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Two new proteins, named perlucin and perlustrin,
ith Mr 17,000 and 13,000, respectively, were isolated

rom the shell of the mollusc Halotis laevigata (abalone)
y ion-exchange chromatography and reversed-phase
PLC after demineralization of the shell in 10% acetic
cid. The sequence of the first 32 amino acids of perlucin
ndicated that this protein belonged to a heterogeneous
roup of proteins consisting of a single C-type lectin
omain. Perlucin increased the precipitation of CaCO3

rom a saturated solution, indicating that it may pro-
ote the nucleation and/or the growth of CaCO3 crys-

als. With pancreatic stone protein (lithostathine) and
he eggshell protein ovocleidin 17, this is the third
-type lectin domain protein isolated from CaCO3 bi-
minerals. This indicates that this type of protein per-
orms an important but at present unrecognized func-
ion in biomineralization. Perlustrin was a minor compo-
ent of the protein mixture and the sequence of the first
3 amino acids indicated a certain similarity to part of
he much larger nacre protein lustrin A. © 2000 Academic Press

Key Words: perlucin; perlustrin; abalone; mollusc shell;
rganic matrix; C-type lectin domain; nucleation.

The abalone shell is a remarkable biogenic composite
aterial and has attracted much attention in material

cience because of its unusual properties (1, 2). While
he outer layer of the shell (the prismatic layer) con-
ists of the calcitic polymorph of calcium carbonate, the
nner layer (nacre or mother of pearl) is formed from
ragonite tablets or lamellae with a diameter of about
5 mm and a height of about 0.5 mm (3). The aragonite
ablets are uneven hexagons which are embedded in an
rganic matrix (4, 5). The organic matrix consists of
nterlamellar sheets, connecting elements between the
nterlamellar sheets and intracrystalline proteins (6).

1 To whom correspondence should be addressed. Fax: 1149 (0)89
891 2469. E-mail: mfritz@physik.tu-muenchen.de.
17
ore of insoluble material, predominantly chitin, em-
edded in tightly connected, insoluble protein layers
7). The organic matrix of nacre, which is only 1–5% by
eight, is thought to nucleate and direct the growth of

he mineral component and to act as a glue preventing
rack protrusion through the shell. The fracture tough-
ess of nacre is about three orders of magnitude higher
han that of pure aragonite (8).

The abalone shell is formed during the transformation
f larvae to the juvenile animal (9). The calcium carbon-
te deposited first is the calcite polymorph, then arago-
ite layers are built up on top of it. The proteins accom-
anying the formation of mineral phases are different in
he different layers (6). In vitro, solutions of these pro-
eins control aragonite or calcite polymorphism (10, 11)
nd modify the growth of geologic calcite crystals (12).
ost of the proteins known at present are rich in aspartic

cid and bind calcium (13). We report for the first time
he purification of a C-type lectin domain protein from
acre. First, in vitro experiments on the function of this
rotein (perlucin) showed that it increases CaCO3 precip-
tation and promotes the formation of crystals on hydro-
hobic surfaces. In addition a minor component, perlus-
rin, was isolated and identified as a new protein with a
ertain similarity of its N-terminal sequence to part of
he sequence of lustrin A (14).

ATERIALS AND METHODS

Collection of the crude protein material. Shells of the species
aliotis laevigata were obtained from the Australian Abalone Ex-
orts PTY.LTD. (Victoria, Australia). For preparation of nacre
mother of pearl) the shells were sand blasted to completely remove
he calcitic part. The aragonitic fraction was rinsed with 25 mM Tris
uffer, pH 7.4, cracked in a bench vice and placed into a dialysis
ubing (Visking Typ 8/32 cutoff 15 kDa, Roth, Karlsruhe) filled with
he same buffer. One end of the tubing was not closed but connected
o a tube for collection of the overflow. The following steps were
arried out at 4°C. By addition of 10% acetic acid (2.5 ml/g), the
olution began to develop foam due to the release of carbon dioxide.
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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he overflow of the foaming solution was collected until foaming
topped. By changing the dialysis buffer against fresh 10% acetic
cid, the foaming started again and the overflow was collected in a
econd tube. In this way six fractions of 4–40 ml of foam raw extract
ere obtained in one week. The foam fractions and the remaining

uspension were centrifuged at 5445g for 50 min at 4°C. The super-
atants were dialyzed against three changes of 30 volumes of 25 mM
ris, pH 7.4, 0.002% NaN3, sterilized by filtration through a filter
ith pores of 0.22 mm and stored at 4°C.

Purification of perlucin and perlustrin. Ion exchange chromatog-
aphy was done using a Pharmacia CM-Sepharose Fast Flow HiTrap
olumn with a linear gradient of 0–1 M NaCl in 25 mM citrate buffer,
H 5.0, in 20 min at a flow rate of 1 ml/min. Protein fractions were
oncentrated in a speed vac concentrator and analyzed by SDS-
AGE using a 10–20% gradient BioRad Ready-Gel system. For final
urification the fractions obtained by ion exchange chromatography
ere acidified to pH ;1 with trifluoroacetic acid and subjected to

eversed phase HPLC on a C4 column (Vydac 214TP5405, 50 3 4.6
m) using a gradient of 7–70% acetonitrile in 0.1% trifluoroacetic

FIG. 1. Images of different parts of nacre in light microscopy and
canning electron microscopy (SEM). (A) Light microscopic image of
he organic components of nacre. The honeycomb-like structure con-
ists of horizontal protein layers with a core of chitin and vertical
walls” (arrows) between the horizontal layers. (B) SEM image of
ature abalone nacre. The tablets (white arrows) consist of the
ineral aragonite (CaCO3). Their diameter is 10 to 15 mm and their

eight is about 500 nm. They are well-ordered in horizontal, conflu-
nt layers where each of the tablet shows an uneven hexagon. An
ninterupted nacrous layer can be thousands of layers thick.
18
equence analysis was done using a PE-Applied Biosystems se-
uencer Model 473A after desalting of the samples with the ProSorb
evice (PE-Applied Biosystems) or after reversed phase HPLC. Pyri-
ylethylation followed established protocols. Database searches were
one using the FASTA program of the GCG Program Package, ver-
ion 9 (Genetics Computer Group, Madison, WI).

Saturated calcium carbonate solution. 3 ml of 20 mM CaCl2 (in 3
M Tris, pH 8.7) was poured into 3 ml of 20 mM NaHCO3 (in 3 mM
ris, pH 8.7) at t 5 0 to create the saturated CaCO3 solution.
erlucin (30 mg) was introduced in 50 ml of 3 mM Tris, pH 8.7 to the
olution at t 5 0. The control measurements were done by adding 50
l 3 mM Tris, pH 8.7. There was a sudden downward shift in the pH
hen we poured the CaCl2 into the hydrogen carbonate solution.
his shift is well known, not understood, but very reproducible and

s recorded to determine calcium carbonate precipitation (15).

Crystallization studies with perlucin in saturated calcium carbon-
te solution. For saturated CaCO3 solution we followed the protocol
f Hillner et al. (16). 30 to 50 ml of 100 mM NaHCO3 were added
ropwise to 120 ml of 40 mM CaCl2 while stirring until the solution
ecame turbid. Then the pH was adjusted to 8.2 with 1 M NaOH. The
olution was centrifuged and filtered sterile (0.22 mm). 50 ml of 0.1
g/ml perlucin in Tris, pH 8.2, was added to 150 ml of the saturated

olution. As a control buffer solution without protein was used. Each
f the solutions was incubated at 4°C for one week in a Teflon trough
hydrophobic surface) containing a hydrophilic cover glass.

ESULTS AND DISCUSSION

he Microscopic Structure of Nacre

Nacre is a highly organized composite material
here aragonite tablets are embedded in a mold of

FIG. 2. SDS-PAGE of the ion-exchange chromatography purifi-
ation steps. PAGE was done with 10–20% acrylamide gradient gels.
A) Molecular weight standards with masses in kDa indicated on the
eft. (B) Protein band pattern of foam fractions. The pattern of bands
n the residual suspension was almost identical. The aragonitic
hase of the shell contained three proteins with 17, 15, and 13 kDa.
C) A 13 kDa protein which did not yield an N-terminal amino acid
equence was eluted first during the purification with ion-exchange
hromatography. It is not clear at present whether this protein is
dentical with perlustrin. (D) Second elution peak which contained
lmost pure perlucin (17 kDa).
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rganic matrix (3, 17). The organic matrix forms thin
heets of about 50 nm between the aragonite tablets.
fter demineralization of nacre with 10% acetic acid

he organic mold can be made visible. In phase contrast
ight microscopy honey comb like structures of organic

aterial appear (Fig. 1A). This structure is composed
f a vertical layer of chitin (data not shown), an at-
ached layer of proteins and connecting bridges be-
ween the layers. Both of the latter can be degraded by
roteinase K (7). The aragonite tablets with a size of
bout 10 3 0.5 mm (Fig. 1B, white arrows) form con-
uent layers inbetween the organic mold. Several ver-
ical consecutive tablets are single crystals with the
nherent matching of crystal vectors. As there are or-
anic sheets between these vertical consecutive tablets
he question rises whether the organic sheets act as

FIG. 3. PAGE of the purified proteins perlustrin and perlucin after
eversed phase chromatography. (A) Lane 1, the protein band pattern of
he protein solution from the second elution peak in Fig. 2D after
eparation by ion exchange chromatography. Lane 2, molecular weight
tandards with masses in kDa indicated on the right. Lane 3, purified
erlustrin with a molecular weight of about 13 kDa. (B) Lane 4, molec-
lar weight standards with masses in kDa indicated on the left. Lane 5,
erlucin eluted in two peaks of unequal size. The proteins in both peaks
howed the same N-terminal sequence.

FIG. 4. Alignment of the perlucin (PLC) N-terminal sequence
eceptor (23). This was the most similar sequence identified by FAST
ggshell protein ovocleidin 17 (21). These 2 proteins were selected
onserved in at least 2 sequences including perlucin are shaded. Po
equence analysis.
19
s another mechanism responsible for this, like mineral
ridges between the aragonite layers (7). In any case
he organic material is an important factor in nacre
nd characterization of the proteins involved and func-
ional studies will be necessary to understand the for-
ation of this composite material.

solation of Proteins

Fresh, whole shells of Haliotis laevigata (abalone)
ere used to collect the crude protein material. After

emoving the calcitic part of the shells by sand blasting
he remaining nacre was crunched to small pieces of a
ew centimeter in diameter and placed into dialysis
ubing open at one side and filled with 25 mM Tris
uffer, pH 7.4. After adding acidic acid to the exchange
uffer the shell pieces started to demineralize and a
oam was formed due to CO2 formation. SDS-PAGE of
oam fractions and the remaining suspension after re-

oval of insoluble material showed essentially the
ame protein pattern consisting of two major and one
inor protein bands (Fig. 2). The major proteins had

n Mr of about 17,000 and about 13,000 and the minor
rotein had an Mr of about 15,000. The 15 kDa protein
ight be the intracrystalline protein which is incorpo-

ated into single tablets of nacre (11). A 17 kDa protein
as never been discussed in the literature about mol-

uscan nacre and therefore we decided to further char-
cterize this protein.
Ion exchange chromatography was used as a first

urification step. The proteins did not bind to an anion
xchanger but cation exchange chromatography was
uccessful. The proteins were bound to CM Sepharose
t pH 5 and eluted at different salt concentrations
Figs. 2C and 2D). The pooled fractions shown in Fig.
D were used for sequencing. This first sequence anal-
sis showed that the 17 kDa protein was new and was
amed perlucin. Sequence analysis also showed that
hese perlucin fractions contained a small amount of
nother unknown protein with an approximate molec-
lar weight of 13 kDa which was called perlustrin.
hese two proteins were separated from each other and

few remaining contaminants by reversed phase
PLC using a short C4 column (Fig. 3).

ome other C-type lectin domain proteins. ASR, asialoglycoprotein
LIT, lithostathine (human pancreatic stone protein; 24) and OC, the
ecause they occur in calcium carbonate biominerals. Amino acids
ions 4, 11, and 20 of perlucin showed two different amino acids in
to s
A.

b
sit
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equence of the N-Terminus of Perlucin and
Perlustrin and Comparison to Other Proteins

N-terminal amino acid sequence analysis of unmod-
fied and of pyridylethylated perlucin identified the
rst 32 amino acids of this protein. Comparison of the
equence to known protein sequences showed that it
as new. The most similar sequences with up to 45%

dentical amino acids including three conserved cys-
eines were those of various C-type lectin domains (Fig.
). This is a heterogeneous group of proteins with di-
erse functions (18) which interestingly also encom-
asses two other proteins isolated from calcium
arbonate-containing structures, the pancreatic stone
rotein lithostathine, which seems to act as an inhibi-
or of calcium carbonate crystallization in the pancre-
tic fluid but induces stone formation after proteolytic
rocessing in pancreatits (19) and the avian eggshell
rotein ovocleidin 17 (20, 21). This indicates that this
roup of proteins may perform an important, but at
resent unknown function in biomineralization pro-
esses involving calcium carbonate. Two different
mino acids were found in cycles 4, 11 and 20 indicat-
ng that multiple forms of perlucin exist. N-terminal
equence analysis of perlustrin also yielded more than
0 amino acids. However, the results of database
earches were less unequivocal than with perlucin.
mong the most similar sequences was a sequence

rom the nacre matrix protein lustrin A (Fig. 5), a long
1,428 amino acids) multi-domain protein with un-
nown function (14).

erlucin Nucleates Calcium Carbonate Crystals

The effect of perlucin on the rate of precipitation of
aCO3 was determined by recording the decrease of pH

n a saturated calcium carbonate solution. The initial
H, which depends on the calcium carbonate concen-
ration, was chosen to be 8.7, where calcium carbonate
recipitates at room temperature in less than 5 min.
igure 6 shows a series of precipitation experiments
ith and without perlucin. When the precipitation ex-
eriments were done without protein, the time course
ould be divided into the following steps. First, when
aCl2 is added to NaHCO3 to form the saturated
olution, the pH drops suddenly. The cause of this
udden change is not understood but might be due to
he formation of a complex between the ionic species
hich is different from nucleation. Second, there is a

light increase in the pH followed by a relatively stable
eriod for a few tens of seconds. Third, nucleation and
recipitation occurs. With perlucin in the solution the

FIG. 5. Alignment of the N-terminal perlustrin sequence with lu
shown is part of the cysteine rich repeat C2. Identical amino acid
20
udden drop in pH was immediately followed or even
ccompanied by nucleation and precipitation of crys-
als without any lag phase. This is shown in greater
etail in Fig. 6B, where we took the first 100 seconds of
he experiments and averaged the data from Fig. 6A.
s the slope of the precipitation of calcium carbonate
ith perlucin is just slightly steeper than the precipi-

ation slope of the control measurements we assume
hat the effect of perlucin is stronger in the nucleation
egime than in the promotion of crystal growth. But it
an be clearly stated that there is no inhibition of
rystal growth by perlucin as was observed with pan-
reatic stone protein (22). The crystals which were
ormed in the presence of perlucin and a hydrophobic
urface are shown in Fig. 7. There seemed to be a
endritic growth of crystals which was totally absent in

in A. PLS, perlustrin, LU-A, lustrin A (14). The sequence of lustrin
re shaded.

FIG. 6. Recordings of CaCO3 precipitation in a saturated solu-
ion. (A) Effect of perlucin on the precipitation of CaCO3. The pH of
he solution was recorded as a function of time. When perlucin was
resent in the solution (black lines), the pH (carbonate concentra-
ion) decreased fast without any lag time. This indicates the nucle-
tion and growth of CaCO3 solids. In pure CaCO3 solution (gray
ines) nucleation and growth of CaCO3 solids occurred after several

inutes. (B) Averages of the data in A for the first 100 s of the pH
easurements. After the first sudden drop in pH which occurs in

oth solutions the pH in the solution with perlucin (line) decreased
lowly, whereas the pH in the solution without perlucin (dots) in-
reased first and then remained fairly constant.
str
s a
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he control measurements. These results indicate that
erlucin may nucleate and bind calcium carbonate
rystals and may serve to connect the chitin layer and
he aragonite layer.
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