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ABSTRACT A calcium-binding protein (CaBP) which has
a molecular weight of 100,000 and an isoelectric point of 8.0 has
been isolated from the chorioallantoic membrane (CAM) of the
chick embryo. Expression of the CaBP occurs simultaneously
with the onset of calcium absorption from the egg shell by the
CAM, and the temporal increase in CaBP activity is coincident
with calcium deposition in the embryo. The CAM CaBP differs
in properties from the CaBPs of the adult organs, including the
vitamin-D-dependent protein of intestine.

Vertebrate embryos must obtain large amounts of calcium from
extra-embryonic sources during skeletal formation. The em-
bryos of oviparous animals, such as the chicken, offer advan-
tages for studying calcium translocation associated with bone
mineralization in that the function is carried out by a simple
cellular membrane, the chorioallantoic membrane (CAM).
From the thirteenth day of incubation until hatching at day 21,
the CAM transfers over 100 mg of calcium from the egg shell
to the embryo via its circulatory system (1, 2). The CAM lines
the interior of the shell after the ninth day and is situated against
the noncellular shell membranes. Structurally, the CAM is
highly vascularized and consists of three distinct layers of cells
with the ectoderm adjacent to the inner shell membrane.

Because of its availability and simple morphology, the chick
embryonic CAM has been utilized extensively for studies of
calcium transport. Experiments with the CAM mounted in an
Ussing-type apparatus have provided direct evidence that the
CAM actively transports calcium uni-directionally from its
ectodermal to endodermal side in vitro (3-5). The calcium
transport function of the CAM was found to be age-dependent
and expressed concomitantly with the onset of calcium accu-
mulation by the embryo. Microscopic observations (6-8) further
revealed a close correlation between the differentiation of the
CAM and embryonic ossification, suggesting that the CAM is
the regulatory site for calcium mobilization in the chick em-
bryo. With this background, we recently began a comparative
study of transporting and nontransporting CAM isolated from
chick embroyos at ages prior to and after the onset of calcium
deposition. In this report, we show that extracts of transporting
CAM exhibit enhanced calcium-binding activities that result
from the expression of a high-molecular-weight calcium-
binding protein (CaBP).

MATERIALS AND METHODS
Embryos. Fertilized White Leghorn eggs were purchased

from Shamrock Poultry and incubated at 37.50 in a humidified
egg incubator.

Isolation of CAM and Preparation of CAM Extracts. The

CAM was dissected from embryos of appropriate ages in the
following manner. The shell was removed from the blunt end
of the egg and a circular opening was cut in the underlying shell
membrane and adherent CAM. The embryo together with the
yolk and albumen sacs was decanted through the opening. The
remaining CAM, which lines the inside of the egg shell, was
rinsed with physiological saline, dissected away from the shell
membrane, and again rinsed.

Extracts of the CAM were prepared by homogenizing the
tissue in a Waring blender at 40 for four 15 sec intervals with
four volumes (vol/wt) of TAD buffer (13.7 mM Tris-HCl, pH
7.4/0.12 M NaCl/4.74 mM KCI/98.5 AuM glucose/0.71 mM
dithiothreitol/0.02% sodium azide). After centrifugation at
31,000 X g for 30 min, the endogenous calcium of the super-
natant fraction was removed by dialysis against the same
buffer.

Assay for Calcium-Binding Activity. Calcium-binding
activity was measured by the Chelex 100 ion-exchange method
(9). Assay mixtures consisted of 0.2 ml of a suspension of Chelex
100 resin (Bio-Rad) in TAD buffer (1:1, vol/vol) and 1.0 ml of
sample. The reaction was started by the addition of 45CaCl2
(carrier-free, 0.5 1ACi) and carried out with agitation for 30 sec
at room temperature. After centrifugation for 10 min, the ra-
dioactivity in a 0.5 ml aliquot of the supernatant was deter-
mined by liquid scintillation counting. Units of calcium-binding
activity are calculated as

radioactivity in supernatant
radioactivity retained by resin

and expressed as a percentage. We have confirmed the linearity
of the assay with respect to the amount of calcium-binding
material as originally shown by Wasserman et al. (10).

Assay for Calcium-Dependent ATPase. This activity was
determined by the method of Pollard and Korn (11). In this
method, the Ca2+-dependent ATPase activity (ATP phos-
phohydrolase, EC 3.6.1.3) was obtained as the difference be-
tween ATPase activity levels measured in the absence of Ca2+
(2 mM EDTA added to assay mixture) and in the presence of
additional 10 mM CaCl2. The activity was expressed as nmol
of phosphate per min.

Protein. Protein was estimated by the method of Lowry et
al. (12) with bovine serum albumin as a standard.

RESULTS AND DISCUSSION
A newly hatched chick contains approximately 130 mg of cal-
cium (12), all of which is derived from the egg shell and trans-
ported by the CAM to the circulation during embryonic de-
velopment. Because calcium is toxic to cells and specific carrier
proteins are often associated with membrane transport func-
tions, it seemed likely that the transporting CAM contains a
calcium-binding protein (CaBP). With this in mind, we assayed
extracts of the CAM obtained from embryos between incuba-
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Abbreviations: CAM, chorioallantoic membrane; CaBP, calcium-
binding protein; TAD buffer, buffer containing 13.7 mM Tris-HCI at
pH 7.4/0.12 M NaCl/4.74 mM KCI/98.5 ,M glucose/0.71 mM di-
thiothreitol/0.02% sodium azide; EDTA, ethylenediaminetetraacetic
acid.
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FIG. 1. Age profile of the specific calcium-binding activity of
CAM extracts and the calcium content per chick embryo plotted from
the data given by Romanoff (2). The specific calcium-binding ac-
tivities (activity/mg protein) are the means ± SEM of at least five
determinations on soluble extracts of pooled membranes from five
or more embryos. The open triangles represent the specific activities
in CAM extracts treated with Pronase (1:10, enzyme:CAM protein)
at 370 for 15 min. (Inset) The net calcium-binding activity in extracts
of transporting CAM and the calcium content of the embryo. Net
activities were obtained by subtracting the background levels of cal-
cium binding found in extracts of nontransporting CAM (membranes
from embryos incubated for less than 12 days). The average basal
activity was calculated to be 0.6 units/mg of protein from the data
given in the activity-age profile.

tion days 7 and 20 for calcium-binding activity. As shown in
Fig. 1, low levels of calcium binding are evident at early stages
of development prior to day 12. Between incubation days 12
and 13, however, the activity increases, and it rises rapidly
thereafter. The maximal level of calcium binding, which occurs
on or about day 19, represents a greater than 10-fold increase
over the basal level at day 11. The location of the calcium-
binding activity in the CAM was determined by subcellular
fractionation (Table 1). A homogenate of the CAM prepared
in isotonic buffer was fractionated by differential centrifuga-

Table 1. Subcellular localization of
CaBP in CAM homogenate*

% recovery
of calcium-

Fraction binding activityt

CAM homogenate 100
2,000 X g, 10 min (nuclear) 2.5
12,000 x g, 20 min (mitochondrial) 0
105,000 x g, 60 min (microsomal) 0
Supernate (soluble) 74.5

* The CAM was homogenized with a Ten Broeck homogenizer in
isotonic sucrose-containing buffer (0.25 M sucrose/0.02 M Tris-
HCl/0.01% mercaptoethanol, pH 7.4). The homogenate was then
separated into the various fractions by differential centrifugation
similar to the procedure of Saleuddin et al. (8). All operations were
carried out at 40.

t Calcium-binding activities were measured by the Chelex 100 method
(Materials and Methods). The subcellular fractions other than the
supernatant fraction were first solubilized in 0.1% Triton X-100 and
then assayed for calcium-binding activity. Controls with 0.1% Triton
X-100 alone exhibit no detectable calcium-binding activity.
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FIG. 2. Sensitivity of the CAM calcium-binding activity to pro-
teolysis. The CAM extracts were prepared as in Materials and
Methods from 18- to 20-day-old embryos. Pronase (Calbiochem),
chymotrypsin (Boehringer-Mannheim), or trypsin (Worthington)
was incubated with the CAM extracts at the indicated concentrations
for 15 min at 37°. Calcium-binding activities of the CAM extracts after
incubation were determined by the Chelex 100 assay (see Materials
and Methods). Controls containing the proteases alone exhibited no
calcium-binding activity.

tion, and the various subcellular fractions were assayed for
calcium-binding activity. Our results indicated that the cal-
cium-binding activity is a soluble component of the CAM and
is not associated with membranes or other particulate compo-
nents.
The age-dependent onset of the calcium-binding activity in

CAM extracts is coincident with that of the calcium transport
capacity of the tissue. Studies on in vitro calcium transport by
the CAM (3-5) have detected an increase in transport activity
between incubation days 12 and 13. Because the solubilized
calcium of the egg shell is ultimately deposited in the embryonic
skeleton (1, 2), the physiological role of the CAM calcium-
binding activity is better assessed by comparison with the cal-
cium content of the embryo. Calcium deposition in the chick
embryo has been studied in detail by Romanoff and others (2).
These data are also shown in Fig. 1. In embryos between the
ages of 12 and 17 days, calcium accumulation correlates well
with the calcium binding of CAM extracts (see inset of Fig. 1).
After day 17, deposition of calcium continues at a linear rate
while the CAM calcium binding activity increases more rapidly.
However, prior to hatching, the calcium content per embryo
reaches a maximum, which is preceded by a decline in the
specific calcium-binding activity of CAM extracts. Overall,
these profiles demonstrate a relationship between the two pa-
rameters.
With the Chelex 100 ion-exchange assay, we have charac-

terized the factor(s) responsible for the enhanced calcium-
binding activity of transporting CAM. The proteinaceous nature
of the material is indicated from its sensitivity to heat and
proteolytic action. The activity is destroyed by heating CAM
extracts for 15 min at 600. As shown in Fig. 2, the activity is also
lost on treatment of these extracts with Pronase or trypsin, but
not with chymotrypsin. At an enzyme:CAM protein ratio of 2:1,
calcium-binding activity is totally abolished by Pronase, and
approximately 50% inactivation is obtained with trypsin.
Furthermore, as shown in Fig. 1, Pronase digestion reduces the
calcium-binding activity in extracts of transporting CAM to
levels similar to those of untreated extracts of nontransporting
CAM. This is true at all developmental ages of the embryo after
the onset of calcium mobilization (incubation day 12-13). These
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Table 2. Ammonium sulfate fractionation of CAM extract*

calcium- %
% binding calcium-

Fraction protein activity ATPase

I. Precipitate (40% salt
saturation) 22.7 23.9 65.0

II. Precipitate (50% salt
saturation) 9.6 57.0 5.4

III. Supernate (50% salt
saturation) 66.1 15.6 20.1

Recovery 98.4 96.5 90.5

* The CAM extracts were prepared as in Materials and Methods.
Crystalline enzyme-grade ammonium sulfate (Schwarz/Mann) was
added slowly to CAM extracts with stirring to achieve 40% satura-
tion. After complete dissolution of the salt, the sample was then
allowed to stir for 30 min. The precipitated protein fraction I was
obtained by centrifugation at 13,000 X g for 20 min. Additional
ammonium sulfate was added with stirring to reach 50% salt satu-
ration. After stirring for at least 2 hr, fraction II was obtained by
centrifugation at 13,000 X g for 20 min. Fractions I and II were
dissolved in minimal volumes of TAD buffer and, together with the
supernatant fraction III, were dialyzed extensively against TAD
buffer. All operations were carried out at 40 and the pH was main-
tained at 7.4 throughout the fractionation procedure. After dialysis,
the samples were assayed for calcium-binding activity, calcium-
dependent ATPase, and protein by procedures in Materials and
Methods.

results suggest that a CaBP(s) is responsible for the enhanced
calcium binding of transporting CAM.
Some of the properties of the CaBP have been studied. On

fractionation of CAM extracts with ammonium sulfate, the bulk
of the calcium-binding activity is contained in the protein
fraction precipitated between 40 and 50% salt saturation (Table
2). In contrast, 70% of the calcium-dependent ATPase activity
is precipitated between 0 and 40% ammonium sulfate satura-
tion. Furthermore, our data indicated that the specific activity
levels of calcium-dependent ATPase do not exhibit an age-
dependent increase similar to that of the CaBP. These findings
strongly suggest that the CaBP of the CAM is not likely to be
associated with a calcium-dependent ATPase activity. It may
be pointed out that Saleuddin et al. (8) have recently shown that
in vitro calcium uptake by transporting CAM is not accom-
panied by an increase in calcium-dependent ATPase activi-
ty.

Isoelectric focusing of the ammonium-sulfate-enriched AcBP
revealed a single peak of activity with an isoelectric point of
7.9-8.1 (Fig 3A). The size of the CaBP has also been estimated
from its elution characteristics on Sephadex G-200 (Fig. 3B).
It elutes as a single sharp peak at a volume corresponding to an
approximate molecular weight of 100,000. In contrast, elution
profiles of extracts from nontransporting CAM are character-
ized by the absence of a CaBP activity peak. These results taken
together support the notion that the enhanced calcium-binding
activity of transporting CAM results from the expression of a
single species of CaBP. It should be pointed out that the high
isoelectric point of the CAM CaBP is not necessarily inconsistent
with its cation binding activity because there is no correlation
between the acidity of various proteins and their calcium af-
finity (13). Furthermore, enzyme activities such as a calcium-
dependent ATPase are not obligatory properties of calcium-
binding proteins in general (13).
By employing a procedure that involves ammonium sulfate

precipitation, filtration on Sephadex G-200, and isoelectric
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FIG. 3. Characterization of the CaBP in extracts of CAM from
19-day chick embryos. An enriched preparation of CaBP was obtained
from the CAM extract by precipitation at 50% saturation of ammo-
nium sulfate (see footnotes to Table 2). The precipitate was redis-
solved in TAD buffer and used as the source ofCaBP for the following
analysis. (A) Isoelectric focusing profile. The CaBP sample (9.8 mg
of protein) was applied to a 110 ml column (LKB) containing 2%
ampholytes, pH 3-10. Electrofocusing was carried out for 40 hr at 40
and 700 V. Fractions of 1.8 ml were collected. The increase in binding
activity near the anode is an artifact due to the presence of phosphoric
acid. (B) Elution profile from a Sephadex G-200 column. A 40 X 2.6
cm column was eluted with TAD buffer at a flow rate of 7.5 ml/hr after
the addition of 4.6 mg of protein. Fractions of 3.6 ml were collected.
The protein content of each fraction was estimated from the ab-
sorbance at 280 nm. The column was calibrated with the following
molecular weight markers: ribonuclease A (13,700), chymotrypsinogen
A (25,000), ovalbumin (45,000), and aldolase (158,000). In both ex-
periments, calcium-binding activity was determined by the Chelex
100 ion-exchange method (see Materials and Methods).

focusing, we have achieved a 170-fold purification of the
CaBP.* These preparations of CaBP appear to be homogeneous
on polyacrylamide gel electrophoresis. Specific antisera have
been prepared against the purified CaBP. With these antisera,
we have obtained further evidence that the CaBP is present,
as a non-blood-borne component, only in transporting
CAM.*

Calcium-binding proteins have been implicated in a number
of calcium-mediated processes (13). However, the role of CaBP
in calcium transport remains controversial (14). In the CAM,
the onset of calcium transport is reminiscent of the vitamin-
D-mediated stimulation of intestinal calcium absorption in
rachitic chicks (15). Synthesis of a CaBP in the intestine also
occurs on the stimulation of calcium transport. Although the
specific calcium-binding activities measured by the Chelex 100
assay method in CAM and intestinal (16) extracts are similar,
the properties of the CAM CaBP differ significantly from those
of the intestinal protein. The intestinal CaBP has a molecular
weight of 25,000, is not inactivated at 600, and has an isoelectric
point of 4.4 (15). These differences are of particular interest in
that both tissues originate from embryonic hindgut and sub-
sequently develop calcium transport functions to be expressed
* Details of these results will be presented in subsequent communi-
cations.
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at different developmental stages. In the adult, calcium ab-
sorption by the ileum is responsible in part for the homeostatic
regulation of intracellular calcium and bone metabolism (17).
Calcium mobilization in the embryo, in contrast, occurs largely
for the purpose of ossification and is carried out primarily by
the CAM. The dissimilar physiological functions of the intestinal
and CAM calcium absorption processes may account for the
development-specific features of the two CaBPs. On the other
hand, the properties of CaBPs in calcium-transporting tissues
may be a reflection of the developmental stage of the organism.
In support of this hypothesis, various tissues of the adult chicken,
including the kidney (18), shell gland (19), brain (20), and
pancreas (21), have been found to contain CaBPs with prop-
erties similar or identical to those of the intestinal CaBP. As yet,
similar comparative studies of embryonic tissues are not
available.
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