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Heavy Metal Ion Interactions with Callinectes sapidus Hemocyanin:
Structural and Functional Changes Induced by a Variety of Heavy Metal

Ions'

Marius Brouwer,* Celia Bonaventura, and Joseph Bonaventura

ABSTRACT: Hemocyanins are oligomeric proteins that rever-
sibly bind oxygen. The oxygen binding site is a binuclear
copper center bound to the protein by amino acid side chains.
The hemocyanin of the blue crab, Callinectes sapidus, occurs
in vivo as a mixture of 25S dodecamers and 16S hexamers,
whose oxygen binding properties are identical. Four heavy
metals have been used as probes of structure and function in
this hemocyanin system. Divalent cations of cadmium, copper,
mercury, and zinc induced an indefinite self-association of the
hemocyanin molecule. These higher ordered association states
can be dissociated by ethylenediaminetetraacetic acid. Cal-
linectes oxyhemocyanin possesses at least three mercury
binding sites: (1) a sulfhydryl group which forms a mercaptide
bond with a single mercuric ion, (2) a tryptophanyl side chain
which forms a noncovalent 1:1 complex with mercuric ions
with an association constant of 5.7 X 10'* M}, and (3) lower
affinity site(s) involved in the self-association process also
observed with cadmium, copper, and zinc. Sites 1 and 2 are
most likely also involved in the binding of cadmium. Upon
removal of oxygen from the active site of hemocyanin, an

Hemocyanins are blue copper proteins that exist extra-
cellularly in the hemolymph of arthropods and molluscs. In
both groups of organisms, they function as reversible oxygen
carriers. Fundamental differences in the molecular archi-
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additional binding site becomes available for the reaction with
mercury. Binding of mercury to this site leads to loss of one
of the coppers from the binuclear oxygen binding site. Both
the binuclear copper center and allosteric sites on the hemo-
cyanin are affected by heavy metal binding. Cadmium and
zing ions increase the oxygen affinity; mercury and copper ions
have the opposite effect. All four heavy metal ions decrease
the degree of cooperative oxygen binding. The mercury-in-
duced changes in oxygen binding by 25S Callinectes hemo-
cyanin appear to be the result of that metal’s interaction with
the high-affinity tryptophan binding site. Mercury binding
to the available sulfhydryl group in oxyhemocyanin occurs
without functional consequences. Heavy metal, hydrogen, and
chloride ions affect the affinity of the first or last oxygen
molecules bound to the hemocyanin, which results in the ap-
pearance of multiple T (low oxygen affinity) and R (high
oxygen affinity) states. Additionally, these ions shift the
equilibrium between the low and high oxygen affinity states.
The appearance of additional R states at high pH is accom-
panied by the cleavage of a tyrosine hydrogen bond.

tecture of molluscan and arthropodan hemocyanins exist. In
the molluscs, the hemocyanins are 300 by 350 A cylinders
made of about 20 very large subunits. The hemocyanins of
the arthropods exist as oligomers assembled on a theme of
hexameric units of molecular weight 450 000 (Van Holde &
van Bruggen, 1971; Bonaventura et al., 1977; Hendrickson,
1977; Klarman et al., 1979; Lamy et al., 1980, 1981). Aside
from their intrinsic interest, their high in vivo concentration
and the relative ease of isolation make hemocyanins good
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model blue copper proteins. They are known to resemble
tyrosinases (Jolley et al., 1974; Eickman et al., 1978), and their
carbon monoxide and peroxide adducts may be analogous to
some of the intermediate states of the copper containing
subunits of cytochrome ¢ oxidase. The oxygen binding sites
of both mollusc and arthropod hemocyanins are similar to the
extent that a binuclear copper center is directly liganded to
amino acid side chains of the protein (Brown et al., 1980; Co
& Hodgson, 1981; Co et al., 1981; Eickman et al., 1979). The
amino acids involved in the binding of the copper atoms to the
protein are still incompletely known. It has been suggested
that the copper atom distance shortens on oxygenation (Co
et al., 1981).

Homotropic and heterotropic allosteric interactions are well
developed in the hemocyanins. The allosteric interactions
observed in arthropod hemocyanins can generally be ade-
quately explained by the two-state model for allosteric tran-
sitions (Monod et al., 1965) extended to include multiple T
and R states. Heterotropic allosteric effectors exert their
influence by differential binding to one of the extreme states,
thus altering the allosteric equilibrium constant, L. The
molecular mechanism of allosteric effects in hemocyanins is
yet to be elucidated. Chemical cross-linking experiments have
shown that, at least in the instance of molluscan hemocyanin,
it is possible to “freeze” the molecule either in the T or R
conformation (van Driel & van Bruggen, 1975). Little work
on chemical modification of residues involved in allosteric
interactions of hemocyanins has been done.

The hemocyanin of the blue crab, Callinectes sapidus, has
two major components with sedimentation coefficients of ap-
proximately 16 S and 25 S (Herskovits et al., 1981; this study).
The molecular weights of these components have been reported
to be 450000 and 900 000-940 000, respectively (Hamlin &
Fish, 1977). The subunit molecular weight is around 75 000.
Hence, the two components of Callinectes hemocyanin share
the hexameric and dodecameric organization found in many
arthropod hemocyanins (Hamlin & Fish, 1977; Herskovits et
al.,, 1981).

Respiratory protein—heavy metal interactions are studied
in our laboratory to determine whether these proteins act as
carriers or targets in trace metal toxicity in marine organisms.
During the course of these studies, it was noticed that heavy
metal ions may be used to probe the oxygen binding and
allosteric sites in hemocyanins. In this paper, we report on
the effect of four heavy metal ions on the structural and
functional characteristics of Callinectes hemocyanin.

Materials and Methods

Hemolymph was collected from adult male blue crabs by
cutting off the first walking leg. The clotted hemolymph was
homogenized with a tissue homogenizer and subsequently
centrifuged at 27000g at 4 °C for 10 min. The supernatant
was concentrated on a Diaflow YM 10 ultrafiltration mem-
brane. A maximum volume of 8 mL, at a protein concen-
tration of 70 mg/mL, was applied to a 2.4 X 52 cm Sepharose
CL-4B column in 50 mM tris(hydroxymethyl)aminomethane
(Tris) and 10 mM CaCl,, pH 7, ionic strength 0.13. The
column was eluted at 30 mL /h with the same buffer, and the
hemocyanin content was monitored at 340 nm.

Sedimentation analysis and tonometric oxygen equilibrium
experiments were performed as described elsewhere (Riggs
& Wolbach, 1956; Brouwer et al., 1977). Samples were in
Tris-HCIl, made up to the desired ionic strength with NaCl
(Bates, 1973).

Fluorescence emission spectra of Callinectes 25S hemo-
cyanin in 50 mM Tris and 10 mM CaCl,, pH 8, ionic strength
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0.13, at several HgCl, concentrations were measured by using
a Turner Model 430 fluorometer. The excitation maximum
occurred at 287 nm, and the fluorescence emission was
monitored at 340 nm. The absorbance of the protein samples
used for the fluorescence studies was 0.35 at 280 nm.

Mercury-induced difference spectra in the ultraviolet region
were measured with a Cary 219 double-beam spectrophotom-
eter. The base line was set at sensitivity 0.1 with 3 mL of
hemocyanin in 50 mM Tris and 10 mM CaCl,, pH 7.94, ionic
strength 0.13, in the sample and reference beam. The optical
density of the protein sample was 1.0 at 280 nm. HgCl, was
then added to the sample cuvette and buffer to the reference
cuvette. pH-induced difference spectroscopy was carried out
by the addition of 1 N NaOH to a hemocyanin solution in the
sample cuvette and an equivalent amount of buffer to the
reference solution (see figure legends for details).

Protein concentrations were calculated from the extinction
coefficients as given by Herskovits et al. (1981): E.% =147
at 280 nm for the 258 molecule and 12.4 for the 16S and 5S
molecules. In addition, the Coomassie Brilliant Blue method
was used (Bradford, 1976). In the latter case calibration was
done with Limulus polyphemus hemocyanin by using the
extinction coefficients as published by Nickerson & Van Holde
(1971). Molar concentrations were calculated by using a value
of 75000 for the molecular weight of the Callinectes hemo-
cyanin subunits (Hamlin & Fish, 1977).

Copper and cadmium were determined by flame absorption
spectroscopy with a Varian AA 6 spectrometer. Cadmium
ion activities were measured with an Orion Model 94-48 A
cadmium ion specific electrode. Mercury was determined as
described by Whaling et al. (1977) using a Spectro Products,
Inc., HG-3 mercury monitor with continuous background
correction.

Gel electrophoresis of 5S Callinectes hemocyanin subunits
in 50 mM Tris and 10 mM ethylenediaminetetraacetic acid
(EDTA), pH 8.9, was carried out on 7.5% acrylamide slab
gels (15 X 20 cm) by using the discontinuous buffer system
described by Laemmli (1970). Proteins were stained with 1%
Coomassie G-250 in 25% trichloroacetic acid.

Results

Hemocyanin eluted from Sepharose CL-4B as a broad
asymmetrical peak. The leading fractions sedimented at 25
S and the trailing fractions at 16 S. These values are char-
acteristic of dodecameric and hexameric hemocyanin molecules
(Van Holde & van Bruggen, 1971). These species usually
occurred in a ratio of 3:1 and were stable over a pH range of
7-8.5, in 50 mM Tris and 10 mM CaCl,, ionic strength 0.13.
Fluorescence and difference spectroscopy studies were done
with the 25S species. Oxygen binding experiments showed
the binding characteristics of the hexamer and the dodecamer
to be identical. Therefore most of the oxygen equilibrium
experiments reported in this paper were carried out with the
258 and 16S mixture.

Structural Changes Induced by Heavy Metal-Hemocyanin
Interaction. (a) Indefinite Self-Association. When 25S
Callinectes hemocyanin was titrated with copper, zinc, cad-
mium, or mercury chloride, a process of indefinite self-asso-
ciation was observed (Figure 1; see figure legends for exper-
imental details). Free metal ion concentrations were calculated
by using the Tris—metal complex formation constants as de-
termined by Hanlon (1966) and the chloride-hydroxide—metal
stability constants as given by Smith & Martell (1976). These
calculations, which did not take into account the hemo-
cyanin—metal interaction, showed that the association process
is induced at a free metal ion concentration of 2.77 X 1071
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FIGURE 1: Zinc-induced self-association of Callinectes hemocyanin.
80 uL of 10 mM ZnCl; in 50 mM Tris and 10 mM CaCl,, pH 7,
ionic strength 0.13, was added to 2.92 mL (1.3 mg/mL) of hemocyanin
dissolved in the same buffer. The self-association was monitored by
reading the optical density attributable to light scattering at 310 nm,
which corresponds to a minimum in the absorption spectrum of
Callinectes hemocyanin. (A) Oxygenated hemocyanin; (®) deoxy-
genated hemocyanin.
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FIGURE 2: Mercury-induced spectral changes of Callinectes hemo-
cyanin. 20, 40, and 80 xL of 10 mM HgCl; in 50 mM Tris and 10
mM CaCl,, pH 7, ionic strength 0.13, were added to 3 mL (0.7
mg/mL) of hemocyanin in 50 mM Tris and 10 mM CaCl,, pH 7.94,
ionic strength 0.13, in the sample beam of the spectrophotometer.
Equivalent amounts of pH 7 buffer were added to 3 mL of hemocyanin,
pH 7.94, in the reference beam. Difference spectra were recorded
from 340 to 240 nm: (1) 0.066 mM HgCl, (free Hg* concentration:
9.3 X 10717 M); (2) 0.132 mM HgCl, (free Hg** concentration: 1.87
X 1‘(2'16 M); (3) 0.26 mM HgCl, (free Hg** concentration: 3.68 X
10716 M),

M (Hg?"), 6.24 X 1077 M (Cu?*), 1.84 X 10 M (Zn?*), and
1.36 X 10 M (Cd?*). (Cadmium ion activity is 1.19 X 10~
M as measured with the cadmium selective electrode.)
Self-association of deoxyhemocyanin is much faster than ox-
yhemocyanin association (Figure 1). This observation shows
that removal of oxygen from the active site results in a
structural alteration at the surface of the 25S molecule.
(b) Mercury-Induced Spectral Changes of Callinectes
Hemocyanin. Mercury chloride, at concerntrations where no
self-association occurs, induces profound changes in the ul-
traviolet spectrum of Callinectes hemocyanin (Figure 2). First
of all there is a decrease in absorbance around 340 nm, where
absorption is due to the copper—oxygen complex. Mercury
chloride also decreases the oxygen affinity of Callinectes he-
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FIGURE 3: Fluorescence emission spectra of 25S Callinectes hemo-
cyanin at 0.24 mg/mL, excited at 287 nm, and monitored at 340 nm.
50, 100, 150, and 250 gL of 10 mM HgCl, in 50 mM Tris and 10
mM CaCl,, pH 7, ionic strength 0.13, were added to 3 mL of he-
mocyanin in 50 mM Tris and 10 mM CacCl,, pH 8, ionic strength
0.13. (1) 0 mM HgCly; (2) 0.16 mM HgCl,; (3) 0.32 mM HgCly;
(4) 0.48 mM HgCl,; (5) 0.77 mM HgCl,.

mocyanin (Figure 5), e.g., from 8.5 to 40 mmHg under con-
ditions corresponding to difference spectrum number 3. The
negative absorption band is therefore most likely due to a slight
dissociation of the copper—oxygen complex upon the addition
of HgCl,. A large positive peak occurs at 297 nm, due to a
red shift of tryptophan absorption, indicative of the formation
of a tryptophan—mercuric ion complex (see Discussion). The
chief feature of the difference spectrum is the very strong
positive absorption in the far-UV. This increase of the ab-
sorption is due to the formation of a Tris-HCI-Hg complex
and the formation of a single sulfur mercaptide bond per
hemocyanin subunit (see Discussion).

(¢) Fluorescence Quenching Due to Mercuric Ion-Hemo-
cyanin Interaction. Figure 3 shows the quenching of intrinsic
hemocyanin fluorescence in the presence of HgCl,. The ob-
served emission intensities were corrected for trivial reab-
sorption due to the overlap of the emission and the 340-nm
absorption band according to Er-El et al. (1972). Difference
spectroscopy reveals a strong tryptophan—Hg?* interaction.
It is therefore likely that the mechanism involved in mercuric
ion quenching of Callinectes hemocyanin fluorescence is a
direct complex formation between mercuric ion and trypto-
phan.

(d) Mercury-Induced Irreversible Decrease of the Cop-
per—Oxygen Band of Callinectes Hemocyanin. When oxy-
hemocyanin is incubated with mercury chloride, there is an
instantaneous very small decrease of the copper—oxygen band
(Figure 2). When deoxyhemocyanin is incubated with 1 mM
HgCl,, there is a very slow disappearance of the copper—oxygen
band up to 50% of the original absorption at 335 nm (Figure
4). Mercury-treated oxy- and deoxyhemocyanin contain 1
and 1.5 sulfhydryl bound mercuric ions per subunit, after the
noncysteine bound mercuric ions are removed by extensive
dialysis against 50 mM Tris and 10 mM EDTA, pH 8.9.
Removal of these ions does not restore the original absorption
of the copper—oxygen charge transfer band. Mercury-treated
oxyhemocyanin still contains two coppers per active site.
Mercury-treated deoxyhemocyanin, however, contains 1.5
coppers per active site.

Functional Consequences of Heavy Metal Ion-Hemocyanin
Interaction. Figure S shows that both cadmium and mercuric
ions suppress cooperative interactions in Callinectes hemo-
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FIGURE 4: Decrease of the copper—oxygen band upon incubation of
deoxygenated hemocyanin with 1 mM HgCl,. Two Callinectes he-
mocyanin samples of 2.7 mL (4.8 mg/mL), in 50 mM Tris and 10
mM CaCl,, pH 7, ionic strength 0.13, were deoxygenated. One sample
was flushed with water-saturated oxygen. 300 pL of 10 mM HgCl,
in the same buffer was added to both samples, and the 335-nm
absorption band was followed as a function of time. (®) Oxygenated
hemocyanin; (A) deoxygenated hemocyanin.
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FIGURE 5: Effect of pH, cadmium chloride, and mercury chloride
on oxygen binding characteristics of Callinectes hemocyanin. Protein
concentration: 4 mg/mL. (@) 50 mM Tris, 10 mM CaCl,, ionic
strength 0.13; (A) same buffer containing 0.24 mM HgCl,; () same
buffer containing 0.50 mM CdCl,. Ps,: Partial pressure of oxygen
needed for half-saturation of Callinectes hemocyanin (expressed in
mmHg). ny: Hill coefficient, i.e., slope of the Hill plots (see Figure
6).

cyanin, as expressed in a decrease of the slope of the Hill plots.
Mercuric ions decrease the oxygen affinity of Callinectes
hemocyanin. Cadmium ions have an opposite effect. The
effect of cadmium decreases with increasing pH, which is, at
least partly, due to a decrease of the cadmium ion activity:
3.63 X 10°° M at pH 7 and 8.77 X 10® M at pH 8.5.
Oxygen binding data, presented as Hill plots, are shown in
Figure 6. ZnCl, and NaCl increase the oxygen affinity of
Callinectes hemocyanin at pH 7 and shift the lower (deoxy)
asymptote of the Hill plots (Figure 6A). The effect of NaCl
on oxygen binding properties of Callinectes hemocyanin was
investigated in order to obtain more accurate information about
the upper part, or oxy asymptote, of the Hill plots. This
information is necessary for a theoretical interpretation of the
oxygen binding data, which will give us some insight into the
molecular mechanism underlying the effect of heavy metal ions
on the oxygen binding characteristics of Callinectes hemo-
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FIGURE 6: Effect of several allosteric effectors, pH and chloride, zinc,
cadmium, and mercuric ions, on oxygen binding by Callinectes he-
mocyanin. Protein concentration: 4 mg/mL. (A) (@) 50 mM Tris,
10 mM CaCl,, pH 7, ionic strength 0.13; (¥) same buffer containing
0.2 mM ZnCl,; (A) same buffer containing 1.48 M NaCl. (B) (a)
50 mM Tris, 10 mM CaCl,, pH 8.5, ionic strength 0.13 (left curve);
(®) 50 mM Tris, 10 mM CaCl,, pH 8.2, ionic strength 0.13 (second
curve from left); (A) 50 mM Tris, 10 mM CaCl,, pH 7.2, ionic
strength 0.13, containing 0.5 mM CdCl, (third curve from left); (@)
50 mM Tris, 10 mM CaCl,, pH 7.2, ionic strength 0.13. (C) (®)
50 mM Tris, 10 mM CaCl,, pH 7.4, ionic strength 0.13; (A) same
buffer containing 1.58 M NaCl; (¥) same buffer containing 0.5 mM
CdCl,. (D) (@) 50 mM Tris, 10 mM CaCl,, pH 7.9, ionic strength
0.13; (m) same buffer containing 0.24 mM HgCl,; (A) same buffer
containing 0.50 mM CdCl,. Symbols are experimental data, and lines
are calculated according to the two-state model for allosteric transitions,
using the model parameters given in Table I.

cyanin. Figure 6B shows the tremendous effect of pH on the
oxygen affinity of Callinectes hemocyanin (see also Figure 5).
Increasing pH values not only increase the oxygen affinity but
also shift the lower (deoxy) and upper (oxy) asymptotes of the
Hill plots. Cadmium ions increase the oxygen affinity and shift
the lower (deoxy) asymptotes to higher oxygen affinities
(Figure 6B,C,D). The effect of mercuric ions is exactly op-
posite. They decrease the oxygen affinity and shift the lower
(deoxy) asymptote to lower oxygen affinities. The oxygen
binding data presented here will be analyzed under Discussion.

Discussion

The study of the interaction of mercuric ions and other
heavy metal atoms with hemocyanins is of interest from the
standpoint of preparation of isomorphic heavy metal derivatives
used in X-ray crystallography. Additionally, as shown in this
paper, heavy metals may be used as probes of structure and
function in hemocyanin systems. Finally, such studies may
lead to a better understanding of the mechanisms involved in
trace metal transport and toxicity in marine organisms. It is
well-known, for example, that heavy metals such as mercury,
cadmium, zinc, copper, and lead are toxic to marine organisms
(Bryan, 1976, 1979). It has been suggested that the hemo-
cyanins of crustacea facilitate the uptake of zinc from the sea
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water across the gill into the blood, by forming stable hemo-
cyanin—zinc complexes (Bryan, 1964, 1971, 1976; Martin et
al., 1977). Cadmium is taken up by the shore crab Carcinas
maenas and appears in the hemolymph bound to hemolymph
protein (Wright, 1977a,b). It is then passed on from the
hemolymph to the hepatopancreas (Wright & Brewer, 1979).

Functional consequences of heavy metal binding to respir-
atory proteins have been reported for hemoglobin only.!
Copper, for example, has been shown to catalyze the oxidation
of Fe(II) hemoglobin, thereby interfering with the reversible
oxygenation of hemoglobin resulting in a less effective oxygen
transport (Rifkind, 1974, 1979; Rifkind et al., 1976). Zinc
increases the oxygen affinity of sickle and normal red blood
cells (Oehischlegel et al., 1974; Rifkind & Heim, 1977; Gilman
& Brewer, 1978), which results from an enhanced dissociation
of hemoglobin tetramers to dimers (Gray, 1980). This ca-
talogue of data shows that respiratory proteins may be involved
in heavy metal transport, which in turn may lead to altered
functional properties of these oxygen carriers.

In the present paper we focus our attention on the effect
of heavy metal ions on the structural and functional charac-
teristics of Callinectes hemocyanin, which occurs as a hex-
americ, 16 S, and dodecameric, 25 S, species in the hemo-
lymph. The 16S and 25S components can be separated by
gel permeation chromatography and ultracentrifugation and
behave as distinct molecular species over a pH range from pH
7 to 8.5, in the presence of 10 mM CaCl,, indicating the
absence of equilibrium between the two species.

At heavy metal concentrations used in our oxygen binding
experiments no change in sedimentation pattern of Callinectes
hemocyanin was observed. At higher metal concentrations
self-association occurred (Figure 1). Analytical ultracentri-
fugation did not reveal any distinct molecular weight species
during the self-association process. Addition of EDTA resulted
in an instantaneous dissociation of the high molecular weight
aggregates. Similar behavior was observed with hemocyanins
obtained from the horseshoe crab Limulus polyphemus and
the shrimp Penaeus setiferus, indicating that hemocyanins in
general have high affinity sites for a wide variety of heavy
metal ions. The effect of binding of mercuric ions on spectral
properties of Callinectes hemocyanin is shown in Figure 2. The
decrease of the copper—oxygen absorption band around 340
nm is most likely due to a mercury-induced decrease in the
oxygen affinity of Callinectes hemocyanin (Figures 5 and 6D),
resulting in a dissociation of the copper—oxygen complex. This
explanation is supported by the fact that the spectral change
at 340 nm decreases with increasing pH values, which results
in higher oxygen affinities (Figure 5). The absorption change
at 340 nm can be reversed by the addition of EDTA, showing
that the mercuric ion involved in changing the oxygen affinity
of Callinectes hemocyanin is not bound to a sulfhydryl group.
Further proof of this statement will be delivered when the
effect of mercuric ions on oxygen binding will be discussed.

Interaction of mercuric acetate, mercuric nitrate, and
mercuric chloride with tryptophan results in a broadened
red-shifted UV absorption spectrum (Ramachandran &
Witkop, 1964; Chen, 1971). This bathochromic shift is due
to the formation of a 1:1 mercuric ion—tryptophan complex,
with a molar extinction coefficient of 3240 M~! cm™ at 297
nm (Chen, 1971). The chief feature of a tryptophan vs.
tryptophan—Hg?* difference spectrum is a large positive peak
at 297 nm and a minimum at 289 nm due to obliteration of

! Recently, Kuiper et al. (1981) published a study concerning the
effect of mercuric chloride on Panulirus interruptus hemocyanin.
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the peak which occurs at this wavelength in the normal un-
perturbed tryptophan spectrum. When mercuric ions bind to
Callinectes hemocyanin, exactly the same difference spectrum
is observed (Figure 2). Therefore it seems reasonable to
suppose that the positive peak at 297 nm in the difference
spectrum of Figure 2 is due to a direct mercuric ion—trypto-
phan interaction. When the change in absorption at 297 nm
is plotted vs. the HgCl, concentration, there is a steep linear
increase of the optical density at low HgCl, concentrations,
followed by a slower increase at higher HgCl, concentrations
(the range of HgCl, concentrations used is limited due to the
mercury-induced self-association of Callinectes hemocyanin).
From difference spectra such as given in Figure 2 we deter-
mined the steep linear increase of the 297-nm absorption to
have a value of 0.035 £ 0.003 per 0.7 mg/mL (9.2 upM)
hemocyanin, This value corresponds to 1.17 £ 0.1 Hg?*-
tryptophan complex per hemocyanin subunit. In addition to
this high affinity site, a lower affinity site seems to be present
as judged from the slow increase of the OD,y; at higher
mercury concentrations. The noncovalent nature of these
binding sites is indicated by the observation that the optical
density change at 297 nm is EDTA reversible. The stability
constant of the mercury—tryptophan complex can be calculated
from the spectral data, taken into account the following con-
siderations: The total mercury concentration in the buffer
system used for the binding studies (see legends to Figure 2)
is
[Hg]total =

[Hg?*] + [HgCl*] + [HgCl,) + [HgCly] + [HgCl]

At the relatively high chloride concentration used (0.12 M)
the complexes of Hg?* with hydroxyl ions [see Smith &
Martell (1976) for stability constants] and Tris (Hanlon et
al., 1966) can be ignored. Therefore

[Hg]tt! = [Hg?*](7.060 X 10'1)
In the presence of hemocyanin
[Hg]®®! = [Hg?*](7.060 X 10" + K[HCy]gree)

From this it follows that

[Hg]total
[Hg2+]free = 11
7.06 X 10! + K([Heyl, e — [Hcy~Hg])
ey
where
_ _ [Hey~Hg] _
[Hg2+]free[HCY]free ]
[Hey~Hg
)

([Heyl o — [Hey~Hg]) [Hg]free

Here we neglect the binding of mercury to the sulfhydryl group
of hemocyanin. The justification of this neglection is based
on the observation that the mercury-tryptophan interaction
is instantaneous, whereas the formation of the mercaptide bond
is very slow, approximately 30 min at 0.25 mM HgCl,
([Hg** )ree = 3.54 X 10716 M). Since the OD,y, is measured
15 s after the addition of HgCl,, we assume that virtually none
of the mercaptide bond has been formed. Furthermore we
disregard the contribution of the low affinity sites for Hg?".
Equations 1 and 2 constitute two equations with two unknowns
(K and [Hgls.) and hence can be solved. [Hcy~Hg] is
calculated by using a value of 3240 for the molar extinction
coefficient of the Hg?*—tryptophan complex (Chen, 1971).
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The binding constant calculated this way is K = 5.7 X 10'*
M

When 50 mM Tris-HCl is titrated with HgCl,, at concen-
trations as used in the UV difference spectroscopy experiments,
a very strong absorption from 280 to 240 nm is observed. The
absorption is strongly dependent on the pH, more than dou-
bling going from pH 8.5 to 7. This observation suggests the
formation of a UV-absorbing Tris-HCI-Hg complex. The
huge positive peak in the difference spectrum of Figure 2 is
therefore in part due to the formation of this complex. When
the mercury-treated samples are extensively dialyzed against
50 mM Tris and 10 mM EDTA, pH 8.9, there still is a positive
absorption at 250 nm with respect to nontreated and dialyzed
hemocyanin. This absorption is indicative of the formation
of a mercury—mercaptide bond (Boyer, 1954; Vasak et al,,
1981). The molar absorptivity of mercury-treated and dialyzed
hemocyanin at 250 nm was found to be 34525 £ 368 M~ cm™;
the molar absorptivity of nontreated dialyzed hemocyanin was
31728 £ 461 M~ cm™!. The molar absorptivity of the mer-
cury-mercaptide chromophore at 250 nm was determined by
titrating 0.5 mM mercaptoethanol in distilled water, pH 6,
with 10 mM HgCl, in water, pH 6. From the equivalence
point in the titration curve a value of 2908 & 85 M™! cm™ was
obtained. This value agrees very well with that which can be
calculated for the mercury-mercaptide chromophore in a
protein. The molar absorptivity of mercury—metallothionein,
possessing 7 g-atoms of mercury/mol of protein, is approxi-
mately 6.50 X 10* M~ cm™ at 250 nm (see Figure 1 in Vasak
etal, 1981), or 9.28 X 10> M~! cm™/Hg atom with an average
of 3S ligands per Hg atom, or 3100 M™! cm™ for a single
mercury-mercaptide chromophore. The validity of this cal-
culation is based upon the absorption spectra of the cadmi-
um-mercaptide chromophores in alcohol dehydrogenase and
in metallothionein (Sytkowski & Vallee, 1979). From the
spectral data presented above, the presence of 0.96 + 0.28
g-atoms of mercury/mol of hemocyanin subunit was calcu-
lated. These results were supported by direct mercury de-
terminations which show the presence of a single (1.038 %
0.045) non-EDTA removable mercuric ion per oxyhemocyanin
subunit (the standard deviations and means are obtained from
six observations). Since the affinity of Hg?* for SH groups
in proteins is generally far greater than the affinity for any
other functional groups (Vallee & Ulmer, 1972; Liu, 1977),
it seems likely that the EDTA-resistant mercury binding site
in Callinectes hemocyanin represents a sulfhydryl group. It
might be argued, however, that this site does not represent a
very high affinity site but that it is protected from the action
of EDTA by its surroundings in the protein matrix. Evidence
in favor of a high-affinity mercury binding site is obtained from
equilibrium dialysis experiments. Analysis of the binding data
by nonlinear regression shows the presence of 0.84 (0.71-0.98)
mercury binding sites per hemocyanin subunit with an asso-
ciation constant of 10%% (10'7°-10%-%) (M. Brouwer, un-
published results; numbers in parentheses represent confidence
limits corresponding to one standard deviation).

Summarizing we can say that Callinectes oxyhemocyanin
contains at least three mercury binding sites per subunit, the
highest affinity site being a sulfhydryl, which forms a mer-
captide bond with a single mercuric ion. The second site is
the indole side chain of a tryptophan residue which forms a
1:1 complex with a free Hg?* ion, with a stability constant of
5.7 X 103 M~!, The third site, or more likely class of sites,
is that involved in the mercury-induced self-association.

From Figure 3 it can be seen that up to 30% of the intrinsic
protein fluorescence is quenched in the presence of 0.77 mM
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HgCl, ([Hg )gree = 1.09 X 1071* M). Hamlin & Fish (1977)
reported that the amino acid composition of Callinectes he-
mocyanin was indistinguishable from that of Cancer magister
hemocyanin (Carpenter & Van Holde, 1973), which contains
12 tryptophan molecules per subunit. Therefore we would
expect that the formation of a single nonfluorescent Hg~
tryptophan complex would result in an approximately 10%
decrease of the fluorescence, which is considerably less than
actually observed. As described earlier, mercuric ions may
interact with a second tryptophan residue at high HgCl,
concentration. Additionally part of the fluorescence quenching
may be due to energy transfer from tryptophan to the tail end
of the mercaptide absorption band, which extends above 300
nm (Chen, 1971).

Cadmium binding to Callinectes hemocyanin is accompa-
nied by an increase of the absorption at 240 nm, indicative
of the formation of a cadmium-mercaptide bond. This bond
is EDTA sensitive. Cadmium ions quench the intrinsic protein
fluorescence for about 10% and also give a red shift of the
tryptophan absorption to 296 nm. These two facts suggest that
cadmium is also capable of complexing with tryptophan in
Callinectes hemocyanin.

When deoxyhemocyanin was incubated with 1 mM HgCl,
at pH 7, a dramatic decrease of the absorption of the cop-
per—oxygen band was observed (Figure 4). Oxygen protects
against the change of spectral properties. Deoxyhemocyanin
incubated with 0.24 mM HgCl, at pH 7 did not show a de-
crease of 335-nm absorption, showing that both the absence
of oxygen from the active site and the additional binding of
mercuric ions to low affinity sites are prerequisites for the
irreversible change in spectral properties. Mercury analysis,
after extensive dialysis against EDTA, showed the presence
of 1.385 % 0.049 (N = 6) mercuric ions per hemocyanin
subunit in mercury-treated deoxyhemocyanin, as opposed to
1.038 % 0.049 (N = 6) per subunit in mercury-treated oxy-
hemocyanin. The oxyhemocyanin samples still contained 1.948
%+ 0.117 (N = 6) coppers per subunit, but the deoxyhemo-
cyanin samples only 1,536 + 0.006. The removal of oxygen
from the active site of Callinectes hemocyanin apparently
results in the exposure of a second high-affinity binding site
for mercury, only in approximately 50% of the subunits. Once
the mercury is bound, one copper is released from the active
site, resulting in a 50% irreversible decrease of the copper~
oxygen band. The Hg?*-treated deoxyhemocyanin subunits
with intact active sites were functionally equivalent to
Hg?*-treated oxyhemocyanin subunits, having a Ps; value of
7.8 mmHg and a Hill coefficient of 0.91 in 50 mM Tris and
10 mM EDTA, pH 8.9. The fact that the decrease of the
copper—oxygen band never exceeded the 50% level indicates
that Callinectes hemocyanin contains at least two types of
active sites. Subunit heterogeneity in arthropodan hemo-
cyanins has been well documented (Sullivan et al,, 1974;
Bonaventura et al., 1975, 1977; Miller et al., 1977; Markl et
al., 1980; Larson et al., 1981). Gel electrophoresis of Calli-
nectes hemocyanin subunits shows the presence of at least eight
distinct polypeptide chains.

Displacement of type I copper from the copper binding site
of the blue plastocyanins by silver or mercuric ions, concom-
itant with the formation of a mercury—mercaptide bond, has
been reported (Katoh & Takamiya, 1964; Bohner et al., 1981).
X-ray crystallography showed the copper to be liganded by
cysteine (Coleman et al., 1978), as in the blue copper (type
I) protein azurin (Adman et al., 1978). X-ray absorption
spectroscopy showed the type I copper of stellacyanin and the
copper a; of cytochrome oxidase also to be liganded by cysteine
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Table I: Effect of Hydrogen, Chloride, Cadmium, Mercuric, and Zinc Ions on the Allosteric and Thermodynamic Parameters Describing the
Oxygen Binding by Callinectes sapidus Hemocyanin
Cd* th Zn®*

pH Cl- (M) (mM) (mM) (mM) L x 10%¢@ KT" Kg° cx 1024 -AGT5R° —AFIf
7.0 0.12 3426 237 3.68 1.55 423 10.15
7.0 1.48 4.42 73.8 3.68 5.25 26.1 7.15
7.0 0.12 0.2 519 133 3.68 2.77 37.6 8.74
7.2 0.12 152.7 112 3.75 3.35 34.7 8.28
7.2 0.12 0.5 3.12 51.3 3.75 7.31 25.2 6.36
7.4 0.12 773 115 2.37 2.06 38.6 9.45
7.4 1.58 8.22 57.5 2.37 4.12 27.6 7.78
7.4 0.12 0.5 7.10 31.6 2.37 7.50 27.2 6.32
7.9 0.12 4.59 54.0 1.78 331 26.1 8.28
7.9 0.12 0.5 0.727 21.6 1.78 8.23 21.7 6.07
7.9 0.12 0.25 2.81 160 7.00 4.37 24.9 7.61
8.2 0.12 0.301 17.8 0.89 5.00 19.5 7.28
8.5 0.12 5.23 7.5 0.24 3.20 26.4 9.08
8.5 0.12 0.25 0.297 30.0 1.78 5.93 19.4 6.86

i Allosteric equilibrium constant. b Oxygen dissociation constant of the T state as determined from the lower asymptotes of the Hill
plots, expressed in mmHg. ¢ Oxygen dissociation constant of the R state. ¢ Nonexclusive binding coefficient, Kg /K. € Free energy for
the transition from T to R state (kJ/mol). 7 Free energy of interaction (kJ/mol).

(Powers et al., 1981). The presence of sulfhydryl groups in
the coordination sphere of the hemocyanin coppers (type III)
has been suggested by Klotz & Klotz (1955) and Amundsen
et al. (1977). In addition it has been shown that removal of
oxygen from the hemocyanin oxygen binding site results in
a considerable increase of the copper—copper distance con-
comitant with the breakage of a protein ligand bridge between
the two coppers (Co & Hodgson, 1981; Brown et al., 1980).
These data suggest that a cysteine sulfur forms a bridge be-
tween the two coppers in 50% of the oxygenated active sites
of Callinecetes hemocyanin. Upon deoxygenation this cysteine
residue becomes a ligand for Hg?*, leading to the formation
of a mercury—mercaptide bond and the loss of a single copper
from the active site. The coppers in hemocyanins are known
to be liganded by at least two histidines (Brown et al., 1980;
Co & Hodgson, 1981; Eickman et al., 1978, 1979). In view
of the strong tendency of the mercuric ion to form two co-
ordinate complexes, the formation of a strong linear (His)N-
Hg~N(His) complex, with the concomitant displacement of
copper, in deoxyhemocyanin seems also possible. Further
studies will be required to establish the validity of the proposed
mechanisms. It seems very likely that the introduction of a
highly scattering mercuric ion in the active site of Callinectes
hemocyanin will contribute to a more detailed knowledge of
the structure of the oxygen binding site.

Functional Consequences of Hemocyanin—-Heavy Metal
Interactions. Oxygen binding properties of hemocyanins are
controlled by a number of physiologically important ions, such
as hydrogen, sodium, calcium, and chloride. Detailed studies
have shown that oxygen binding by a variety of hemocyanins
can be described by the two-state model for allosteric tran-
sitions (Monod et al., 1965). According to this model the
hemocyanin molecule occurs in two conformations, referred
to as T and R. Each conformation can independently bind
oxygen molecules. The T state has a lower affinity for oxygen
than the R state. This difference in affinity is responsible for
the cooperative oxygenation, as during the course of ligation
the equilibrium between the T and R states is shifted toward
the latter. The effect of allosteric effectors on the oxygen
binding characteristics is due to preferential binding of the
effector to either the T or R state. Oxygen binding by Pan-
ulirus interruptus and Helix pomatia a-hemocyanin can be
described within the framework of this model {(Colosimo et
al., 1977; Kuiper et al., 1977, 1979). Oxygen binding by Helix
pomatia 3-hemocyanin and Limulus polyphemus hemocyanin

can basically be described by the two-state model with the
modification that Ky, the oxygen dissociation constant of the
T state, is altered by allosteric effectors, such as pH and
chloride ions (Zolla et al., 1978; Brouwer et al., 1977, 1981a,b,
1982). Oxygen binding studies with Callianassa californiensis
and Penaeus setiferus hemocyanin demonstrated that the
binding data could not be described by the original two-state
model. However, the introduction of a single mixed hybrid
state containing subunits in the R as well in the T conformation
resulted in an excellent fit between theory and experiment
(Miller & Van Holde, 1974; Brouwer et al., 1978; Arisaka
& Van Holde, 1979).

The oxygen binding data presented as Hill plots in Figure
6 were analyzed as described earlier (Brouwer et al., 1977).
It is obvious from this figure that the binding data cannot be
described by the simple two-state model for allosteric tran-
sitions. Hydrogen ions, for example, significantly affect the
binding constant of the first oxygen molecules to the deoxy-
genated hemocyanin, as indicated by the shift of the deoxy
asymptotes to lower affinities. In addition, hydrogen ions affect
the affinities of the oxygenated hemocyanins as well (Figure
6B). The shifts of the oxy and deoxy asymptotes of Callinectes
hemocyanin imply the existence of multiple R and T states
whose oxygen affinities depend on proton binding. At pH 7
the Kg /K7y ratio (Table I) indicates a 64-fold higher affinity
for the last compared with the first oxygen molecules bound,
a value which decreases to 20-fold at pH 8.2. This corresponds
to a decrease of the free energy of interaction per site realized
in saturating hemocyanin with oxygen of 2.9 kJ/mol. An
increase from pH 7 to 8.2 facilitates the transition from the
deoxy to the oxy state by as much as 22.8 kJ/mol (Table I).

The effect of NaCl, which is due to chloride ions (Brouwer
et al., 1977, 1978, 1982), on oxygen binding by Callinectes
hemocyanins is shown in Figure 6A,C. Chloride ions increase
the binding constant of the first oxygen molecules to deoxy-
genated hemocyanin but have no effect on the oxygen affinity
of the R state. Binding of chloride ions facilitates the T —
R transition and reduces the free energy of interaction (Table
I). The same behavior was exhibited by cadmium (Figure
6B-D) and zinc ions (Figure 6A). Mercuric ions, on the other
hand, also decrease the association constant for the binding
of the last oxygen molecules (Figure 6D and Table I). The
effect of hydrogen, chloride, and heavy metal ions on the
oxygen affinity of T-state hemocyanin can be explained by
preferential binding of these ions to either oxygenated subunits
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(CI, Cd**, and Zn?*) or deoxygenated subunits (H* and
Hg?*) in the T-state quaternary structure. In general, if a
given ligand has preferential affinity for either oxy or deoxy
subunits in the T state, then the apparent affinity of the T state
will be a function of the binding constants and the concen-
tration of that ligand (Brouwer et al., 1977). A similar line
of argument applies to the R state as well. When the existence
of multiple T and R state was taken into account, the allosteric
parameters of oxygen binding were determined (Table I).
When the values in Table | were used, Hill plots were cal-
culated with the hexamer as the allosteric unit (Brouwer et
al., 1977, 1978, 1981b; Kuiper et al., 1977, 1979; Arisaka &
Van Holde 1979). The fit between the experimental results
and the calculated Hill plots is good (Figure 6). From the
foregoing considerations, we can conclude that heavy metal
ions modulate the oxygen affinity of Callinectes hemocyanin,
by shifting the equilibrium between two conformational states
of this multisubunit protein, having different affinities for
oxygen. In addition, heavy metal ions also modify the oxygen
affinities of these conformational states.

It should be remembered that our mercury binding studies
revealed the presence of at least two classes of active sites in
Callinectes hemocyanin. Gel electrophoresis revealed con-
siderable structural heterogeneity. Moreover, oxygen binding
by Callinectes subunits in S0 mM Tris and 10 mM EDTA,
pH 8.9, showed functional heterogeneity as well, as judged
from the value of the slope of the Hill plot (0.95). The studies
reported in this paper, however, strongly suggest that the
binding sites in the undissociated molecule are identical.
Apparently, the subunits only express their own identity when
free in solution, as has been shown for Limufus (Brouwer et
al., 1977, 1982) and Helix pomatia hemocyanin (van Driel,
1974). Conformational changes of Callinectes subunits upon
assembly in the higher molecular weight aggregates are in-
dicated by quenching of their intrinsic protein fluorescence
(M. Brouwer, unpublished results).

As has been discussed before, Callinectes hemocyanin has
two very high affinity mercury binding sites: a sulfhydryl and
the indole moiety of a tryptophan residue. Which of these is
the oxygen linked one? The Py, value and Hill coefficient of
25S Callinectes hemocyanin in 50 mM Tris and 10 mM
CaCl,, pH 7, are 72 mmHg and 2.8, respectively. In the
presence of 0.24 mM HgCl, these values change to 102 mmHg
and 2.1, respectively. After dialysis against SO0 mM Tris, 10
mM CacCl,, and 2 mM EDTA, pH 7, followed by dialysis
against the same buffer without EDTA, the presence of a 255
Callinectes hemocyanin molecule containing a single cyste-
ine-bound mercury per subunit was demonstrated. The
functional properties of these labeled 25S molecules were
identical with those of native 25S molecules. From this we
infer that the high-affinity tryptophan binding site is the al-
losteric site involved in stabilizing the quaternary T-state
structure. This also shows that hemocyanin containing the
sulfhydryl-bound mercury is an excellent derivative for X-ray
crystallography, since mercury binding leaves the 258 structure
and its functional characteristics intact. This observation,
unfortunately, does not seem to be valid for other hemocyanins
as well. We have been able to prepare mercury-labeled 60S
Limulus polyphemus hemocyanin. However, their functional
characteristics were drastically and irreversibly altered (M.
Brouwer, unpublished results).

The Ps, of the R state changes from 3.68 mmHg at pH 7
to 0.24 mmHg at pH 8.5 (Table I). Not only the functional
but also the structural characteristics of 25S R state molecules
change with varying pH (Figure 7). The peaks in the dif-
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FIGURE 7: pH-induced spectral changes of Callinectes hemocyanin.
(Irregular line) 100 uL of 1 N NaOH was added to 3 mL (0.8
mg/mL) of hemocyanin in 50 mM Tris and 10 mM CaCl,, pH 7,
ionic strength 0.13, in the sample compartment of the spectropho-
tometer. pH after addition: pH 8.5. 100 pL of pH 7 buffer was
added to 3 mL of pH 7 hemocyanin, in the reference cuvette. (Smooth
line) 150 uL of 1 N NaOH was added to 3 mL of 3.3 uM N-
acetyltyrosine in 50 mM Tris and 10 mM CaCl,, pH 7, ionic strength
0.13, in the sample cuvette. pH after addition: 10.6. 150 uL of pH
7 buffer was added to 3 mL of N-acetyltyrosine, pH 7, in the reference
cuvette. The 249-nm peak in the hemocyanin difference spectrum
corresponds to 2.4 M ionized tyrosine (Ae 11 100; Donovan, 1973).
Hemocyanin concentration is 10 uM.

ference spectrum at 279 and 286.5 nm are characteristic of
the perturbation of phenolic chromophores (Herskovits, 1967).
These two absorption maxima have been assigned to transitions
from excited state vibrational modes of the tyrosine molecule
to its electronic ground state (Horwitz et al., 1970). Inter-
pretation of the difference spectrum in terms of the environ-
ment of the individual chromophores remains very difficult.
A negative difference spectrum usually indicates that a larger
number of chromophores are exposed to the solvent in the
sample solution (Donovan, 1969, 1973). Accordingly Figure
7 suggests that tyrosine(s) become exposed to solvent when
the pH of a solution of Callinectes hemocyanin is raised from
pH 7 to 8.5. The small peak at 300 nm and the large peak
at 240 nm are characteristic of tyrosine ionization. For com-
parison the pH difference of N-acetyltyrosine is shown in the
same figure (Figure 7). Maxima are observed at 293 and 242
nm, showing that the spectrum of tyrosine ionization in the
protein is red shifted over 7 nm. The characteristic ratio of
4.6 for AOD4,,/AOD,; is also observed in the protein dif-
ference spectrum. This ratio corresponds to tyrosine ionization
only (Mihalyi, 1968). The very low pK value of this tyrosine
suggests that it is hydrogen bonded. Whether the decrease
in oxygen affinity of the R state at low pH values and the
formation of the tyrosine hydrogen bond are two linked phe-
nomena is still an open question.

The effect of NaCl and pH on blue crab hemocyanin re-
ported in this paper is of great physiological significance.
Callinectes sapidus is exposed to different environments in its
life. After development and metamorphosis to the adult form,
the young crabs swim upstream, leaving behind the well ox-
ygenated saline ocean waters for the hypoxic dilute waters of
the estuaries. In the autumn of each year the impregnated
females migrate to more saline waters. During migration from
waters of 35%o t0 1%v salinity the reduction in total blood salt
is about 37%, which leads to a decrease in oxygen affinity of
the hemocyanin. The respiratory stability in dilute waters is
maintained by concomitant changes in blood pH, which oppose
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the salt effect. The pH change results from the ammonia
produced in deamination of the intracellular pool of free amino
acids as the cells conform to osmotic changes in body fluids
(Mangum & Towle, 1977). The allosteric effectors, H* and
Cl-, thus provide Callinectes sapidus with a respiratory sta-
bility in an environment which is unstable in both ions and
oxygen. This fine tuning of hemocyanin function may well
be disturbed by heavy metal ions.
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Calcium-Dependent a-Helical Structure in Osteocalcin?

Peter V. Hauschka* and Steven A. Carr

ABSTRACT: Osteocalcin is an abundant Ca?*-binding protein
of bone containing three residues of vitamin K dependent
y-carboxyglutamic acid (Gla) among its 49 (human, monkey,
cow) or 50 (chicken) amino acids. Gla side chains participate
directly in the binding of Ca?* ions and the adsorption of
osteocalcin to hydroxylapatite (HA) surfaces in vivo and in
vitro. Osteocalcin exhibits a major conformational change
when Ca?* is bound. Metal-free chicken osteocalcin is a
random coil with only 8% of its residues in the « helix as
revealed by circular dichroism. In the presence of physiological
levels of Ca®*, 38% of the protein adopts the a-helical con-
formation with a transition midpoint at 0.75 mM Ca?* in a
rapid, reversible fashion which (1) requires an intact disulfide
bridge, (2) is proportionally diminished when Gla residues are
decarboxylated to Glu, (3) is insensitive to 1.5 M NaCl, and
(4) can be mimicked by other cations. Tyr fluorescence, UV
difference spectra, and Tyr reactivity to tetranitromethane

Specific interaction between ionic calcium and proteins
serves numerous important biochemical and biological func-
tions in areas as diverse as muscle contraction, cell motility,
fertilization, neurotransmission, blood coagulation, and hor-
monal regulation of metabolic pathways [see Kretsinger (1976)
and references cited therein]. Ca?* has been called the “second
messenger” (Rasmussen & Goodman, 1977), and indeed the
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corroborate the conformational change. Homologous monkey
osteocalcin also exhibits Ca?*-dependent structure. Integration
of predictive calculations from osteocalcin sequence has yielded
a structural model for the protein, the dominant features of
which include two opposing a-helical domains of 9-12 residues
each, connected by a 8 turn and stabilized by the Cys,;~Cys,y
disulfide bond. Cation binding permits realization of the full
a-helical potential by partial neutralization of high anionic
charge in the helical domains. Periodic Gla occurrence at
positions 17, 21, and 24 has been strongly conserved
throughout evolution and places all Gla side chains on the same
face of 6ne « helix spaced at intervals of ~5.4 A, closely
paralleling the interatomic separation of Ca?* in the HA
lattice. Helical osteocalcin has greatly increased affinity for
HA, thus, the Ca?*-induced structural transition may perform
an informational role related to bone metabolism.

targets for its action are generally known to be proteins. This
interaction may be classified according to the nature and
affinity of the Ca’* binding site and by the free Ca®* con-
centration in the natural environment of the protein (Kret-
singer, 1977). Certain enzymes require Ca?* as a cofactor,
and this cation is tightly bound in or near the active site
[phospholipase A, (Verheij et al., 1980) and staphylococcal
nuclease (Tucker et al., 1979)]. Others are merely stabilized
by Ca®* bound at noncatalytic sites [thermolysin (Matthews
& Weaver, 1974) and other proteases (Roche & Voordouw,
1977)]. Another class of proteins containing one or more “E-F
hand” structural domains with closely related amino acid se-
quences exhibits high affinity for Ca?* (K; ~ 1075-10"7 M)
at binding sites formed by the junction of two a-helical seg-
ments and their connecting loop (Kretsinger, 1976, 1977).
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