossed-lamellar microstructure. (b)
SEM image of the inner prismatic layer.
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and a very thin (a few microns) inner prismatic layer, but no
nacre. An example of the microstructure is given in Figure 1.
Detailed characterization of this gastropod shell microstructure The elution peaks correspond to different protein fractions presented
was performed by Pokroy and ZolotoyabRotere, we Show i, Figure 2, lanes 1 and 2. The arrow indicates the position where
that a 40 kD protein isolated from this aragonitic seashell is the ACLS40 protein elutes.

deeply involved in calcium carbonate polymorphism in situ.

Elution time [min]
Figure 3. Anion exchange HPLC separation of soluble shell proteins.

fractions and the purity of the final protein preparation were verified
by SDS-PAGE.
Materials and Methods Both Edman degradation and de novo MS/MS protein sequencing
methods were performed at the Smoler Protein Center of the Department
Samples. Fresh, mollusk-containedtrombus decorus persicus ¢ Biology, Technion. Total amino acid analysis was performed by
gastropod seashells were harvested at the coast of Haifa bay of thehe chemical Research Support Unit of the Faculty of Chemistry,
Mediterranean Sea. Tt&rombus decorus persicuss first described Weizmann Institute of Sciences.
by Swainson in 1821. This mollusk has emigrated from the Arabian CaCo; Crystallization. CaCQ crystallization at room temperature
Sea through the Suez Canal. (22 + 2 °C) and normal pressure was accomplished in a sealed
Protein Purification and Characterization. After the mollusks were desiccator by slow diffusion of NHCO;), vapor into 1 mL of 10 mM
removed, the shells were washed extensively in 5% NaOH, followed CaC} placed on amorphous silica disks within the wells of a 24-well
by washing successively in a detergent, double distilled water (DDW), tissue culture box, tightly sealed by transparent polyethylene film
and acetone. The shells were allowed to air-dry for an hour and then (similar to Falini et af). The purified protein was mixed prior to
crushed by a mortar and pestle to a fine powder, which was decalcified crystallization at different concentrations with the 10 mM Ga@&fter
by the addition of 50 mL of EDA 1 M pH 8 to evey 5 g of the preparation of the crystallization systems, identical diffusion outlets
shell's powder. The slurry was stirred af@ overnight and then was  were produced in all wells by a 21G needle. This procedure ensured
centrifuged at 21 000 g for 15 min with a Sorvall Super 21 centrifuge, equivalent crystallization parameters for all samples involved and
which separated the supernatant (soluble) and insoluble fractions. Theallowed us to obtain very reproducible results of the crystallization
soluble fraction was filtered through a 0.4& filter (Minisart) and experiments. When crystallization was complete, the wells were allowed
then desalted through exchange with DDW by dialysis. Complete to air-dry so that all crystals produced remained on the silica disk.
removal of salts and EDTA was required in order to perform the  Physical MeasurementsPhase analysis was carried out by means
purification protocol. The protein-containing medium was concentrated of conventional powder X-ray diffraction (XRD). We used a Philips
by ultrafiltration on an Amicon centricon, and products having X-Pert diffractometer in BraggBrentano focusing geometry, equipped
molecular weights above 30 000 were collected to a total volume of with a Cu sealed tubei(= 1.5406 A) and a curved graphite
approximately 50 mL. monochromator to reduce the white radiation background. Experimental
The protein mixture was further fractionated by anion exchange data were collected at 40 kV and 40 mA.
HPLC (PL-SAX 1000 A, Polymer Laboratories). Bound proteins were The structural types of crystallites grown in the presence of the
eluted using a linear gradient of@.4 M NaCl over 80 min. The eluted extracted protein were determined by use of a single-crystal de
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Figure 4. XRD patterns taken from the crystals grown in the absence or presence of ACLS40. (a) In the absence of ACLS40, the only phase
detected is calcite, the thermodynamically stable polymorph of CaCOs. Several high-intensity reflections of calcite are marked. (b—d). XRD
patterns produced by crystals grown in the presence of 5, 10, and 40 ug/mL of the extracted protein, respectively. The dominant (104)-calcite
peak decreases in intensity with a concomitant increase in a peak from new phase, which appears at 20 = 32.7°. (e) XRD pattern produced by
crystals grown in the presence of 40 ug/mL serum albumin. The only peak observed is that of (104)-calcite. (f) XRD pattern produced by
crystals grown in the presence of the filtrate obtained during the protein concentration process. The only phase present is calcite (selected
calcite reflections are marked).

diffractometer (Nonius KappaCCD), equipped with a Mo sealed tube exchange HPLC, resulting in the separation of a number of
(4 =0.7071 A)and a CCD camera. _ protein-containing fractions (see their elution signals in Figure
Scanning electron microscopy (SEM) micrographs of the shell 3) |n this research, we focus on the prominent 40 kDa protein
microstructure (cross-sections) and grown crystals (plane views) were (see Figure 2, lane 3) that elutecrad.7 M NaCl. This protein’s
taken by means of a Leo Gemini 982 microscope. purity was verified by SDSPAGE (Figure 2, lane 3). We

M|cr9-Raman measurgmeits were carried out in awet environment named this protein ACLS40, since it was extracted from the
by a Dilor XY system withA = 632.8 nm, 2 mW unpolarized laser .
aragonite crossed-lamelar structure.

light focused to a spot of Am in diameter.
Light microscopy images of grown crystals were taken by a Zeiss ~ACLS40 Stabilizes the Vaterite Polymorph in Vitro. To
Axiophot microscope equipped with a polarizing stage. ascertain the possible effect of the isolated 40 kDa protein on
the formation of the shell, the CaG@rystallization experiments
were performed. CaC{vas brought to a state of supersaturation
within a crystallization growth well with or without the addition
Isolation of a 40 kDa Protein from the Shell Matrix. We of the isolated protein. The crystals obtained were then analyzed
extracted the soluble proteins from fresh (mollusk-contained) by XRD. When no protein was added during crystallization,
Strombus decorus persicgastropod seashells as described in the XRD pattern clearly showed the presence of only calcite
the Materials and Methods section. The protein mixture (see crystallites, which have different orientations (Figure 4a). When
Figure 2, lanes 1 and 2) was further fractionated by anion the purified shell extracted protein was added at increa&qu/

Results and Discussion
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120 F ] Figure 5 shows a micro-Raman spectrum that exhibits the

splitting of the peak from carbonate group (doublet at 1088 and
1075 cnr?), which is characteristic for the vaterite polymorfsh.

Examination of grown crystallites by light microscopy
revealed spherical objects encapsulated in a noncrystalline phase
(Figure 6). The central section of the grown objects is certainly
crystalline, since it produces birefringence in polarized light.
The rim regions are most probably amorphous and correspond-
ingly do not reveal any birefringence effect. Since it is known
that vaterite precipitates have spherical shapésthe crystals
obtained here are most probably composed of the vaterite
polymorph of CaC@ The noncrystalline phase might be the
remains of the amorphous calcium carbonate.

SEM images taken from individual crystallites show flower-
like microstructure (see Figure 7a) composed of the radial
fragments issuing from the center of the crystallite. Under higher
magnification, the hexagonal arrangement of facets is clearly

concentrations to the crystallization solution, remarkable changesSeen (Figure 7b). o
in the XRD patterns of CaCQwere detected. Unequivocal determination of the polymorph type was
Figure 4b presents the XRD pattern taken from CaCO accomplished by measuring X-ray diffraction patterns from an
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Figure 5. Micro-Raman spectrum in the vicinity of the carbonate
peak, showing doublet with components at 1088 and 1075 cm~1.

crystals grown in the presence of /g protein/mL in the

crystallization solution. Itis clear that the majority of crystallites
are still in the form of calcite, since the (104)-calcite peak is
dominant in the XRD pattern; however, all crystallites are

individual crystallite with the aid of single crystal diffractometer.
To collect the maximum intensity and to imitate to some extent
powder diffraction conditions, the investigated crystal was
rotated around the sample rotation axis. The obtained Debye

similarly oriented, since the calcite peaks other than (104) are 'ings (see Figure 8) totally coincided with those expected in
absent. However, in addition, a small peak is clearly visible at the case of vaterite, the third polymorph of Cafi©decreasing
26 = 32.7, which does not belong to calcite and indicates the thermodynamic stability sequence. Complete analysis of X-ray
formation of a new phase. When crystallization was performed diffraction data shows that the peak from new phase visible in
in the presence of 10g protein/mL, the diffraction peak of ~ XRD patterns in Figure 4 b,c,d is the (114) vaterite reflection.
this phase became higher with a concomitant decrease in thelhe presence of the single XRD peak implies that this phase is
(104)-calcite peak (Figure 4c). Following addition of 4@ grown in the form of oriented crystals, which is also supported
protein/mL to the crystallization solution, the (104)-calcite peak DY SEM images (see Figure 7).
completely disappeared, and only the peak of the new phase We stress that in the presence of a high concentration of
was observed (Figure 4d). ACLSA40 there is complete suppression of calcite growth. It has
Control experiments were also performed to ensure that the been reported that soluble proteins from mollusk shells when
effect identified here is indeed caused by the addition of the 40 in solution inhibit the crystal growth initiation; however, when
kDa protein: (i) Crystal growth was performed in the presence adsorbed onto a suitable template, they nucleate a specific
of bovine serum albumin at concentration of 4g/mL (see ~ polymorph of CaC@ (aragonite or calcite, depending on the
Figure 4e). (ii) Crystal growth was performed in the presence shell layer from which they were extracted)However, the
of the filtrate obtained during the protein concentration process question still remains: Why does vaterite nucleate but aragonite
(and thus contained all components of a molecular weight does not in our experiments, despite the fact that aragonite is
smaller than approximately 20 kDa) (see Figure 4f). These thermodynamically more stable than vaterite?
control growths revealed only peaks of calcite in the XRD  Studies of crystallization of CaGQOin the presence of
spectrum. On this basis, we concluded that the formation of a macromolecules extracted from the aragonite layers of some
new CaCQ phase together with complete suppression of the mollusks have shown aragonite formation in vitro only if
calcite growth was due to the presence of the isolated protein.macromolecules were preadsorbed Brchitin and/or silk
To shed additional light on the polymorph growth in the fibroin.” In the absence of silk fibroin, the macromolecules
presence of proteins, we performed a number of measurementextracted from the aragonitic layers were able to induce the
by means of different experimental techniques. For example, growth of either a vaterite/calcite mixture or calcite ohfyalini

Figure 6. Transmission light microscopy images of vaterite crystallites grown in the presence of ACLS40: (1) nonpolarized light, scale bar —

50 um; (2) polarized light, scale bar — 20 um.
um; (2) p g u CDV



554  Biomacromolecules, Vol. 7, No. 2, 2006 Pokroy et al.

et al” proposed that the formation of vaterite occurs because
of adherence of the system to the Ostwaldissac law of stages
which predicts that the initial phase formed from a solution
supersaturated with respect to more than one mineral phase is
the one with the highest solubility, which in the case of CgCO

is vaterite (following from either amorphous CagOr its
hydrate).

One might expect that if the appearance of the vaterite
polymorph was determined solely by the state of supersaturation,
then one could obtain vaterite in the absence of macromolecules
or when calcite-inducing macromolecules are present but in the
absence of the silk fibroihnHowever, since in our experiments
vaterite is obtained only in the presence of the ACL40, it is
feasible that the precipitation of vaterite in the aragonite-inducing
protein solution does not occur as a result of supersaturation,
4 .00KU Smm but rather is due to the direct interaction between the super-
saturated CaC®and the protein. This proposal is further
supported by the fact that there is a strong correlation between
the protein concentration and an increasing ratio between the
amounts of precipitated vaterite and calcite.

It is quite likely that in the calcium carbonate crystallization
systems the first precipitated phase is amorphous Ga@idch
is transformed to calcium carbonate monohydrate and then
subsequently to vaterite, according to the Ostwéldssac law
of stages. It has been previously shown that calcium carbonate
hydrate transforms to vaterité.In early development larval
stages of mollusks, the first phase precipitated is the amorphous
CaCGQ.24 Additionally, it has been shown that some biological
systems have the ability to stop the process of phase sequencing
at a particular phase that would otherwise transform into a more
stable crystalline polymorp¥. The mechanism of phase se-

4 .00KU Amm quence inhibition may be due to proteins such as ACLS40.
Figure 7. Typical SEM images (plane views) taken from crystallites It is interesting to note that, in the work of Falini et athe
grown in the presence of 40 ug/mL of ACLS40 protein in crystallization proteins extracted from the aragonitic shell of the gastropod

solution: (a) low magnification x 575; (b) higher magnification x

20 000 Strombus tricornigbelonging to the same family &trombus

| et -

e 0k o v ey AR

Figure 8. Debye rings taken from one of the spherical-shaped crystallites visible in Figure 6. The marked reflections, according to the JCPDS

file #33-0268, are from the vaterite polymorph.
poymorp CbV
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Table 1. Amino Acid Analysis of the ACLS40 Protein rich in aspartic residues), which agrees with the previous
amino acid weight fraction (%) findings concerning the aragonite-associated proteins.

AspX 12.25 From the in situ crystallization experiments, we found that
Ser 5.94 this protein has the ability to stabilize calcium carbonate in the
GIX 13.46 form of the thermodynamically unstable vaterite polymorph, and
Gly 0 thus may play an important role in the feasible process by which
His 21 amorphous calcium carbonate finally transforms (via vaterite)
Arg 5.85 into the aragonite crystalline blocks found in the mature shell.
Thr 6.51
Ala 11.97 Acknowledgment. The authors thank Dr. Ingrid M. Weiss
Pro 7.78 for helpful discussions, Dr. Meira Frank for her technical
Thy 1.80 assistance, and Dr. Moshe Kapon for the single-crystal X-ray
Val 7.2 diffraction. We thank the Chemistry Research Support unit of
Met 0.18 the Faculty of Chemistry, Weizmann Institute of Science for
Lys 5.7 the amino acid analysis. This work was supported by the
lle 4.76 Technion V.P.R. Fund (grant #2004116) and also partially
Leu 8.39 supported by the Israel Science Foundation founded by the Israel
Phe 3.18 Academy of Science and Humanities (grant #15/03-12.6)
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