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Binding proteins in neuronal membranes for a phos-
pholipase A, with presynaptic neurotoxicity have been
purified. Three polypeptides of 87, 65, and 50 K Da were
obtained from the synaptic membrane fraction of
guinea pig brain utilizing an immobilized crotoxin (a
phospholipase A;) column. For large scale purification,
porcine brain was used instead, and two polypeptides
of 50 and 18 K Da were found. The 65 and 18 K polypep-
tides may represent hitherto unidentified components
of the crotoxin-binding proteins. Partial N-terminal
amino acid sequence and a partial sequence for an in-
ternal peptide fragment have been determined for the
50 K polypeptide. Search of protein data bank reveals
that this polypeptide or protein is a novel member of
the reticulocalbin family of calcium-binding proteins.
© 1997 Academic Press

Neurotoxins of protein nature have been found in
many venoms and a few bacterial species. Some of
these toxins act at the postsynaptic level, but the more
lethal ones tend to act at the presynaptic level. Some
of the presynaptically acting toxins exhibit phospholi-
pase A, (PLA,, E.C. 3.1.1.4) activity. These neurotoxic
PLA,s (or PLA, neurotoxins) are members of a group
of extracellular (or secreted) PLA, proteins found in
most animals, which may also produce intracellular
type of PLA,. PLA,s play important roles in phospho-
lipid metabolism, signal transduction, and host de-
fense. Some of them also exhibit neurotoxicity, myotox-
icity, coagulation action and other biological effects,
which may or may not be related to hydrolysis of phos-
pholipids. Although the biological actions may vary,
the PLA; chains of the extracellular type from different
sources show high degrees of homology in protein struc-
tures. A small number of the secreted PLA,s, including
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crotoxin from the South American rattlesnake Crotalus
durissus terrificus, at primarily at the presynaptic level
to cause synaptic blockade by inhibiting the release of
neurotransmitters, though most of them also manifest
postsynaptic toxicity and other effects. Very recently,
it has been shown that these neurotoxic PLA,s bind to
the neuronal membranes strongly, whereas the non-
neurotoxic PLA,s do not, though they may bind to non-
neuronal membranes (ref. 1-9 for reviews). In a few
cases, identification of toxin-binding proteins selec-
tively present on synaptic membranes with the use of
photoaffinity labeling or simple chemical cross-linking
techniques has been reported (10-20). Purification and
cloning of receptor (or acceptor) proteins for non-neuro-
toxic PLA,s and for a neurotoxic PLA, have been
achieved (21-27). In this communication we have puri-
fied and partially sequenced a crotoxin-binding protein,
which is a novel member of the reticulocalbin family of
calcium-binding proteins.

MATERIALS AND METHODS

Solubilization of the crotoxin-binding proteins. The fraction en-
riched in synaptic membranes prepared according to published pro-
cedures (28,29) was suspended at a concentration of 10 mg protein/
ml in solution A (10 mM Tris-HCI, pH 7.4, 0.15 M NaCl, 10 mM
SrCl,, 0.5 mM EGTA), and specified concentration of a detergent.
After agitation at 4°C for 2 h, the mixture was centrifuged at 15,000
x g for 20 min and then at 105,000 x g for 1 h at 4°C. The resulting
supernatant was referred to as the detergent extract.

Purification of the crotoxin-binding proteins. The detergent ex-
tract was fractionated by gel filtration with a Sepharose 6B column
equilibrated with solution A containing 0.1% Triton X-100. Fractions
of 2 ml eluate were collected and assayed for **°I-crotoxin-binding
activity. The active fractions were pooled and further purified by
affinity chromatography with an immobilized crotoxin column, in
which crotoxin was coupled to CNBr-activated Sepharose 4B (5 mg
protein per ml of gel) according to the manufacturer’s instructions.
The Sepharose-crotoxin gel was equilibrated with solution A and
then added to the pooled active fractions above. After gentle rocking
at 4°C overnight, the gel was packed into a plastic column and then
washed with 25 ml of the above solution containing 0.2% Triton
X-100 at a flowrate of 50 ml/hr. The absorbed proteins were then
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FIG. 1. SDS-PAGE of crotoxin-binding proteins from guinea pigs
after purification by affinity chromatography using immobilized cro-
toxin column. Samples were solubilized in 0.1 M Tris-HCI, pH 6.8,
5% glycerol, 2% SDS, and 5% S-mercaptoethanol and analyzed by
SDS-PAGE using 10% acrylamide. Protein bands were detected by
silver staining. Lane 1, protein standards (phosphorylase b, bovine
serum albumin, ovalbumin, and carbonic anhydrase, from top down);
lane 2, purified fraction (1 pg) from affinity column.

dissociated from the affinity gel by eluting at 10 ml/hr with 50 mM
Tris-HCI, pH 7.4, 10 mM EDTA, 0.2% Triton X-100 and 50 mM NacCl.
Fractions of 5 ml were collected for binding and cross-linking assays.
All solutions in the protocol were ice-cooled and all of the purification
steps were performed at 4°C.

Binding and cross-linking assays. To measure the binding activ-
ity of the solubilized preparations, each sample was mixed with *2°I-
crotoxin in 0.2 ml solution A with specified concentration of a deter-
gent. Parallel incubation containing 1 M unlabeled crotoxin in addi-
tion was carried out in order to determine nonspecific binding. The
mixtures were incubated for 2.5 h at 30°C. A rapid gel filtration
method was used for separating the bound *?*I-crotoxin from the
unbound. The Sephadex G-75 gel in a 3 ml syringe was washed with
2 bed volumes of column wash buffer (10 mM phosphate buffer, pH
7.4, 150 mM NacCl and 0.2% Triton X-100) followed by centrifuging
at 100 x g for 90 sec. The incubation mixture was carefully applied
onto the column followed by centrifugation again. The complex con-
sisting of crotoxin and its binding proteins was recovered in the void
volume and quantified by y-counting.
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Cross-linking of *#*I-crotoxin with solubilized binding proteins was
performed by treating the resulting binding complex above with 0.25
mM DSS for 15 min at 10°C. Then the reaction was stopped with
0.3 M glycine, pH 7.4. After the addition of 100 ug BSA, the proteins
were precipitated by cold trichloroacetic acid at a concentration of
10% (w/v) with 1 h standing at 0°C. The precipitate was recovered
by centrifugation, washed twice with acetone, and analyzed by SDS-
PAGE (13).

CNBr cleavage. For cleavage by cyanogen bromide, protein sam-
ples were dissolved in 70% formic acid, and CNBr was added to
give a final concentration of 120 mg/ml. The reaction was allowed to
proceed at room temperature for 16 hr in the dark (30). At the comple-
tion of the reaction, CNBr and formic acid in the reaction mixture
were removed by centrifugation in vacuum, and after addition of
deionized water the operation was repeated thrice.

Electrophoretic techniques. Protein samples were separated ac-
cording to their sizes by SDS-PAGE with resolving gel of 10% acryl-
amide using the discontinuous buffer system of Neville (31). After
electrophoresis, the gel was stained by Commassie blue R-250 (0.25
W/V Commassie blue in 2-propanol/acetic acid/water, 30:10:60) and
then destained with several changes of methanol/acetic/water
(30:7:63).

Peptide fragments generated by CNBr cleavage were resolved by
Tricine-SDS-PAGE according to the procedure of Schagger and von
Jagow (32). The protein samples were dissolved in 4% SDS, 12%
glycerol (W/V), 50 mM Tris, 2% mercaptoethanol (V/V), 0.01% Serva
blue G, pH 6.8, and then incubated for 30 min at 40°C. The composi-
tion of the gel are stacking gel, 4% T, 3% C; spacer gel, 10% T, 3%
C; and separating gel, 16.5% T, 6% C, with 2, 1.5, and 7.5 cm in
length, respectively. Electrophoresis was carried out at 30 V for 1 hr
followed by 110 V for 16 hr at room temperature.
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FIG. 2. SDS-PAGE of crotoxin-binding proteins from porcine
brain after purification by affinity chromatography. Protein bands
were stained by Coomassie Blue. Other procedures are as in Fig. 1.
Lane 1, protein standards; lane 2, purified fraction (1 pg) from the
affinity column.
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FIG. 3. Comparison of the N-terminal sequences of CBP-50 and
reticulocalbin.

Electroblotting and visualization of proteins on PVDF membranes.
Following electrophoresis, gels were equilibriated with electroblot-
ting buffer (10 mM 3-(cyclohexylamino)-1-propane sulfonic acid, and
10% methanol, pH 11). Electroblotting onto PVDF membrane was
performed at constant current of 2.5 A per cm? of gel area at room
temperature for 30 min using a semi-dry blotter from Labconco. Pro-
teins on PVDF membranes were visualized by staining with 0.1%
Commassie blue R-250 in 4% methanol, and 1% acetic acid followed
by destaining with 50% methanol. The destained membranes were
extensively washed with deionized water, and the stained bands
were cut out and subjected to automatic amino acid sequencing. For
the above procedures, the manuals of both Applied Biosystems and
Micro Separations Inc. were followed.

Protein quantitation. For the quantitation of protein samples,
BCA protein assay reagents from Pierce were used for the sake of
preventing interferences from salts and nonionic detergent.

RESULTS AND DISCUSSION

In order to solubilize the crotoxin-binding proteins
from guinea pig brain, the synaptic membrane fraction
was extracted with detergents. The extracts were then
incubated with **I-crotoxin in the absence or the pres-
ence of unlabeled crotoxin and assayed for binding of
125]_crotoxin using a gel filtration procedure. When the
extraction was made with 0.5% digitonin or 1.5%
CHAPS, specific binding activity was not found in the
supernatants obtained after the detergent extracts
were centrifuged at 105,000 x g for 1 h. When a buffer
containing 4% Triton X-100 was used, about 90% of the
proteins were in supernatant, and the crotoxin-binding
activity was found to be solubilized. The crotoxin-bind-
ing proteins in solubilized form showed binding charac-
teristics (data not shown) the same as the untreated
membrane (10, 13).

Affinity chromatography with crotoxin immobilized
onto Sepharose 4B was carried out to purify the cro-
toxin-binding proteins from the detergent extract.
Binding activity for ***I-crotoxin was desorbed by elut-
ing with 50 mM Tris-HCI, pH 7.4, 10 mM EDTA, 50
mM NaCl, and 0.2% Triton X-100. EDTA was used for
elution because the binding of crotoxin to its binding
proteins requires divalent ion. When this eluate was

CBP-50

Reticulocalbin (81-110)
TCBP-49 (70-99)
Troponin C(25-54)
Calmodulin(15-44)
Parvalbumin (46-75)
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analyzed by SDS-PAGE, only three major bands, pre-
sumably proteins, were found under reducing condi-
tion, the molecular weights being ca. 87 K, 65 K and
50 K (Fig. 1). The 87 K and the 50 K bands are consis-
tent with previous affinity labeling experiments (12,
13), while the 65 K band was not identified before,
which may be a new (subunit of the) binding protein
for crotoxin.

For large scale purification of crotoxin-binding pro-
teins, membrane preparation from porcine brain was
used. Membrane fractions from the porcine brain be-
haved like those from the guinea pig brain towards
crotoxin, both in equilibrium binding assay and in
chemical cross-linking experiments (data not shown).
The synaptosome fraction from porcine brain was
lysed in 6 mM Tris-HCI, pH 8.1, and the resulting
membrane pellets were extracted with 4% Triton X-
100. Again, the crotoxin-binding proteins were found
to be solubilized in biologically active form. After puri-
fication by affinity chromatography with crotoxin cou-
pled to Sepharose 4B, only two major bands, presum-
ably proteins, were found in SDS-PAGE under reduc-
ing condition, the molecular weights being ca. 50 and
18 K (Fig. 2). The 87 K and the 65 K bands were
missing in the purified materials from porcine brain,
perhaps due to species differences. Whereas the 18 K
band was also not identified before, and may be a new
crotoxin-binding protein or a new subunit of it, at least
for the pig.

The two bands purified from porcine brain were cut
out from the gel and extracted with an ISCO electroelu-
tor. These two proteins will be referred to as CBP-50
and CBP-18. From 1.0 kg of porcine brain 50-60 ug of
CBP-50 and 20-25 g of CBP-18 were obtained. When
CBP-50 was subjected to amino acid sequence determi-
nation, the first 16 residues from N-terminal was un-
ambiguiously determined to be KPTEKKDRVHHE-
PQLL. A survey of the SWISS-PROT Database shows
that this sequence is novel and the only protein with
significant similarity to the above sequence is reticulo-
calbin (from the mouse) (33), which is about 43% identi-
cal (Fig. 3). Examination of the sequence revealed that
the first five residue KPTEK is a potential phosphoryla-
tion site for both protein kinase C and cGMP-depen-
dent protein kinase, since it fits the general pattern
(KIR)X(T/IS)X(K/R) for such site (34).

TIVDKIDADKDGFVTEGELKSRIKHAQKXYT
IVDRIDSDGDGLVTTEELKLWIKRVQKRYTI
IIKKIDSDSDGFLTENELSQWTQOMSFKHYA
AFDMFDADGGGDISTKELGTVMRMLGONPT
AFSLFDKDGDGTITTKELGTVMRSLGONPT
AFATIIDQDKSGFIEEDELKLFLONFKADAR

FIG. 4. Alignment of CBP-50 and some calcium-binding proteins. The numbers in parentheses denote the positions of the partial
sequences in the polypeptide chains. X, unidentified amino acid residue.
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Loop Helix

EL ILL, L OOOGIO OL LL L

CBP-50

Reticulocalbin (81-105)

IVDKI DADKDGFVTEGE LKSRIKHA
IVDRI DSDGDGLVTTEE LKLWIKRV

FIG. 5. Comparison of a potential calcium-binding domain in CBP-50 with the calcium-binding EF-hand motif. L and O reprensent

hydrophobic and oxygen-containing residues, respectively.

CBP-50 was chemically cleaved by CNBr into peptide
fragments. When the fragments were subjected to SDS-
PAGE, three bands with apparent molecular weights
of about 14,000, 8,000, and 4,000, were observed. Other
peptide fragments escaped detection for some reason.
The peptide bands in the gel were electroblotted onto
PVDF membrane and then cut out for sequence deter-
mination. The following sequence of 30 residues was
unambiguously identified except for one residue for the
8000 Da band: IVDKIDADKDGFVTEGELKSRIKH-
AQKXYI. Search for similar sequences in the SWISS-
PROT database revealed that this internal sequence
of CBP-50 showed homology to only 5 proteins, i.e.,
reticulocalbin, TCBP-49, calmodulin, troponin C, and
parvalbumin (27, 33-35), which all bind calcium (Fig.
4). For this region of 30 residues, CBP-50 has 63% of
residues identical to reticulocalbin, 50% to TCBP-49,
33% to parvalbumin, and 23% to troponin C and cal-
modulin. Sequence information could not be obtained
for the other two fragments for unknown reasons.

Similar to these calcium-binding proteins, the above
partial sequence of CBP-50 also contains a calcium-
binding domain. When compared with the defined cal-
cium-binding domain (35), it is evident that the seg-
ment DADKDGFVTEGE in the above sequence fulfils
the requirement for a loop of 12 residues in the helix-
loop-helix (HLH) motif that is an important structural
feature of the sites for calcium binding. Moreover the
sequence also accords with the general feature of a high
affinity Ca®'-binding EF-hand domain according to
Kretsinger’s rule (36). To wit, 5 oxygen-containing resi-
dues in the loop region important for the coordination
of Ca?" are present, as well as a conserved glycine resi-
due in the center responsible for bending the loop (Fig.
5). Other segments of the partial sequence match well
with the test sequence in the helical regions. These
similarities further implicated CBP-50 as a calcium-
binding protein. Taken together, CBP-50 is most likely
a new member of the reticulocalbin family of calcium-
binding proteins.
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