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By using a Sendai virus–human erythrocyte model,
his work found that virus-infected cells were 10-fold
ore susceptible to lysis in two of five examined cobra

enoms. Four cytotoxins were isolated from the venom
f the cobra Naja nigricollis that also showed 10-fold
igher cytotoxicity toward virus-infected cells than to
ntreated cells. As selective destruction of virus-

nfected cells is of immense importance in clinical
ractice, this work demonstrates the potential of co-
ra cytotoxins to serve as leading compounds for the
eneration of derivatives or fractions with high cyto-
oxic specificity toward virus-infected cells. © 1999

cademic Press

In the past three decades numerous agents have
een proposed for the treatment of viral diseases. How-
ver, current antiviral agents are of demonstrable ben-
fit only in a limited number of viral infections, and all
ave significant potential for toxicity and for drug re-
istance development. Furthermore, as in the case of
IV infected patients, the antiviral drugs do not elim-

nate infected cells, but rather inhibit viremia by in-
eracting with viral key enzymes. It is, therefore, of
mmense interest to search for new antiviral agents
hat may have a different mode and site of action.

Sendai virus is an enveloped animal virus, which be-
ongs to the parainfluenza family. The steps of attach-

ent and fusion of the virions with the cell are interme-
iated by the viral hemagglutinin-neuraminidase (HN)
nd fusion (F) glycoproteins (1). Incubation of the virions
ith human erythrocytes at 4°C enables viral adsorption

o the cell membrane, but no fusion occurs. Fusion occurs
nly after raising the temperatures above 20°C (2, 3), a
tep that causes hemolysis of the erythrocytes.

1 To whom correspondence should be addressed at present ad-
ress: Ruth Ben-Ari Institute of Clinical Immunology and AIDS
enter, Kaplan Medical Center, Rehovot 76100, Israel. Fax: 972-8-
410461. E-mail: bentwich@agri.huji.ac.il.
63
Snake venoms are complex mixtures of toxins and
nzymes that show different activities on biological
ystems, such as cytotoxicity, hemorrhage, brady-
inin-releasing activity, thrombin-like activity, he-
olysis, cardiovascular and hypotensive effects, tis-

ue necrosis, and neurotoxic effects (for review see
ef. 4). We have previously shown that some snake
enoms could inactivate Sendai virus (5), and iso-
ated the active 25-kDa protease from the venom of
he viper Echis coloratus, termed Echinibin-1 (6).
his factor abolished the hemagglutinating and he-
olytic activities of Sendai virus by preventing the

dsorption of the virions to the cells, and the virus in
ivo infectivity of mice (6).
Cytotoxins are among the most prominent character-

stics of cobra venoms. They are basic polypeptides
ith a chain length of 60–70 amino acids and a com-
on folding pattern. They resemble the short snake

eurotoxins in their structure, but they are more hy-
rophobic, and differ from the neurotoxins in their
harmacological properties by exhibiting general cytol-
sis (7). Although it is clear that their primary target is
he cell membrane, their exact mode of action still
emains to be elucidated. In previous studies, this lab
creened the cytotoxicity of various snake venoms and
ound the strongest activity in the venom of Naja nig-
icollis nigricollis (8) from which four cytotoxins were
solated and characterized; the main cytotoxic agent
as cytotoxin P4, a 10-kDa protein (9). One of the most

nteresting features of these cytotoxins was their pref-
rential activity on cancer cells (9) by specifically bind-
ng to the cell membrane (10).

Elimination of free virus and virus-infected cells is
n important goal in antiviral treatment. The present
tudy is a first attempt in evaluating the potential of
nake cytotoxins as antiviral agents. By using the
odel of the interaction of Sendai virus with human

rythrocytes, this work demonstrates the potential use
f cobra snake cytotoxins for preferential destruction of
irus-infected cells.
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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ATERIALS AND METHODS

enoms

Naja nigricollis and Naja atra venoms were obtained from La-
oxan Laboratories (Rosans, France). All other venoms were pur-
hased from Sigma Chemical Co. (St. Louis, MO).

irus

Sendai virus (Z strain) was injected into the allantoic sac of 10- to
1-day-old chicken embryo, harvested after 48 h from the allantoic
uid, and isolated by established procedures (11). The virus was
esuspended in 160 mM NaCl/20 mM Tricine, pH 7.4, and stored at
70°C. Virus hemagglutinating activity was measured in hemagglu-

inating units (HAU) as described by Peretz et al. (11). One milliliter
f the isolated virions contained about 60,000 HAU.

lood

Fresh, human blood was obtained from a blood bank and stored for
p to one month at 4°C. Prior to use, erythrocytes were washed with
hosphate buffer saline, pH 7.2 (PBS), and were diluted to 2% (v/v)
ith the same buffer (108 cells per milliliter).

stimation and Concentration of Proteins

Protein content was estimated by measuring the absorbance
t 280 nm in a Gilford UV spectrophotometer, using a value of
280
1% 5 14.

nteraction of Sendai Virions with Human
Erythrocytes (Hemolysis Assay)

Human erythrocytes were washed and diluted to 2% (v/v) with cold
BS. One milliliter of washed erythrocytes (108 cells) was incubated
ith 70 HAU of Sendai virions for 15 min at 4°C and then washed

wice with cold PBS. The pellets were resuspended in 1 ml PBS and
ncubated for another 60 min at 37°C in a shaking bath (90 strokes/

in), followed by centrifugation at 1000g, and the hemolysis was
etermined by measuring the absorbency of the supernatant at 540
m. The hemolysis obtained by resuspending the pelleted erythro-
ytes in 1 ml of distilled water was considered 100% hemolysis.

Proteolytic and Antiviral Activities of

Snake venom

Proteolytic a

Azocolla

Naja atra 0.63
Naja nigricollis 0.0
Ophiophagus hannah 0.04
Naja melanoleuca 0.07
Walterinnesia aegyptia 0.08

Note. Proteolytic activities of the venoms and hemolytic activity o
a AZOCOLase activity is expressed as OD (540 nm)/h/10 mg venom
b BAEEase activity is expressed as OD (540 nm)/h/10 mg venom/m
c 70 HAU of Sendai virus was pretreated with 10 mg of the vari

omparing the hemolysis caused by the treated and nontreated virus
64
etermination of Antiviral Activity

The effect of the venoms and their various fractions on the viral
ctivity was tested in three series of experiments. All experiments
ere done in duplicates, and at least in two separate sets.

(a) Virus inactivation experiments. 70 HAU of Sendai virions
ere incubated with various concentrations of the venoms or their

ractions in 50 ml PBS for 1 h at 37°C. Then 108 washed human blood
rythrocytes were added and a hemolysis assay was carried out as
escribed above. As controls, erythrocytes were incubated with the
enoms only or with 70 HAU of Sendai virions in PBS.

(b) Pretreatment of the erythrocytes with venom. Duplicate sam-
les of 108 washed human blood erythrocytes were incubated with
arious concentrations of the examined venoms or the venom frac-
ions in 1 ml PBS for 1 h at 37°C. The cells were then washed twice
ith PBS before 70 HAU Sendai virions were added to each eryth-

ocyte sample and the hemolysis was tested as described above. As
ontrols, the erythrocytes were incubated with PBS without venom
rior to the addition of the virus.

(c) Infection of the erythrocytes with Sendai virus. Duplicate sam-
les of 108 washed human blood erythrocytes were incubated with 70
AU of Sendai virions for 15 min at 4°C. Excess virus was removed
y washing twice with cold PBS and the pellets were resuspended in
ml of cold PBS. Various concentrations of the examined venoms or

enom fractions were then added and the mixtures were incubated
or another 60 min at 37°C in a shaking bath and centrifuged. The
emolysis was determined by measuring the absorbency of the su-
ernatant at 540 nm.

ytotoxicity

The cytotoxicity was assayed as described by Chaim-Matyas and
vadia (8).

hospholipase Activity

Phospholipase (PLA) activity was assayed with egg yolk by using
he pH-stat method as described by Simon et al. (12).

roteolytic Activity

Proteolytic activity was tested on three different substrates: azo-
oll, benzoyl arginine ethyl ester (BAEE), and gelatin. Aliquots con-
aining various amounts of the whole venom or the venom fractions
ere incubated separately with 10 mg of azocoll (insoluble dye–
rotein complex), in 2 ml of 0.1 M phosphate buffer, pH 7.2, for 1–3

rious Elapid (Cobra) Snake Venoms

ity
Percent of inactivation of

Sendai virus hemolytic activitycBAEEaseb

0.6 90
0.0 78
0.0 0
0.0 0

14.4 0

e virus were examined as described under Materials and Methods.
l.

venoms in 50 ml. The percent of inactivation was determined by
control erythrocytes were incubated with the various venoms only.
Va

ctiv

f th
/m
l.
ous
. As
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at 37°C in a shaking bath (120 strokes per minute). Proteolytic
ctivity was estimated by measuring the absorbency of the clear
upernatant at 520 nm after centrifugation of the mixtures. BAEE-
se activity was examined by adding 5- to 25-ml aliquots of the whole
enom or the venom fractions to 1 ml of 0.1 M glycine buffer, pH 9.5,
ontaining 0.5 mM of BAEE, followed by immediate continued mea-
urement of the absorbency at 254 nm. Proteolytic activity on gelatin
lms was examined as follows: a drop containing 0.2 mg of the
enoms or the purified cytotoxins was applied to an undeveloped
lack and white film and incubated for 2 h at 37°C in a moist
hamber. The film was then washed thoroughly with tap water. A
ransparent spot on an opaque background indicated gelatin diges-
ion.

ESULTS

The effect of five cobra snake venoms on the capacity
f Sendai virus to cause hemolysis of human erythro-
ytes was examined in three different settings as de-
cribed under Materials and Methods: (a) Sendai viri-
ns pretreated with one of the venoms, were added to
he washed erythrocytes; (b) untreated virions were
dded to erythrocytes which were pre-incubated with
he venoms; and (c) examined venoms were added to
rythrocytes pre-infected with Sendai virions.

a) Inhibition of Sendai Virus by Cobra Venoms

Preincubation of Sendai virus with 200 mg/ml of
aja atra or Naja nigricollis venoms reduced the he-
olytic activity of the virus on erythrocytes by 90 or

0%, respectively. The other three examined venoms
id not affect the viral hemolytic activity (Table 1).

FIG. 1. Human erythrocytes (108) were preinfected with 70 HA
retreatment of the erythrocytes with Sendai virus. After washing t
mg of each examined venom were added and an hemolysis assay wa
mg/ml of the examined venoms and with PBS. 100% hemolysis was a

n an OD (540 nm) of 2.25.
65
here was no correlation between the proteolytic activ-
ty of the venoms and their ability to inhibit the viral
ctivity (Table 1).

b) Pretreatment of the Erythrocytes
with Cobra Venoms

Incubation of 108 washed human blood erythrocytes
ith 20 mg/ml of the examined venoms or the venom

ractions for 1 h at 37°C before the addition of the
irions did not alter the susceptibility of the cells to
emolysis by the virus.

c) Hemolysis of Preinfected Erythrocytes
by Cobra Venoms

Erythrocytes which were pre-infected at 4°C with
endai virions (at 4°C virions absorb to the erythro-
ytes membrane but fusion and, consequently, hemo-
ysis does not occur), were 10-fold more susceptible to
emolysis by the venoms of Naja atra and Naja
igricollis. Four mg/ml of the Naja nigricollis venom
ere sufficient to cause total hemolysis of the pre-

nfected cells, while 45 mg/ml were needed to induce
he same effect on untreated erythrocytes, indicating
referential cytotoxicity toward the infected red
lood cells. The venom of Naja atra showed a similar
ut somewhat weaker effect. All other examined ven-
ms did not exhibit this synergistic effect (Fig. 1).

Sendai virions as described under Materials and Methods under
excess virus, the cells were resuspended in 1 ml cold PBS and then
arried out. As control noninfected erythrocytes were incubated with
eved by addition of water to a similar sample of erythrocytes resulted
U
he
s c
chi
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urification of the Antiviral Components

The active antiviral components were purified from
he venom of Naja nigricollis, because this venom
howed the strongest preferential cytotoxicity toward
nfected erythrocytes. The purification included three
teps as previously described (9): (i) Reduction of the
enom by 2-mercaptoethanol at 30°C for 1 h followed
y centrifugation at 10,000g for 30 min. (ii) The super-
atant was subjected to gel filtration on Sephadex G-50
Fig. 2). Of the four fractions eluted from the column,
nly S3 inactivated the virions and also exhibited the
ynergistic hemolysis of the cells pre-infected with the
irions (Table 2). S3 also possesses the cytotoxic activ-
ty, whereas phospholipase activity is found in S2 (9), a
raction that does not inactivate the virus. As written
n the Introduction, Sendai virus causes hemolysis only
t temperatures above 20°C, at low temperatures the
irus attaches the cell but fusion does not occur. At 4°C
he S3 fraction did not cause hemolysis of the infected
ells, whereas at 37°C the hemolysis of the infected
ells considerably increased as the concentration of the
raction increased (Fig. 3). Pool S3, eluted from the
olumn of G-50, was subjected to CM-Sepharose col-
mn chromatography and the fractions were eluted by
alt gradient. Six peaks were eluted, including the
ytotoxic factors P3 to P6 (Fig. 4). Fifty-five percent of
he cytotoxic activity was found in factor P4, as previ-
usly reported (9). Only the cytotoxic factors P3-P6
eutralized the viral activity and induced strong he-
olysis of erythrocytes pre-infected with Sendai viri-

ns (Table 2 and Figs. 5 and 6). These cytotoxins were
table at pH values of 1.5–10.5 and at temperatures up
o 90°C, and maintained their antiviral properties.

FIG. 2. Gel filtration of Naja nigricollis venom on Sephadex
-50. One hundred milligrams of venom dissolved in 0.01 M phos-
hate buffer, pH 7.4, was reduced with 2-mercaptoethanol, centri-
uged and the supernatant was applied to a 1.4 3 120-cm column of
ephadex G-50. The column was eluted with the same buffer by a
ow rate of 4 ml/h/cm2. The antiviral and the cytotoxic activities
ere found in the S3 fraction (100–118 ml).
66
hese activities could be inhibited by divalent ions
uch as Sr21 and Mg21 (data no shown), as was also
reviously found for the cytotoxicity of these factors (9).
he cytotoxic fractions P3–P6 had no measurable pro-
eolytic activity on azocoll, BAEE or gelatin, or any
hospholipase A activity. The selective activity of the
urified cytotoxins on infected erythrocytes is even
ore prominent when compared with other mem-

rane-active component, such as phospholipase A, also
solated from the venom of Naja nigricollis, which did
ot demonstrate any antiviral effect (Table 2).

ISCUSSION

Although the immune system is capable of recogniz-
ng and destroying virus-infected cells through natural
iller cells (13, 14) and by means of lymphocyte-
roduced cytokines (15, 16), in many viral infections
he immune response can not eliminate all virus-
nfected cells. Such is the case of the human immuno-
eficiency virus (HIV) infection (17). Discontinuing the
se of anti HIV-1 reverse transcriptase and protease
ocktail of inhibitors, even after no detection of HIV

TABLE 2

Inactivation of Sendai Virus and Susceptibility of Erythro-
ytes Preinfected with Sendai Virions to Naja nigricollis
enom Fractionsa

Purification step Fraction
% Inactivation
of the virusb

% Hemolysis of
preinfected cellsc

BSd — 0 33
LAe — 5 30
hole venom — 65 100

ephadex G-50 S1 0 32
S2 0 44
S3 95 100
S4 0 53

M-Sepharose of S3 P1 0 30
P2 0 33
P3 95 55
P4 96 100
P5 92 93
P6 90 100

Note. Samples of erythrocytes incubated with the venom or with
he venom fractions only (without the virions) resulted in negligible
emolysis.

a The fractions examined are shown in Figs. 2 and 4. In all cases
-mg whole venom or isolated fractions were added to the virions or
o the virus-pre-infected cells.

b The inactivation of Sendai virions was examined as described
nder Materials and Methods under “Virus inactivation experi-
ents.” The percent inactivation was calculated as the hemolysis

aused by virions pretreated with venom, divided by the hemolysis
aused by virions treated by PBS and multiplied by 100.

c The percent hemolysis was determined as described under Ma-
erials and Methods under “Pretreatment of the erythrocytes with
endai virus.”

d Phosphate-buffered saline (PBS).
e Isolated phospholipase A2 from the venom of Naja nigricollis.
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iremia for more than a year, results again in high
iral load. This indicates the presence of infected cells
apable of producing HIV virus that are not eliminated
y the anti-retroviral drugs and the recuperating im-
une system. Destroying such infected cells should be

herefore a major priority in the development of new
ntiviral strategies.
Recently recombinant vesicular stomatitis virus and

abies virus were sophisticatedly engineered to specif-

FIG. 3. Erythrocytes were preinfected with Sendai virions at 4°C
s described under Materials and Methods. Aliquots of 108 cells were
esuspended in 1-ml cold PBS containing 0.7 mg of the S3 fraction.
alf of the samples were then incubated at 4°C for 30 min, while the

ther half were incubated at 37°C for 30 min. The mixtures were
hen centrifuged and the absorbency of the supernatant was mea-
ured at 540 nm. The same concentrations of the S3 fraction did not
ause hemolysis of noninfected erythrocytes under the same condi-
ions.

FIG. 4. Ion-exchange chromatography on CM-Sepharose. The
ntiviral fraction (S3) from the previous gel filtration stage was
pplied to 10-ml column of CM-Sepharose equilibrated with 0.01 M
hosphate buffer, pH 7.2. After washing with the same buffer the
olumn was eluted by a salt gradient as indicated. P3–P6 had anti-
iral activity (Table 2). These fractions also proved to be purified
ytotoxins (9).
67
cally bind and destroy only human infected HIV-1
ells, that display HIV-1 glycoproteins on their mem-
ranes (18, 19). Similarly, the use of exogenous cyto-
oxins, capable of selectively destroying virus-infected
ells, may be used for the same purpose. As elapid
cobra) venoms are rich with very potent cytotoxic com-
onents, which disrupt cell membranes, it was inter-
sting to find out whether: (a) cobra venoms can also
nteract with enveloped viruses and inhibit their activ-
ty, especially because the virus envelope contain com-
onents of the host cell membrane; and (b) the inter-
ction of cells with an enveloped virus could increase
he susceptibility of the cells to cobra venom cytotoxins.
his work has therefore examined the antiviral activ-

FIG. 5. Sendai virions (70 HAU) were incubated for 1 h with P4
efore the hemolysis assay was carried out as described under Ma-
erials and Methods. As control, the erythrocytes were incubated
ith P4 only.

FIG. 6. Erythrocytes were infected with Sendai virions at 4°C for
5 min. Then, the cells were washed twice and resuspended in 1 ml
BS containing various concentrations of P4. The mixtures were

ncubated at 37°C for 30 min and the hemolysis was determined as
escribed under Materials and Methods.
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ty of five cobra venoms, which are rich with cytotoxins,
y using the model of Sendai virus-human erythrocytes
nteraction.

Unlike the viperid Echinibin-1 (6) and Echinibin-2
manuscript in preparation), which are not cytotoxic
nd their antiviral activity correlates with proteolytic
ctivity, there was no correlation between the proteo-
ytic activity of the examined cobra venoms and their
apability to inhibit the hemolytic activity of Sendai
irus on human erythrocytes. Venoms with consider-
ble proteolytic activity, such as that of Walterinnezia
egyptia, did not exhibit antiviral activity, whereas the
enom of Naja nigricollis showed considerable antivi-
al activity despite its non-measurable proteolytic ac-
ivity. Accordingly, all four cytotoxins isolated from the
enom of the snake Naja nigricollis, had potent anti-
iral activity, without any measurable proteolytic ac-
ivity on azocoll, BAEE or gelatin, nor they demon-
trated any phospholipase A activity on egg yolk. This
s the first example of nonproteolytic snake venom
omponent with an antiviral activity.

All four isolated cytotoxins from the venom of Naja
igricollis inhibited the free virus. More important,
hey demonstrated selective hemolysis of erythrocytes
re-infected with Sendai virions. Better understanding
f how the viral glycoproteins in the cell membrane
nhance the susceptibility of the cells to the snake
ytotoxins, may shed light on their mode of action and
ay help in the development of new antiviral agents

nd strategies. This may also help to develop more
pecific compounds, such as derivatives or fragments of
he snake cytotoxins, which will loose their non-specific
ytotoxicity, but will be able to destroy virus-infected
ells. Various derivatives and fragments of cytotoxin
4 are being examined. Future work should also study

he effect(s) of the snake cytotoxins on other viruses
68
ith clinical significance and on other cell types in-
ected by viruses.
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