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The cooperation between carbonic anhydrase (CA) or some
biomimetic zinc model compound as a catalyst for the conversion
from CO2 to HCO3

� and poly(L-aspartate) as calcium ion
recognition sites induced the aragonite formation of calcium
carbonate. The higher CA-arising activity promoted the calcium
carbonate production amount.

Themarine invertebrate animals of mollusks, coelentera, and
zooplanktons have been attmpting the conservation and prosper-
ity of the species on the earth by biomineralization over the
several billions of year. The sea organisms are used to make up
shell and skeleton during the limited term within their life time.
The mineralization was in vitro reproduced using proteins and
macromolecules extracted from mollusk shell and investigated
from the viewpoint of polymorphs andmorphology.1 The reduced
amino acid sequence of nacrein contains two domains of carbonic
anhydrase (CA) active sites for CO2 hydration and the repeated
aspartic-acid peptides for Ca2þ recognition.2 An in vitro study on
the control of aragonite crystal growth has been carried out by
scanning electronmicroscope using a chitin-silk fibroin assembly
containing acidic macromolecules as-extracted from the mollusk
shell layer or some artificial acidic polypeptides.1b,e,g,h The role of
the CA activity in the presence or absence of the Asp/Glu-
including polypeptide as Ca2þ-recognition sites has never been
revealed by the in vitro mineralization using the natural
macromolecules.1 The calcium carbonate formation and its
polymorphism depend on pH, but the in vitro mineralization
proceeds under the carbon dioxide as well as ammonia
generation.1

Our research target is to reveal whether the CA-arising
activity induced by the zinc-bound H2O/OH

� has good control
over the production amount of calcium carbonate during the
limited term; whether the simple addition of poly(L-aspartate)
pAsp or pAsp-coated chitin substrate,3 as aCa2þ-collector, brings
about good control over the calcium carbonate polymorphism.
The catalytic conversion rate from CO2 to HCO3

� has been
measured for CA and the zinc model compound L1SZn(OH2/
OH�)4 using the CO2-Veronal indicator method:

5 CA (�0:1�M
or 150mgL�1) showed 
�6 ¼ 0:93 (�0 ¼ 15 s, � ¼ 1 s) for the
pH change of 8.5 to 7.5 at 0 �C. For the change of pH 9.0 to pH 8.1,
the L1SZn(OH2/OH

�) (�50�M or 30mgL�1) generated 
� to
be 0.07 (�0 ¼ 145 s, � ¼ 135 s) at 20 �C. The zinc model
compound with L1S showed the highest activity among all the
other artificial zinc compounds as CA-active models.4b;7

The calcification reactions may take place as follows:

CO2 þ zinc-bound H2O ! HCO3
� þ Hþ

HCO3
� þ Ca2þ ! CaCO3 þ Hþ

in 10mMCa(NO3)2 solution in ca. 0.04 v/v%CO2
8 atmosphere at

25 �C for 2 days or one day and at pH 8.5 or 9.9 Figure 1 shows the
production amount 
P10 of calcium carbonate in each solution
including CA, L1SZn(OH2/OH

�), or hydrated zinc ion Zn2þ(aq)
in the absence of pAsp as Ca2þ-collector; [cat]0 stands for their
initial concentrations. The highest active CA showed the highest

P (Figure 1). The faster formation rate of HCO3

� induces the
faster formation rate of CaCO3; the higher CA-arising activity
promoted the CaCO3 production amount. The in situ observation
using optical microscopy13 revealed that the CA activity on the
conversion from CO2 to HCO3

� controlled the production
amount of calcium carbonate (Figure 2). In the presence of active
CA the number of crystalline CaCO3 particles was significantly
increased and their dimensions became smaller on chitin
substrate, comparedwith the less active Zn2þ(aq). The crystalline
materials formed in the absence of pAsp, as shown in the observed
morphologies at higher magnification (Figure 2b) and X-ray
diffraction patterns.11

The addition of 5 � 10�7 wt% pAsp into the CA solution
induced the formation of calcium carbonate polymorphs,
aragonite/vaterite and calcite; theywere assigned by the observed
X-ray diffraction patterns as well as the microscope images
(Figure 2).12 Each crystalline particle at highermagnificationwas
shown to be the in vitro formed spherulites of aragonite/vaterite
under the presence of pAsp (Figure 2e). For Zn2þ(aq) having less
CA-arising activity, the calcium carbonate was much less formed
and only made of calcite under the presence of pAsp. The
aragonite formation condition needs both CA as an active catalyst
for the conversion from CO2 to HCO3

� and pAsp as calcium ion
recognition sites. TheCA-promoted calcium carbonate formation

Figure 1. The effect of CA (circles; pH 8.5–7.5; ½cat
0:
mol L�1) or zinc model compound (L1SZn: squares, pH
9.0–8.1; Zn2þ(aq): angles, pH 8.5–7.5; ½cat
0: mol L�1)
on the production amount of calcium carbonate in the
absence of pAsp after calcification for 2 days (open
marks) and one day (solid marks) at 25 �C.
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may be indispensable for the prosperity of marine invertebrate
animals.

The aragonite/vaterite is never deposited from inorganic
solution, which consists of both Ca2þ and HCO3

�, by the
chemical reaction associated with the evolution of carbon dioxide
as follows:

2HCO3
� þ Ca2þ ! CaCO3ðcalciteÞ þ CO2 " þH2O

at ca. pH 7 and lower than 25 �C.13

One (NS) of the authors thanks Dr. M. M. Ibrahim for his
discussion in the early work.
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Figure 2. The video optical-microscope images of
CaCO3 observed on chitin substrate after calcification
for 2 days; for (a) CA or (c) Zn2þ(aq) as a catalyst in the
absence of pAsp, (d) CA or (f) Zn2þ(aq) as a catalyst in
the presence of 5 � 10�7 wt% pAsp at pH 8.5–7.9 and
25 �C. The images (b) and (e) at higher magnification of
(a) and (d) were observed, respectively by scanning
electron microscope.
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