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Abstract. Cobra venom cytotoxins (CTX) have been Introduction
shown to disrupt cells as different as immunocytes, skel-
etal myocytes, erythrocytes and tumor cells. NevertheCobra venom cytotoxins (CTX) are polycationic yet hy-
less, even subpopulations of tumor cells are differentiallydrophobic proteins, 60 amino acids in length [12]. Struc-
susceptible to CTX by an order of magnitude. In theturally, they contain primarily3-sheet and are rather pla-
present study, our objective was to compare CTX-nar molecules consisting of three loops protruding from
specific binding with cytolytic potency for two disparate a globular region in which are located four disulfide
cell types in vitro. We investigated the lytic activity of bonds [2]. There are more than 50 CTX variants which
cytotoxin-lll from Naja naja atra (NNA, fraction D)  have been purified from different cobra venoms. Their
using heart cells and human leukemic T-cells (CEMfunctions are characterized by a variety of biological
cells). For both cell types, 50% cytolysis, assessed byctivities which include cardiac contraction [20], irre-
tetrazolium dye conversion, occurred wigtm concen-  versible depolarization of excitable cells [20], tumor cell
trations of toxin (EG, = 2.2 pm). We examined the cytolysis [7], and lysis of erythrocytes [8]. How they
binding of radiolabeled CTX Il to both heart cells and cause cellular destruction has not yet been established
CEM cells and found the apparent dissociation constanalthough a variety of mechanisms have been suggeste
(KD“) to be 0.69um and 0.75um, for CEM and heart over the years [18, 12, 19]. Considering the differences
cells respectively. Th&,,,, for the CEM cells was 1.0 in lytic concentrations and the breadth of susceptibility
fmoles/cell and that for heart cells was 5.2 fmoles/cell,among different kinds of cells, Menez et al. [31] sug-
both exhibiting positive cooperativity between the sitesgested that individual CTX variants may exhibit unique
(Hill coefficients 1.4, T-cells; 1.6, heart). Relatively modes of action upon various cells.
modest dissociation constants plus high numbers of bind-  Our interest in these toxins evolved from their se-
ing sites per cell are consistent with a model of CTXlectivity for T-lymphocytes over B-cells and macro-
binding to plasma membranes by interaction with phos{hages [22]. We have shown that murine tumor T-cells
pholipids in the bilayer. Our results suggest that the lyticare two-to-four times more susceptible to CTX-medi-
activity of this cytotoxin follows its binding to a popu- ated cytolysis than are murine tumor B-cells [21]. Sim-
lation of sites on the cells in a cooperative fashion. ilarly, human leukemic T-cells are at least twice as sus-
ceptible to CTX as human leukemic B-cells (CEM vs.
) ) ) o Daudi cell lines,unpublished observationsManage-
Key words: Cardiotoxin — Cooperative Binding — Cy- ment of immune system disorders involving certain pop-
tolysis — Cytotoxin — Leukemia ulations of T-lymphocytes, for example, could benefit
from the application of cell-selective agents, particularly
in view of the ability of CTX to disrupt the membrane of

. . , a target cell without having to be internalized [21, 23].
* Present Addres$nterdepartmental Program in Medicinal Chemistry,

College of Pharmacy, University of Michigan, Ann Arbor, Michigan However, thef apparent recognltlo.n by native ,CTX of a
48109 number of different targets, particularly cardiac cells,

potentially limits their therapeutic utility. Nevertheless,
Correspondence toC.L. Hinman other toxins, such as pseudomonas exotoxin, have beel
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demonstrated to possess a cell recognition site which igenicillin and 50 mg/ml streptomycin. Cells that were at least 95%

distinct from its lytic domain [13]. Before one could viable (Trypan blue exclusion) were used in all experiments before

determine whether the cytotoxins similarly possess dis[eachingamaximal concentration ok2.0° cells/ml. Heart cells (line:

tinct binding and lytic domains, information about their HQCZ? Were‘cultured in glucose—supplemented Dulbecco’s Modl_flfed

L . ) Eagle’s Medium containing 15% fetal bovine serum, 50 U/ml penicil-

bmd'ng and |ytIC paramEters. needs to be_' obtained. lin, 50 mg/ml streptomycin and 2 mc-glutamine. For each experi-
The present study investigates the lytic as well as thenent, heart cells at 90% confluence were removed from growth flasks

binding activity of one CTX variant (fraction D, or car- using 0.05% trypsin containing 0.53urEDTA. Both cell types were

diotoxin IlIl) isolated fromNaja naja atravenom (CTX  maintained at 37°C in a humidified incubator containing 5%,CO

Ill). This CTX variant demonstrates cytolytic activity

towards both heart cells and a leukemic T-cell line. Dif-

ferent laboratories have reported conflicting views with

regard to the reverSIblhty of toxin _bmdmg to cell sur- To determine the cytotoxicity of CTX Ill for the cells, two methods of

fe_‘ce_s 36, 4] We therefore exa_r_nlned aspect_s_of CTXietermining viability were used. In both cases, wells containing only

binding which included saturability, cooperativity, re- cells without toxin were used to indicate maximum control viability,

versibility, inhibition by nonradiolabeled CTX, and the and all values of percent were determined as a fraction of the mean

kinetics of association and dissociation. To our knowl-control values for each experimental condition.

edge, this is the first time such a comparison of cytotoxin

Iyt|c and binding parameters has been reported for dISVITAL DYE INCORPORATION

tinct types of cells.

Toxicity AssAays

The ability to oxidize MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny!
Materials and Methods tetrazolium bromide) was used as a measure of cell viability. The

procedure was modified from Hansen et al. [17] as follows: cells in

fresh supplemented RPMI 1640 ®10° CEM cells or 1x 10° Heart
MATERIALS cells) were added to 96-well flat bottom plates. CTX IIl at varying

I . concentrations was then added to duplicate wells, and the plates were
Cobra venom was purchased from the Miami serpentarium (Pumalncubated at 37°C, 5% CClor 1 hr. To each well was then added
Gorda, FL). BioRex 70 was purchased from BioRad laboratories ' )

MTT in phosphate-buff li 1 | final i
(Richmond, CA). Cell lines were purchased from the American Type in phosphate-buffered saline (1 mg/ml final concentration), and

th b tly incubated for 2 hr at 37°C. Following thi
Culture Collection (ATCC, Rockville, MD). We chose a rat cardiac . ese were subsequently incubated for rat olowing this
. ) ; ncubation period, 10Qul of lysing buffer (20% sodium dodecyl! sulfate
myocyte line rather than a primary embryonic explant as a source 0*

. . in 50% dimethyl sulfoxide) was added to the wells, which were then
heart cells in order to enhance homogeneity among the cells whose . o ) .
bindi ted 10 i figate. R park M ial Institute M ihcubated overnight at 37°C. The final volume in the wells was 225
inding we wanted fo investigate. Ross Fark Memornial ISUtute VIe-g. o ach well in the experiment, absorbance at 570 nm was measurec
dium (RPMI) 1640, Hanks Balanced Salt Solution and Trypsin-EDTA . . . .
; Gibco BRL (Grand Island. NY): Penicillin/Strent . "~ using wells with medium and dye plus lysing buffer as the zero refer-
\LveGr?tr?nmn IDC(;b ,( ,:/Iand.f. sdag ' e )’M Zr."i:] 'nh repl)ﬁ'oryg:lr;f, ence controls. Although all cells incorporated the dye, only viable cells
“Suta ! e, bulbecco s Modilie aggs edium, p osphate butl- o6 able to oxidize it, causing a change in color from yellow to blue.
ered saline and MTT dye were from Sigma (St. Louis, MO); all cell
culture plates, pipettes and flasks were purchased from Fisher Scientific
(Itasca, IL). PH]-Thymidine and N&?3 were from ICN Radiochemi-
cals (Irvine, CA). Liquiscint aqueous scintillation solution was pur-

chased from National Diagnostics (Manville, NJ); Scintillation vials ) .
To duplicate wells containing 2 10° cells was added 10@I of CTX

were from Kew Scientific (Columbus, OH). lodobeads were from n ; 8 4 the ol incubated for 1 h
Pierce (Rockford, IL); Polystyrene conical tubes were from Sarstedt at varying concentrations, and the plates were incubated for 1 hr at

. 3 - P -
(Newton, NC); 96 well removable polystyrene plates were purchaseu37 C and 5% CQ [*H]-thymidine (1uCi) in 25 ul of medium was

from Dynatech Laboratories (Chantilly, VA). All other chemicals were added to each well, and the plates were incuba_ted qvernight at .37°C'
from Sigma, and all other glassware was from Fisher Scientific. The next day, cells were harvested onto glass fiber filters. The filters

were allowed to dry, after which they were placed in 5 ml of scintil-
lation fluid and counted in a beta counter.

THYMIDINE INCORPORATION

ToxiN PurIFicATION

Naja naja atravenom toxins were purified by the method of Karlsson B,\ping EXPERIMENTS
et al. [24], and cytotoxin-1Il (CTX) was obtained following the proce-

dure outlined in Zusman et al. [40], which yields a product devoid of

phospholipase Aactivity. Protein concentrations were determined by General Procedure
the method of Lowry et al. [29]. Purity of each fraction was assessed

by high pressure liquid chromatography, sodium dodecyl sulfate-jodination of CTX Il was achieved following the procedure of Mark-
polyacrylamide gel electrophoresis, and amino acid composition deterge|| et al. [30]. Following iodination, the toxin was dialyzed against

mination. deionized water, lyophilized and stored at 4°C in 1 mg fractions. All
binding assays were performed in an assay buffer: &0rmis-HCI, pH
CeLL CULTURE 7.2, with 0.1% bovine serum albumin (BSA). Wash buffer consisted of

50 mv Tris-HCI, pH 7.2. Assays were performed in removable 96-well
Human leukemic T-lymphocytes (CEM cells) were cultured in RPMI plates coated with 0.1% BSA prior to use. All toxin dilutions were
1640 medium supplemented with 20% fetal bovine serum, 50 U/mldone in 13x 100 mm borosilicate glass tubes which had been previ-
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ously coated with 0.1% BSA. Coating was essential to minimize ad-Data were then subjected to Scatchard and Hill analyses, angthe
herence of the toxin to solid surfaces. For all experiments, each sampland number of binding sites/cell were determined as described by By-
was prepared in triplicate. lund [6].

We were interested in determining if external cell surface binding
sites fpr the CTX were the same for T-lymphocytes and heart Ce"S'Association
For this reason, whole cell preparations rather than cell membranes

Vn\:errﬁblrjssd' r(:?a_;ge-de_pl)el;]lde_gt, rlllo?srplemfltc b'?(.jr']nr?].t? |ntrrnac|ellrula[A 1.0 pM solution of F29]CTX 1l was prepared in assay buffer, and
embrane proteins avayiable in ceflular lysates orin microsoma’ preps g, wl was transferred into BSA-coated microtiter wells. Previously

arations would have rendered investigation of specific external bindinqNashed cells in assay buffer (150) were then added to the wells, and

sites unfea5|'ble.. T . these were incubated at 22°C for various times. Bound toxin was again
Determination of nonspecific binding was complicated for two ) -
reasons: First CTX has been found to nonspecifically adsorb to Surseparated from free toxin by aspiration after the plates had been washec
) ' ) 'p Y . twice by centrifugation. The wells were counted in a gamma counter,
faces such as plastic or glass; second, the high concentrations of unla- o . -
) . : S ..._and the results expressed as Specific Boumdime (min). The value
beled toxin required for conventional determination of nonspecific

. - ) - of k., (observed association constant) was determined as the slope of
binding would potentially lyse cells and release intracellular proteins to

which toxin could subsequently bind. Concerning the first challenge,the line obtained from a plot of:
oBuSrAeﬁorts to _reduce nonspecific blndl_ng eventually led L.JS to applyln(Be/[Be_ B]) = Ky, @)
as a coating agent for the adsorptive surfaces. Despite the use of
BSA to optimally reduce_nonspecific binding, approximately 5% of the whereB, = specific binding at equilibrium, anél = specific binding at
total bound CTX was still found to adsorb to the surface of the poly- any timet [6].
styrene wells. In the presence of unlabeled CTX, the extent of this
nonspecific binding was significantly reduced. With regard to the sec-_ . Lo
ond challenge, unlabeled ligand is normally used to saturate the specifiISsociation
sites of a receptor in the control wells of binding experiments, so that
labeled ligand can only bind residual nonspecific sites in cell mem-A 75 .l aliquot of previously washed cells in assay buffer containing
branes. In the case of highly adsorptive peptides such as CTX, howd x 10 CEM cells or 1x 10* heart cells was added to BSA-coated

ever, unlabeled ligand can bind not only specific sites, but also nonWells, and 75ul of [**4]CTX IIl (final concentration= 0.5 um) was
specific sites: both cellular constituents and solid surfaces. Neverthethen added to the wells. These were allowed to incubate for 1 hr at
less, nonspecific binding measured in the presence of a 100-fold exceg2°C. To the wells was then added 1p0of a 100 um solution of
unlabeled toxin resulted in the same curvilinearity, the samgs, iind ~ unlabeled CTX IlI (final concentratior 50 pm), and the wells were
the same Hill coefficients as obtained without cetistéa not showp incubated at 22°C for varying times. Bound toxin was separated from
Since our goal was to compare and contrast the binding of the toxin tdhe free toxin as just described. The values obtained from 15-min
surface sites for both heart cells and T-lymphocytes, we chose to mesi@mples were used as the 0 point, since this was the minimum time
sure nonspecific binding as the amount of radiolabeled toxin that couldhat could be achieved experimentally. The data obtained were used to
not be washed off BSA coated wells. Our procedure of measuringderive a plot ofB/B, vs. Time (min), and thek_, (dissociation rate
nonspecific binding by using wells containing only labeled CTX there- constant) was determined from this plot as follows:

fore allowed for more conservative estimates of specific binding than

using an excess of unlabeled CTX. k., = -In of 0.5/time at whichB = 0.5 B,, (3)

whereB; is the amount specifically bound at time 0 [6]. Using the
Saturation Binding values ofk,,, obtained from the association plot and the obtained
from the dissociation plotg,, (the association rate constant) was de-
termined as follows:
Varying concentrations (from 0.Qim to 12 um) of [*23]CTX Il were
prepared, and 15Q. aliquots of each dilution were distributed into  k,; = [k,, — k_;]/L, 4)
wells. CEM cells which had been washed twice with Hanks Balanced
Salt Solution were resuspended in assay buffer at a concentration of 38hereL, = labeled ligand concentration used.
x 1CP cells/ml. Heart cells which had been trypsinized as described The Ky, (equilibrium dissociation constant) was then calculated
above and washed once with phosphate-buffered saline were resufrom the values ok_; andk,, obtained, using the formula:
pended in assay buffer at a concentration of>*6I0* cells/ml. To the
wells containing f23]CTX Ill was added 15Qul of the cells, and these K = k_,/k,, (5)
were then gently mixed and incubated for 1 hr at 22°C. Plates were
then centrifuged at 508 g for 10 min, and unbound CTX was removed e .
by vacuum filtration. The wells were washed twice with 300wash Inhibition Experiments
buffer, gently vortexed and again centrifuged. Individual wells were 125 . )
placed in 13x 100 mm test tubes and counted in a gamma counter.[ ]CT_X (75 wl) was aqud to each well to achieve a final con-
The values obtained were used as a measure of total binding. Nons| gentration of 0.45um. To this was added 7hL of unlabeled CTX Il

cific binding was determined by adding 1p0of assay buffer to wells at various concentratlo_ns. Previously washed celbglﬂ“ CEM cells
containing [24]CTX Il at each concentration. These wells were in- ©" 1x 10" heart cells) ina volume of 15°ﬂ| were aliquoted into _the
cubated and washed similarly to the wells containing CEM or heartwe"s‘ and these were _|ncubated _at 22°C for 1 hr. Bound‘t‘oxw‘\ was
cells and also counted in the gamma counter. The specifically boun&eparatEd frpm free tO)_('n as descnbeq prewously. Nonspecific binding
CTX was determined as: was determined by using wells containing both labeled and unlabeled
CTX at each concentration, without cells. The data were then used to
generate a plot of percent Inhibitor Bound. Log Inhibitor concen-

CPMypecific= CPMotal ~ CPMhonspecific (1) tration, where percent inhibitor bound was determined [6] as:
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(6) ing for both cell types was achieved at approximately 1
hr. Using the kinetic parameters derived from Figs. 5
and 6, the same value &€, for the CEM cells was
determined (0.76uMm). The value ofKy for the heart
cells could not be determined because the dissociation
curve (Fig. ®) was a curvilinear plot which was non-
monotonic. Inhibition binding experiments shown in

(B,/B;) x 100%,

whereB, = concentration of the bound inhibitor a4 = total specific
bound.

IC5, values were determined graphically, as the concentration
required to obtain 50% inhibition of binding.

ABBREVIATIONS Fig. 7 confirmed the saturation binding, values (0.65

BSA bovine serum albumin um for CEM cells and 0.79um for heart cells).

ﬁTIzI(' gy(tztg)g?n(]sgth Ithiazol-2-yl)-2,5-diphenyl tetrazolium bro The Table summarizes the parameters, binding and

mide v yh-e.o-dipheny Iytic, of the CTX Il cytotoxin ]‘or both C_EM and heart _

NNA-D Naja naja atracytotoxin, fraction D cells. As can be seen from this table, this cytotoxin vari-

RPMI Ross Park Memorial Institute Medium ant behaves similarly towards these two cell types, with
the exception being the number of binding sites which
each cell possesses.

Results

- . Lo Discussion
As indicated by high pressure liquid chromatography,

sodium dodecy! sulfate-polyacrylamide gel electropho-The above experiments indicate that similar cytotoxin-
resis (Fig. 1), and amino acid composition determina-binding parameters were obtained using either human
tions, CTX lll from Naja naja atrawas deemed to be T-lymphocytes or rat heart myoblasts. For both types of
greater than 90% pure. Our preparation of the CTX lllcells, binding is saturable, reversible, and can be inhib-
was apparently devoid of phospholipase contaminationited by an excess of unlabeled ligand. This agrees with
as can be seen in Fig. 1 and has been the case for othtre report of Borkow et al. [4] concerning toxinfrom
CTX samples purified using the method of Zusman et alNaja nigricollis binding to leukemic cells, but differs
[40]. from the findings of Takechi et al. [36], who indicated
CTX Il was shown to be toxic to both heart cells that CTX binding to fetal lung cells was irreversible.
and human T-lymphocytes with activity in thes range. The ability of CTX to inhibit thymidine incorpora-
From Fig. 2, cytolytic activity was concentration- tion at concentrations significantly lower than those re-
dependent for both cells. Dose-response curves werguired to permeabilize the plasma membrane suggest:
identical for both cell types, with maximal toxicity ob- that cell division may be inhibited before extensive
served to be nearly 90% in either assay. The concentranembrane disruption occurs. This could reflect a pro-
tion of CTX required to obtain 50% cytolysis (LJ) was tective signaling mechanism by the plasma membrane to
approximately 2um (Fig. 2a), and that required to pre- the cell nucleus, as membrane integrity begins to be per-
vent 50% cell division, as measured by inhibition of the turbed. On the other hand, this phenomenon could result
incorporation of $H]-Thymidine, was 0.5um (Fig. 20).  from intrinsic structural cellular defense capabilities,
To ascertain the relationship between the lytic func-whereby less severe perturbations to the cell membrane
tion of cytotoxins and their binding to cell surfaces, bind- are accommodated without functional loss of membrane

ing parameters of CTX Il were examined usinga-
labeled toxin. Specific binding of the toxin to either cell
type was found to be saturable (Figa 8nd 4) and
reversible (Figs. b and &). The values oKys deter-
mined from saturation experiments were 0460.04 pm
and 0.75t 0.02 um for CEM and heart cells respectively
(Fig. 3ainset and 4 inset). The CEM cells exhibited 1
fmole of binding sites per cell, while the heart cells were
shown to have 5 fmole of binding sites per cell (Table).

integrity [32, 34].

To measure binding of a cytolytic toxin to the sur-
face of intact cells could be difficult for at least two
reasons: (1) cellular disruption may allow toxin access to
the interior of the cell; (2) toxin-induced cell lysis could
permit intracellular proteins to diffuse out of the cell
where they could subsequently bind the toxin. A com-
parison of Fig. 2 with Fig. 3b suggests that a sudden
increase in CTX binding does not occur upon T-cell

Scatchard analysis of the saturation binding data resultedytolysis: binding has saturated in the presence pi2

in upwardly convex curves, indicating positive coopera-
tivity between sites on either cell type (Figd 8nd D).
Values of Hill coefficients were determined to be 1.4 for
the CEM cells and 1.6 for the heart cells (Fig. &d 4

CTX, while the extent of cytolysis at that concentration,
measured by inability of the T-cells to metabolize tetra-
zolium dye, is less than 50%; this conclusion is sup-
ported by the differences between kg and the LI},

insets), further supporting the positively cooperative na-With regard to the second possibility, even if intracellu-

ture of the binding of CTX IlI.
The results of the association and dissociation ex

lar protein had escaped, it would have been lost during
the wash procedures and would not have been measur

periments are given in Figs. 5 and 6. Saturation of bind-able.



R. Stevens-Truss et al.: Heart and T-Cell Cooperative CTX Binding 117

A : B
66—
45 —=
36—
29—
24—
==
17—
144 —»
14.2 —3» -
3‘2? Fig. 1. Determination of toxin purity.£) SDS-PAGE analysis of
6.2 — R — cobra venom components. Samples (f) were run in a 15%
2.5 > polyacrylamide gel and stained with Coomassie Blue. Numbers
at left indicate molecular weights kD,. Lane 1: molecular
weight standards (Sigma, MW-SDS-70L). Lane 2: molecular
weight standards (Sigma, MW-SDS-17). Lane 3: unfractionated
phospholipases. Lane 4: neurotoxin. Lane 5: CTX-IIl. B) hplc
tracing of CTX-Ill eluted with a linear acetonitrile/water gradient
Lane # 1 2 3 4 5 from a C,g reverse-phase column.

Positive cooperativity in cytotoxin binding to either studied systems, such as those involving the binding of
cell type, as evidenced by convex Scatchard plots [10]neurotoxins, quinuclidinyl benzilate, or hormone pep-
was unexpected. In the only previous study in which atides to purified receptors, exhilitys in the nanomolar
Scatchard plot of CTX binding data was provided, Take-range [e.g., 15, 26, 27, 39]. Often, low to moderate af-
chi et al. [36] had reported a biphasic CTX Il binding finities can suggest that observed binding is not to a
curve, with negative cooperativity. Our observation of unique receptor [5]. The value for the, determined
positive cooperativity in CTX binding to human leuke- using kinetic and equilibrium binding data (0.j#) for
mic T-cells and to rat heart myoblasts, which was thenCEM cells is not significantly different from that ob-
confirmed by Hill analysis, suggests that CTX may bindtained using saturation data (0.94). Using mouse
such cells differently than it binds fetal lung cells. Bind- heart cell membranes, Tonsing et al. [37] had similarly
ing differences could underlie the striking difference in reported that CTX-V1 isolated fromNaja haje annu-
CTX susceptibility between a murine lymphoma cell line lifera had aKy of 0.5 pwm.
and murine T-cells [21]. Hill coefficients greater than Although the same value df for the CEM cells
1.0 may reflect ligand binding to two or more interacting was obtained using two different experimental ap-
acceptor sites [6]. Such interaction could occur as preproaches, this was not the case for the heart cells. Dis-
viously inaccessible membrane sites become exposesbciation data for the heart cells resulted in a plot from
due to sequential ligand binding [35]. Alternatively, which thek_, could not be derived. From the dissocia-
ligand binding to multiple sites within a single subunit tion curves for both cell types, a rapid initial release of
could result in increasing affinities [28], or interactions labeled CTX was observed. In the case of the heart cells,
could occur within a multisubunit complex [1]. Eluci- however, this rapid dissociation was followed by a rise in
dating the mechanism of CTX positive cooperativity will the fraction bound. While the basis for this rebound phe-
require further work. nomenon remains to be determined, it is possible that

The apparent dissociation constants observed fofollowing the binding of CTX to a heart cell, the mem-
these two cell types (0.6@m for CEM and 0.75um for  brane is so extensively disrupted by the addition of a
heart cells) suggest only a moderate affinity of CTX for 100-fold excess of nonradiolabeled toxin that cytoplas-
these membranes’ binding molecules. Other well-mic constituents become available for subsequent CTX
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Fig. 2. Loss of cell viability as a function of cytotoxin concentration. Values shown represent the meam®f three separate experiments, each
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Fig. 3. Binding of labeled toxin to CEM cellsA) Saturation binding; values shown represent the meases of three separate experiments, each
performed in triplicate. Inset figure shows a Hill analysis of the dd&j.Rosenthal/Scatchard analysis of the data.

binding. The slightly greater value of the Hill coefficient is an apparently high number of putative binding sites,

for CTX binding to heart cells could support such anwhich also suggests that binding may not be to a unique

interpretation. protein receptor in the plasma membrane of the target
Coinciding with this relatively low binding affinity cell. It is possible that CTX-Ill binds directly to phos-
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Fig. 4. Binding of labeled toxin to heart cellsA) Saturation binding; values shown represent the meass of three separate experiments, each
performed in triplicate. Inset figure shows a Hill analysis of the dda Rosenthal/Scatchard analysis of the data.
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Fig. 5. Kinetics of binding of toxin to CEM cells.A) Association binding as a function of time; values shown represent the mezmsof two
individual experiments performed in triplicate. Inset figure presents the natural logarithm of the fraction bound as a functionB)fBisso¢iation
of bound radiolabeled toxin as a function of time; values represent the mesms of two individual experiments performed in triplicate.

pholipids in the membrane bilayer (as suggested\fja  lar regions of CTX. Dufourcq and Faucon [11] as well
nigricollis toxin vy [3, 14, 33]). This could occur as a as Vincent et al. [38], investigated the interaction of CTX
result of salt bridge formation between cationic sites onisolated fromNaja mossambica mossambiwadth lipid

CTX and the phosphate and/or carboxylic groups of thevesicles and reported that negative phospholipids such a:
phospholipids, which is then further stabilized by hydro- phosphatidylserine, phosphotidylinositol and phospha-
phobic interactions between lipid fatty acids and the apotidic acid readily bound CTX with an association con-
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stant >16 m~* [11], which is similar to the submicromo- plus an inwardly rectifying K channel. Nevertheless,
lar dissociation constant we found. Takechi et al. [36]only 15% or less of the lipids in several types of biolog-
reported that negatively charged but not neutral exogeical membranes carry a net negative charge at physio-
logical pH, and the majority of these lipids are located in
activity. Indirect support for a phospholipid binding site the inner leaflet of the bilayer, where they would not be
also comes from the report of Tonsing et al. [37], whodirectly accessible for CTX binding [12, 19]. Moreover,
indicated that trypsinization of target cells did not reduceunless the outer lipid constituents of normal B-cells,
binding of radiolabeled CTX. Chien et al. [9], who in- T-cells, and macrophages, as well as those in leukemic
vestigated the interaction of CTX variants with zwitter- B-cells, T-cells, and lymphoma cells differ significantly,
ionic phospholipid dispersions, proposed that CTX couldCTX selectivity for normal and leukemic T-lymphocytes
bind to two distinct targets: membrane phospholipids[21] suggests the existence of unique binding sites. A 59

nous phospholipid was able to reduce CTeytolytic
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Table 1. Binding and lytic parameters of CTX Il for CEM cells and
heart cells

CEM cells Heart cells 8.
Determined by:
Ko, (M) Ko, (M) 9.
Saturation 0.6 0.04 0.75t 0.02
Inhibition 0.65+ 0.06 0.79+ 0.00
Kinetic analysis 0.7& 0.07 not determined
AverageKp 0.70+0.06 0.77+0.03
Hill coefficient 1.35% 0.04 1.59+ 0.03 10
Brnax 1.04+0.02 5.20+ 0.03
fmole/cell fmole/cell 1
Toxicity ECso (M) ECso (M)
MTT oxidation 2.20+0.16 2.40£ 0.24 12
Thymidine uptake 0.5 0.5
13.

kDa CTX-binding protein in membranes obtained from

cockroach heart has been reported [25]. It is uncertaing,

however, whether this protein was located on the intra-
cellular or the extracellular face of the membrane, and
whether or not it was simply a cytoplasmic protein which
became available upon cell lysis.

We suggest that binding mechanisms are likely to be™™

similar for the two types of cells here investigated. In
addition, the susceptibilities of both cell types to the Iytic
action of the toxin appear to be similar. A model in

which CTX first binds a surface acceptor molecule, andi7.

then subsequently inserts itself into the lipid bilayer
seems to be the most consistent with our experimental

data. Whether such an acceptor molecule is protein ot®

phospholipid remains to be established.

References

20.

1. Baldwin, J., Chothia, C. 1979. Haemoglobin: The structural
changes related to ligand binding and its allosteric mecharldsm.
Mol. Biol. 129:175-220

2. Bhaskaran, R., Huang, C.C., Chang, D.K., Yu, C. 1994. Car-21-

diotoxin-1ll from the Taiwan Cobra Naja-naja-atrg—
determination of structure in solution and comparison with short
neurotoxinsJ. Molec. Biol.235:1291-1301

3. Bilwes, A., Rees, B., Moras, D., Menez, R., Menez, A. 1994. X-ray 22.

structure at 1.55 angstrom of toxin gamma, a cardiotoxin from
Naja nigricollis venom—crystal packing reveals a model for in-
sertion into membranes. Mol. Biol. 239:122-136

4. Borkow, G., Chaim-Matyas, A., Ovadia, M. 1992. Binding of cy- 23.

totoxin-P4 fromNaja-Nigricollis-Nigricollisto B16F10 melanoma
and WEHI-3B leukemia cellSsFEMS Microbiol. Immunol.
105:139-146

5. Burt, D.R. 1985. Criteria for receptor identificatiom: Neuro-
transmitter Receptor Binding, 2nd ed, H.l. Yamamura, S.J. Enna,
M.J. Kuhar, editors. pp. 41-60. Raven Press, New York

6. Bylund, D.B. 1980. Analysis of receptor binding ddta.Receptor
Binding Techniques, 1980 Short Course Syllabus. pp. 70-99. So-
ciety for Neuroscience, Bethesda, MD

7. Chaim-Matyas, A., Borkow, G., Ovadia, M. 1991. Isolation and

19.

24.

25.

26.

121

characterization of a cytotoxin P4 from the venomN#ja nig-
ricollis nigricollis preferentially active on tumor cell®iochem.
Int., 24:415-421

Chen, Y.H., Hu, C.T., Yang, J.T. 1984. Membrane disintegration
and hemolysis of human erythrocytes by snake venom cardiotoxin
(A membrane-disruptive polypeptideBiochem. Int.8:329-338
Chien, K.-Y., Chiang, C.-M., Hseu, Y.-C., Vyas, A.A,, Rule, G.S.,
Wu, W.-G. 1994. Two distinct types of cardiotoxin as revealed by
the structure and activity relationship of their interaction with zwit-
terionic phospholipid dispersiong. Biol. Chem.269:14473—
14483

. Creighton, T.E. 1983. Proteins: Structures and Molecular Princi-

ples. pp. 344-345. W.H. Freeman and Co., New York

. Dufourcq, J., Faucon, J.-F. 1978. Specific binding of a cardiotoxin

from Naja mossambica mossambiacharged phospholipids de-
tected by intrinsic fluorescencBiochemistry 17:1170-1176

. Dufton, M.J., Hider, R.C. 1988. Structure and pharmacology of

elapid cytotoxinsPharmac. Ther36:1-40

Fishman, A., Bar-Kana, Y., Steinberger, ., Lorberboum-Galski, H.
1994. Increased cytotoxicity of interleukin 2-pseudomonas exo-
toxin (IL2-PE) chimeric proteins containing a targeting signal for
lysosomal membrane8iochemistry33:6235-6243

Gilquin, B., Roumestand, C., Zinn-justin, S., Menez, A., Toma, F.
1993. Refined 3-dimensional solution structure of a snake car-
diotoxin — Analysis of the side-chain organization suggests the
existence of a possible phospholipid binding siBsopolymers,
33:1659-1675

Greenspan, F.S., Baxter, J.D. 1994. Basic and Clinical Endocri-
nology, 4th ed. p. 35. Appleton and Lange, East Norwalk, CT

16. Hanley, M. 1985. Peptide binding assays. Neurotransmitter

Receptor Binding, 2nd ed. H.l. Yamamura, S.J. Enna, M.J. Kuhar,
editors. pp. 91-102. Raven Press, New York

Hansen, M.B., Nielsen, S.E., Berg, K. 1989. Re-examination and
further development of a precise and rapid dye method for mea-
suring cell growth/cell kill.J. Immunol. Meth119:2203-210

Harvey, A.L. 1985. Cardiotoxins from cobra venoms: possible
mechanisms of actiorf.oxicol-Toxin Rev4:41-69

Harvey, A.L. 1991. Cardiotoxins from cobra venorits. Hand-
book of Natural Toxins, Vol. 5, Reptile and Amphibian Venoms.
A.T. Tu, editor. pp. 85-106. Marcel-Decker, New York

Harvey, A.L., Marshall, R.J., Karlsson, E. 1982. Effects of purified
cardiotoxins from the Thailand cobr&N§ja naja siamens]son
isolated skeletal and cardiac muscle preparatidazicon20:379—

396

Hinman, C.L., Jiang, X.L., Tang, H.-P. 1990. Selective cytolysis
by a protein toxin as a consequence of direct interaction with the
lymphocyte plasma membran&.oxicol. Appl. Pharmacol.
104:290-300

Hinman, C.L., Lepisto, E., Stevens, R., Montgomery, I.N., Rauch,
H.C., Hudson, R.A. 1987. Effects of cardiotoxin D fro¥aja naja
siamensissnake venom upon murine splenic lymphocyfesxi-

con 25:1011-1014

Jiang, X.L., Hinman, C.L. 1990. Ablation of natural killer cell
function by soluble cardiotoxirint. J. Immunopharmacl2:247—
254

Karlsson, E., Arnberg, H., Eaker, D. 1971. Isolation of the princi-
pal neurotoxins of twdNaja naja subspeciesEur. J. Biochem.
21:1-16

Klowden, M.J., Vitale, A.J., Trumble, M.J., Wesson, C.R., Trum-
ble, W.R. 1992. A bioassay for cobra cardiotoxin activity using
semi-isolated cockroach heaftoxicon30:295-301

Kris, R.M., Hazan, R., Villines, J., Moody, T.W., Schlessinger, J.
1987. identification of the bombesin receptor on murine and hu-



122

27.

28.

29.

30.

31.

32.

33.

R. Stevens-Truss et al.: Heart and T-Cell Cooperative CTX Binding

man cells by cross-linking experimends Biol. Chem?262:11215—
11220

Lentz, T.L. 1991. Structure-function relationships of curaremi- 34,

metic neurotoxin loop 2 and of a structurally similar segment of
rabies virus glycoprotein in their interaction with the nicotinic
acetylcholine receptoBiochemistry30:10949-10957

Limbird, L.E. 1986. Cell Surface Receptors: A Short Course on

Theory and Methods. pp. 60-96. Martinus Nijhoff Publishing, 35

Boston

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J. 1951.
Protein measurement with the folin phenol reagénBiol. Chem.
193:265-275

Markwell, M.A.K. 1982. A new solid-state reagent to iodinate
proteins.Anal. Biochem125:427-432

Menez, A., Gatineau, E., Roumestand, C., Harvey, A.L.,
Mouawad, L., Gilquin, B., Toma, F. 1990. Do cardiotoxins possess
a functional site? structural and chemical modification studies re-
veal the functional site of the cardiotoxin froMaja nigricollis.
Biochimie72:575-588

Raynal, P., Pollard, H.B. 1994. Annexins: the problem of assessing
the biological role for a gene family of multifunctional calcium-
and phospholipid-binding protein8iochim. Biophys. Acta
119763-93

Roumestand, C., Gilquin, B., Tremeau, O., Gatineau, E.,40.

Mouawad, L., Menez, A., Toma, F. 1994. Proton NMR studies of

the structural and dynamical effect of chemical modification of a

single aromatic side-chain in a snake cardiotoxin — relation to the

39.

structure of the putative binding site and the cytolytic activity of
the toxin.J. Mol. Biol. 243:719-735

Saberwal, G., Nagaraj, R. 1994. Cell-lytic and antibacterial pep-
tides that act by perturbing the barrier function of membranes:
facets of their conformational features, structure-function correla-
tions and membrane-perturbing abiliti€®iochim. Biophys. Acta
1197109-131

Sharom, F.J., Head, S., Kupsh, C.C., Williams, L. 1989. Interaction
of concanavalin A and a divalent derivative with lymphocytes and
reconstituted lymphocyte membrane glycoproteMembr. Bio-
chem.8:147-163

36. Takechi, M., Tanaka, Y., Hayashi, K. 1986. Binding of cardiotoxin

Analogue Ill from Formosan cobra venom to FL ceF&EBS Lett.
205:143-146

37. Tonsing, L., Potgieter, D.J.J., Louw, A.l, Visser, L. 1983. The

binding of snake venom cardiotoxins to heart cell membranes.
Biochim. Biophys. Act@32:282-288

38. Vincent, J.-P., Balerna, M., Lazdunski, M. 1978. Properties of

association of cardiotoxin with lipid vesicles and natural mem-
branesFEBS Lett.85:103-107

Yamamura, H.l., Snyder, S.H. 1974. Muscarinic cholinergic bind-
ing in rat brain.Proc. Nat. Acad. Sci71:1725-1729

Zusman, N., Cafmeyer, N., Hudson, R.A. 1981. Purification and
characterization of the cardiotoxins from the venom of the Thai-
land cobra,Naja naja siamensis. Comp. Biochem. Physiol.
69B:345-351



