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Abstract. Membrane-active toxins from snake venom pholipid membranes — Permeability — Nonbilayer
have been used previously to study protein-lipid interacstructure — T leukemia cells — Phospholipase A-
tions and to probe the physical and biochemical states dEPR spin probes —tH-NMR
biomembranes. To extend these studies, we have iso-
lated fromNaja naja kaowthia(cobra) venom a cyto-
toxin free of detectable phospholipase @LA,). The  Introduction
amino acid composition, pl (10.2), and net charge of the
cytotoxin compares well with membrane-active toxins Snake venom cytotoxins are basic proteins in cobra ven-
isolated from venoms of other cobras. The cytotoxin,oms (NajaandHaemachatus where they may represent
shown by a spin label method, associates with PirA  as much as 40% of the total protein. The cytotoxins that
buffers at pH values between 7.0 and 5.0, but not at pthave been studied to date are amphipathic peptides com:
4.0. Itis suggested that cytotoxin and PL@l close to  posed of 57—61 amino acid residues in a single chain that
4.8) associate electrostatically in the native venom. Thés cross-linked by four highly conserved disulfide bonds
effect of the cytotoxin on model phospholipid mem- (Grishin et al., 1974, 1976; Harvey, 1985, 1991; Chaim-
branes was studied by EPR of spin probes in orientedatyas, Borkow & Ovadia, 1991). The coexistence of
lipid multilayers and*H-NMR of sonicated liposomes. an exposed hydrophobic surface and a cationic zone is &
The cytotoxin did not significantly affect the packing of shared and, most likely, functionally significant charac-
lipids in pure phosphatidylcholine (PC) membranes anderistic of venom cytotoxins (Kini & Evans, 1989).
in PC membranes containing 10 mol% phosphatidic acid  Cytotoxins isolated from different sources exhibit
(PA) or cardiolipin (CL). However, the cytotoxin in- various physiological effects, such as modulation of the
duced an increase in membrane permeability and formaactivity of membrane enzymes, depolarization of excit-
tion of nonbilayer structures in PC membranes containable membranes, inhibition of platelet aggregation, car-
ing 40 mol% of PA or CL. The purified cytotoxin was diac arrest, hemolysis and cytotoxicity (Harvey, 1985,
cytocidal to Jurkat cells, but had little effect on normal 1990, 1991; Teng et al., 1987; Fletcher &Jiang, 1993).
human lymphocytes. However, both Jurkat cells andThe methods used for detection of cytotoxins has re-
normal lymphocytes were killed equivalently when sulted in descriptive names such as direct lytic factors,
treated with 10° m PLA, and 10° m cytotoxin in com-  cardiotoxins, cobramines, cytolysins, or membranotoxins
bination. From its effect on model membranes and Jur{Chien et al., 1991; Rees & Bilwes, 1993). This termi-
kat cells, it is suggested that purified cytotoxin preferen-nology reflects, for the most part, a superficial under-
tially targets and disrupts membranes that are rich irstanding of the principal activity of these toxins. It is
acidic phospholipids on the extracellular side of thenow generally accepted that cytotoxins bind to cell mem-
plasma membrane. branes where they alter membrane organization and
i ) i function (Vernon & Bell, 1992; Rees & Bilwes, 1993).
Key words: Cobra cytotoxin — Cardiotoxin — Ph0S- Thage toxins, therefore, have now been grouped as mem:
brane-active toxins.
I Venom cytotoxins have been widely used as a tool
Correspondence tcE.D. Rael to study protein-lipid interactions, protein-mediated
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membrane-membrane interactions, fusion of membranessid-binding protein (FABP) was obtained from Dr. E.A. lagudeeva,
and membrane permeability (Batenburg etal., 1985; Aijr-Chemistry Department (Moscow State University, Russia).
pov et al.,, 1989; Gasanov, Salakhutdinov & Airpov,
1990; Gasanov, Airpov & Salakhutdinov, 1990). De- CHROMATOGRAPHY
spite the considerable research that has been done, the
molecular/physical mode of interaction of cy’[otoxins Naja naja kaouthiavenom (0.5 g) was reconstituted in starting buffer
with biomembranes has not been completely elucidatedp-o?ML'\}‘(aBzHE_Om lt)H 4.6) Nag)d al?plied to a}l_(lijM-thph?:ei( Ct_-50 t()F’]fjfar—

; P S i macia , Piscataway, column equilibrated with starting buffer.
It_IS unclear Whether. Cytotoxins Interact with !IpIdS (.)r A salt gradient was established with eluant buffer (0MRla,HPO,,
Wl_th membrane proteins. One of the prOblemS In solvmng 4.6, 1m NaCl) and monitored at 280 nm. Fractions were collected
this question has been that most (if not all) venom cyto+n 3 mi volumes and each was desalted and lyophilized. The fraction
toxin preparations are contaminated to some degree Withith the highest cytotoxicity on mouse lymphocytes was subfraction-
venom-derived phospholipase, APLA,) since the two ated by cation exchange HPLC. For subfractionation, 0.5 ml of a
copurify (Fletcher et al., 1990; Fletcher & Jiang, 1993).sample (10 mg/ml), dissolved in 0.02 Na,HPO,, pH 4.0, was
These two venom components synergistically disrupfnJeCted into a SCX 83-9-13-ET1 _Hydropore colgmn (Ra}lnln Instru-
cell membranes and thus modify the actual mode of a‘C[nent, Woburn_, MA). A linear gra(_jlent was established Wlth‘the same
tion of the cytotoxin itself (FIetcher &Jiang 1993 Gasa- buffer containing 1m NacCl ]:0 min after the sample was injected.

) ! ! The column eluate was monitored at 280 nm.

nov et al.,, 1994). Recent studies have shown that the A fraction with high PLA, activity, obtained by a CM-Sephadex
membranotropic properties of cytotoxins can be alteredg-50 fractionation, was also subfractionated by cation exchange HPLC
not only as the result of direct action of PLAn lipid  with a SCX 83-C-13-ET1 Hydropore column. The fraction (5 mg),
membranes, but also from P%Aytotoxin interactions  Wwhich had been desalted and lyophilized, was reconstituted in 0.5 ml of
that may occur either in the water phase or on the memstarting buffer (0.021 Na,HPO,, pH 7.5) and then injected. A salt

. dient was established with buffer containing MaCl and the eluate
brane surface (Gasanov et al., 1991; Gasanov, Gasan {f;‘nitored at 280 nm.

& Rael, 1995). ) _ The purity of the fractions was determined by reducing SDS-
The purpose of the present work was to investigateeAGE and by isoelectric focusing.
the membranotropic properties of a P)kfkee venom M2, a PLA, of pl 7.0, was isolated fronCrotalus molossus mo-

cytotoxin on model phospholipid membranes and to ex{ossusvenom as previously described (Gasanov et al., 1994).
amine its cytocidal activity. The purified cytotoxin was

found to lack t'he ability to dlsturp mode_l membranesANTI_PLA2 ANTIBODIES

composed of either pure phosphatidylcholine (PC) or PC

containing small amounts of incorporated acidic phos-aAnti-PLA, antibodies were produced by injecting BALB/c mice with
pholipids. However, the cytotoxin caused an increase irt0 wg/injection of PLA, purified fromNaja naja kaouthia.The Titer-
membrane permeabi“ty and formation of nonb”ayerMaX (Vaxcel, Norcross, GA) protocol was followed for the immuni-
structures in model membranes Containing high amount tion schedule. To test for PLAthe cytotoxin or venom fractions
of acidic phospholipids. The cytotoxin was also found to 100 pl of a 1 mg/ml solution) were first filtered through a membrane

L L . .. using a slot-blot apparatus and then visualized with the antizPLA
discriminate, in its CytOCIdaI activity, between normal antibodies by a procedure described previously (Anaya et al., 1992).

and malignant human lymphocytes. It is suggested tha this procedure, the membranes with the samples were first incubated
the cytotoxin targets malignant lymphocytes via its pref-with blocking solution, washed, then incubated for 2 hr with different
erential interaction with acidic phospholipids which are dilutions of anti-PLA. After washing, the membranes were incubated
accumulated on the extracellular side of membranes of Pith a 1/6,000 dilution of secondary antibodies (rabbit anti-mouse IgG
leukemia cells (mirtalipov 1992)_ conjugated to horseradish peroxidase, from Miles-Yeda Ltd Research

’ Products, Israel), followed by washing, and then development with
4-chloro-1-naphthol in the presence of®j.

Materials and methods
CytoToxICITY TEST

REAGENTS Cytotoxicity was determined by trypan blue uptake of treated cells.
Lymphocytes from normal human blood and from spleens of adult
Venom fromNaja naja kaouthia(Thailand cobra) was purchased in BALB/c mice were separated by density-gradient centrifugation on
lyophilized form from Captive Born Venoms (Slade, Kentuck- lymphocyte separation medium (Bionetics, Kensington, MD). Jurkat
y). Venom from Crotalus molossus molossyblorthern blacktailed  cells (clone E6-1, ATCC TIB 152), derived from an acute human T cell
rattlesnake) was purchased from Sigma Chemical (St. Louis, MO)leukemia, were maintained in RPMI-1640 medium containing 10%
Egg yol, L-a-phosphatidylcholine (PC), acardiolipin (CL) frof coli, fetal bovine serum and hg/ml gentamicin at 37°C in a 5% CO
egg yol, Lwa-phosphatidic acid (PA), 5-doxylstearic acid (5-DSA), humidified atmosphere. After several washes in RPMI-1640 medium,
4-(2-iodoacetamido)-TEMPO, and oleic acid were purchased fromeach of the cell samples was adjusted td &6lls per ml. Venom
Sigma Chemical (St. Louis, MO). Horseradish peroxidase-conjugatedractions were tested on mouse lymphocytes by incubaing 0.5 ml cells
rabbit anti-mouse IgG was purchased from Miles-Yeda Ltd Researclwith 6.5 png of venom fraction for 30 min at 37°C. Normal human
Products (Israel). 11-(dansylamino) undecanoic acid (DAUDA) waslymphocytes or Jurkat cells (0.5 ml) were incubated for 30 min at 37°C
purchased from Molecular Probes (Junction City, OR). Rat liver fatty- with defined concentrations of cytotoxin in the presence or absence of
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10° M PLA,. After treatment, the cell samples were centrifuged and ting and intensity of resonance peaks) of different preparations for each
resuspended in fresh medium. Cells incubated in the absence of frasample were always within 1%.
tion, cytotoxin, or PLA served as controls. Percent cytotoxicity was
calculated according to the formula: (1-(number of viable cells in the
test sample/number of viable cells in control sample)) x 100. Each datdCYTOTOXIN INTERACTION WITH LIPID MEMBRANES
point reported is the mean of three experiments, each performed in
triplicate, + the standard deviation. The interaction of cytotoxin with lipid membranes was examined by
the EPR of 5-doxystearic acid (5-DSA) in oriented lipid films and by
proton nuclear magnetic resonanée-NMR) of sonicated liposomes.
PLA, Assay Membranes were composed of phosphatidylcholine (PC), PC + 10
mol% or 40 mol% of phosphatidic acid (PA), or PC + 10 mol% or 40
PLA, activity was determined by a continuous fluorescence displace/n0l% of cardiolipin (CL). In the EPR studies, lipid (Snhwas sus-
ment assay (Wilton, 1990). In the present study, a stock assay cocktaénded in buffer (10 m Tris-HCI, pH 7.5, 0.1 NaCl, 1 m1 EDTA)
was prepared by add|ng 1 ml of 100 mg/m| of phosphatidy|ch0|ine in Containing 10° m 5-DSA and defined concentrations of CytOtOXin.
methanol and 0.3 ml of 0.6t DAUDA in methanol to the 20 ml assay EPR spectra of 5-DSA were recorded at the same conditions as de-
buffer (0.1m Tris-HCI, pH 7.8, 0.1v NaCl, 0.1 nm CaCl, 0.02 nm scribed above for 4-(2-iodoacetamido)-TEMPO. To prepare oriented
Triton X-100). In the test samples, 0.01 mg of each fraction to belipid films, 50 ul of lipid suspension was applied onto the surface of a
tested was added to 2 ml of the assay cocktail and incubated for 30 mifnicroscope cover slip (0.5n¢ x 2 cm) attached to a glass rod. Pre-
at 37°C in a thermostatically regulated fluorimeter cell (Hitachi F200 testing of the coverslip with attached glass rod did not give an EPR
fluorimeter). Lipid hydrolysis was terminated by addition of 2am  signal at the conditions described above. The coverslip with lipid was
EDTA, followed by addition of 3Qug of rat liver FABP. The solution ~ left at room temperature for 5 min, then an additional B0of lipid
was excited by pulsed laser at 350 nm and fluorescence of DAUDASUSpension was applied directly to the lipid smear, kept for 2 min, then
was measured at 500 nm. The lifetime of the excited state of DAUDACOVered by a second coverslip of equal size. Orientation of the cover-
was estimated from the time dependence of the attenuation of the prob#ip surface in the applied magnetic field was done with the resonator
glow using semilogarithmic coordinates. A standard curve of the life- accessory. EPR spectral analysis was done in terms of the ratio B/C
time of the excited state of DAUDA as a function of free fatty acid (Aracava, Smith & Schreier, 1981; Gasanov et al., 19Basanov,
concentration was prepared using defined concentrations of oleic acid/€non & Airpov, 1993). Each sample for the EPR assay was prepared
Each sample was prepared and measured at least in triplicate. THNd tested at least in triplicate and the means of these measurement
standard deviation was always within £2.5% of the means. used as experimental data points. The standard deviation was always
within +3.5% of the means.
In the *H-NMR studies, liposomes were prepared igMD Lipid
AMINO AcID ANALYSIS OF CYTOTOXIN (1072 m) suspended in buffer (2mTris-HCI, pH 7.5, 0.1 NaCl, 0.5
mv EDTA) was sonicated (Airpov et al., 1989). Liposomes (1 ml)
Reduction and carboxymethylation of cytotoxin was carried out ac-Were mixed with 1Q. of saturated solution of.[Fe(Clgnf:“ in D,O and
cording to Grishin et al., 1976. Approximately 50 mmol of protein were incubated wih 2 x 10? m of cytotoxin for 30 min at room temperature.
reduced with 501 of 20 mu dithiothreitol and subsequently carboxy- H-NMR spectra of liposomes were recorded with a Bruker WP 200
methylated with 5Qul of 0.1 m iodoacetic acid. Reduced and carboxy- Wide-bore NMR spectrometer. The measurements were done with an
methylated cytotoxin was hydrolyzed in sealed evacuated tubes with §Perating frequency of 200 MHz. The width of the 90° pulse was 8.7
N HCI at 105°C for 24 hr. Acid was removed by drying in a Speed-Vac *S€C; gnd the acquisition time for the free |_nduct|on signal was 1 sec.
(Savant Instruments). The residue was dissolved in 2 ml of Na citratd=ach liposome sample was prepared two times and the measurement:

buffer, pH 3.2, and its amino acid composition analyzed on a Bio-Cal®f the integral intensity of the signals from the'(€H;); groups of
BC-201 automatic analyzer. phosphatidylcholine was each made in triplicate. Variation among the

triplicates of each sample was less than 1%, and variation among the
means of the two preparations for each sample was less than 5%.

CyToTOXIN BINDING TO PLA,

Cytotoxin binding to PLA was studied by electron paramagnetic reso- Results

nance (EPR) of spin labeled proteins (Gasanov et al., 1991;a0995

The cytotoxin was covalently labeled with 4-(2-iodoacetamido)- Venom was fractionated on a CM-Sephadex C-50 cation
TEMPO according to the PI‘OIOCOI provided by Sigma Chemica! (St. exchange column. The major absorbance peaks were
Louis, MO). Unreacted_splp label was removed from_the cytotoxin b_y pooled into six fractions as shown in Fig. 1. Each frac-
lsephadex G-100 gel filtration. A detectable EPR signal of the spinq, \yas tested for cytotoxicity and of these fractions F
abeled cytotoxin (10 m) with no change in cell toxicity was obtained .

when a threefold molar excess of spin label over cytotoxin was usedVas ,the most cytotoxic for mouse .Iy.mphocytes. The
However, at this toxin to spin label ratio, a decrease of 11% in toxicity fractions were also tested for PLActivity by fluores-

was observed on cells preptreated witi®@ PLA,. Cytotoxin (105  cence displacement assay. This assay is very sensitive
M) was incubated for 5 min at room temperature in the presence of 5 *and detects free fatty acid at concentrations down to 0.1
10" M PLA; in buffers (2 m Tris-HCL, 0.1m NaCl, 0.02nm CaCl)  nwm. All fractions, except fraction f; hydrolyzed phos-
LA, senved a5 conrols. The EPR spectra of spi abeled eytoroxiP1lidYicholine, and fraction Fhad highest PLAactiv-

were recorded with a Varian E-4 spectrometer at modulation ampli- ty. FraCt.lon ':2 throth E all tested posmye with Q.ntl-
tudes not exceedin2 x 10 T and resonator input power not exceed- P_LAZ f"mt'.bOd'es by S|Ot-.b|0.t procedu're with the h_|gheSt
ing 20 MW. Each sample was prepared and tested at least two time¥isualization at a 1/10 dilution of anti-PLAantibodies.
The differences in EPR spectra (observed in terms of hyperfine split-  Fraction i was subfractionated by cation exchange
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Fig. 3. SDS-PAGE of cytotoxin (lane 2) and PLAlane 3). Samples
Fraction number for SDS-PAGE were dissolved in buffer composed of 20 Tis-HCI,

2 mm EDTA, 5% SDS, 5% 2-mercaptoethanol, 0.01% bromophenol
blue and boiled for 3 min. The samples were resolved in a 8%—-25%

Fig. 1. Fractionation ofnaja naja kaouthiavenom by CM-Sephadex - . .
acrylamide gradient gel. Standard broad-range molecular mass proteins

C-50 column chromatography. Venom (0.5 g in 0M0Na,HPO,, pH . o L
4.6) was applied to the column and a salt gradient established (brokeft'® in 1ane 1. Molecular masses are indicated in kilodaltons.
line) with eluant buffer (0.021 Na,HPQ,, pH 4.6, 1m NaCl) to release
the absorbed proteins. The eluant was monitored at 280 nm and the
fractions pooled as indicated by the arrows.
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Fig. 4. Isoelectric focusing of cytotoxin (lane 3) and PLMane 2).
Isoelectric focusing was done in isogel agarose with a pH gradient from
23.0 to 10.0. Standard pl reference proteins are in lane 1.

Fig. 2. A Subfractionation of fraction Fwith an SCX 83-C13-Etl
Hydropore column to purify the cytotoxin (shaded pealg)(F0 mg in
buffer) was injected into a column that had been equilibrated with 0.0
M Na,HOP,, pH 4.0. A salt gradient in buffer (broken line) was used to

elute the adsorbed protein®)(Subfractionation of fraction Fwith an HPLC, and the fraction shown shaded in Figh ®as

SCX 83-C13-ETI Hydropore column to purify the PLfshaded peak). . .
F2 (5 mg in buffer) was injected into a column that had been equili-found to be cytotoxic for mouse lymphocytes. This sub-

brated with 0.0 Na,HPO,, pH 7.5. A salt gradient in buffer (broken fraction was a protein Qf molecular weight 6-5 kDa (Fig.
line) was used to elute the adsorbed proteins. 3,lane2) and pl 10.2 (Fig. 4ane3). The protein had no
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Table 1. Amino acid composition, net charges and pl values of cytotoxin faja. n. kaouthisand related membrane-active toxins from other
cobra venoms

Parameter Naja n. kaouthia Naja n. oxiana Naja n. atra Naja naja H. haemachatus Naja m.
cytotoxin cytotoxing-® cardiotoxin§“ cytotoxin 11 direct lytic mossambica
factorf cardiotoxin 11¥

Vb Vel CTXlIl CTX1 CTX3 CTX4

Amino acids
per molecule
Basic
Lys 9 10 8 8 8 9 8 9 10 8
His 0 1 0 0 0 0 0 0 1 0
Arg 2 1 2 2 2 2 3 2 1 2
Acidic
Asp 2 2 2 2 3 2 2 2 0 0
Glu 0 0 1 0 0 0 0 0 1 1
Nonpolar
Ala 2 3 3 2 2 2 2 2 1 3
Val 7 7 7 7 4 7 7 7 4 5
Leu 6 6 6 6 6 6 5 6 6 6
lle 1 1 2 1 4 1 1 1 2 2
Pro 5 5 5 4 4 5 4 5 5 6
Met 2 2 2 2 3 2 2 2 2 2
Phe 2 2 2 2 1 2 2 1 1 1
Trp 0 0 0 0 0 0 0 0 0 1
Polar
Gly 2 2 2 2 2 2 2 2 2 2
Ser 2 3 3 2 3 2 2 2 3 2
Thr 3 2 2 3 3 3 3 3 3 3
Cys 8 8 8 8 8 8 8 8 8 8
Tyr 3 2 2 3 2 3 3 4 1 2
Asn 4 3 3 6 5 4 6 4 6 6
Total residues 60 60 60 60 60 60 60 60 57 60
Net charge +9 +10 +7 +8 +7 +9 +9 +9 +11 +9
pl value 10.2 11.0 9.5 10.1 10.04 10.18 10.31 10.3 10.2

Amino acid composition and other properties of membrane-active toxins from cobra venoms wefeSiishin et al., 1974, 197@ Yukelson et
al., 1974;° Bhaskaran et al., 1994;Chiou et al., 1993°¢ Takechi & Hayashi, 1972;Aloof-Hirsch et al., 19689 O’Connell et al., 1993.

PLA, activity by fluorescense displacement assay, and it ~ Since it is very difficult to isolate cytotoxin free of
tested negative with anti-PLAantibodies. This protein PLA,, it is reasonable to assume that the two proteins
was designated as the cytotoxin. associate strongly by noncovalent bonding. To examine
Fraction K was also subfractionated by cation ex- this we studied the association between purified cyto-
change HPLC, and the peak that had highest Pa#&  toxin and PLA in buffers of different pH by measuring
tivity was pooled as shown shaded in Fi@g.2This sub- the EPR spectra of spin-labeled cytotoxin. The EPR
fraction, which was pure by SDS-PAGE and isoelectricspectrum of spin-labeled cytotoxin (FigAB appeared as
focusing, was designated as PLAt had a molecular a rather broad triplet signal that one would not expect for
weight close to 14 kDa (Fig. 3ane 3) that relates well a molecule as small as cytotoxin. Such a signal could
to a molecular weight of other cobra venom PJsA result from aggregation of spin-labeled cytotoxin. By
(Deems & Dennis, 1975; Reynolds & Dennis, 1991; gel filtration, we have observed a retention time for spin-
Reynolds et al., 1995). The pl of PLAvas close to 4.8 labeled cytotoxin close to that of proteins of molecular
(Fig. 4,lane 2). weight of 21.5 kD. This suggests that the toxin aggre-
A summary of the amino acid composition, pl value gated into trimers. Another explanation for resonance
and net charge of the cytotoxin and a comparison to othebroadening cold be from dipolar-induced relaxation re-
cobra venom membrane-active toxins described by othsulting from interaction between spin-label molecules
ers are shown in Table 1. The cytotoxin contains nofrom neighboring aggregated cytotoxin. Spin-spin inter-
histidine, glutamic acid, or tryptophan, but is rich in cys- action within single molecules is not likely to occur,
teine and basic (lysine, arginine) and hydrophobic (vasince it was deternined previously that the lysines in the
line, leucine, proline) amino acids. This is very similar cytotoxin are not close enough to induce effective spin-
to data obtained for other cytotoxins. spin relaxation (Gasanov et al., 1990). WE recorded the
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not very active on normal lymphocytes (Table 2). It
killed about 6% of normal lymphocytes. At a concen-
tration of 10° m, the cytotoxin was much more active on

J A Jurkat cells, killing close to 80% of cells. When PLA
/’—‘ was added to the samples, the viability of both normal
lymphocytes and Jurkat cells incubated with cytotoxin
\/_,B dropped significant, killing 92% of normal lympho-
cytes and close to 98% of the Jurkat cells at toxin con-
centration of 10° M. With PLA, alone 95.4% of normal
C lymphocytes and 98.7% of Jurkat cells were viable

(Table 2).
The cytotoxin was further studied to determine its

e
D interaction with phospholipid membranes. Its effect on
Yol the EPR spectra of 5-DSA in multilayer lipid films was
/ analyzed in terms of thB/C parameter. Thd/C ratio
indicates transitions in the macroscopic order of the lipid
// phase (Aracava et al., 1981; Airpov et al., 1986). Higher
E values of theB/C ratio reflect a higher ordering in the
f( packing of the bilayer, and a decline BIC values indi-
206G cates a disordering of thelipid bilayer (Berliner, 1979;
— Aracava et al., 1981). As seen in Fig. 6, the cytotoxin
Fig. 5. EPR spectra of spin labeled cytotoxin in Tris-HCI buffers with Cause.d a negligible increase in the ordering of lipid bl_.
pH values of 7.04 andB), 6.0 (), 5.0 D), and 4.0 E). Cytotoxin layer in membranes of pure PC, and, to a lesser extent, in
(105 w), labeled with 4-(2-iodoacetamido)-TEMPO, was incubated Membranes of PC + 10 mol% PA. A slight decline in the
with PLA,, (5 x 10 m) for 5 min at room temperature, then the EPR B/C values was observed in membranes of PC + 10
spectra recordedAj is cytotoxin alone, wherea, C, D,andE have mol% CL that had been treated with cytotoxin. A pro-
added PLA. nounced decrease in tH&/C values was observed in
membranes containing 40 mol% of PA or CL with
EPR spectra of spin labeled cytotoxin in buffers of pH réated with cytotoxin. In these membranes, at high
from 9.0 to 3.0, and no changes in the EPR spectra werloxin c_oncentratlon, values ch/_Cwere lower than 0.4_6
found. We have also determined in a previous Study,reﬂectlng the presence of nonbilayer structures (Berliner,
(Gasanov et al., 1991) that acidic cobra venom PLA 1979). .
enzymes maintain the same conformation at pH from 7.0 The effect of the cytotoxin on th%H'N.MF‘? spectra
to 4.0. Addition of PLA to spin-labeled cytotoxin in of the trllme_thylammonlum groups on PC in liposomes is
buffer at pH 7.0 resulted in a noticeable broadening ofShown in Fig. 7. In control samples (lower spectrum for
the resonance signal (FigB5 This broader hyperfine each test), the smaller of the two resonance signals is
splitting indicates a more restricted and axis-symmetricafiven by the inner monolayer of the liposomes, and the
mobility, a result of PLA association with the spin- second, larger signal comes from the outer monolayer.
labeled cytotoxin. Similar results were obtained in buff- The second signal has a higher resonance value as :
ers of pH 6.0 and 5.0 (Fig.GandD). At pH 4.0, how- result of interaction of PC of the outer monolayer with
ever, a noticeable change in the resonance of spinparamagnetic ferricyanide anion [Fe(GN)®. In cyto-
labeled cytotoxin was detected (FigEp The EPR toxin-treated liposomes, the position of the two reso-
signal had the same hyperfine splitting and intensity ofnance signals of the trimethylammoniun groups did not
the triplet peaks as that of the spin-labeled cytotoxin inchange in liposomes of either pure PC or those contain-
the absence of PLA This indicates that cytotoxin and ing 10 mol% PA or CL (upper spectra). However, ad-
PLA, had dissociated at pH 4.0 and further suggestedlition of cytotoxin to liposomes containing 40 mol% PA
that the two proteins associate electrostatically in bufferor CL resulted in a shift of the signal from the inner
at pH that is higher than the pl of the enzyme (the pl ofmonolayer toward the stronger field. This indicates that
Naja naja kaouthidPLA, is 4.8). Experiments involving these liposomes have become permeable to ferricyanide
M2, the PLA, (pl 7.0) fromCrotalus molossus molossus, anions. In these liposomes, a new resonance signal alsc
showed it had no effect on the EPR spectra of spinappeared as a high-field shoulder in the outer monlayer
labeled cytotoxin in buffers of pH from 7.0 to 4.0. signal. This new signal was of higher intensity in lipo-
The cytocidal activity of cytotoxin to human cells somes containing 40 mol% of CL than that in liposomes
was examined on normal and cultured lymphocytes (Jureontaining 40 mol% PA. This new shift in the resonance
kat cells). Cytotoxin, at the concentrations studied, wadrequency reflects the change in the interaction between
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Table 2. Toxicity of the cytotoxin (CT) on normal human lymphocytes (NHL) and Jurkat cells (acute human
T cell leukemia) treated or untreated with™2v PLA,. The reported data are percent viable cells after the
indicated treatments.

CT concentration Cell untreated with PLA Cell treated with PLA
(mm)

NHL Jurkat NHL Jurkat
0 100* 100 95.4+2.8 98.7+3.4
100 98.1+3.0 91.4+25 — —
10°° 99.3+5.5 86.5+2.0 — —
108 98.3+2.3 74.3+45 62.0+5.6 505+3.4
107 99.0+3.6 46.2+4.9 349+5.1 26.5+4.1
10°© 96.7+3.1 35.3+2.0 18.2+ 3.5 9.1+3.0
10°° 94.0+4.0 21.5+3.1 8.0+£3.0 26+2.0

* Percent viable cells is based on control cell samples not treated with CT oy. Alb& data are based on the
means of three preparations * the standard deviation.

ferricyanide anions and trimethylammoniun groups ofhave also shown that both & and \/1 are able to de-
the outer monolayer, a result of nonbilayer structure for-hydrate the membrane surface (Gasanov et al.,, 1990),
mation in portions of the liposome membrane (Airpov etaggregate liposomes, increase membrane permeability
al., 1989; Gasanov et al., 1993). (Airpov et al., 1989), induce the formation of nonbilayer
structures, cause an intermembrane exchange with lipids.
_ . and cause membranes to fuse (Gasanov et al.,a§90
Discussion These effects, caused by toxin-lipid interaction, relate
well with the results of others who have shown that
As a result of considerable research on cobra venonsardiotoxins bind to and disrupt lipid membranes and
cytotoxins in the past four decades it is now well ac-penetrate acidic phospholipid monolayers (Bougis et al.,
cepted that the subcellular target of these toxins is thd981; Dufourcq et al., 1982; Batenburg et al., 1985).
cell membrane. Not clear, however, is whether the spe- The attraction of cytotoxins to negatively-charged
cific binding sites for cytotoxins are membrane proteinslipids in natural and synthetic membranes is well known
or lipids since there is experimental evidence supportindVincent, Balerna & Lazdunski, 1978). The affinity of
interaction with both entities (Harvey, 1991; Dufton & cytotoxin for negative lipids is high (K< 10°" m), and
Hider, 1991). Experiments involving radiolabeling with the stoichiometry is about seven lipid molecules for each
cardiotoxin suggest that cardiotoxin is able to bind spetoxin molecule. This is slightly less than the number of
cifically to a protein of 59 kDa in cockroach heart mem- positive charges available on the toxin molecule (Rees &
brane (Klowden et al., 1992). Cardiotoxin also has beemilwes, 1993). The principal argument against a lipid
found to stimulate phosphatidylinositol kinase activity in target in vivo is that the cell membranes so far investi-
A431 cell membranes, supposedly by interacting directlygated contain only a small amount of negatively charged
with the enzyme (Walker & Pike, 1990). Three cardio- phospholipids, which are, furthermore, concentrated on
toxins (also called cytotoxins) from Formosan cobrathe cytoplasmic side of the cell membrane (Rothman &
(naja naja atrg inhibited protein kinase C activity in Lenard, 1977; Mirtalipov, 1992). Therefore these phos-
phosphatidylserine vesicles presumably by interactingholipids are not directly accessible to the cytotoxin.
nonspecifically with a hydrophobic regulatory domain of The results of the present study show that cytotoxin
the enzyme and with membrane phospholipids (Chiou etfrom Naja naja kaouthiapurified free of PLA, is not
al., 1993). effective in perturbing neutral synthetic mem-
In our previous studies, we were unable to show ex-branes. The cytotoxin did not significantly affect the pa-
perimentally thamaja naja oxianacytotoxins V,5 and  rameterB/C of spin probes andH-NMR spectra of i-
V1 interact with membrane proteins (Gasanov, Kamaeyposomes in model membranes of either pure PC or PC
& Rozenshtein, 1988; Segal et al., 1993). On the con<ontaining small amounts of acidic phospholipids. How-
trary, we found that cytotoxin Yb modulates the activity ever, with liposomes containing higher amounts of nega-
of H* ATP synthase by inducing structural transitions oftively charged phospholipids, the cytotoxin caused no-
lipids in mitochondrial membranes. These lipid phaseticeable disruptions, such as formation of nonbilayer
transitions likely occur from binding of cytotoxin to structures and increasing membrane permeability. This
phospholipids that are tightly bound tq, Factor of finding supports the hypothesis that acidic lipids are the
the enzyme. In other studies with model membranes, wéinding site for cytotoxins. From our studies with cells
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Fig. 6. B/Cratio of the EPR spectra of 5-DSA in oriented lipid films of PC (triangles), PC + 10 mol% PA (open circles), PC + 10 mol% CL (ope
squares), PC + 40 mol% PA (dark circles), and PC + 40 mol% CL (dark squares) as a function of cytotoxin concentration. Each data point i
mean of three experiments. The standard deviation was always within £3.5% of the means.

PC+10%PA PC+10%CL PC+40%PA PC+40%CL

Fig. 7. *H-NMR signals of trimethylammonium
groups of PC of sonicated liposomes in the
presence of potassium ferricyanide. The lower set
of signals are from liposomes in the absence of
cytotoxin and the upper set of signals are from
liposomes in the presencé ® x 10°° m cytotoxin.
The composition of the liposomes is indicated for

0.3 ppm each group of cytotoxin-treated and untreated
liposomes.

we showed that the cytotoxin was not effective in killing ferent results when very small amounts of B.8uch as
normal human lymphocytes, but was very cytocidal tomay be present in commercial preparations of mem-
Jurkat cells, a cell line derived from a human T cell brane-active toxins (Fletcher, Michaux & Jiang, 1990),
leukemia. Recent studies on lipid metabolism in bloodare introduced along with cytotoxin to cell sam-
cells of patients with blood cell malignancies revealedples. Here, cytotoxin, which works synergistically with
altered activities of endogenous lipases with a resultanPLA,, is equally toxic to both normal lymphocytes and
preferential accumulation of acidic lipids, such as phos-Jurkat cells. A mechanism of this synergy has been sug-
phatidic acid and phosphatidylinositol, on the outer leaf-gested previously by us in which cytotoxin interacts with
let of membranes of B and T leukemia cells (Mirtalipov, PLA, to form a complex (Gasanov et al., 1991; 1895
1992). This allows one to suggest that cytotoxin differ-The nature of the interaction between cytotoxin and
entiates between normal and malignant lymphocytes as BLA, appears to be electrostatic, since we found no in-
result of its preferencial binding to membranes of T leu-teraction at pH 4.0 (the Pi of cytotoxin is 10.2, and the pl
kemia cells that contain acidic lipids on the outer leaflet.of PLA, is 4.8). The cytotoxin-PLA complex, under
It seems likely that cytotoxin specifically targets and neutral conditions, attaches to the cell membrane where
disrupts cells having membranes rich in negative lipidsPLA, catalyzes the release of free fatty acids and lyso-
on the extracellular side. phospholipids (Gasanov et al., 1295 Cytotoxin in turn

It is important to be aware that one can obtain dif- becomes surrounded by the produced fatty acids and as :
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result gets shuttled away from the enzyme-toxin complex naja atra.Structure in solution and comparison among homologous
(Gasanov et al., 1991). Both phase segregation of fatty cardiotoxins.J. Biol. Chem269:23500-23508 _
acids and accumulation of Iysophospholipids should deBougis. P.E., Rochat, H., Pieroni, G., Verger, R. 1981. Penetration of

- . . . . phospholipid monolayers by cardiotoxirBiochemistry20:4915—
stabilize lipid bilayers, causing flip-flopping of phospho- 4,

lipids. This activity, which changes the initial asymmet- chaim-Matyas, A., Borkow, G., Ovadia, M. 1991. Isolation and char-
ric distribution of membrane lipids, should expose acidic  acterization of a cytotoxin Pfrom the venom olNaja nigricollis
lipids on the outer membrane leaflet, whereby, not only nigricollis preferentially active on tumor cellBiochem Intl.
is free cytotoxin attracted to acidic molecules on the 24:415-421 _ _
extracellular side, but also triggers lipase activity on theChien. K.Y., Huang, W.N., Jean, J.H., Wu, W. 1991. Fusion of sphin-
cytoplasmic side. Cytotoxin-induced stimulation of en- ~ 90melin vesicles induced by proteins from Tawan cothajg
. L . naja atra) venom. Interactions of zwitterionic phospholipids with

dogenouslllpaS(_e aCtMt.y is well known (Shler'. 1980). cardiotoxin analoquesl. Biol. Chem266:3252—-3259
The question still remains as to whether the stimulatecthioy, s.-H., Raynor, R.L., Zheng, B., Chambers, T.C., Kuo, J.F. 1993.
endogenous enzyme is a PLAr a phospholipase C Cobra venom cardiotoxin (cytotoxin) isoforms and neurotoxin:
(Fletcher et al., 1990; Vernon & Bell, 1992). comparitive potency of protein kinase C inhibition and cancer cell

The ability of highly purified cytotoxin to discrimi- cytotoxicity and modes of enzyme inhibitiorBiochemistry

nate between normal and cancer cells is intriguing and 322062-2067

e : . Deems, R.A, Dennis, E.A. 1975. Characterization and physical prop-
has been suggested for specific cell targeting. This prop erties of the major form of phospholipasg &Aom cobra venom

erty of c_ytotoxm, however, may not ho_ld true in vivo due (Naja naja najg that has a molecular weight of 11,00D. Biol.

t_o possible synergy between cytotpxm and extracellglar Chem.250:9008—-9012

lipases. A plausible strategy for using cytotoxins againsbufourcq, J., Faucon, J.F., Bernard, E., Pezolet, M., Tessier, M., Bou-

cancer is to conjugate them to monoclonal antibodies gis, Pl, Van Rietschoten, J., Delori, P., Rochat, H. 1982. Structure-

that are specific to epitopes on malignant cells. The cy- function relationships for cardiotoxins interacting with phospholip-

totoxin-like membrane-active toxirPyrularia thionin, f'tds' T&"J‘“’;?gzlﬁz‘é”l 661 The siruct S o oo of
. i :Dufton, M.J., Hider, R.C. . The structure and pharmacology o

has been ConJUQated to an anti-CD5 monoclonal anti elapid cytotoxinsin: Snake Toxins. A.L. Harvey editor, pp. 259—

body and this conjugate proved to be very effective in 55, Pergamon Press, New York
specific killing in vitro (Gasanov et al., 1985 Atpre-  pecher, J.E., Jiang, M.-S. 1993. Possible mechanisms of action of

sent, cytotoxin fromNaja naja kaouthids being studied cobra snake venom cardiotoxins and bee venom melfomicon
in our laboratory as a potential candidate in immunotoxin  31:669-695
construction. Fletcher, J.E., Jiang, M.-S., Gong, Q.-H., Smith, L.A. 1990. Snake

venom cardiotoxin and bee venom melittin activate phospholipase
C activity in primary cultures of skeletal musclBiochem. Cell.
This study was supported by National Institutes of Health grant Biol. 69:274-281
RR08124 and the Poe-Nablo grant for respiratory diseases. Fletcher, J.E., Michaux, K., Jiang, M.-S. 1990. Contribution of bee
venom phospholipase Aontamination in melittin fractions to pre-
sumed activation of tissue phospholipasg Poxicon28:647-656
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