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ABSTRACT 

In this thesis I describe a toxic protein, diamphotoxin, 
that is present in the pupae of the beetle Diamphidia nigro-ornata. 
This insect is used as an arrow poison by the !Kung Bushmen inhabiting 
the savannah of eastern Namibia and western Botswana. 

Preliminary investigations showed that the pupae contained 
a 3,7 S cationic protein which caused haemolysis and, after intra
muscular injection, local paralysis followed by death. By intra
venous lethality assay, one 200 mg pupa contained 20 000 mouse lethal 
doses. 

Assays for the toxin were developed based upon haemolysis 
in vitro and lethality in vivo. These assays were used to monitor 
purification of the toxin. 
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Diamphotoxin was purified by acid extraction in O,lM glycine
HCl pH 3,0 followed by ammonium sulphate fractionation, chromatography 
on hydroxyl apatite, phosphocellulose and, finally, on DEAE cellulose. 
A consistent increase in activity after the hydroxyl apatite chromato
graphy pointed to the removal of an inhibitor during this step. A 
subsequent severe loss of activity after chromatography on phospho
cellulose could neither be explained nor overcome. The phosphocellulose 
chromatography step yielded three peaks of toxic activity. Immunological 
studies revealed cross-reactivity but not identity between these three 
toxin species. The toxin in the first peak to elute from the phospho-
cellulose column was purified to electrophoretic homogeneity by 
chromatography on DEAE cellulose. Attempts to purify the toxin in 
the other two phosphocellulose peaks were not successful. The iso-
lated molecule was confirmed to be the toxin by haemolysis in a blood
agarose underlay after SDS-gel electrophoresis. 



The molecular weight estimate for the toxin by SDS-gel 

electrophoresis was 60 700 daltons and by analytical ultracentri-

fugation 62 100 daltons. 

single polypeptide chain. 

The molecule appeared to exist as a 

The amino acid composition showed a 

high proportion of hydrophobic amino acids. 

showed an isoelectric point of pH 9,45. 

Isoelectric focussing 

Toxin mediated haemolysis was studied in detail. The 

haemolytic event could be broken down into two stages. In the first 

stage toxin bound irreversibly to the cell but, provided no divalent 

cations were present, no damage to the cell could be detected. The 

second stage required the presence of free calcium (or certain other 

divalent cations), with an optimum concentration at 1 mM. The 

interaction of calcium with the cell-bound toxin resulted in the cell 
. . + + membrane becollll.ng highly permeable to Na and K ions. 

Experiments designed to detect phospholipase or protease 

activity in toxin solutions gave negative results. Erythrocytes 

incubated with 125I-labelled pure toxin in calcium-free medium 

retained a quantity of bound toxin which could not be removed by 

repeated washing. Incubation of erythrocytes with calcium-free 

toxin resulted in depletion of the activity of the toxin solution. 

The kinetics of the haemolytic action of the toxin were shown to be 

stoichiometric rather than catalytic. It was estimated that haemo-

lysis by the toxin required a minimum of approximately 100 molecules 
per cell. 

Studies using circular dichroism measurements and the 

fluorescent probe 8-anilino-1-naphthalene sulphonic acid (ANS) 

indicated that a conformational change occurred in the toxin upon 

exposure to calcium. The ANS studies indicated that upon the 

addition of calcium the toxin molecule became more hydrophobic. 

ii 



It was concluded that the toxin functions as a calcium 

+ + regulated Na and K ionophore in that it binds to the cell membrane 

and, in the presence of calcium or certain other divalent cations, 

assumes a conformation which mediates the free passage of Na+ and K+ 

ions. The resul~ant disruption of normal transmembranous ionic 

concentration gradients leads to cell lysis by loss of osmoregulation 

and, in the case of excitable membranes, disruption of electro

physiological activity. 
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CHAPTER ONE 

INTRODUCTION 

The !Kung Bushmen inhabit the savann4h region of north 

astern Namibia and ~estern Botswana (Figure l.l). Despite the 

inr~~ds dr civilisation and the many social and economic pressures 

to adopt a western way of life, groups of Bushmen may still be 

found 1.i\l'ing as hunter-g4therers, 

a.rtd rro~. 

For hunting they use the bow 

Th arrow comprises two parts~ a ~haft and a detachable 

h1?11d (Figure 1. 2) • The tltlo are joined by a friction coupling that 

is suftic:i.ently secure to tttaintain the juuction during handling, 

tl: n port nd flight of the arrot.t. When, however, the arrow impales 

its te.rg t, the shaft becomes dislodged by the flight of the startled 

ani~als through the brush. the headless shaft serves to inform the 

hufit r ehat a hit has been scored. 

As showu in Figure 1.2. the hollow arrow shaft is made from 

a length of coarse grass bound at both ends with sinew. The one end 

1 

i rtotchad to receive the bowstring; the other end takes the pointed 

bofie p~g to which the wire arrow head is fixed by a short grass sleeve, 

gum a11d sirtew binding. the a~sembled arro~, weighing approxiinately 

lo~, is a £1~tttsy mis~ile that would be ineffective were it not poisoned. 

The po!son is av~lied to tha sinew-bound length of wire immediately 

behi11d th pointed tip. the barb its elf is left uncoated, so avoiding 

danger £~om afi aceidental scratch. If, however, an arrow penetrates 

the taq;et hy n1ore than a c ntirnetre t pdison h introduced into the 

wound. 



!Jaur l:J. 

Tsumkwe. 

BOTSWANA 
'ndhDt1k • 

N 

SOUTH AFIHCA 

Mp of Southern Africa showing localities relevant to 

t his s t udy . 

Th !Kung Buahm n inhabit the savannah r egion of north eastern Namibia 

and w at ~n Botswana . Pupae us din thi s project were obtained from 

~ocoona xcavated 20 km north of the mission station at Tsumkwe 

(20° 30 1 E, 19° 30 1 S). 
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l!i u :-,&_ 1. 2 A Bushman arrow. 

Th atro~ i constructed in two parts. The shaft (above) is 

fashion d from coarse gras •seem, and the arrow-head (below) 

f.'t m l ngth of heavy gauge wire. The arrow-head is attached 

by i ew binding to~ bone peg which inserts into the front 

fid of th shaft, th8 shaft is strengthened by sinew bindings 

t both rtds, nd ha a notch t the back to tak the bow•string. 

th rrow~h ad is bound ~ith sinew along its length from behind 

th~ b rb, and th poison is appli d to this binding. the barb 

its lf i8 not poison d • 

. . -~ .. ' 
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The poison applied to the arrow head is prepared by mixing 

about 2 ml of saliva. produced after chewing the bark of the tree 

Acaaia mattif~ra with about O,lg of the roasted resinous pulp from 

the seed pod of the tree Sohwar·csia madagasat:atieneis, and adding 

three or four D. nig~o-ot?'lata pupae. This concoction is thoroughly 

ground ln a bone pestle and applied to the sinew-bound wire arrowhead 

with a flatten d tick. Three or four applications are added with 

drying between e4ch applicati.on. 
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Efirly descriptive reports of the poisoned arrows are to be 

found in the private and published writi.ngs of e:>:plorers, anthropologists, 

an~ natur lista. the earliest detailed description of the arrow 

~oi.u~ th t t have found is a report to the Royal Society by Lieut. 

William Paterson published in 1789: 

HTheir me r:hod of making this pernicious tnhcture is by first 

taking the juice extracted from the Euphorbia, and a kind 

ot cat~rpillar peculiar to another plant ••••• They mix 

th@ anim 1 and vegetable matter, and after dryin8 it they 

paint their arrows with this composition". 

tn a report published in 1876 Lord and Baines describe 

how the Bushmen break o~en the sandy cocoon and : 

"taking out the grub. hold it between thumb and forefinger. 

and sq~eeia the entrails, or rather the internal juices, 

in s'lllall drops upon the now head11
• 

From the reviews on Bushman arrow poison by Schapera (1924) 

and Shaw et l (1963) it is clear that a wide variety of materials 

w re used as poisons. These included the juices from a number of 

differant plant tipeci.es; tha venom from snakes, spiders, and 

scorpio-ns; and the body juices of Diarrrphidia as ~ell as at least 

two other species of bat?tle. 



Tha Bushman has had a romantic appeal for many explorers 

and naturalists and some of the published information appears to be 

fanciful or anecdotal at best. For instance How (1970) quotes a 

stac~rnent that the venom of the mantis was used as an arrow poison! 

In the work to be reported in thia thesis I have restricted 

myself to a form 1 biochemical study of the toxin derived from 

Diamphidia nigy.o-ornata. This is a monophagous chrysomelid beetle 

v1hich feds exclusively on the shrub CorrmipheN angol.ensis found 

in N ibia, Botswana, and the northern Cape Province. The adult 

be~tl , shown in figure 1.3. lays its eggs on the leaves of the 

Contt?ipheria. When these hatch the caterpillar larvae feed on the 

leav, of the shrub. ln autumn the fully grown caterpillars pupate 

bout 20 cm b lo~ th surfac of the sandy soil round the base of 

th~ ah~ub. tn November. at the start of the rainy season, the adult 

be tl~ emetga fro~ the cocoons to continue the life cycle. 

5 

Dianrphidia nig~o-ornata has, at various times, been mistakenly 

named D, tosnei, D, Zoausta~ D. simpZ~~~ and D. nigro-vitetta 

(Koch 1958). Furth r ntyitiologic~l confusion has arisen from the 

lact th t the l>lwrrphidia pupa may be parasitised by the ectoparasytic 

wasp L~bi tina epp. Thus; on opening a Diamphidia cocoon, one may 

somotime firtd 4 L~bietina pupa and the dried out husk of the Diamphidia. 

I h v been unable to find reports of definitive studies of 

ch Buehm narrow poisons, although a number of pharmacological 

db , rvation h~ve been made. Shinz (1886) reported sending specimens 

dt Di,amphidia to Boehm who. in 1897 identified the toxic material as 

"Tox lbumi.n" t.1hich caused haemoglobinuda. Breyer-Brandwijk (1937) 

not d that the toxin eould b~ e~tracted with water; that it behaved 

~s a prot ifiJ th4t it W48 inactivated by boiling; and that it caused 

haemolysi. Sh found th t tha pupae were a richer source of toxin 



'' 

:E'ig_ure 1. 3 An adult beetle of Diamphidia nigro-omata 

the adult beetle weighs approximately 0,15g and measures approximately 
1 cm. The eggs are laid on the leaves of the shrub Corrurriphe~a 
angoteneis. the larvae which hatch from the eggs feed exclusively 
on the leaves of this shrub. In autumn they penetrate about 20 cm 
ifito the sandy soil belbw the plants ~here they pupate. At the 
statt of the rainy season in November/December the adult beetles 
emerge from the cocoons to continue the life cycle. The Bushmen 
use the pupae (Figure 2.1) as a source of arrow poison. 

6 
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than were th~ adults and she managed to raise an antibody to the 

toxin in rabbits. Steyn (1957) estimated the lethal dose for 

rabbits to be 0,25 to 0~50mg per kg body weight. Kundig and Charlton 

(1969) report th t haemolysis by the toxin is not accelerated by 

lecithin (presumably intended as a test for phospholipase activity); 

th tit has no action on the coagulation system; and that a slow 

~ontractiort of intestinal and uteri ne smooth muscle could be demon-

~ttated , There w s nod tectabla action on Yascular smooth muscle. 

thy found th to~in to be heat labile; precipitable by 30% (NH4) 2so4; 

d natur d by lcohol or ac~tone; nnd excluded by Sephadex G50. 

th~ present project w s undert ken because the toxin appeared 

to ba an inter~eting compound about which little was known. From 

th limit d data dVailablc it seemed t hat it was a cytolysin and 

po~sibly ~ nouroto~in which might hav~ interes ting pharmacolo8ical 

~rop~rtiesf and which might prove to be a useful reagent for the study 

of cell ~embranes. This has been the case with a number of other 

toxine, both of biological and of synthetic origin. 



CHAPTER TWO 

PRELIMINARY ..!!Y!STIGATIONS 01 THE EXTRACT FROM THE PUPAE 

Pupae of Diamphidia nigro-ornata were obtained by arrange

ment with the Bushmen through the kind offices of Ds. F. Weich, a 

missionary in the area. Cocoons were excavated during the late 

winter and early spring months at a site approximately 20 km north 

of the mission station at Tsunlk.we (20°30'E, 19°30'S, Figure 1,1). 

the cocoons were transpo~ted by light aircraft to Windhoek and thence 

by commercial air-fre ght to Cape Town, ~here they arrived in 

e cbllent condition. 

8 

?he pupae were removed from their cocoons and stored under 

liquiJ nitrogen, A small proportion of cocoons were found to contain 

adult be~tles. The cocoons, formed from sand grains cemented together 

with a mucinous secretion from the pupae, were ellipsoid with axes 

measuring approximately 1,0 cm and 0,9 cm (Figure 2.1). Cocoons 

containing a pupa weighed approximately 475 mg. The orange pupae 

(Figure 2.2), measured 0,75 cm and weighed approximately 200 mg. 

The adult beetles (Figure 1.2) measured 1,0 cm and weighed 150 mg. 

They had a pair of hard outer wings and were yellow with eight dark 

markings on their back. 

The following initial experimental observations provided 

useful preliminary information for subsequent studies. 



FigUI'e 2!.l Cocoons contairting Diamphidia nigro-ornata pupae 

A cocoon is egg-shaped with axes of 1,0 cm and 0,9 cm. Together 

with the encapsulated pupa it 'Weighs approximately 0,5 g. The 

cocoon is formed from sand grains cemented together with . a mucinous 

secretion by the pupa. Cocoons are foutld at a depth of appro'.l<:imately 

20 c~ below the surface of the sandy soil around the bas~ of the 
shrub Commiphora ango lensis . 

9 



Figure 2.2 A Dianrphidia nigro-ornata pupa 

The pupa is orange in colour, measures about 0,75 cm and weighs 
about 0, 2g. It has a small black head and six rudimentary black 
legs. It is this stage of the life cycle which the Bushmen 
use as a source of arrow poison. 
ruled in millimetres. 

The scale is one centimetre 

10 



E~traots of pupae injeated intra-musoutarty produaed a Zoaai paralysis 
When nri.ce were injected into the spinal extensor muscles 

alongside the base of the tail with 100 µl of a o.85% saline pupal 

extract containing 1 mg protein, they developed, as the first ill 

eff ect. a flaccid paralysis of the homolateral hind limb (Figure 2.3). 
Saline controls showed no ill effects. 

gZa.r'1.f_ied crrud~ gqueoue eretraats of pupae and beettee were to~ia fol" 
m-iotJ wh~n a&m:n-i:ete~6d pal"enteraity but not when af:ven ora'lt.Y,,. 

A homogenate of lg pupae in 10 ml saline was centrifuged at 
l50xg t ot ten minutes at 4°c to separate a sediment. a cloudy aqueous 

11 

ph so and an orange fatty flotate. Mice were injected intramuscularly 
o i ntraparitoneally with 0,1 ml of the aqueous phase, either undiluted 
ur i ns rial 10-fold dilution in 0,85% NaCl. Animals that received 

the undiluted material died within 30 min.; those injected with 1/10 
o~ l/100 dilutions died overnight. A homogenate of adult beetles 

prep red and tested similarly, was lethal at a dilution of l/10 but 
rt~ higher. Animals who received a concentrated ektract of pupae 

by mouth suffered no adverse effects. 

The tea:in !#,,.id not r,rppe~ to be iooatieed in the pupcw in a mannel" 
,that oouZd tUJe[J,tZZJJ, be oa;p_to-tted_ foto p1>eparative puryoses. 

A pupa was divided into 3 segments as indicated in Figure 2.4. 
E~eh !egment was homogenized in 10 vols. of saline; the homogenates 
w r centrifuged at 100kg for 10 min. and the aqueous phases tested 
ac a dilution 0£ 1/100 in each of five mice. The results given 

irt Table 2.1, indicate that the tokin was not restricted to a particular 
s gmert of the pupa that could b~ isolated for subsequent purification, 

• • l • I '• , , • 1.•, 1 f •, · ·: •• ....... ~. ; . : ••• 



Figure 2.3 Local paralysis induced by intramuscular injection 
of the toxin. 

Mice were injected with 100 µl of pupal extract containing 1 mg 
protein (mark on head) or with 100 µl 0,9% saline (no mark). 
Injection was intramuscular into the right spinal extensor muscles 
alongside the base of the tail. Within 30 minutes the mice 
receiving the toxin extract showed a flaccid paralysis of the 
homo-lateral hind limb. Mice which received saline showed no 
ill effects. 

12 



Figur e 2.4 Localisation of the toxin in the pupae 

A pupae was divided into 3 segments as indicated in the figure. 
Each segment was homogenised in 10 volumes of saline. The 
homogenates were centrifuged (lOOOxg, 10 min) and 0,1 ml of a 
1/100 dilution of the aqueous phase in saline injected intra-
muscularly into each of 5 mice. The results,shown in Table 2.1, 
indicated that there was no restriction of the toxin to a 
particular region of the pupae. 

Segment 

head region 

mid-region 

tail region 

TABLE 2.1 

Mortali1;Y 

4/,S 

5/5 

2/5 

13 



To~c aotiv~ty in the saline pupat extracts resided in a aomponent 

thqt was ,..~ tained by a dia'lysis membrane and was heat tabi ie 

A saline extract of pupae that was lethal for mice (O,l ml 

of a l:100 dilution) was subjected to negative pressure ultra-

filtration through a dialysis membrane. Toxic activity was con-

centrated in the retentate and was absent from the filtrate. 

Sallfie extracts of the pupae retained their toxic activity when 

sto~ed overnisht at 4°c and -20°c. As is evident from Table 2.2, 

th~ t(ntirt was stable for 10 min at 56°c but was inactivated by a 

0 2.5 minute 8)q)OSUre to 70 C. 

'l'o:da aati'l)ity precipitated from a ea'line extract of pupae between 

JO% and ?O~ saturated antnonium sutphate 

A homogettate of lOg pupae in 100 ml of 0,85% NaCl was 

centrifuged (90 min.; 45 000 g; 4°C) to yield approximately 100 ml 

14 

of aqueous phase. Three 10 ml aliquots of the solution were brought 

respectively, to 30%, 50% and 70% saturation with crystalline ammonium 

sulphate. The samples were stirred overnight at 4°C and then 

centrifuged (13 OOOxg; 20 min.; 4°c). The precipitates so obtained 

were dissolved in a minimal volume of 0,85% NaCl; these solutions 

and the supernatants were dialysed against 0,85% NaCl to remove 

anunonium sulphate and tested for lethality. The results, given in 

table 2.3, indicated that the toxic activity could be precipitated 

I 



TABLE 2. 2 

HEAT LABILITY OF THE TOXIN 

Extracts of pupae, prepared by homogenising pupae in 10 volumes 
of saline and centrifugi ng, were incubated at S6°C or 70°c for 

t he indicated times. For each time-point 5 mice were injected 
intramuscularly with 0,1 ml of a 1/100 dilution of each solution 
in saline. 

Time Mortality 

minutes 56°c 70°C 

0 3/5 

2,5 4/5 0/5 

5 5/5 0/5 

10 4/5 0/5 

TABLE 2. 3 

PRECIPITATION WITH AMMONIUM SULPHATE 

Three 10 ml 10% w/v saline extracts of pupae were brought to 30%, 50% 

15 

and 70% saturation by adding 2,19 g, 3,65 g and 5,11 g crystalline 
(NH4) 2so4 respectively. After stirring overnight at 4°c the suspensions 
were centrifuged (13 000 x g, 20 minutes, 4°c) and the precipitates 
so obtained were dissolved in a minimal volume of saline and dialysed 
against saline to remove the remaining (NH

4
) 2so

4
• For each super

natant solution and each of the redissolved precipitates 4 mice were 
injected intramuscularly with 0,1 ml of a 1/100 dilution in saline. 

(NH4) 2so 4 Mortality 

Supernatant Precipitate 
0% 4/4 

30% 1/4 0/4 
50% 0/4 4/4 
70% 0/4 3/4 



Suo't'ose density (i't'adient aent"l'ifugation of a pupae e:r:traat reveaZed 

to:r:io aativity in a fPaotion with a sedimentation aoeffioient of 31 ? 

Approximately 100 µl of a 10% (w/v) saline extract of pupae 

was layered on a 4,5 ml, 5-20% sucrose gradient and centrifuged at 

7°c for 15 hr at 115 OOOg. The gradient was then analysed for 

mouse lethality and for marker proteins to give the results depicted 

in Figure 2.5 

Erot~aats of pupae aontained a potent haemoZysin 

Samples (0,2 to 1,0 ml) of crude toxin solution containing 

0.02 mg/ml protein were made to a final volume of 3,25 ml with 

veronal buffered saline (VBS) and 0,5 ml of a 4% suspension of washed 

sheep erythrocytes ~as added to each solution. After incubation 

at 37°c for 60 minutes the suspensions were centrifuged for 5 minutes 

at llOOxg and the optical densities of the supernata11ts were measured 

16 

at 540 nm. The dose-dependent haemolysis which resulted is illustrated 

in Figure 2.6. 

The trxdn caused int't'aVasauZar haemo"lysis in vivo 

An anaesthetised dog was given an intravenous injection of 

toxin. The dog died approximately 15 minutes later. The haematocrit 

dropped from 40% to 5%, with intense haemoglobinaemia, ten minutes 

after administration of the toxin, 

Ch:rc:,fflatogttgp,hy otpaptiaZZy purified toxin on a aolwnn of Sephadex G100 

fl~'l)ea:Zed to:ff/,o activity in a peak with an eZution volume ci/,.ose . to that 

of haemoqiobi,n. 

Pupae (lOg) were homogenized in 100ml 0,85% NaCl and the 

homogenate was clarified by centrifugation (45 OOOg; 90 min; 4°c). 



12,....~-------------~------~.....-------------, 
CATA 

8 

4 

0 

0 10 20 30 

Fraction number 

Figure 2.5 Sucrose density gradient centrifugation of a 

pupae extract. 

Samples consisting of 25 131 µl I-labelled BSA (65 000 cpm), 

100 mg/ml cytochrome C, 50 µl 0,6 mg/ml catalase, and 70 µl 

25 µl 

pupae 

extract were layered on 4,5 ml gradients of 5% to 20% sucrose 

in 5 ml centrifuge tubes. The gradients were centrifuged at 
0 100 000 x g and 7 c. After 15 hours the tubes were punctured , 

and the gradients collected as 0,2 ml fractions. The position 

of the BSA peak was determined using a gamma counter; the position 

of the cytochrome peak was determined by measuring the O.D. of the 

fractions at 410 nm; and that of the catalase peak by the method 

of Beers and Sizer (1952). 

the mouse lethality assay. 

The toxin peak was localised by 

The figure shows the relationship between S values of the marker 

proteins and their positions on the density gradient. An S 

va1ue of 3, 7 was cs.lculated for the toxin by interpolation from 

the regression line. 
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Figure 2.6 The haemolytic activity of the pupal extract 

Aliquots of 0,2 to 1,0 ml of a toxin solution containing 0,02 mg/ml 

protein were made to 3,25 ml with VBS and 0,5 ml of a 4% suspension 

of SRBC in VBS· was added to each solution. The tubes were 

incubated at 37°c for 60 minutes, centrifuged at 1100 x g for 

5 minutes, and the optical density of the supernatant measured 

at 540 nm. The OD is plotted as a function of the volume of 

toxin solution added initially. 
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The aqueous phase (100ml) was treated with solid ammonium sulphate and 

the fraction precipitating between 30% and 70% saturation was collected. 

This was dissolved in 10ml of o,OlM potassium phosphate buffer pH 7,0 

and 15, ml of the solution was applied to a 95 x 5 cm colunm of 

Sei)hadex GlOO. The column was equilibrated and developed with 

0,0lM potassium phosphate pH 7,0 buffer at 30 ml/hr. Fractions 

(l01nl) ~ere collected for protein determination and for haemolysis 

assays to give the results summarised in Figure 2.7. 

To:,;io aapivi .. tJ1. p:id not bi:nr.i to anion exahan_ge ae Uufose wh{Jreas 

iJ; waa strong),.y apso'l'bed by aat·ion exchange aeUutose 

To 5 ml DEAE cellulose in 0,01M potassium phosphate buffer 

pR 7,0 was added 10 mg of the 70% (NH4) 2so4 precipitate contained 

in 1 ml of the same buffer. After tumbling the mi~ture at 4°c 

for 90 minutes it "tlt8.$ packed into a colunm and eluted with 10 ml 

aliquots of 0,01; 0,05; 0,10; 0,15 and 0,20M potassium phosphate 

pH 7 ,O. Figure 2, 8 shows that the tox:ic activity was not retained 

by the resin. 

To test for adsorption to cation exchange resins 20 mg 

protein in l ml 0,02M potassium phosphate 0,002M EDTA pH 6,0 was 

ohromatographed on a 5 ml column of CM cellulose equilibrated in 

the same buffer. The column was developed with a NaCl concentration 

gradient. Figure 2,9 shows that the toxin activity was initially 

tet4ined by the column and then eluted by the sodium chloride gradient. 

The cc:mductid er of the peak fractions corresponded to a sodium 

chloride cdncentratiort of O;lM. 
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Figure 2.7 Chromatography of pupal extract on Sephadex GlOO 

A sample of 30 ml (20mg/ml) of a 30% to 70% (NH
4
) 2so4 fraction of 

the pupal extract, dissolved in O,OlM potassium phosphate buffer 
pH 7,0, was chromatographed on a 95 x 5 cm column of Sephadex GlOO. 
The column was equilibrated with O,OlM potassium phosphate pH 7,0 
and developed with the same buffer at 30 ml/hr collecting 11 ml 
fractions. Protein(~-) was determined by monitoring the percentage 
transmittance of the effluent at 280 nm. The position of the 
toxin peak (- - - -) was determined by assaying for haemolysis. In 
a second run on the same column a 30 ml sample containing blue 

14 dextran (B), haemoglobin (H), cytochrome C (C) and C-glucose (G) 
was chromatographed. 

shown by arrows. 

The elution volumes of these markers are 

20 



0,01 o.os 0.10 0.15 0.20 

- 0.2 
i 

+ + ' t ' -1 
g 

•l"I µ 
ill 
~ 
~ 
i: 

~ o. 1 
= 0 
0 

i:I 
•l"l 
Qj 
.:.i 
0 
µ 
~ 

0 

0 10 20 

Fraction number 

Figure 2,8 Chromatography on a trial DEAE cellulose column 

A sample of 10 mg of the 70% (NH4)2so4 precipitate of the pupal 

extract dialysed into O,OlM potassium phosphate pH 7,0 was absorbed 

with 5 ml DB.AB cellulose in the same buffer. After tumbling 

the mixture at 4°c for 90 minutes it was packed into a column 

and eluted 'With successive 10 ml steps of 0,01, 0,05, 0,10, 0,15, 

and 0,20 M potassium phosphate pH 7,0. The effluent was collected 

in 1 ml fractions which were tested for lethality by injecting 

O,dl ml intr~muscularly into a mouse. 

Mice irtjected with material eluted with the 0,01 M buffer died 
in under 2,S hours ( mmmlJ ). Injection with material eluted 
by 0,05 M buffer died in 4•18 hours (~). There was no 

lethal activity in the remaining fractions. 
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Chromatography on a trial CM cellul ose column 

A 1,0 ml toxin sample containing 2 mg protein was dialysed into 

0,02M potassium phosphate, 0,002M EDTA pH 6,0 and chromatographed 

on a 5 ml column of CM cellulose equilibrated in the same buffer. 

The column was developed with an 80 ml concentration gradient of 

0 to 1,0 M NaCl in the equilibration buffer. The arrow marks 

the start of the gradient. Fractions (5 ml) were collected and 

1 µl aliquots assayed for haemolytic activity. Haemolysis was 

rated on an arbitrary scale: O:[J; 1:~; 2:limJ; 3:111. 

Protein was estimated by reading the optical density of the fractions 

at 260 and 280 nm, and the fractions were measured for conductivity. 

The haemolytic activity was initially retained by the column and 

eluted at a conductivity of about 9 mmho. 
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Toxic activi t y e:ou"ld be destroyed by incubation with proteo"lytic_ 

enzymes 

The haemolytic activity of a 1 mg/ml solution of toxin 

could be almost completely destroyed by incubation with 0,2 mg/ml 

pronase at 37°c for 90 minutes. Figure 2. 10 shows the progress 

of this loss of activity and the less rapid loss of activity after 

incubation with 0,2 mg/ml trypsin. 

SUMMARY AND CONCLUSIONS. 

The preliminary studies reported in this chapter indicated 

tha t the conc~ntration of toxin in the pupae exceeded that in the 

adult bee t les . 

The toxic component or components could be detected by 

their neuroparalytic or lethal effects on mice or by their ability 

to cause haemolysis in vitro and i n vivo . 

The apparent molecular size and heat !ability of the toxin, 

its precipitation by 30% to 70% (NH
4

)
2
so

4
, its behaviour on ion 

exchange chromatography and its inactivation by proteolytic enzymes 

indicated that the toxin was a macromolecular compound and, in all 

probability a cationic protein. Further attempts to purify and 

characterise the toxin were based on these observations. For the 

sake of descriptive convenience I shall refer to the toxin from 

Diamphidia nigro- ornata as diamphotoxin. 

23 
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Inactivation of haemolytic activity after incubation 
with proteolytic enzymes. 

Tb 4,5 ml 0,4 mg/ml crude toxin in VBS was added 0,5 ml of 2 mg/ml 
trypsin or pronase in VBS. In control tubes the toxin solution 
or the protease solution was replaced by VBS. The tubes were 
incubated at 37°c and at intervals of 30 minutes an aliquot of 

24 

10 µl was taken from each tube and diluted to 10 ml in VBS-G. An 
aliquot of 0,5 ml of this dilution was assayed for haemolytic activity. 
Haemolytic activity is expressed as a percentage of the activity 
in control tubes in which protease was omitted. Controls containing 
protease but no toxin did not exhibit haemolytic activity. 

After 90 minutes exposure to the proteases the activity in the 
trypsin tube had dropped to 717. of the control, and that in the 
pronase tube to 8%, 

.. ·'· . ~: ,., . 



CHAPTER THREE 

ASSAYS FOR DIAMPHOTOXIN 

Purification of the toxic components present in the 

crude pupal extract required the development of assay procedures 

for detection and quantification of toxic activity. Three 

such assays were devised; two of them were based on the ability 

of the toxin to cause haemolysis and the third on its lethality 

£or mice. 

The haemolytic assays, being more sensitive and less 

tedious, were used routinely to monitor purification procedures. 

The results were confirmed from time to time by means of the 

lethality assay. It transpired that lethality and haemolytic 

activity co-purified and could, ·eventually, be shown to be 

properties of the same compound. 

HAEMOLYTIC ASSAYS 

Solutions 

Veronal buffered saline (VBS) was the basis of most solutions used 

for the assay procedures. It was made up as follows: 

diethylbarbituric acid 4,0 mM 

NaCl 143 ,O mM 

NaHco
3 

CaC1
2 

MgCl
2 

3,0 mM 

0,7 mM 

2..,5 mM 

This solution had a pH of 7,4 at room temperature and at 37°c. 
lt ~as isotonic with sheep red blood cells. 

25 
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Veronal buffered saline containing 0,5% w/v gelatin 

(VBS-G) was used for making dilutions of toxin solutions for assay . 

The addition of gelatin was found to protect against loss of toxin 

acti'Vity in dilute solutions, probably due to denaturation and 

absorption of the toxin molecules. 

Alse.ver' solution was made up as follows: 

glucose 

tri-sodium citrate 

NaCl 

titrated to pH 6,1 with 10% citric acid 

P:ryparation of e:r>ythrocytes 

114 mM 

27 mM 

72 mM 

Sheep erythrocytes (SRBC) were chosen as the haemolytic 

assay substrate. They were extremely sensitive to haemolysis by 

the toxin and were readily available from a standard source. 

One sheep was maintained specifically to supply cells for 

this project. Using aseptic precautions the blood was taken from 

the jugular vein directly into an equal volume of sterile Alsever's 

solution. Cells 'Were prepared for use by washing three times in 

tert volumes of VBS. The huffy layer was removed after the first 

-wash. The cells could be stored, at 4°c, in Alsever's for one week 

and in VBS for 3 days without loss of sensitivity or reproducibility 

of the assay. 
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Haemol.yeia in test tu.be.s (tube assav) 

this assay, which proved to be the most reliable in terms 

of quantitative precision, was adapted from the standard assay for 

haemolytic complement (Kabat and Mayer, 1971). In principle this 

involved constructing a curve representing the relationship between 

ektent of haemoly is and amount of toxin in the tube. One unit of 

toxin activity could th~n be defined as that amount giving 50% haemo

lysi9 under strictly standardized conditions. A curve was constructed 

for each ample by a saying five different dilutions of that sample. 

A uspension of SRBC in VBS was prepared such thst 0,5 ml 

of th c 11 suspension added to 3,25 ml water gave an optical density 

at S40 run of 0,75. This corresponded to a 2,5% suspension of cells. 

For the assay, dilutions of the to~in in VBS-G were brought 

to a VdlUtne of 3,25 ml with VBS-G in 5 ml plastic screw capped test 

tubes. To these were added 0,5 ml of the cell suspension after which 

the tubes were capped and inverted several times. After incubation 

in a 37bC wate~bath for 60 minutes the tubes were centrifuged at lOOOxg 

for 5 minut sand the optical densities of the supernatants measured 

at 540 .nm. 

~or a toxin sample of unknown ctivity a preliminary assay 

was carried out on 0,1 ml of serial tenfold dilutions in VBS-G to 

find a dilution ~hich would yield approximately 20% haemolysis in 

the assay system, the final assay would then be carried out using 

liquots of this dilution, 

!he xtent of haemolysis showed a sigmoid relationship to 

to~in concentration and to time (Fig. 3.1). A straight line could 

27 

be <)btained by plotting the logit transform of the percentage haemolysis 

as a function of the log of the volume of toxin (Fig. 3.2.) From 
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Figure 3.1 



Figure 3.1 Haemolysis of SRBC by the toxin as a function of 

time and of toxin concentration 

Aliquots of O - 0,4 ml of 0, 2 µg/ml crude toxin in VBS-G were made 

to 3,25 ml using the same buffer. To these solutions were added 

0,5 ml 2,5% SRBC in VBS. The tubes were incubated at 37°c for 

0 to 90 minutes before being centrifuged at 1100 x g for 5 minutes. 

The optical density of the supernatant was read at 540 nm. 

Haemolysis showed a sigmoid relationship to time (A), 0,4 ml: A; 

0,3 ml: 6; 0,2 ml: •; and 0,1 ml: D ; and, to a lesser extent, 

to toxin concentration (B) , 90 min: A; 60 min: 6; 45 min: •; 

30 min: D; 20 min: e. 
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The linear relationship between the logarithm 

of the amount of toxin and the logit transform 

of the percent haemolysis 

By plotting the logarithm of the toxin concentration against the 

logit transform of the percent haemolysis (log lOb-y) a linear 

relationship was obtained. The volume of toxin yielding 50% 

haemolysis corresponded to the intercept on the ordinate (
100

:~
0 

= 1, 

log 1 = 0). One haemolytic unit of toxin was defined as that 

amount yielding 50% haemolysis in this system. 
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this plot the volume of the toxin solution yielding 50% haemolysis 

could be obtained by interpolation. I defined one haemolytic unit 

(liU) of toxin as that amount of toxin giving 50% haemolysis with 

this assay procedure. 

Comments 

(i) The tube assay was used whenever accurate assay of toxin 

ac tivity was required. 

(ii) The sensitivity of the procedure was such that very low 

protein concentrations were required to remain in the assay range. 

to overcome the loss of activity due to denaturation or adsorption 

at these concentrations, 0,5% gelatin was incorporated in the buffer 

system. When the gelatin was omitted the results of assaying 

different dilutions of the same sample were inconsistent. 

(iii) The use of plastic test-tubes instead of glass eliminated 

unacceptable variation in the results, possibly due to different 

degrees of adsorption to different types of glass. 

(iv) The assay was more sensitive using VBS than in a number 

of other buffer systems tried. It transpired that this was due to 

the CaC1 2 and MgC1 2 in the VBS. 

(v) It was not feasible to use the procedure described above 

for large numbers of samples, as in the case of fractions collected 

from a chromatography column. 

assay was developed. 

For this purpose a blood-agarose 
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Blood agarose gel assay 

A suspertsion of 10 ml of 20% SRBC in VBS and 100 ml of a 

solution of 1% agarose (Indubiose A37) in VBS were brought to 40°c, 

rapidly mixed and poured into moulds fashioned from glass plates 

separated by perspex spacers, to give blood agarose gels measuring 

100 X 90 X 1,5 mm• These were cooled on ice and the upper glass 

plate and perspex spacer removed to expose the gel slab. A pattern 

of wells 2,5 mm in diameter and 13 nun apart was punched in the gel. 

A 5 µl aliquot of toxin solution to be assayed was placed in a well. 

A standard curve was derived from a series of serial tenfold dilutions 

of a toxin solution whose activity had been measured with the tube 

assay. The gel was then incubated in a moisture chamber overnight 

at 4°c followed by 60 minutes at 37°c. 

A clear zone of haemolysed cells developed around each well 

containing toxin. 'l!he area of this zone was linearly related to 

the log of the toxin concentration in the well. Figure 3.3 shows a 

standard curve for such an assay. The diameter of the haemolysed 

zone generated by a sample could be measured and the activity of the 

sample estimated by interpolation on the graph. 

Comments 

(i) Because of its simplicity the blood agarose assay could be 

used to assay a large number of samples in a single run. It was used 

routinely for assaying the fractions collected from chromatography 

columns. 

(ii) The variance obtained with this assay was such that it was 

not suited to accurate quantitative work; the tube assay was used for 

this purpose. 
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Figure 3.3 The standard curve for a blood agarose gel assay 

A blood agarose gel consisting of 2% SRBC in 1% agarose was cast 

in a glass and perspex mould. A pattern of wells 2,5 mm in diameter 

and 13 mm apart was punched in the gel and aliquots of 5 µl of the 

toxin solutions to be assayed were injected into the wells. A 

standard curve was derived from serial tenfold dilutions of a toxin 

sample which had been standardised using the tube assay. The gel 

was incubated in a moisture chamber at 4°c overnight followed by 

60 minutes at 37°c. The zone of haemolysis around each well was 

measured. 

The square of the diameter of the zone of haemolysis was linearly 

related to the log of the toxin concentration in the sample. 
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(iii) The blood agarose gels could be stored in moist chambers 

at 4°c for up to five days before use. 

(iv) If the gels were incubated at 37°C innnediately after 

inoculation, diffusion and haemolysis took place simultaneously to 

give rings with ill-defined edges that were difficult to measure. 

By allowing diffusion to occur at 4°c - at which temperature 

haemolysis was inhibited - and subsequently incubating at 37°C 

for development of haemolytic zones, much sharper rings were obtained. 

Mouse 7,ethaUty assay 

A volume of 0,05 ml of the toxin solution to be assayed 

was injected into the tail vein of a 20-30 g male ICR mouse. The 

time from injection to death was recorded. The time to death for 

the mice ranged from 0,5 minutes to 30 minutes. I defined one · 

minimal lethal dose (MLD) as that amount of toxin which would kill 

50% of injected mice within approximately 30 minutes. I found that 

mice injected with 1 MLD would either die after about 30 minutes 

or would show extreme discomfor t and then recover. The time of death 

was linearly related to the log of the toxin dose, as illustrated in 

Figure 3.4. From this curve the activity of unknown samples could 

be estimated by interpolation. 

Comments 

(i) There was considerable variation in the activity of the same 

toxin sample determined by the mouse assay at different times. ~he 

source of this variat~on is not known. 

(ii) Because of its unreliability the assay was used primarily 

to confirm the findings using the haemolytic assays and to watch for 

divergence of the haemolytic and lethality activities during the 

purification. 
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The dose-response curve for the injection of toxin 
into mice. 

The solution to be assayed was taken up in a 1,0 ml plastic syringe 
which had been preincubated for 60 minutes with a solution of 10% 
foetal calf serum in 0,9% NaCl. A volume of 0,05 ml of the toxin 
solution was injected into the tail vein of the mouse and the time 
from injection to death was recorded. The vertical bars show the 
range of time to death for four mice for each toxin concentration. 

The time of death was linearly related to the log of the toxin dosage. 
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(iii) Preincubating the syringes with 10% foetal calf serum 

eliminated anomalous underestimates of the activity of highly 

purified samples. It was assumed that the protein in the serum 

occupied binding sites on the syringe surface which would other

wise adsorb toxin molecules. 
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CHAPTER FOUR 

PURIFICATION PROCEDURES 

This chapter describes the procedures used for purifying 
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the toxin. For the sake of brevity and clarity only the final 

protocol which was developed will be given here. Points of particular 

interest that emerged during the exploratory and initial phases of 

this work are mentioned in the comments on each section. The pro

cedures are swmnarised in the flow diagram depicted in figure 4.1. 

All steps were performed at 4°c unless otherwise stated. 

The following techniques were used to monitor the puri

fication procedure: 

(i) Blood-agarose gels were used to monitor column effluents 

semi-quantitatively for haemolytic activity. 

(ii) Tube assays were used for accurate quantitative work and 

to determine recovery of activity after each procedure. 

(iii) Mouse lethality assays were used to establish coin

cidence between haemolytic activity and lethality. 

(iv) Ultra-violet transmittance of column effluents was 

monitored at 280 nm by means of an LKB Uvicord. 

(v) Rough determinations of protein concentration were 

carried out by measuring the optical density of the 

solution at 260 and at 280 nm. The method of Layne 

(1957) was used to derive protein concentrations from 

these readings. 

(vi) Accurate determinations of protein .concentration were 

done by the method of Lowry et al (1951) using BSA as 

a standard. 

(vii) SDS-polyacrylamide gel electrophoresis was done by the 
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homogenise in O,lM glycine-HCl pH 3,0 
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Figure 4.1 

PURE TOXIN 

Schematic outline of the sequence of procedures 

for purifying the to:xin. 
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method of Maizel (1971). Samples of 10 µg protein in 1% 

SOS were heated to 100°c for 1 minute then electrophoresed 

on 6 - 15% slab gels in 0,1% SDS. The gels were fixed 

with acetic acid:methanol:water 1:3:6 and stained with 

Coomassie brilliant blue R250. The sensitivity of the 

system was such that 0,05 µg of protein could be detected. 

Thus, if a protein was judged to be pure by the criterion 

of a single band on SDS-polyacrylamide gel electrophoresis , 

it was contaminated to the extent of less than 0,5% by any 

other protein. 

(viii) A blood-agarose underlay technique was used to identify 

haemolytic activity in protein bands obtained after gel 

electrophoresis. 

below. 

Details of this procedure are given 

(ix) The relationship between the different toxic components 

discovered was studied by innnunoprecipitation and functional 

inhibition using a rabbit antibody to the purified toxin. 

Extraction 

Fifty grams of pupae were removed from the stock stored in 

liquid nitrogen. They were placed in 250 ml O,lM glycine-HCl pH 3,0 

at 4°c and left on ice for 30 minutes to thaw. The pupae were then 

homogenised in this buffer using a Virtis model 60K homogeniser and 

three 15 second bursts of 30 000 rpm. The crude homogenate was 

centrifuged (15 000 xg; 4°c; 20 min) to yield a pellet of grey-black 

solid material, an opalescent aqueous phase, and an orange fatty 

flotate. The aqueous phase was recovered by decantation and fil-

tration through cotton wool to yield 260 ml containing 6630 mg 

protein and 1,34 x 10 7 HU of activity. 
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SDS-gel electrophoresis of this crude aqueous extract 

(Figure 4.2) showed a complex mixture of proteins with several 

prominent bands in the 60 000 - 70 000 M.W. region of the gel in 

which toxin was later to be localised. 

Comnents 

(i) Initially the extraction was carried out in VBS at 

pH 7,4. It was found, however, that extraction at 

low pH gave the same yield of the toxic basic protein 

while removing less of the other proteins in the pupae. 

A two fold increase in specific activity was achieved 

by this manoeuvre. 

(ii) A second extraction of the solid and fatty material 

yielded less than 5% of the amount of toxin in the 

first extract. 

Al11nr:)niwn sulphate fractionation 

The clarified pH 3 ,0 extract (260 ml) was stirred at 4°c 

while 47,5 g crystalline (NH
4
)

2
so

4 
was added slowly over 30 minutes 

to give a final value of 25% saturation. This suspension was stirred 

0 for a further 30 minutes then centrifuged (15 000 x g; 4 C; 20 min). 

The supernatant (300 ml) was decanted and brought to 85% saturation 

by the addition of 113,9g (NH
4
)

2
so

4
• This suspension was stirred 

at 4°c overnight to ensure equilibrium then centrifuged (15 OOOxg; 

4°c; 20 min). The precipitate was redissolved in a minimum volume 

40 

of O,OlM sodium phosphate buffer pH 6,80 to yield approximately 100 ml 

solution containing 1820 mg protein and 1,15 x 107 HU of toxin activity. 

SDS-gel electrophoresis revealed that, although the solution 

still contained a large number of protein species, the bands in the 



Figure 4.2 SDS-Polyacrylamide gel electrophoresis of protein 
before and after ammonium sulphate fractionation 

For each track 100 µg protein was electrophoresed on a 17 cm 
5-15% polyacrylamide gradient gel with 0,1% SDS using the method 
of Maizel (1971), before (1), after (2). 
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60 000 to 70 000 M.W. region had been enriched (Figure 4.2). The 

specifi~ activity of this material was 6320 HU/mg protein, representing 

a threefold increase over the specific activity of the crude aqueous 

extract (2020 HU/mg). 

Ion exchange chromatography on hyd:l'oxy7, apatite (Figure 4.3) 

The toxin solution was dialysed exhaustively against O,OlM 

sodium phosphate pH 6,80. A sample of 60 ml containing 1500 mg 

protein was loaded on a 2,5 x 10 cm column of hydroxyl apatite (HTP) 

equilibrated in the same buffer. When the sample had been run into 

the column it was washed at 60 ml/hr with equilibration buffer until 

the transmittance of the effluent reached 95%. The toxin was then 

eluted with O,lM sodium phosphate pH 6,80. When the transmittance 

again reached 95% the column was stripped with lM K2HP04 • 

The fractions eluted by the O,lM buffer(200 ml) were pooled 

and concentrated using an Amicon ultrafiltration chamber with an 

XM50 membrane, to yield 60 ml of solution containing 660 mg protein 

and 1,83 x 10 7 HU toxin activity. 

SDS-gel electrophoresis of the protein in the three peaks 

eluted from the HTP columns is illustrated in figure 4.3. The 

first peak was enriched with protein in the 30 000 M.W. region. The 

second peak with protein in the 10 000 to 20 000 and in the 60 000 

to 70 000 M.W. region; and the third peak only in the 60 000 to 

70 000 M.W. region. 

A consistent feature of this HTP chromatography and ultra

filtration step was an apparent nett gain in toxic activity. This 

I attribute to the removal of an inhibitor although I have no 

definitive data to substantiate this assumption. The specific 

activity of the material recovered was 27 800 HU/mg protein, 

representing a 4,4 fold purification for this step. 
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Figure 4.3 Ion exchange chromatography on hydroxylapatite 

A. Toxin recovered from the ammonium sulphate fractionation 

was dialysed into O,OlM sodium phosphate pH 6,80. A sample 

containing 1500 mg protein was chromatographed at 60 ml/hr 

on a 2,5 x 10 cm column of hydroxylapatite equilibrated in 

the same buffer. The column was washed with equilibration 

buffer until the transmittance of the effluent returned to 

95%. The toxin was then eluted with 0,10 M sodi um phosphate 

pH 6,80. When the transmittance again reached 95% the 

remaining protein was eluted with l,OM K2HP04 • The column 
effluent was monitored at 280 nm with an LKB Uvicord. 

Fractions of 10 ml each were collected and assayed for haemo

lytic activity using the blood-agarose assay. Protein(~); 

haemolytic activity (- - - -) • 

B: Fractions corresponding to the three protein peaks were pooled 
and 10 µg protein from each pool was electrophoresed on 6-15% 

polyacrylamide gel,containing 0,1% SDS, by the method of Maizel 

(1971). 
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. ... . . . 

Comments 

(i) One HTP column as described was not sufficient to 

chromatograph the protein obtained from 50 g of pupae. 

The excess protein was either chromatographed on a 

smaller column or pooled with equivalent protein from 

another extract. 

(ii) The protein load of 30 mg protein per ml HTP was critical. 

Higher loading ratios r esulted in some toxin not being 

bound while lower loading ratios resulted in excessive 

loss of activity. 

(iii) Attempts to improve the effectiveness of these columns 

by eluting with a buffer concentration gradient were 

not successful. 

Ion exchange chromatography on phosphoaellulose (Figure 4.4) 

The concentrated toxin solution from the HTP chromatography 

was dialysed into O,OlM sodium phosphate, 10% glycerol, pH 6,80. 

A 2,5 x 10 cm column of phosphocellulose equilibrated with the same 

buffer was loaded with 20 ml of the protein solution containing 

200 mg protein. The sample was washed into the column with 10 ml 

of equilibration buffer after which the column was developed with a 

500 ml linear gradient from O,OlM sodium phosphate, 10% glycerol 

pH 6,80 to 0,10 M sodium phosphate, 10% glycerol pH 6,80 followed 

The fractions collected were assayed by means of the blood-

agarose assay and the mouse lethality assay. The fractions corres-

ponding to the three toxin activity peaks (Figure 4.4) were pooled 

separately and each pool concentrated on an Amicon XM50 membrane to 

4mg/ml. These pools were diluted 1:1 with 87% glycerol and stored 

. . . 
- w, • 

' • .. :• 
...·· . .. ...... . 

. •, .... · . .. :· .... . - . . . 
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Figure 4.4 
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C 

Figure 4.4 Ion exchange chromatography on phosphocellulose 

Toxin recovered from hydroxylapatite chromatography (Figure 4.3) was 
dialysed into O,OlM sodium phosphate, 10% glycerol, pH 6,80. A 
sample containing 200 mg of protein was chromatographed at 60 ml/hr 
on a 2,5 x 10 cm column of phosphocellulose equilibrated in the 
same buffer. The column was developed with a 500 ml gradient from 
O,OlM sodium phosphate, 10% glycerol, pH 6,80 to O,lOM sodium 
phosphate, 10% glycerol, pH 6,80, followed by 100 ml of l,OM K2HP0 4• 
The column effluent was monitored at 280 nm and 10 ml fractions 
were collected and assayed for haemolytic activity using the blood 
agarose assay and for mouse lethality. 

Fractions corresponding to the peaks marked I, II and III were pooled 
and concentrated using an Amicon XM50 membrane. Samples of 10 µg 
protein from each pool were electrophoresed on a 6% - 15% SDS poly-
acrylamide gel. The three activity peaks are referred to in the text 
by the numbering system shown here. 
A: Protein concentration ( ); haemolytic activity(----) 
B: Protein concentration(---); mouse lethality (A) 
C: SDS-polyacrylamide electrophoresis of protein from peaks I,II and III. 
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0 at -20 C. These three pools of toxin will be referred to as phos-

phocellulose peaks I, II, and III as indicated in figure 4.4. 

Each of the three peaks contained the 62 000 M.W. protein 

band and material in the 20 000 M.W. region, although each peak had 

a different pattern of low molecular weight bands. Peak II contained 

an additional band at a position corresponding to a molecular weight 

of 66 000 and forming a doublet with the 62 000 M.W. band. 

Peak I yielded 18,3 mg protein and 2,03 x 105 HU toxin 

4 activity; peak II 13 , 5 mg and 4, 5 x 10 HU; and peak III 18,8 mg 

and 6,6 x 105 HU. This represented a considerable overall loss of 

toxin activity (table 4.1). Inactive fractions from a phospho-

cellulose column were pooled and added to aliquots of peaks I, II and 

III separately or in combination. These mixing experiments gave no 

reason to believe that the loss of activity was due to the separation 

of two synergistic components that were both required for activity. 

In an attempt to attribute toxin activity to specific bands 

in the SDS gels, the blood underlay technique described in the next 

section was used. This indi cated that the 62 000 M.W. bands in 

peaks I and III were active, but the zone of haemolysis in the blood 

agar gel was too diffuse to distinguish between the two bands in 

the doublet in peak II. To resolve this question an electrophoretic 

track containing separated components of peak II was cut from an 

SDS-acrylamide gel, washed in 0,25% Triton XlOO for 45 minutes, in 

water for 20 minutes, and then cut into 2 mm sections. Each section 

was incubated overnight in 3,25 ml of VBS-G at 4°c. A 0,5 ml aliquot 

of 2,5% washed guinea pig red blood cells was added and the tubes 

incubated at 37°c for 60 minutes. Haemolysis of the cells, as 

measured by the release of haemoglobin, showed a clear peak corres

ponding to the position of the upper (66 000 M.W.) band of the doublet 
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as is illustrated in Figure 4.5. Similar procedures confirmed that 

the haemolytic activity in peaks I and III was associated with the 

62 000 M.W. bands. 

Some light was thrown on the relationship between the toxin 

molecules in the three phosphocellulose peaks by inmrunoprecipftation 

experiments. As described below the toxin molecule present in peak I 

was subsequently purified by chromatography on DEAE cellulose. A 

rabbit was injected with pure toxin which had been inactivated and 

insolubilised by cross-linking with glutaraldehyde. The IgG from 

the immune rabbit serum was isolated by a modification of the method 
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of Weir (1973). This rabbit anti-toxin IgG was an effective inhibitor 

of the haemolytic activity of the toxin in peak I as illustrated in 

Figure 4.6. The partial inactivation of peaks II and III indicate 

cross-reactivity between the toxin molecules in these three peaks. 

Immunochemical cross-reactivity between peaks I, II and III 

was further demonstrated by three techniques. Firstly the inhibitory 

effect of the IgG could be removed or reduced with immunoabsorbents 

prepared from phosphocellulose peaks I, II or III by the technique of 

Avrameas and Ternyck (1969). This is shown in Figure 4.7. In this 

experiment the amount of antigen added to the antibody was estimated in 

terms of haemolytic activity. Since the toxin was labile, denaturation 

may have occurred with the result that an abundance of antigenically 

intact, but functionally inactive, toxin competed with active toxin. for 

antibody binding sites and so confused the result. Secondly, 5 µl 

aliquots of 1,6 mg/ml IgG antibody to peak I were placed in wells in a 

blood-agarose gel. Samples of peaks I, II and III were placed in 

adjacent wells and the gel was incubated at 4°c overnight and then at 

37°c for 60 minutes. Figure 4.8 illustrates that the zones of haemolysis 

round all of the toxin wells were flattened on the side facing the anti

body well, indicating that functional inhibition by the antibody had .. . - .. · . 
':Qccui_red with all ~~ee t;o.xi.n .s~mp~¢s-~.: . ·. TI!e.i:~ . w~s. no.,. inhibi tion by IgG . . _,, ... 
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Figure 4.5 Haemolytic activity in slices cut from an SDS

polyacrylamide gel on which protein from 

phosphocelluloae peak II had been electrophoresed. 

Samples of 10 µg protein were electrophoresed in adjacent tracks 

on a 6-15% SDS-polyacrylamide gel. One track was fixed and stained 

while the other was cut into 2 mm sections. Each section was 

incubated in 3,25 ml VBS-G at 4°c overnight. A 0,5 ml aliquot 

of washed guinea pig red blood cells was added and the tubes 

incubated 0 at 37 C for 60 minutes. The tubes were then centri-

fuged and the optical density of the supernatant measured at 

540 nm. 

There was a clear peak of haemolytic activity in the gel slices 

corresponding to the position of the upper band of the doublet in 

the 60 000 to 7000 M.W. region. The position of these two bands 
is indicated by bars at the top of the graph. 
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Figure 4.6 Inhibition of toxin haemolytic activity by IgG from 
the serum of a rabbit innnunized with purified toxin. 

Rabbits were immunized as described in the text with glutaraldehydetreated toxin purified from phosphocellulose peak I. Immune IgG was isolated from the rabbit serum and added, in the amount shown, to tubes containing 10 HU of toxin obtained from each of the 
phosphocellulose peaks I, II and III. To each of a series of 
doubling dilutions of 100 µ1 IgG in VBS-G was added 100 µ1 of toxin containing 10 HU toxin activity. This was done for each of the 
three phosphocellulose peaks. The tubes were incubated at room temperature for 10 minutes after which 3,05 ml VBS-G and 0,5 ml 2,5% SRBC in VBS were added. The tubes were mixed, incubated at 37°c for 60 minutes and centrifuged (llOOxg; 5 minutes). Percentage haemolysis estimated by measuring the optical density of the supernatant at 540 nm. Haemolysis was not inhibited in control tubes in which irrelevant rabbit IgG was substituted for the immune IgG. Haemolytic activity is expressed as a percentage of activity in 
tubes receiving irrelevant IgG. 

All three toxin peaks exhib i ted inhibition when incubated with the antibody tb peak I. The degree of inhibition was related to the antibody concentration but this relationship differed for each peak. 
Peak I: • peak II: ~ peak III: & 

Figure 4.7 The effect of immunoabsorbents on the inhibitory 
activity of the rabbit IgG. 

Immunoabsorbents were prepared by treating toxin protein (1 mg) 
from phosphocellulose peaks I, II or III and BSA (9 mg) with 
glutaraldehyde according to the method of Avrameas and Ternyck (1969). A control innnunoabsorbent was prepared from 10 mg BSA treated in 
the same manner. 

To each absorbent pellet was added 0,7 ml of a solution containing 1,6 mg/ml purified immune IgG. The suspensions were tumbled at 
room temperature for 3 hours and centrifuged to recover non-absorbed IgG. This IgG was then tested for inhibition of the activity of toxin from phosphocellulose peaks I, II and III by the method 
described in Figure 4.6. The figure shows the data for the haemolytic activity of 10 HU of toxin from phosphocellulose peak I after treatment with the absorbed IgG. Haemolytic activity is again described as a percentage of activity in tubes receiving irrelevant IgG. 

The immunoabsorbent prepared from peak I removed all the specific antibody to peak I toxin, with the result that no inhibition of 
haemolysis was observed over the IgG concentration range tested ( A ). The immunoabsorbent prepared from peak III removed most of the specific antibody to peak I toxin, and only slight inhibition of haemolysis was observed over the IgG concentration range tested ( ~ ). The immunoabsorbent prepared from peak III was less effective in removing specific IgG and a considerable inhibition of haemolysis by toxin from peak I was achieved with this IgG ( • ). There was some loss of inhibitory activity in antibody absorbed with the control immunoabsorbent ( O ). 
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prepared from control rabbit serum. 

Thirdly, the r elationship between the three toxin fractions 

was also shown using the immunoprecipitation technique of Ouchterlony 
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(1949). As may be seen in Figure 4.9 the three fractions all possessed 

connnon antigenic determinants . The spur at the junction of the pre

cipitin line for peak II I with both of the other peaks indicated that 

peak III lacked determinants present on the other two molecules while 

peaks rand II show a reaction of identity. 

The first phosphocellulose peak was chosen as the primary 

medium for further a t tempts to purify the toxin. This decision was 

based on the fact that SDS-gel electrophoresis showed peak I to contain 

the least contaminating bands. It was subsequently discovered that 

haemolytic activity in peak III was underestimated by the blood-agarose 

gel assay. This assay proved to be tenfold less sensitive to activity 

in peak III than it was to activity in peak I. This difference in 

sensitivity was probably due to a restricted rate of diffusion of the 

peak III material in the blood-agarose. Measurements of the activity 

of the three peaks by the mouse lethality and the test-tube assays were 

consistent. 

Comments: 

(i) The performance of the phosphocellulose chromatography 

system depended very critically on the buffer pR and 

thorough equilibration of the resin. 

(ii) The performance of the chromatography system and overall 

yield of toxin from this step were considerably improved 

by the incorporation of 10% glycerol in the buffers. 

(iii) After the phosphocellulose step the toxin tended to 

precipitate irreversibly when frozen. This was over-

come by adjusting the concentration of glycerol in 

solutions to be frozen to 50% . 



Figure 4.8 I nhibition of toxin haemolytic acti vi t y by antibody 

i n b l ood-agarose gels. 

Blood-agarose ge l s were pr epared as for the blood- agar os e ge l assay. 

Aliquote of 5 µl of toxin solutions from phosphocellulos e peaks I, II 

or III were injected into wells in the gel and adjacent wells . received 

5 µl of 1,6 mg/ml IgG recovered from antiserum to the toxin, or of IgG 

recovered from irrelevant serum. The gels were incubated overnight 

at 4°c in moisture chambers followed by 60 minutes at 37°c. 

The zone of haemol ysis round each toxin well was flattened on the 

side facing the in:mune IgG well but not on the side facing the 

irrelevant IgG. (irrelevant IgG above, immune IgG below.) 

Figure 4.9 Double radial itmnunodiffusion of the antibody to toxin 

isolated from phosphocellulose peak I and toxin from 

the three phosphocellulose peaks . 
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(iv) When the peaks from the phosphocellulose colunms were 

rechromatographed under the same condition they emerged 

from the column at the same ionic strength as in the 

first chromatography. There was no evidence of conversion 

of toxin from one form to another. 

Chromatography on DEAE cellulose (Figure 4.10) 
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The peak I solution was dialysed into O,OlM Tris-HCl, 10% 

glycerol, pH 8,2 and concentrated to 2 mg/ml on an Amicon XM50 membrane. 

A 3ml sample containing 6 mg protein was chromatographed on a 1,25 x 20 cm 

column of DE 52 DEAE cellulose (Whatman) in O,OlM Tris-HCl, 10% glycerol 

0 pH 8,2 at 4 C. The column was pumped at 10ml per hour and 2 ml fractions 

collected. The effluent was monitored by an LKB Uvicord and the fractions 

containing the protein peak (Figure 4.10) were pooled and concentrated 

on an Amicon iQl50 membrane to yield a total of 2,7mg protein and 3,4 x 104 

HU of toxin activity. 

The protein recovered in this way from peak I migrated as a 

single band on SDS-gel electrophoresis (Figure 4.10). Attempts to 

isolate the toxic components in peaks II and III using DEAE cellulose 

chromatography or rechromatography on phosphocellulose were not successful. 

Further studies were confined to the material isolated from peak I. 

In an attempt to compare the CNBr-cleavage peptides from 

the 62 000 M.W. proteins from the three phosphocellulose peaks and the 

66 000 M.W. protein from peak II these bands were cut from an SDS-gel 

and incubated with CNBr by an adaptation of the methods of Gross (1967) 

and Witkop (1968). The peptides were then electrophoresed on a 

6-15% polyacrylamide gel in a buffer system adapted from Neville (1967) 

but modified to contain 2M urea and 0,1% SDS. The fixed and stained 

gels showed 25 or more bands in each track. The toxin in peak I was 

found to have only 6 methionine residues (Table 5.3) and I assumed that 

the excessive number of peptide bands was due to incomplete c.leavage 
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Figure 4.10 Ion exchange chromatography on DEAE cellulose 

A. Toxin recovered from the first phosphocellulose peak was 

dialysed into O,OlM Tris-HCl, 10% glycerol, pH 8,2. A sample 

containing 6 mg protein was chromatographed at 10 ml/hr on a 

1,25 x 20 cm column of DEAE cellulose equilibrated in the same 

buffer. The column was developed with the equilibration buffer 

and 2 ml fractions collected. When the effluent protein 

concentration, monitored at 280 nm, returned to baseline the 

retained protein was eluted from the column with lM NaCl in 
O,OlM Tris-HCl, 10% glycerol, pH 8,20. Fractions were assayed 

for haemolytic activity using the blood-agarose assay. 

Protein ( ) ; haemolytic activity (- - - ) • 

B. Protein samples (10 µg) from each of the two protein peaks 

were electrophoresed on a 6-15% SDS-polyacrylamide gel by the 

method of Maizel (1971). The protein in the first protein peak 

was shown to be electrophoretically homogeneous • 

.. .. .. //' ,. ·~.: 
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Figure 4.10 
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resulting from oxidation of some of the methionine residues. My 

attempts to overcome this oxidation problem by pre-electrophoresis 

with reducing agents were not successful. Similar problems have been 

reported by other workers (Alfageme et al, 1974; Nikodem, 1979). 
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To confirm the identity of the material isolated from peak I 

as the toxin molecule a blood agarose underlay electrophoresis technique 

was used. This was based on the observation by Granelli-Piperno and 

Reich (1978) that activity could be restored to biological molecules 

after SDS gel electrophoresis by washing with a non-ionic detergent. 

Samples of pure toxin or albumin were made to 1% SDS and 

aliquots containing 30 µg protein were electrophoresed on a 7,5% SDS

polyacrylamide gel until the phenol-red tracking dye reached the bottom 

of the gel. An 0,5 cm strip was removed from the bottom of the gel, 

then it was agitated in O,OlM Tris-HCl, 0,1% Triton x-100, 10% glycerol, 

pH 8,0 for 20 minutes, water for 20 minutes, and finally VBS for 10 

minutes. The washed gel was laid on a blood-agarose gel containing 

2% washed guinea pig erythrocytes in VBS and 1% agarose. The gel 

assembly was incubated overnight at 4°c and then for 60 minutes at 

37°c. A duplicate acrylamide gel was fixed and stained in 30% methanol, 

10% acetic acid, 0,05% Coomassie brilliant blue R250, The photographs 

of the blood-agarose underlay and the stained gel in figure 4.11 show 

that the cells were lysed in a zone corresponding to the position of 

the toxin band while there was no haemolysis in the region of the 

albumin band. 

Colllments: 

(i) Guinea pig erythrocytes were used in place of SRBC in the 

blood-agarose underlay because of their greater sensitivity 

to haemolysis by the toxin. 



Figure 4.11 

STAIIIED 

GEL 

rox BSA 

--

BLOOD 

AGAIIOSI! 

UHDBIILAY 

TOX BSA 

Haemolysis of a blood-agarose underlay by purified 
toxin after SDS-gel electrophoresis 

Samples of pure toxin or albumin were made to 1% SDS and 30 µg electro
phoresed on a 7,5% SDS-polyacrylamide gel until the phenol red tracking 
dye reached the bottom of the gel. An 0,5 cm strip was cut from the 
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bottom of the gel which was then agitated in O,OlM Tris-HCl, 0,1% Triton 
X-100, 10% glycerol, pH 8,0 for 20 minutes, water for 20 minutes, and 
finally VBS for 10 minutes. The washed gel was laid on a blood-
agarose gel containing 2% washed guinea pig erythrocytes in VBS and 1% 
agarose and incubated in a moisture chamber .overnight at 4°c and then 
for 60 minutes at 37°c. A duplicate acrylamide gel was fixed and 
stained in 30% methanol 10% acetic acid, 0,05% Coomassie brilliant blue. 
The washed gel on the blood-agarose underlay was photographed with 
dark-field illumination. 

The erythrocytes in the blood-agarose gel were lysed in the region 
corresponding to the toxin band, but not in the region corresponding to 

the albumin band. albumin: A. Toxin: T• 
' 
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(ii) In the course of developing the purification protocol 

described above a wide range of techniques were tried 

Conalusion 

without success. These included: molecular sieve 

chromatography on several mesh sizes of Sephadex and 

Biogel; ion exchange chromatography at various pH 

values on SP Sephadex, CM cellulose, and QAE Sephadex; 

affinity chromatography on Con A linked sepharose; 

preparative iso-electric focussing; and preparative 

scale SDS polyacrylamide gel electrophoresis. Only 

the preparative SDS electrophoresis was effective in 

isolating the toxin molecule but the technique was 

abandoned because the SDS could not be satisfactorily 

removed from the toxin after isolation. 

The recovery of protein and toxin activity throughout the 

purification procedure is summarised in table 4.1. The poor recovery 

of activity attests to the instability of the isolated toxin and the 

tendency of non-specific losses to accumulate with the removal of 

protecting proteins. 

The toxin appeared to exist 1n at least three molecular 

forms as judged by consistent behaviour on phosphocellulose chromato-

graphy. The iIIIIID.lnochemical cross-reactivity of the material in 

the three peaks suggests that they are derived from a common precursor 

molecule or that the 66 000 M.W. material in peak II is a precursor 

for the 62 000 M.W. material in peaks I and III resulting from proteo

lytic cleavage of the parent molecule. 

As described in the next chapter the 62 000 and 15 000 M.W. 

bands in peak I migrated as a monodisperse system in sedimentation 



TABLE 4. 1 

RECOVERY OF PROTEIN, HAEMOLYTIC ACTIVITY, AND LETHALITY AT EACH STAGE OF PURIFICATION 

The figures are those for a typical purification run starting with 50g pupae. 
by the method of Lowry et al (1951); haemolytic activity by the tube assay; 

Protein H.U % Recovery Specific Purifica-
mg (xl0-6) (HU) activity _

3 tion 
(HU/mg x 10 ) factor(HU) 

Homogenate 6630 13,4 100 2 ,02 1 
25%-85% 
(NH4) 2SO 4 1820 11,5 86 6,32 3,1 

HTP 800 22,2 166 27, 8 13,8 
Phospho-
cellulose 1 73 0,81 6 11, 1 5,5 

2 54 0,18 1,3 3,4 1,7 
3 75 2,62 19 ,5 34,9 17,3 

DEAE 33 0,41 3 12,4 6,1 
cellulose 

Protein concentration was determined 
and lethality by the mouse assay. 

MLD % Recovery Specific Purifica-
(xl0-6) (MLD) 

48,0 100 

27,2 57 

50 , 22 105 

1,92 4 

1,44 3 

2,40 5 

1 , 44 3 

activity _3 tion 
(MLD/mgxlO ) factor 

(MLD) 

7,24 1 

14,9 2,1 

62,8 8,7 

26 ,3 3,6 

26, 7 3 , 7 

32 ,o 4,42 

43,6 6 

"' I-' 



velocity ultracentrifugation. Equilibrium ultracentrifugation of 

this material yielded a molecular weight estimate of 76 000, corres-

62 

ponding to a 1:1 complex formed by the two molecules. This coacervate 

form of the toxin probably explains the extreme difficulty I experienced 

in the final stages of isolating the toxin using non-dissociating 

systems. Incorporation of dissociating factors such as urea or 

SDS into the chromatography systems resulted in irreversible loss 

of activity by the toxin. 
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CHAPTER FIVE 

THE BIOCHEMICAL CHARACTERISATION OF THE TOXIN MOLECULE 

In this chapter I report on some of the physical and 

chemical characteristics of the toxin molecule isolated from peak I 

of the phosphocellulose columns (Figure 4.4) . 

SDS polyaarylamide gel eleatl'Ophoresis 

The toxin , together with standard globular proteins of 

known molecular weight, was electrophoresed on a 6-15% polyacrylamide 

gel in 0,1% SDS using the method of Maizel (1971). Figure 5.1 

shows the rf values for the protein bands plotted as a function of 

the logarithm of their molecular weights. By interpolation the 

63 

toxin was estimated to have a molecular weight of 60 700 + 3700 daltons 

based on 9 determinations. 

Comment 

The electrophoretic mobility of the toxin was not affected 

by incubation with 5% 8-mercaptoethanol nor by reduction and acetylation 

by the method of Waxdal et al (1968). 

Analytical ultracentrifugation. 

Centrifugation was carried out in a Beckman model E analytic 

ultracentrifuge fitted with schlieren and interference optics and 

using an AN-D rotor. 
0 

Temperature was controlled at 20,0 C throughout 

all spins. Images were photographed on Kodak metallographic plates 

(catalogue 156 7427) for schlieren spins and on Kodak spectroscopic 

type IIG plates (~atalogue 166 2196) for equilibrium spins. The 

-. 
~ 

C . 
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Estimation of the molecular weight of the toxin 

by electrophoresis on SDS-polyacrylamide gels. 

The purified toxin was electrophoresed on a 6-15% polyacrylamide 
gel containing 0,1% SDS together with a series of marker proteins 
in adjacent tracks. The graph is a plot of the rf values 
(relative to the tracking dye) of proteins as a function of the 
logarithms of their molecular weights. The following marker 
proteins were used: (1) 

78 000; (3) BSA, 6 7 000; 

(5) cytochrome C, 11 700. 

IgG, 150 000; (2) lactoperoxidase, 

(4) ovalbumin, 43 000; 

By interpolation the toxin was estimated to have a molecular 
weight of 62 000 (b); the upper band in peak II a molecular 
weight of 66 000 (a); and the low molecular weight contaminant 
in peak I a molecular weight of 15 000 (c). 
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images were measured on a Nikon profile projector at a magnification 

of 20x using the micrometer facilities of the instrument. 

Sedimentation velocity measurements were carried out by 
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the method of Chervenka (1969). Pure toxin was centrifuged at 2 mg/ml 

in O,lOM sodium acetate pH 4,8 or in O,lOM ethanolamine- HCl pH 9,5. 

Figure 5.2 shows the schlieren peak generated by the toxin after 

32 minutes at 60 000 rpm and in table 5.1 and figure 5 . 3 the 

measurements derived from a schlieren run and the calculation of the 

sedimentation coefficient are shown. 

Sedimentation velocity experiments were also carried out 

at pH 4,8 on semi-purified toxin from phosphocellulose peak I. The 

sedimentation coefficient for the pure toxin was 3,9 S both at pH 4,8 

and at pH 9,5. The semi-purified material from phosphocellulose 

peak I migrated as a single peak with a sedimentation coefficient 

of 5,0 S. 

For equilibrium measurements the meniscus depletion technique 

of Yphantis (1964) was used. A solution of 1 mg/ml pure toxin in 

O,lOM sodium acetate O,lOM NaCl pH 4,8 was centrifuged at 30 000 rpm 

for 24 hours. The image of the interference fringes was photographed 

at 18 hours and at 24 hours. Table 5.2 shows the measurements of 

the fringe displacement and in figure 5.4 the value of ln by is 
2 plotted as a function of r. The calculation of the molecular weight 

of the toxin is based on the gradient of this line. Analysis of 7 

similar spins at pH 4,8 or in O,lOM ethanolamine-HCl pH 9,5 gave a 

calculated mean molecular weight of 62 100 + 2800 daltons. 

Equilibrium centri;ugation of the semi-purified material 

from phosphocellulose peak I at pH 4,8 yielded a molecular weight 

estimate of 77 600 daltons. 



Figure 5.2 Analytical ultracentrifugation of pure toxin 

(2 mg/ml) dissolved in 0,1 M sodium acetate pH 4,8. 

The photograph shows the schlieren peak observed 

after 32 mins at 60 000 rpm and 20°c. 
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TABLE 5.1 

THE SEDIMENTATION VELOCITY OF THE TOXIN 

Pure toxin (2mg/ml) isolated from phosphocellulose peak I was 

dialysed against 0,10 M sodium acetate pH 4,8 and centrifuged at 

60 000 rpm and 20°c in a Beckman Model E analytical ultracentrifuge 

using schlieren optics. The table shows the logarithm of the 

distance in centimetres from the centre of rotation to the boundary 

position of the toxin in the cell calculated from photographs taken 

at 8 minute intervals (Figure 5.2). 

Figure 5.3 shows a plot of log x against elapsed time. The gradient 

of the straight line so obtained was 3,946 x 10-4• After correction 

for buffer density and viscosity (Chervenka, 1969) a sedimentation 

coefficient (s 20 ,w) of 3,9 was obtained. 

Time (minutes) log
10

x 

0 1,1321 

7,78 1,1351 

15, 78 1,1382 

23,78 1,1412 

31,80 1,1445 

39,82 1,1477 

47,82 1,1506 

55,83 1,1539 

63,87 1,1571 

71,87 1,1605 

79 ,88 1,1636 
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Figure 5.3 Estimation of the sedimentation coefficient of the toxin 

A solution of 2 mg/ml pure toxin was centrifuged at 60 000 rpm in a 

Beckman Model E analytical ultracentrifuge using schlieren optics. 

The schlieren peak was photographed at 8 minute intervals and the 

radial position of the peak calculated (designated x). The graph 

shows a plot of log10 x as a function of time. Zero time was 

taken as the rotor speed passed through 40 000 rpm. 

-4 
From the gradient of the line (3,9460 x 10 ) a value of S = 3,9 

20,w 
was calculated for the toxin. 



TABLE 5. 2 

SEDIMENTATION EQUILIBRIUM CENTRIFUGATION OF THE TOXIN 

A solution of 1 mg/ml pure toxin in O,lOM sodium acetate 

O,lOM NaCl pH 4,8 was centrifuged by the method of Yphantis (1964) 

in a Beckman Model E analytical ultracentrifuge using a double 

sector cell. The reference soltuion was O,lOM sodium acetate 

O,lOM NaCl pH 4,8. After 18 hours at 30 000 rpm the cell was 

photographed using interference optics and the protein concentration 

gradient in the cell estimated by measuring the lateral displacement 

of the interference fringes at increasing distances from the centre 

of rotation. 

The table shows the displacement in microns (t:,.y) for five 

fringes at increasing distances (x) from the meniscus in cm. In 

figure 5.4 the logarithm of the mean displacement for 5 fringes 

(ln6.y) is plotted against r 2 calculated from x. From the gradient 

of the straight line so obtained (3,1753) a molecular weight of 

60 000 daltons was calculated for the toxin. 

X 

,3000 

,3500 

,3600 

,3700 

,3800 

,3900 

,4000 

,4100 

,4200 

,4300 

,4400 

,4500 

,4600 

t:,.y 

10379 

10270 

10226 

10200 

10141 

10078 

10014 

9917 

9801 

9684 

9545 

9309 

9185 

10524 

10408 

10382 

10337 

10279 

10227 

10152 

10058 

9954 

9832 

9695 

9479 

9282 

10659 

10544 

10516 

10463 

10430 

10368 

10292 

10200 

10091 

9977 

9823 

9611 

9382 

10813 

10698 

10671 

10623 

10572 

10522 

10441 

10358 

10246 

10116 

9982 

9794 

9528 

10952 

10837 

10798 

10757 

10715 

10653 

10582 

10499 

10376 

10259 

10111 

9922 

9677 

2 
r 

37 ,0355 

37,0926 

37,1498 

37, 2070 

37,2643 

37,3216 

37,3789 

37 ,4363 

37 ,4937 

37,5512 

37,6087 

37,6663 

lnt.y 

5, 1930 

5,3604 

5,5389 

5, 7170 

5 ,8911 

6 ,0758 

6,2634 

6,4580 

6 ,6304 

6,8026 

7 ,0107 

7,1858 
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Estimation of the molecular weight of the t oxin 

by equilibrium centrifugation 

A solution of 1 mg/ml pure toxin in O,lOM sodium acetate, O,lOM NaCl, 

pH 4,8 was centrifuged at 30 000 rpm in a Beckman Model E analytical 

ultracentrifuge using interference optics. The interference pattern 

was photographed after 18 hours and the fringe displacement (Ay) 

measured at 100 p increments in radial position (r) for 5 fringes 

(Table 5.1). The graph shows a plot of ln Ay as a function of r 2• 

From the gradient of the line (3,175) an estimated molecul ar weight 

of 60 000 was obtained for the toxin. 
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Comment 

(i) A protein concentration of 5 mg/ml in the sedimentation 

velocity spins would have yielded clearer schlieren peaks. 

However the pure toxin was inclined to come out of solution 

at concentrations much above 2 mg/ml unless the buffer 

contained 10% glycerol, 

(ii) Buffer densities and viscosities were calculated from 

tables (Weast 1974). 

(iii) The camera was focussed on a plane 2/3 from the base of 

the cell (Svensson, 1954). 

(iv) The partial specific volume of the toxin was calculated 

from its amino acid composition (Table 5.3) using the 

method of van Holde (1975) and Cohn and Edsall (1943). 

(v) From photographs taken at intervals during the course 
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of an equilibrium spin as described above it was established 

that concentration equilibrium was established after 7 hours. 

Molecular weights calculated from photographs taken at 

18 hours and 24 hours did not differ. 

(vi) The semi-purified protein from phosphocellulose peak I 

showed two major bands on SDS gel electrophoresis corresponding 

to molecular weights of 60 000 and 15 000 daltons (Figure 

5 .1 ) . This material migrated as a single peak in the 

sedimentation velocity spins indicating a homogeneous 

dispersion of a single species of macromolecules. The 

equilibrium spins on this material yielded a molecular 

weight estimate of 77 600, which corresponds closely to 

the expected mass of a 1:1 complex of the 60 000 and the 

15 000 dalton components found by SDS electrophoresis. 



Amino acid aomposition 

A Beckman 120C amino acid analyser was used to analyse 

acid hydrolysates of toxin samples that had been treated with performic 

acid to oxidise methionine and cysteine residues. In general 

procedures followed were those of Spackman et al (1958), Moore (1963), 

and Toepfer (1965). 

For each analysis pure toxin (usually approximately 50 

nanomoles) was freeze-dried in a small round-bottomed flask. Protein 

was determined gravimetrically and by the method of Lowry et al (1951). 

The protein was taken up in 2 ml of cold performic acid and stored on 

ice. After 4 hours 0,3 ml 48% hydrobromic acid was added and the 

solution taken to dryness in a rotary evaporator. The residue was 

taken up in 3,10 ml constant boiling HCl and 1,00 ml aliquots dispensed 

into 3 glass hydrolysis vials. The vials were flushed with N2 and 
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the solution degassed then frozen in a dry ice/acetone bath. The vials 

were evacuated to 50 µ Hg, sealed, and then incubated for 24, 48 or 

0 
72 hrs at 110(!:. 1) C. 

After a brief low-speed centrifugation the vials were opened 

and accurately measured aliquots of the internal standards a-amino 

e-guanidinoproprionic acid hydrochloride (AGPA) and nor-leucine were 

added. The hydrolysates were evaporated to dryness, taken up in 

0,750 ml of amino acid analyser pH 3,28 buffer, and 0,250 ml loaded on 

each of the two columns (AA15 acidics and PA35 basics) of a Beckman 

120C Amino Acid Analyser. The development of the columns and analysis 

of the results were as described by Toepfer (1965). The analyser was 

calibrated with Beckman or BDH standard amino acid solutions to which 

were added accurately measured quantities of the internal standards 

AGPA and nor-leucine. 
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To measure phenyl-alanine and tyrosine, which are partially 

degraded by the performic acid oxidation procedure described above, 

duplicate hydrolysates were analysed without the oxidation step. 

To measure tryptophan, which is degraded by acid hydrolysis, 

the method of Barman and Koshland (1967) was used. The protein was 

reacted with 2-hydroxy-5-nitrobenzyl bromide (HNB), precipitated with 

TCA and washed thoroughly to remove unreacted HNB. The tryptophan-HNB 

product was estimated by measuring the optical density at 410 nm 

(1:=18 000). To relate the tryptophan estimate to the other amino 

acids a measured volume of the HNB reacted protein solution was 

hydrolysed and analysed on the PA35 basics column of the analyser. 

The calculation of the amino acid composition of the toxin, 

based on the 24 hour hydrolysate, is shown in table 5.3. Similar 

calculations were done for the 48 and 72 hour hydrolysates. Table 5.4 

shows the results of those calculations and the values finally assigned 

for each amino acid. 

Comment 

(i) There is partial conversion of methionine to methionine 

sulphone or sulphoxide and of cystein to cysteic acid 

during the acid hydrolysis procedure. To overcome 

the inaccuracy this introduced the performic acid oxidation 

technique of Moore (1963) was used. This ensures that 

all methionine is converted to methionine sulphoxide and 

all cystein to cysteic acid. The two amino acids are then 

measured as their oxidation products. 

(ii) AGPA elutes between ammonia and arginine on the PA35 basics 

column and nor-leucine elutes between leucine and tyrosine 

on the AA15 acidics column • 

.. : -:· . :(q:O .. ·A -number · of·· a·ttetnpts ·were made to detect a earbohydrate 
. . ' ... . . ... . ' 
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TABLE 5.3 

AMINO ACID ANALYSIS OF THE 24 HOUR TOXIN HYDROLYSATE 

A sample of 0,688 mg of pure toxin (0,01148 µM) was.hydrolysed 

for 24 hours as described in the text. The hydrolysed amino acids 

were dissolved in the pH 3,28 buffer for the Beckman Model 120C 

amino acid analyser (Toepfer, 1965) and aliquots corresponding to 

0,00358 µM protein were chromatographed on the AA15 acidics column 

and on the PA35 basics column. The peak areas were integrated and 

the amino acid concentrations were calculated as described by 

Toepfer (1965). The estimate of the number of residues of each 

amino acid present in the parent molecule was based on these calculated 

concentrations. 

Residue 

TRP 

LYS 

HIS 

NH3 
AGPA 

ARG 

ASP 

THR 

SER 

GLU 

PRO 

GLY 

ALA 

CYS 

VAL 

MET 

ILE 

LEU 

u-LEU 

TYR 

PHE 

Peak 
Height X 

width 

,881 

13 , 928 

2,064 

26,434 

10,896 

5,698 

21,699 

6,555 

12,702 

16,319 

2,017 

13,976 

12,903 

13,426 

2,608 

12,800 

14,564 

14,571 

13,450 

10,228 

Colour 
constant 

73,42 

112,32 

95 , 56 

92 ,49 

87,38 

96,41 

105,90 

105,73 

109 ,so 
107,15 

30,47 

105,16 

108, 89 

107, 32 

113, 89 

119, 29 

115,68 

116,66 

113, 79 

112,64 

µM 

,012 

, 1240 

,0216 

,2858 

,1247 

,0591 

,2049 

,620 

,1160 

,1523 

,0662 

,1329 

,1185 

, 1251 

,0229 

,1073 

,1259 

,1249 

,1182 

,0908 

Number 
residues 

3,4 

34 , 7 

6,0 

16,5 

57,3 

17,3 

32,4 

42,6 

18,5 

37,1 

33,1 

35,0 

6,4 

30,0 

35,2 

33,0 

25,4 

. • ·' 

:·-.-: 
,.;,. .:.1 ..... ~ 

0

f,4 I 
. 



TABLE 5. 4 

THE AMINO ACID COMPOSITION OF THE TOXIN 

On the basis of analyses of toxin samples hydrolysed 

for 24, 48 and 72 hours an integer value was assigned for the 

number of residues of each amino acid in the toxin molecule 

Residue hydrolysis time assigned 

24 48 72 
value 

TRP 3,3 10 (1) 

LYS 34,3 34,1 33,2 34 

HIS 6,0 6,2 6,1 6 

ARG 16,3 17,1 15,4 16 

ASP 56,9 55,7 61,0 58 

THR 17,2 17,1 17,2 17 

SER 32,2 27,4 25,9 35 <2> 

GLU 42,3 39,8 42,7 42 

PRO 18,4 17,6 19, 2 18 

GLY 36,9 33,2 37,9 36 

ALA 32,9 30,8 32,9 32 

CYS 2,1 4,2 3,6 4 (3) 

VAL 34,7 36,3 39,2 37 

MET 6,4 7 ,o 5,4 6 (3) 

ILE 29,8 28,5 33,1 30 

LEU 35,0 31,8 35,5 34 

TYR 32,8 30 ,8 33,7 32 

PRE 25,2 24,7 24,8 25 

(1) determined colorimetrically 

(2) extrapolated to zero hydrolysis time 

(3) determined as cysteic acid and methionine sulphoxide 
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component in the purified toxin molecule. These included 

periodic acid Schiff staining of toxin after gel electro

phoresis, estimation of total hexose using the anthrone 

procedure described by Kabat and Mayer (1971), and incubating 

gel electrophoresed toxin with an 125I-labelled lectin from 

CanavaZia virosa which has an affinity for mannose and glucose. 

I was unable to detect a carbohydrate component in the toxin 

molecule by any of these methods. 

(iv) Examination of table 5.4 reveals that the hydrophobic amino 

acids (TRP, VAL, ILE, LEU, TYR, PHE) constitute 36% of the 

total number of residues. The albumin molecule, which 

exhibits extensive hydrophobic interaction with many different 

compounds, has only 27% of its amino acid residues in this 

group. This confirms observations made while working with 

the toxin that it had a strong tendency to absorb to surfaces 

of test tubes, syringes, and pipettes. Hydrophobic inter-

action with other components of the pupal extract would also 

explain the difficulty experienced in isolating the toxin 

molecule. The improved solubility and stability of the 

toxin in buffers containing a proportion of glycerol is 

presumably due to the interaction between hydrophobic regions 

in the toxin molecule and the relatively non-polar glycerol 

molecule. 

(v) No unusual amino acids such as those encountered by 

Rosenberg and Ennor (1959) in their study on D. Zombrioine 

were found in the toxin molecule. 



76 

Identifiaation of the N-terminai amino aeid 

The "dansyl chloride" procedure of Gray (1967) was used with 

modifications introduced by Gross et al (1969) and Weiner et al (1972). 

To 0,5 mg toxin was added 500 µl 8M urea, 150 µl 0,4M sodium phosphate 

pH 8,2, 250 µl dimethyl formamide, and 100 µl 20 mg/ml l-dimethylamino

naphthalene-5-sulphonyl chloride (dansyl chloride) in acetone. The 

solution was vortexed iIIDilediately upon the addition of the dansyl 

chloride. After 60 minutes at room temperature the protein was 

precipitated by the addition of 10 ml 107. trichloracetic acid, centri

fuged, and washed twice with lN HCl. The pellet was taken up in 

5,7 N HCl and hydrolysed under vacuum at 110°c for 16 hours in a 

glass vial. The vial was then opened, the HCl taken off under 

vacuum and the ·hydrolysate taken up in 100 µ1 pyridine. 

The hydrolysate was spotted on a 5 cm x 5 cm polyamide thin 

layer chromatography plate (Schleiger and Schull, F 1700 TLC plates, 

catalogue 356 000) and a cocktail of standard dansylated amino acids 

spotted on the reverse side of the plate. The plate was developed, 

in the first instance, with 1 ,57. formic acid in water; then at right 

angles to the first dimension, with benzene:acetic acid 7:1; ethyl

acetate:acetic acid:methanol 20:1:1 and 0,05M Na
3
Po

4 
in 257. aqueous 

ethanol. 

The hydrolysate generated two fluorescent spots whose 

chromatographic behaviour corresponded to e-dansylated lysine and 

dansyl glutamic acid. It was concluded that the N-terminal amino 

acid was glutamic acid or glutamine. 

Isoeieatria point 

An aliquot of purified toxin solution containing 0,5 mg 

protein was analysed by electrofocussing in an 1KB 110 column using 
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1% pH 9-11 ampholines at an energy dissipation of approximately 2 watts. 

Af t er 36 hours the column was bled collecting 2,5 ml fractions. The 

pH of each fraction was read immediately upon collection and toxin 

activity was assayed by means of a blood agarose gel. 

The elution profile showed a single clearly defined peak 

of activity corresponding to a pH of 9,45 (figure 5.5). 

Comment 

SUMMARY 

After 36 hours the resistance of the column was still 

increasing, indicating that the system had not yet 

stabilised at equilibrium. Focussing was stopped at 

this point because a band of flocculent protein could 

be seen at a point in the column corresponding to 

the subsequently determined activity peak. 

The data presented in this chapter indicate that the major 

toxic component present in the pupae of D. nigro-ornata is a hydrophobic 

protein with a molecular mass of 62 000 daltons and an isoelectric 

point of 9 ,5. 

Only one N-terminal amino acid (glx) could be detected and 

the apparent molecular weight of the toxin was unaffected by reduction 

and alkylation, indicating that it consists of a single polypeptide 

chain. Analysis of the amino acid composition showed a high proportion 

of hydrophobic residues which accounted for the tendency of the toxin 

to absor b onto the surfaces of containers. 

The phospho-cellulose chromatography described in chapter 4 

indicated that, in the pupae, at least 3 molecular forms of the toxin 

might exis t , each of which contains a component immunochemically identical 

to t he 60 000 molecular weight protein isolated from phosphocellulose 
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Figure 5.5 Determination of the isoelectric point of the pure toxin 

A sample of 0,5 mg pure toxin was focussed in an 1KB 110 electro
focussing column using 1% pH 9-11 ampholines and an energy dissipation 
of approximately 2 watts. After 36 hours the column was bled and 
2,5 ml fractions were collected. For each fraction the pH was 
measured and haemolytic activity was determined using the blood
agarose gel assay. 

The figure shows a clear peak of activity corresponding to a 
pl of 9,45. 



peak I. Minor post-translational modification ·of the parent toxin 

molecule may have been responsible for these findings. Such modi

fication could alter the molecular mass, charge, or tendency to form 

coacervates with other proteins and hence its behaviour on cation 

exchange chromatography. This speculative assumption could not be 

verified by formal sequence analysis owing to lack of resources and 

adequate material. 
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CHAPTER SIX 

THE TOXICOLOGY OF DIAMPHOTOXIN 

I observed at an early stage, that Diamphidia nigro-ornata 

pupae contained material that was intensely haemolytic in vivo and 

in vitro. The haemolytic effect formed the basis for the assay that 

was used to monitor purification of the toxin, and co-purified with 
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the lethal effect of the toxin for mice. There was, therefore, reason 

to believe that haemolysis and lethality resided in the same molecule 

and that elucidation of the manner in which the purified toxin caused 

lysis of the red cell would contribute to a more general understanding 

of its toxic action on other cells. ,For these reasons and for the 

obvious reasons of ease and convenience, I used sheep erythrocytes as 

targets for most of the experiments performed to define the cytolytic 

action of diamphotoxin in quantitative and mechanistic terms. 

In the initial stages of the work, I studied the haemolytic 

reaction only to the extent that was necessary for the development of a 

reliable assay to monitor the purification procedure. The tube assay 

(p. 27 ), 1n which haemoglobin released by damaged erythrocytes was 

determined by spectrophotometry of the supernatant fluid after centri

fugation, gave a useful measure of overall haemolysis but was limited 

in the extent to which it could be used to study the kinetics of cell 

lysis or the events that preceded the release of haemoglobin. For 

these purposes additional investigative procedures were developed that 

are described in detail in the Methods section that follows. 

The results that I have obtained are consistent with the 

notion that diamphotoxin, by virtue of its amphipathic character, is 

readily incorporated into cellular membranous structures. In the 



presence of calcium, the toxin molecules embedded in the lipid bilayer 

undergo a conformational change, so producing a lesion in the membrane 
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. + + . through which Na and K ions may pass. Ionic gradients involved in osmo-

regulation, cellular haemostasis, or the maintenance of transmembrane 

potentials are lost. Cellular death ensues by osmotic effects or dis-

ruption of essential metabolic processes; and the physiological functions 

of conducting, contractile or other excitatory tissues are disrupted. 

In the sections which follow the toxin used corresponded to the 

material eluted from the HTP columns by O,lM phosphate, except where it 

is indicated that pure toxin was used. 

METHODS 

Haemolytic assays 

Two assay procedures were used for studying haemolysis: 

the first was the tube assay, described in Chapter 3, in which sheep 

erythrocytes were exposed to toxin in isotonic veronal buffered saline 

containing 0,5% gelatin. After incubation unlysed cells were sedimented 

by centrifugation and haemolysis was quantitated by reading the optical 

density of the supernatant at 540 nm. 

The second assay was based on the change of light scattering 

properties of erythrocytes with lysis. A suspension of 10 7 SRBC/ml in 

isotonic buffer had an apparent optical density of approximately 1 at 

roo nm. The same suspension of cells, when lysed, showed a negligible 

absorbance at 700 run relative to a buffer control. 

The assay was performed as follows: to 1 ml VBS-G at 37°c 

in a 1,3 ml quartz cuvette (light path 1,0 cm) was added 10 µ1 of the 

toxin solution to be assayed and 10 µ1 of a suspension of 109 SRBC/ml 

in VBS. The cuvette was placed in a Beckman DBG-T recording spectra-

photometer operated in single beam mode, with the cuvette chamber 

0 thermostatted at 37 C. The turbidity of the cell suspension, as OD 



units at 700 nm, was recorded as a function of time. Samples to 

which toxin was added showed an initial lag phase of 2-5 minutes -

during which the turbidity sometimes increased marginally - followed 

by a steady drop in turbidity (Figure 6.1). The gradient of the 

steepest portion of the curve, measured as ~OD/min, was linearly 

related to the final concentration of the toxin over the range 10 to 

1000 HU/ml (Figure 6.2). 
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Although tedious and unsuitable for large numbers of samples, 

this assay proved extremely useful for studying the kinetics of the 

toxin-mediated haemolysis. The linear relationship between cell 

concentration and turbidity was lost above OD readings of 1,0. The 

presence of 0,5% gelatin in the buffer system effectively prevented 

settling of the cells over a period of fifteen minutes. In assays 

extending over more than 15 minutes the cells were resuspended at 

intervals. 

Versilube proaedure 

In order to measure the passage of solute between medium and 

cells, a procedure was devised for achieving the rapid separation of 

cells from the medium in which they were suspended. In this method, 

based upon that described by Werkheiser and Bartley (1957) for the 

separation of mitochondria from their incubation medium, the cells 

were centrifuged through a layer of silicone oil, Versilube FSO 

(General Electric Corporation) that was immiscible with water and had 

a density (1,050 g/1) intermediate between that of the cells and the 

medium. E . . h. h h • b . d · · d 125 xperiments in w ic t e incu ation me ium containe I-IgG 

as an extracellular marker showed that less than 2% of the medium 

passed through the Versilube with the cells. 

In practice 0,2 ml aliquots of experimental or control cell 

.. 
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0.1 O.D. 

10 minutes 

Figure 6.1 The turbidity assay for haemolysis 

The assay relied on the decrease in turbidity of a suspension of 

erythrocytes with haemolysis. The apparent optical density at 700 nm 

of a suspension of 10 7 SRBC/ml in VBS-G was plotted as a function of 

time using a Beckman DBG-T recording spectrophotometer in single beam 

mode. The cuvette chamber was maintained at 37°c. 

Upon the addition of toxin the turbidity showed an initial lag phase of 

2 to 5 minutes (during which the turbidity sometimes increased marginally) 

followed by a steady fall in turbidity. 
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The rate of change of turbidity as a function of 
toxin concentration 

The gradient of the steepest portion of the curve relating turbidity 
to time (Figure 6.1) was linearly related to the concentration of 
toxin in the cuvette over the range 10 to 1000 HU/ml. A toxin 
concentration of 100 HU/ml gave a convenient rate of haemolysis 
in this system and in most experiments using this assay, this was 
the concentration used. 
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suspensions were layered over 0,1 ml Versilube which was, in turn, 

layered over 0,1 ml of 0,3 M sucrose in a plastic 400 µ1 Microfuge 

tube. The tube was centrifuged in a Beckman model 152 Microfuge 

at 5000 x g for 60 seconds. After centrifugation the tube was 

inunersed in a dry ice-acetone freezing mixture to freeze the aqueous 

layers, and then cut through the unfrozen Versilube layer. The 
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separated aqueous phases were thawed for measurement of sodium, haemoglobin, 

45 potassium or Ca as was called for by the particular experiment. 

Binding studies 

For the purpose of investigating the binding of the toxin 

to the cell membrane approximately 1 mg of purified toxin was labelled 

with 1251 using the chloramine-T method of Greenwood et al (1963). 

Proteolytic assays 

Two techniques were used to examine toxin preparations for 

proteolytic potential. 

The first was the electrophoretic procedure described by 

Heussen and Dowdle (1980) in which protein substrates are incorporated 

into an acrylamide gel during polymerisation. The sample to be 

tested for proteolytic activity was electrophoresed in the gel in a 

Tris buffer system containing 0,1% SDS. After electrophoresis the 

gel was washed in 2,5% Triton XlOO, incubated at 37°c in O,lM glycine

NaOH pH 8,3 for 3-5 hours, fixed, and stained with amido blac~. 

Gelatin in the region of a protease band was digested during the 

incubation period, leaving a clear zone after the amido black staining. 

In a further attempt to detect proteolytic activity associated 

with the toxin the method of Unkeless et al (1974) using 1251-labelled 

fibrin was used. In this procedure the sample to be assayed was 
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incubated in the well of a Linbro plate (Falcon) which had been coated 

with insoluble 1251-labelled fibrin. Proteolysis was detected by 

testing for the release of soluble 1251-labelled peptides into the 

medium. The toxin was also tested for activity as a plasminogen 

activator by including the zymogen, plasminogen, in the incubation 

medium. Aliquots of SO µ1 of semi-purified toxin corresponding to 

3000 HU were tested. 

Phospholipase assays 

Two approaches were used to test the toxin for phospholipase 

activity. 

In the first, toxin samples were examined directly for 

phospholipases A, C and D by the method of Grossman et al (1974) 

using 14c-labelled lecithin as a substrate. Thin layer chromato

graphy was used to detect 14c-lysolecithin released by hydrolysis 

by phospholipase A. Choline or choline phosphate produced by hydro-

lysis by phospholipases C or D were detected by their preferential 

aqueous solubility. 

For the assay, 0,6 µCi of phosphatidyl [N-methy1-
14

c] 

choline (14c-lecithin; 82 µCi/mg) was added to SO mg non-radioactive 

lecithin. The chloroform:methanol (2:1) solvent was evaporated under 

a stream of nitrogen and the phospholipid resuspended in 1 ml 5% Triton 

XlOO + 0,25 ml lM CaC1 2 + 10 ml O,lM Tris.HCl pH 7,5. For the assay 

25 µl toxin solution (2500 HU) was added to 1,125 ml of this stock 

diluted to 2,5 ml with water. Controls received 25 µl buffer in 

place of the toxin. After 10 minutes incubation at 30°c the reaction 

was stopped by adding 1 ml 6% v/v perchloric acid and the aqueous 

phase extracted three times with 5 ml ether. The ether extracts were 

pooled and evaporated under N2 at so 0 c before being taken up in 500 µl 



chloroform:methanol (1:1). Five microlitres of this solution were 

spotted on a 10 cm by 10 cm silica TLC plate (Merck silica gel 60, 

0,25 mm) which had been pre-chromatographed with 0,2% ammonium 

sulphate. The second solvent system of Bowyer and King (1977) 

(Chloroform:acetone:methanol:acetic acid:water 45:46:45:11:6) was 

used to develop the plate. The positions of the lecithin and 

lysolecithin spots were determined by running standards and the 

corresponding areas of silica for the extract scraped
0

into counting 

14 vials, 10 ml Instagel added, and counted for C. A 1 ml aliquot 

of the aqueous phase after ether extraction was dissolved in 10 ml 

14 Instagel and counted for C. 

In a further attempt to detect phospholipase activity, a 

suspension of 1 ml 20% SRBC/ml in VBS was lysed by incubation with 

0 100 HU of toxin at 37 C for 60 minutes. A control suspension was 
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incubated in the absence of toxin. The suspensions were then extracted 

with n-butanol by the method of Bjerve et al (1974) or with chloroform: 

methanol by the method of Bligh and Dyer (1959). The extracts were 

evaporated to dryness under nitrogen and the residue taken up in 

100 µ1 1:1 chloroform:methanol. Approximately 1 mg phospholipid was 

chromatographed on silica gel TLC plates by the method of Bowyer and 

King (1977). 

Guinea pig ilewn longitudinal muscle-myenteric plexus prepa:f'ation 

The guinea pig ileum longitudinal muscle-myenteric plexus 

preparation was set up as described by Paton and Vizi (1969), 

The preparation was stimulated supramaximally with biphasic, 

2 msec, 45V square wave pulses delivered at a frequency of 0,1 Hz. 

The isometric response was measured with a force displacement trans

ducer with a resting tension of 0,3g, and recorded on a chart recorder. 



The preparation was bathed in a 7,5 ml solution of Krebs Ringers 

solution (118mM NaCl, 4,7mM KCl, J.2 mM NaHlo4 , 25 mM NaHf0 3 , 

30 µM choline chloride, llmM glucose, 1,2 mM MgC1 2, 2,5mM CaC1 2) 

through which was bubbled 90% o2 
10% CO 2 

to maintain a pH of 7,4. 

After establishing a stable baseline response 75 µl 

aliquots of toxin were added to the bathing medium. 

In another series of experiments the preparation was 

stimulated in Krebs Ringers to establish a stable baseline and then 

washed and bathed in modified Krebs Ringers solution containing 

++ ++ 
no Ca or Mg After 5 minutes 75 µl 100 HU/ml toxin was added 

to the bathing solution. After 10 minutes exposure to the toxin 

. . ++ d ++ . 
the preparation was washed and bathed in Ca - an Mg -free medium 

for 5 minutes, then returned to the standard Krebs Ringers solution. 

Perfused rat heart preparation 

A 250 - 300 g hooded rat was anaesthetised with ether and 

injected intravenously with 200 units of heparin. The heart was 

excised and suspended by ligaturing the aorta over a glass tube. 

The heart was perfused with Krebs Ringers solution pH 7,4 (bubbled 

with 90% o2 
10% CO 2) at a hydrostatic pressure of 100 cm. After a 

15 minute stabilisation period the heart was perfused with Krebs 

Ringers containing 1 HU/ml toxin. At time points O minutes 

(immediately prior to toxin exposure), 2, 5 and 10 minutes after the 

start of the toxin perfusion the heart rate and coronary flow were 

measured. The perfusate was also assayed for the release of LDH. 

The electrocardiogram was continuously monitored on an oscilloscope 

and photographic records of the trace taken at the sampling times. 
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Saraoplasmic reticulum vesicles 

Sarcoplasmic reticulum vesicles (SR vesicles) were prepared 

from rabbit skeletal muscle as described by Boland and Martonos.i 

(1974), and McIntosh and Berman (1978). 

Calcium uptake by the vesicles was measured by recording the 

rate of addition of a O,lM solution of CaC1 2 required to maintain an 

++ extra-vesicular concentration of 10 µM Ca • 

In practice, a reaction vessel containing a final volume of 

2 ml 20 mM histidine, 50 mM KCl, 5 mM MgC1 2 , 5 mM potassium oxalate 

pH 4,0 and 20 mg/ml SR vesicle protein was maintained at 25°c and the 

contents stirred with a magnetic stirrer. The calcium concentration 

. . • ++ . . d in the vessel was monitored with a Ca electrode and maintaine at 

10 µM by an electrically driven injection pump supplying 10 mM CaC12 
++ 

and controlled by an electronic feedback loop from the Ca electrode. 

The experiment was started by adding to the reaction vessel 

100 µl of 100 mM ATP. After a lag period of approximately 10 seconds 

++ . 9 there was a steady uptake of Ca leveling out after O seconds. 

ConfoY'ITlational studies 

Changes in the conformation of the toxin induced by the 

addition of calcium or lanthanum were studied by means of fluorescent 

probes and by circular dichroism. 

89 . 

The circular dichroism studies were carried out using a JASCO 

J-40A automatic recording spectropolarimeter. Pure toxin at 0,4 mg/ml 

in O,OlM Tris-HCl, 10% glycerol pH 8,2 was placed in a fused quartz cell 

of 2,0 cm path length. The toxin solutions contained either 1 mM EDTA 

or 10 mM CaC1 2• The circular dichroism spectra of these solutions 

were recorded in the region from 190 to 300 nm. Reference spectra 



were run on solutions of buffer containing no toxin. 

Studies using the fluorescent dye 8-anilino-1-naphthalene 

sulphonic acid (ANS) were based upon the findings of Stryer, L. (1965) 

who showed that the specific fluorescence of the dye increases with 
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increasing hydrophobicity of its environment. From this they inferred 

that an increase in the specific fluorescence of a protein-dye mixture 

reflects the binding of ANS molecules to hydrophobic residues newly 

exposed on the surface of the protein molecule. 

For the experiments 0,5 ml solution of 0,4 mg/ml pure toxin 

in O,OlM Tris-HCl, O,lM NaCl, pH 8,3 were made to 40 µMANS and the 

fluorescence was measured at an excitation wavelength of 396 nm and 

an emission wavelength of 468 nm using a Perkin Elmer MPF-4-A fluores-

cence spectrophotometer. The fluorescence, measured in arbitrary 

units, was recorded for toxin solutions containing 1 mM EDTA or 1 to 

10 mM CaC1
2• Similar recordings were made with toxin solutions 

containing 0,01 to 1 mM Lac1
3• 

RESULTS 

The kinetics of haemoZysis and the effect of sucrose 

When haemoglobin release was studied as a function of time 

after the addition of toxin, a lag period of approximately 15 min was 

observed during which the rate of haemolysis was slow. The rate of 

cell lysis then rose rapidly to reach a maximum after approximately 

35 minutes and then fell as 100% lysis was approached. 

plot was therefore obtained (Figure 6.3). 

' A sigmoid 

A sigmoid relationship was also observed when% haemolysis 

after exposure to toxin for 1 hour was plotted as a function of toxin 

concentration (Figure 6.4). 
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0 20 40 60 

Incubation at 37°c (minutes) 

The release of haemoglobin from erythrocytes exposed 

to toxin as a function of time. 

To each of a series of tubes containing 3 HU of toxin in 3,25 ml 

VBS-G was added 0,5 ml 2,5% SRBC in VBS. The tubes were incubated 

in a 37°C water bath, and at 5 minute intervals a pair of tubes 

was centrifuged for 2 minutes at 2000 x g and the OD of the super

natant read at 540 nm. 

The release of haemoglobin plotted against time produced a sigmoid 

curve. 
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0 2 

Toxin concentration (HU/ml) 

The release of haemoglobin from erythrocytes 

exposed to toxin as a function of toxin 

concentration 

A series of tubes was prepared containing Oto 2 HU of toxin in 

3,25 ml VBS-G and to each tube was added 0,5 ml 2,5% SRBC in VBS. 

The tubes were incubated at 37°c for 60 minutes and then centri-

fuged at 1100 x g for 5 minutes. 

supernatant was read at 540 nm. 

The optical density of the 

The release of haemoglobin plotted against the amount of toxin 

added produced a sigmoid curve. 
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When the versilube procedure was used to study sodium, 

potassium and calcium fluxes across the cell membrane as a function 

of time after addition of toxin, it was found that toxin induced a 

' + + ' 11 1 b 
rapid release of K and uptake of Na that was virtua y compete y 
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20 minutes. Release of haemoglobin started at approximately 15 minutes 

and approached completion at approximately 45 minutes (Figure 6.5). 

There was no apparent nett flux of Ca across the cell membrane as a 

result of exposure to toxin. 

The results of the experiments described above suggested 

that the toxin acted initially to produce a lesion in the erythrocyte 

membrane that allowed the free passage of sodium and potassium ions. 

Since cellular osmoregulation requires the maintenance of physiological 

ionic gradients across the cell membrane, one might suspect that 

cellular swelling would have resulted with subsequent release of 

haemoglobin by osmotic rupture. To examine this suggestion, the 

effects of the osmotically active disaccharide, sucrose, were studied. 

As can be seen from the experimental results depicted in 

Figure 6.6 addition of sucrose to toxin-treated erythrocytes resulted 

in inhibition of haemoglobin release. The extent of this inhibition 

was concentration dependent over the range O - 0,3M sucrose. 

+ 
had no effect upon the release of K. 

Requirement for divalent cations 

Sucrose 

In view of the fact that many haemolytic agents show a 

functional requirement for calcium ions (Schanne, 1979) it was of 

interest to examine diamphotoxin in this context. 

An experiment was accordingly performed in which 100 HU 

of toxin were added to an erythrocyte suspension in the presence of 

lmM EDTA and the turbidity of the mixture was monitored continuously 



Figure 6.5 + + ++ b' The movement of Na, K Ca and haemoglo in 
across the erythrocyte membrane after exposure 
to toxin. 

An 0,2 ml sample containing cells (109 SRBC/ml) and toxin 
(1000 HU/ml) in VBS was layered over 0,1 ml Versilube which 
was , in t urn, layered over 0,1 ml 0,3M sucrose in a 400 µl 
microfuge tube. After incubat ion at 37°c for the appropriate 
period of time the tube was centrifuged at 5000xg for 60 seconds, 
resulting in intact cells passing through the vrrsilube l ayer 
into the 0,3M sucrose. The tubes were immers e9 in a dry ice
acetone freezing mixture to freeze the aqueous layers and cut 
through the Versilube layer . 

Loss of K+ by the cells was monitored by determining the K+ 
concentration in the upper aqueous layer by flame photometry. Loss 
of haemoglobin was determined spectrophotometrically from the 
upper aqueous layer or, by inference, from the lower aqueous layer 
after the cells had been lysed by the addition of 15 µ1 10% 

+ saponin and transferred to a separate tube. Uptake of Na by 
the celli was determined by f lame photometry of this same lysate 
and the application of a corr·ection factor, based on the release 
of haemoglobin in the upper aqueous phase, to compensate for 
ruptured cells not passing through the Versilube layer. To determine 
the uptake of Ca++ by the cells 45ca (0,2 mCi/µM) was added to the 
cells prior to the incubation with toxin. The lower aqueous 
phase was then incubated overnight with 5 ml Instagel to dissolve 
the cell pellet and counted for 45ca after adding 5 ml Soluene. 
Counts were corrected for quenching . 

+ + The Na and K fluxes could be detected immediately upon the exposure 
of the cells to toxin. The loss of haemoglobin by the cells began 
between 5 and 10 minutes after exposure to the toxin. 
flux of 45ca could be detected . 

No nett 
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Figure 6.5 
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Sucrose concentration (M) 

Effect of extracellular sucrose on the release of 

haemoglobin and K+ from toxin-treated cells 

A series of tubes were prepared containing 0,45% SRBC, 100 HU of 

toxin, and Oto 0,3M sucrose in a total volume of 5 ml VBS-G. The 

tubes were incubated at 37°c for 60 minutes, centrifuged at 
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1100 x g for 5 minutes, and the haemoglobin and potassium concentration 

determined in the supernatant by spectrophotometry and flame 

photometry respectively. 

+ The release of K was unaffected by the sucrose while the release 

of haemoglobin decreased with increasing sucrose concentration. 

+ 
Release of K: • and haemoglobin:~. 
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at 700 run. 

As can be seen from the data presented in Figure 6.7, EDTA 

inhibited haemolysis and the turbidity of the mixture remained constant 

for 20 minutes. Addition of 1 mM EDTA + 10 mM CaC1 2 resulted in 

haemolysis at the rate of 0,06 OD U/min when measured using the turbidity 
assay. Cells in the control cuvette (i.e. toxin in VBS-G) lysed at 

the rate of 0,07 OD U/min. 

The calcium dependence of the toxic haemolytic reaction was 
confirmed by showing, in the tube assay, that no haemolysis occurred 
in VBS prepared without Ca++ or Mg++ (CMF-VBS) or in VBS to which 

1 mM EDTA was added. Activity could be restored by adding calcium. 

It could similarly be shown (Figure 6.8) that toxin-induced 
+ . . f ++ . d. release of K ions required the presence o Ca in the me ium. In 

this experiment, red cells were suspended at a concentration of 

2,5 x 108/ml in CMF-VBS-gelatin and were treated with either toxin alone 
followed 30 minutes later with CaC12 or with toxin and CaC12 added 

simultaneously. Samples taken at intervals after the addition of 

toxin were centrifuged and the supernatant fluid was assayed for K+ 
content by flame photometry. Release of intracellular potassium 

required the combined action of both toxin and calcium. 

Although these experiments showed unequivocally that Ca 
++ 

was required for the haemolytic action of diamphotoxin, they gave no 

indication of whether the haemolytic reaction required the simultaneous 
presence of toxin and calcium throughout or whether toxin and calcium 
acted sequentially. 

To resolve this issue, erythrocytes were exposed to toxin in 
the absence of calcium and then washed extensively (5x). 

these cells to VBS containing 1 mM Ca++ resulted in lysis. 

Exposure of 

It was possible, therefore, to distinguish two sequential 



Figure 6.7 

A B 

I 0.1 0 0 

10 min 

The haemolytic activity of diamphotoxin was inhibited 

by EDTA and restored by the addition of an excess of 

calcium 

The presence of 100 HU/ml i n the turbidity assay resulted in a fall 

in turbidity such as that shown in curve A. If the assay solution 

was made 1 mM in EDTA before addition of the toxin, no change in 

turbidity was seen (curve B). However, if calcium was added to 

the latter system to bring it to 10 mM with respect to calcium, 

haemolysis proceeded in the same manner as shown in curve A. The 

time of addition of calcium is marked on curve B with an arrow. 
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Incubation at 37°c (minutes) 

60 

The release of K+ from diamphotoxin-exposed 
erythrocytes requires the presence of Ca++. 

8 Two series of tubes were prepared containing 2,5 x 10 SRBC and 
25 HU toxin in 1 ml calcium- and magnesium-free VBS-G (CMF-VBS-G). 
The tubes were incubated at 37°c and at intervals tubes from 
each series were centrifuged at 2000 x g for 1 minute, the super
natant removed, and the release of K+ by the cells determined by 
flame photometry. For one series of tubes ( & ) 20 µl O,lM CaC1

2 was added to each tube at the start of the incubation; for the 
other series ( 6) the calcium was added after 30 minutes of 
incubation at 37°c. 

+ ++ The release of K by the cells only proceeded in the presence of Ca • 
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phases to the cytolytic action of the toxin . The first, a calcium-

independent step, led to the production of an irreversible but 

incomplete lesion of the cell membrane. 
++ 

In the second step Ca 

ions interacted with the sensitized cel l s to complete the lesion and 

+ + 
allow flux of Na and K ions to take place. 

Having defined two sequential phases in the haemolytic 

reaction that could be distinguished on the basis of their calcium

dependence, further experiments could be performed to study these two 

phases in more detail. 

protocol was used: 

In these exper iments the following general 

- washed SRBC were incubated with toxi n in CMF-VBS-G containing 

1 mM EDTA, 

- the cells were then washed extensive ly with CMF-VBS, by repeated 

centrifugation and resuspension to remove all free toxin; 

- the cells were finally resuspended in CMF-VBS, calcium was added 

and haemolysis was measured - either by quantitating haemoglobin 

release or by monitoring turbidity at 700 nm. 

For the sake of convenience I shall refer to the two 

critical experimental stages, namely the calcium-free preincubation 

++ 
with toxin, and the subsequent haemolytic phase requiring Ca , as 

the toxin phase and the calcium phase respectively. 

Using this protocol the following observations were made: 

(a) The rate of haemolysis during the calcium phase was directly 

related to the concentration of toxin and to the duration 

of exposure to toxin during the toxin phase (Figure 6.9 and 

Figure 6 .10) . 
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Figure 6.9 

0 2 

Toxin concentration (HU/ml) 

3 

Effect of duration of exposure to toxin and 

toxin concentration, in the absence of calcium, 

upon subsequent haemolysis following addition 

of calcium. 

Tubes were prepared containing 0,33% SRBC in a final volume of 

3,75 ml of calcium and magnesium-free VBS-G containing 1 mM EDTA. 

Toxin was added to give the concentrations shown and the tubes 

were placed at 37°c. After 10 min ( • ), 20 min ( ~) and 

30 min (A) a representative tube from each toxin concentration 

series was removed from the waterbath and centrifuged. The 

pelleted cells were washed once with CMF-VBS-G, resuspended in 

VBS containing calcium and magnesium and re-incubated at 37°c 

for a further 60 min for haemolysis to proceed. 
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30 60 90 

Incubation with toxin (minutes) 

The rate of haemolysis during the calcium phase 

was related to the duration of exposure to toxin 

during the toxin phase 

A 10 ml solution containing 107 SRBC/ml and 25 HU/ml toxin in 

CMF-VBS was incubated at 37°c. At times of Oto 75 minutes after 

the start of the incubation aliquots of 1 ml were transferred to 

a cuvette containing 10 µl O,lM CaC1 2 and the turbidity monitored 

as described for the turbidity assay. 

The rate of haemolysis was a function of the duration of incubation 

with toxin in the range 0-60 minutes. 
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(b) After exposure to 25 HU/ml of toxin for 30 min at 37°C 

during the toxin phase, optimal lysis was observed during 

• · ++ . f 1 the calcium phase with a Ca concentration o mM 

(Figure 6. 11) • 

(c) 
• . . ++ • Other divalent cations substituted for Ca during the 

calcium phase. Their efficacy decreased in the order 

++ ++ ++ ++ ++ 
Sr > Ca > Ba > Mg > Mn (Figure 6.12). 

(d) Lanthanum (as LaC13) inhibited the haemolysis caused by 

100 HU/ml of toxin in the presence of 1 mM CaC1 2 • This 

-7 inhibition was evident at 10 M LaC13 and complete at 

concentrations higher than l0-5M (Figure 6.13). 

(e) Maximal haemolysis was observed when the pH during the 

toxin phase was 6,7 and the pH during the calcium phase 

was 8,6 (Figure 6.14). 

(f) As can be seen from the data summarised in Figure 6.15, 

both phases were temperature dependent. An increase of 

temperature from 25°C to 45°c at the toxin stage increased 

haemolysis 4,2 fold. A similar increase at the calcium 

stage increased haemolysis 5,9 fold. 
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Incubation at o0 c during the toxin phase resulted in no 

detectable haemolysis when the washed cells were subsequently 

incubated at 37°c during the calcium phase. Incubation at 

o0 c during the calcium phase following exposure to toxin 

at 37°c during the preincubation, resulted in a considerably 

depressed rate of cytolysis. 
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Figure 6.11 Calcium requirement for haemolytic activity 

Tubes containing 107 SRBC and 25 HU toxin in 0,9 ml CMF-VBS-G 

were incubated at 37°c. After 30 minutes the calcium concentrations 

were adjusted to those shown by the addition, to the tubes, of 0,1 ml 

of CaC1 2 solution of the required concentration. The solution was 

then transferred to a cuvette for the turbidity assay. 

The maximum rate of haemolysis was observed with 1 mM Ca++. 
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Figure 6.12 Effect of divalent cations other than calcium 

during the calcium phase 

Tubes containing 107 SRBC/ml and 25 HU/ml toxin in 1,0 ml of 

CMF-VBS-G were incubated at 37°c for 60 minutes. The contents 

of each tube were then transferred singly to a cuvette and 10 µ1 

of a 1M solution of the chloride salt of the divalent cation to 

be tested was added. 

was monitored. 

The change in turbidity of the suspension 

When BeC1 2 was added to the cells the suspension became flocculent 

and settled very rapidly to the bottom of the cuvette. The other 

cations tested all facilitated haemolysis, a maximal rate being 

obtained with strontium. 
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Figure 6.13 Haemolysis was inhibited by l0-4M lanthanum chloride 

Using the turbidity assay the haemolytic activity of 100 HU/ml 
-4 

of toxin was determined in the presence of Oto 10 M Lac1 3• The 
. h. . ff f +++ f . 1n 1b1tory e ect o La rose sharply rom concentrat1oraabove 

-5 -4 
10 M, becoming absolute at 10 M. 
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Figure 6.14 The pH optima for the toxin phase and the calcium phase. 

To study the effect of pH on the toxin phase, erythrocytes (10 7/ml) 

were incubated with toxin (8 HU/ml) at 37°c for Oto 30 minutes in 

isotonic NaCl, 1 mM EDTA buffered at pH 6 or 7 by 0,01 M citrate or 

at 8, 9 or 10 by O,OlM borate. The erythrocytes were then pelleted 

and resuspended in VBS. After a further incubation of 60 minutes at 

37°c the cells were again pelleted and the OD of the supernatant 

measured at 540 nm. The rate of increase of OD with increasing 

durating of the first incubation was calculated for each pH. This 

was taken as a measure of the rate of the toxin phase at that pH. 

To study the effect of pH on the calcium phase a suspension of 107 SRBC 

was incubated with 10 HU of toxin in 1 ml CMF-VBS-G, 1 mM EDTA at 

37°c for 30 minutes. This incubation was terminated by adding 4 ml 

isotonic saline buffered at pH 6 or 7 by O,OlM citrate or at pH 8, 9 

or 10 by O,OlM borate, centrifuging for 1 minute at 2000 x g, and 

resuspending the cells in 1 ml of saline solution of the appropriate 

pH. After the addition of 20 µ1 O,lM CaC1 2 the cell suspension was 

transferred to a cuvette and the rate of haemolysis measured as described 

for the turbidity assay. 

The rate for the toxin phase ( ..-.. ) showed an optimum at pH 6, 7 and 

that for the calcium phase ( ... ) at pH 8,6. 
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The effect of temperature on the rates of the toxin 

phase and the calcium phase of haemolysis 
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To study the effect of temperature on the toxin phase 1 ml suspensions 

of 108 SRBC/ml in CMF-VBS-G, 1 mM EDTA and 10 HU/ml toxin were incubated 

at 45°c, 37°c, 25°c or 15°c for times ranging from 1 to 60 minutes. 

The incubation was terminated by pelleting the cells, washing them 

in 4 ml CMF-VBS, and resuspending them in 1 ml VBS. A second 

incubation of 60 minutes at 37°c was then carried out, after which 

the cells were again pelleted and the OD of the supernatant at 540 nm 

was determined. The rate of increase of OD with increasing duration 

of the first incubation was calculated for each temperature. This was 

taken as a measure of the rate of the toxin phase at that temperature. 

To study the effect of temperature on the calcium phase 1 ml suspensions 

of 10 7 SRBC/ml in CMF-VBS-G, 1 mM EDTA, and 100 HU/ml toxin were 

incubated at 37°c. After 30 minutes 25 µl 0,1 M Cac1 2 was added and 

the suspension was transferred to a cuvette. The rate of haemolysis 

was monitored as described for the turbidity assay, except that the 

temperature of the cuvette chamber was maintained at 45°c, 37°c, 25°c 

or 15°c. 

The graph shows a plot of the logarithm of the rate of the toxin 

phase ( ._....) and the calcium phase ( J:r-.6. ) as a function of the 

reciprocal of the temperature in °K. 
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Phoapholipa.se aativity 

A number of cytolytic toxins have been shown to have phospho

lipase activity (Wells and Hanehan, 1969; Hessinger and Lenhof, 1974). 

It was accordingly important to examine diamphotoxin for a similar mode 

of action. 

Attempts to demonstrate the ability of the toxin to hydrolyse 

14 1 'h. 1 1 . h" l"b h 1· h 1· h h C- ecit in to yso ecit in or to i erate co ine or co ine p osp ate 

from this substrate were unsuccessful (Table 6.1). Similarly, erythro-

cyte membrane, following exposure to haemolytic concentration of toxin, 

showed no alteration in phospholipid composition as detected by 

organic solvent extraction and thin layer chromatography (Figure 6.16). 

When phospholipase inhibitors were examined for their 

effects on the action of diamphotoxin, the results, summarised in 

Figures 6.17 and 6.18 were obtained. 

Rosenthal's inhibitor, an · analogue of lecithin, showed an 

interesting inhibition effect that increased gradually and linearly 

from 0% inhibition at 10-aM to approximately 10% inhibition at 

-6 
6 x 10 M. 

-6 -6 
Between 6 xlO Mand 7 x 10 M, however, a sharp increase 

in inhibition occurred to approximately 100%. This "step-function" 

relationship between concentrations and% inhibition was observed in 

three separate experiments. On each occasion the inflection occurred 

in Figure 6. 17. 

A typical experiment is depicted 

Rosenthal's inhibitor only acted in this way when 

dissolved and added in chloroform:methanol (1:19). No effect of the 

compound was observed if it was dissolved in methanol alone or in 

chloroform:methanol (1:1). 

Neither lecithin nor sphingomyelin had any effect on 

haemolysis by diamphotoxin when used at a concentration of l0-4M in 

exactly the same manner as Rosenthal's inhibitor. 



TABLE 6.1 

ASSAY FOR PHOSPHOLIPASE ACTIVITY IN A TOXIN SOLUTION 

14 A solution containing 2500 HU toxin and 5 mg C-labelled 

lecithin (N-methyl-14c, 48 000 cpm) in 0,2% Triton XlOO, 0,04M CaC1 2 
and 4 mM Tris-HCl pH 7,5 was incubated at 30°C for 10 minutes. 

In control solutions the toxin was omitted. The reaction was 
stopped by adding 1 ml 6% v/v perchloric acid and the aqueous phase 
extracted three times with ether . As described in the text the 
phospholipid in the ether extract was chromatographed on a silica
gel TLC system and the lecithin and l ysolecithin recovered and 
quantitated by determining 14c. Aliquots of the aqueous phase 
were counted for 14c to determine the release of choline from the 
lecithin. The table shows the results for an experiment carried 
out in duplicate. 

Toxin Control 

cpm % cpm 

lecithin 41905 40941 86 39979 38055 
lyso lecithin 1445 2400 4 1440 1925 
Aqueous (choline) 344 234 0,6 225 248 

% 

81 

3,5 

0,5 
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Figure 6.16 The composition of erythrocyte membrane phospholipid 

after exposure to toxin. 

A 1 ml suspension of 20% SRBC in VBS was lysed by incubation with 

1000 HU of toxin at 37°c for 60 minutes. A control suspension was 

incubated without toxin. These suspensions were then extracted with 

n-butanol by the method of Bjerve et al (1974) and the extracts 

evaporated to dryness under nitrogen. The residue was taken up in 

chloroform:methanol 1:1 and chromatographed on silica gel TLC plates 

by the method of Bowyer and King (1977). Phospholipid spots were 

visualised by spraying first with 2,7 dichlorofluorescein followed 

by ninhydrin and incubation at 110°c for 10 minutes. A: control 
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cells; B: toxin lysed cells; PC: phosphatidylcholine; LPC: lyso

phosphatidylcholine; PE: phosphatidylethanolamine; S: sphingomyelin; 

PI: phosphatidylinositol; PS: phosphatidylserine. 
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Figure 6.17 The effect of Rosenthal's inhibitor on haemolysis 

by the toxin 

A 10 µl aliquot of Rosenthal's inhibitor dissolved in chloroform: 

methanol 1:19 was added to 1 ml VBS-G at 37°c in a glass 5 ml 

test tube and vortexed immediately. The solution was then 

transferred to a quartz cuvette, 10 µ1 104 HU/ml toxin added, 

the contents of the cuvette mixed, and finally 10 µ1 109 SRBC/ml 

added. The suspension was again mixed and then placed in the 

spectrophotometer. The rate of haemolysis was monitored as 

described for the turbidity assay. The concentration of 

Rosenthal's inhibitor in the CHC13 :cH30H solutions ranged from 
l0-6M to 10-~. 

The figure shows a plot of the rate of haemolysis as a function 

of the final concentration of Rosenthal's inhibitor. 
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The reagent p-bromophenacyl bromide has been used, as an 

inhibitor that modifies histidine, to indicate that a number of 

phospholipases possess histidine residues at the active site (Volwerk 

et al, 1974; Halpert et al, 1976; Viljoen et al, 1977). When 

-7 
toxin was incubated in the presence of 3,3 x 10 M p-bromophenacyl 

bromide, a progressive loss of haemolytic activity with time was 

observed (Figure 6.18). 

Proteoiytic activity 

Attempts to demonstrate proteolytic activity associated with 

113 

the toxin were negative. Electrophoresis of a toxin sample containing 

600 HU of activity failed to generate any proteolytic bands in a 

gelatin SDS polyacrylamide gel. I h lZSI f"b . d 50 1 n t e - i rin proce ure µ 

samples of toxin solution containing 3000 HU of activity were added 

to Linbro wells in the presence or absence of plasminogen. In 

125 
neither case did the release of I-labelled fibrin degradation 

peptides differ from the background level in buffer controls. Further-

more, the SDS-gel protein banding pattern for erythrocyte ghosts 

incubated in 300 HU/ml toxin (37°c, 60 minutes) did not differ from 

that for a control suspension incubated with heat-inactivated toxin. 

Stoichiometry of the toxin-erythroayte interaction 

In order to decide whether the cytolytic action of the toxin 

was stoichiometric or catalytic in nature, it was necessary to search 

for experimental conditions where it could be shown that a given 

amount of toxin would lyse a certain number of cells and no more, 

despite prolonged exposure to the toxin. These conditions could be 

met by incubating 109 SRBC/ml for 5 hours in the presence of 0,01 HU 

of toxin/ml. As will be seen from Figure 6.19 under these conditions 
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Figure 6.18 The effect of incubating the toxin with p-bromo

phenacyl bromide 

-7 Toxin (1000 HU/ml) was incubat ed with 3,3 x 10 M p-bromophenacyl 
0 bromide in O,lM cacodylate, O, l M NaCl, pH 6,0 at 30 C. At 

intervals aliquots of 0,8 ml were removed and the reaction in 

these aliquots stopped by adding 25 µl glacial acetic acid and 

cooling on ice. A control sample did not have p-bromophenacyl 

bromide present during the incubation. The aliquots were assayed 

for haemolytic activity by the tube assay and the residual activity 

of the treated toxin expressed as a percentage of the activity 

in the corresponding control sample. 
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Figure 6.19 Haemolysis as a function of time of incubation 

of erythrocytes with toxin 

A series of tubes containing 0, 5 ml 0,02 HU/ml toxin 1n VBS-G 
0 

was incubated at 37 C for 8 hours. At intervals of 1 hour 

'0,5 ml of 2 x 109 SRBC/ml in VBS was added to successive tubes. 

At the end of the 8 hour incubation the tubes were all centri

fuged and the optical density of the supernatants measured at 

540 run. The percentage of cells lysed is plotted against the 

duration of exposure of cells to toxin. The rate of haemolysis 

dropped to approach ze,ro after approximately 5 hours. 
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haemolysis reached a plateau at 5 hrs. Figure 6.20 shows that 

the level of this plateau was a direct function of the initial 

toxin concentration on the range Oto 0,1 HU/ml. 

Further evidence for stoichiometry was provided by 

absorbing a solution of 1 HU/ml of toxin in CMF-VBS-G containing 

1 mM EDTA with pellets of 105 to lOlO SRBC. The results, depicted 

in Figure 6.21 show that the activity of the toxin solution was 

depleted after incubation with SRBC, and that this depletion was 

a function of the number of cells in the preliminary incubation. 

The 1251-labelled toxin was used for direct demonstration 

of toxin binding to cells. 
9 9 

Pellets of 0,2 x 10 to 1 ,0 x 10 SRBC 

were incubated in 1 ml CMF-VBS-G containing 1 mM EDTA and 18 000 cpm 

of labelled toxin. After 30 minutes at 37°c the cells were pelleted, 

washed four times in CMF-VBS containing 1 mM EDTA, and counted. 

Figure 6.22 shows that the radioactivity recovered was proportional 

to the number of cells in the pellet. 

Conforma.tional changes induced by calcium 

116 

The circular dichroism (CD) spectra of the toxin in 1 mM EDTA, 

++ +++ 
or 10 mM Ca , or 1 mM La showed a strong negative peak of optical 

activity in the 200 to 250 run region. The amplitude of the peak 

in the region of 210 to 230 run was considerably increased by the 

presence of Ca++ (Figure 6.23) or La+++ (Figure 6.24). This is 

indicative of a conformational change in the protein, probably reflecting 

an increase in the a-helical component of the secondary structure 

(Freifelder, 1976). The signal in the 250 - 300 run region was too 

weak to allow any conclusions to be drawn about the tyrosine and 

tryptophan residues, which are said to be active at these wavelengths. 

Fluorescence of the dye 8-anilino-1-naphthalene sulphonate 

. . ·. :.·-. : .·.· 
. • ··· ·· 

. . . . : · · . . . 
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Figure 6.20 
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Toxin concentration (HU/ml) 

Haemolysis by different concentrations of toxin 

after prolonged incubation 

Aliquots of 1 ml 109 SRBC/ml in VBS-G and containing Oto 0,1 HU 

of toxin were incubated at 37°c for 6 hours. The tubes were then 

centrifuged and the release of haemoglobin measured by spectro-

photometry. The percentage of cells lysed is plotted against 

the toxin concentration. 
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The loss of activity of a toxin solution after 

exposure to cells in the absence of calcium 

Aliquots of 1 ml 10 HU/ml toxin in CMF-VBS-G were incubated 

with 10
8 

to 10
9 

SRBC at 37°c for 30 minutes. The cells were then 

pelleted and the supernatant assayed for activity using the 

turbidity assay. The figure shows the loss of activity of 

the toxin solution, expressed as a percentage of the activity 

of a control solution incubated without cells, plotted against 

the number of cells in the preincubation. 
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Figure 6.22 
125 

The binding of I-labelled toxin to erythrocytes. 

Pure toxin (1 mg) was labelled with 1251 by the chloramine T 

method of Greenwood et al (1963). The recovery of haemolytic 

activity after labelling was approximately 10%. 

Pellets of 0,4 x 109 to 2 x 109 SRBC were suspended in 1 ml CMF-VBS-G 

containing 1 mM EDTA and 18· 000 cpm of labelled toxin. After 

incubation at 37°c for 30 minutes the cells were pelleted, washed 
125 

4 times in CMF-VBS containing 1 mM EDTA, and counted for I. 
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The effect of calcium on the circular dichroism 

spectrum of the toxin 

A solution of 0,4 mg/ml pure toxin in O,OlM Tris-HCl, 10% glycerol, 

1 mM EDTA, pH 8,2 was placed in a fused quartz cuvette of 2,0 cm 

light path. The optical activity of the solution was measured 

in a JASCO J40A spectropolarimeter in the range 300 to 190 nm. The 

toxin solution was then made to lOmM CaC12 and the procedure repeated. 
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There was a marked change in the CD spectrum in the range 200 to 230 nm, 

as is illustrated in the figure. Buffer controls showed no activity 

in this region of the spectrum (EDTA: -- ; CaCl : - - - ) • 
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The effect of lanthanum on the circular dichroism 

spectrum of the toxin. 

A solution of 0,4 mg/ml pure toxin in O,OlM Tris-HCl, O,lM NaCl, 

1 mM EDTA, pH 8,2 was placed i n a fused quartz cuvette of 1,0 cm 

light path. The optical activity of the solution was measured 

as described for Figure 6.23. The solution was then made O,lmM 

with respect to Lac1 3 and the procedure repeated. 

As in the case of calcium, the lanthanum caused a marked change 

in the CD spectrum in the range 200 to 230 nm. Buffer controls 

again showed no activity in this region (EDTA:~-; LaC1
3

: ---). 
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in the presence of toxin solutions was markedly increased by the 

d . . f ++ ++ ad 1t1on o Ca or La Figures 6.25 and 6.26 show that, taking 

the fluorescence of a toxin-ANS solution containing 1 mM EDTA as 

100%, the presence of 10 mM Ca++ resulted in a 900% increase in 
+++ . . fluorescence and 1 mM La 1n a 1600% increase. 

Species specificity 

Erythrocytes from a variety of species were substituted for 

SRBC in the turbidity assay and used to assay a standard solution of 

100 HU/ml of toxin. Figure 6.27 illustrates that there was a wide 

range in the rate of haemolysis for erythrocytes from the species 

studied. No correlation could be found between published data on 

the membrane phospholipid composition (Rowser et al, 1968; Wessels 

and Veerkamp, 1973) and the rate of haemolysis for the different 

species (Figure 6.28). 

The effect of toxin on other biological systems 

A marked change in the response of the guinea pig ileum 

myenteric plexus-longitudinal muscle preparation to electrical stimu

lation was seen after· the addition of toxin at a concentration of 

1 HU/ml in the bathing solution. 

As illustrated in Figure 6.29 there was a transient increase 

in tonicity followed by a rapid fall in response until the preparation 

ceased to respond to the stimulus. The preparation did not recover 

after several washes with toxin-free medium. 

The muscle response to electrical stimulation was severely 

inhibited by the absence of Ca++ and Mg++ in the medium but recovered 

fully when these ions were restored (Figure 6.30). Preparations 

exposed to 1 HU/ml toxin in the absence of Ca++ and Mg++ recovered 
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Calcium concentration (mM) 

The effect of calcium on the specific fluorescence of 

8-anilino-1-naphthalene sulphonate in the presence of 

toxin . 

Solutions of 0,4 mg/ml pure toxin in O,OlM Tris-HCl, O,lM NaCl, pH 8,2 

and containing 40 µMANS were made to 1 mM EDTA, or 1 to 10 mM CaC1 2• 

The fluorescence of the solutions was measured using a Perkin Elmer 

MPF-4-A fluorescence spectrophotometer with excitation at 396 nm 

and monitoring emission at 468 nm. The fluorescence of the 

preparation containing 1 mM EDTA was taken as 100%. The graph shows 
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the percentage fluorescence of the calcium preparations plotted against 

the concentration of calcium. 

Control solutions of ANS omitting toxin showed no change in fluores

cence on the addition of CaC12• 
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The effect of lanthanum on the specific fluorescence 

of 8-anilino-1-natpthalene sulphonate in the presence 

of toxin. 

Solutions of 0,4 mg/ml pure t oxin in O,OlM Tris-HCl, 0,1 M NaCl, 

pH 8,2 and containing 40 µM ANS were made to 1 mM EDTA, or 0,01 to 

1 mM LaC13• The fluorescence of the solutions was measured at an 

excitation wavelength of 396 nm and an emission wavelength of 468 nm. 

The fluorescence of the preparation containing 1 mM EDTA was taken 

as 100%. The graph shows the percentage fluorescence of the 

lanthanum preparations plotted against the concentration of lanthanum. 

. . . ·· · · · · 
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The rate of haemolysis of erythrocytes from various 

different species 

Erythrocytes from a variety of species were substituted for SRBC 

in the turbidity assay and used to assay a standard solution of 

100 HU/ml of toxin. 
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Relationship between erythrocyte membrane 

phospholipid composition and the rate of 

haemolysis by the toxin for various species 

The figures are scattergrams using published data on membrane 
phospholipid composition (Rowser et al, 1968; Wessels and 
Veerkamp, 1973)~ and the data depicted in Figure 6.27. 

S: sphingomyelin; PC: phosphatidylcholine; PI: phosphatidyl
inositol; PS: phosphatidylserine; PE: phosphatidylethano
lamine. The phospholipid composition is expressed as a percentage 
of the total membrane phospholipid. 
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Figure 6.29 

• 
1 

lOmin 

"•' 

The effect of diamphotoxin on the response of the 

guinea pig ileum longitudinal muscle-myenteric plexus 

to electrical stimulus. 

The preparation was set up as described by Paton and Vizi (1969) and 

stimulated with biphasic, 2 msec, 45V square wave pulses at a frequency 

of 0,1 Hz. The isometric response was measured with a force dis-

placement transducer with a resting tension of 0,3g and recorded on 

a chart recorder. The preparation was bathed in 7,5 ml Krebs Ringers 

solution bubbled with 90% o2 , 10% CO 2 to maintain a pH of 7,4. 

After establishing a stable baseline response, 75 µl aliquots of toxin 

solution were added to the bath at 10 minute intervals to give toxin 
-3 -2 -1 concentrations in the bath of 10 , 10 , 10 , and 1 HU/ml. The 

128 

figure shows the recording obtained from the chart recorder. The arrows 

mark the additions of toxin. The response of the preparation could 

not be restored in spite of repeated washing. 



Figure 6.30 
++ ++ . The effect of Ca and Mg -free Krebs Ringers on the 

guinea pig ileum longitudinal muscle-myenteric plexus 

preparation. 

The preparation was set up as described for figure 6.29 and stimulated 
until a stable baseline was obtained. The bathing-medium was then 

++ ++ substituted by a modified Krebs Ringers containing no Ca or Mg • 
After 10 minutes the preparation was returned to standard Krebs Ringers 

++ ++ containing 1,2 mM MgC12 , and 2,5 mM CaC1 2• The Ca - and Mg -free 
period is marked by arrows. 
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to about 50% of their pre-treatment response when the toxin was 

washed out and the calcium and magnesium restored (Figure 6.31). 

In the case of one preparation this recovery was virtually 100%. 

This was in contrast to the complete absence of recovery for 

++ ++ preparations exposed to toxin in the presence of Ca and Mg • 
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The response of the preparation to chemical stimulation by 

nicotine or acetyl choline was also reduced by about 50% after exposure 

++ ++ of the preparation to toxin in the absence of Ca and Mg • In 

preparations exposed to toxin in the presence of these ions the 

response to chemical stilllUlation was totally abolished. 

When the perfused rat heart was exposed to 1 HU/ml of toxin 

an increase in the P-R interval in the ECG (first order heart block) 

was obser~ed in the first 5 minutes after the start of the toxin 

perfusion. This developed into a 2:1 block progressing rapidly 

through a 3:1 block to independent atrial and ventricular activity 

(Figure 6.32). After about 15 minutes ventricular activity ceased. 

The heart rate (Figure 6.33) and coronary flow (Figure 6.34) 

decreased steadily fro~ the start of the toxin exposure. An increase 

in LDH release could only be detected after 10 minutes (Figure 6.35). 

The addition of 250 HU/ml toxin to the sarcoplasmic reticulum 

i ++ Vea cle preparation, either during the course of the Ca uptake, or 

during a 10 minute pre-incubation at 25°c, had no detectable effect on 
++ the uptake of Ca by the vesicles (Figure 6.36). 
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Figure 6.31 The effect of exposing the guinea pig ileum longitudinal 

muscle-myenteric plexus preparation to toxin in the 
++ ++ 

absence of Ca and Mg 

The preparation was set up and stimulated as described for Figure 6.29. 

When a stable baseline had been established the preparation was washed 
++ ++ and bathed in modified, Ca - and Mg -free Krebs Ringers for 5 minutes. 

Toxin was then added to the bathing medium to give a final concentration 

of 1 HU/ml and the preparation stimulated for a further 10 minutes. 

The preparation was again washed and bathed in Ca++_ and Mg++_free 

Krebs Ringers for 5 minutes, then returned to the standard Krebs Ringers 

solution. The arrows mark the changes of solution and the addition 

of toxin; A: change ++ ++ . to Ca - and Mg -free Krebs Ringers; B: add toxin; 

C: wash out . . ++ 
and 

++ 
Krebs Ringers; toxin with Ca - Mg -free D: restore 

to standard Krebs Ringers. 
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The effect of diamphotoxin on the electrocardiogram 
of the isolated perfused rat heart. 

A 300g rat was anaesthetised with ether and injected intravenously 
with 200 units of heparin. The heart was excised and suspended by 
ligaturing the aorta over a glass tube through which it was perfused 
with Krebs Ringers pH 7,4 at a hydrostatic pressure of 100 cm. After 
a 15 minute stabilisation period the heart was perfused with Krebs 
Ringers containing 1 HU/ml toxin. The figure shows photographic 
recordings of the ECG immediately prior to the toxin perfusion (0), 
and after 2, 5 and 8 minutes of toxin perfusion. Note, among other 
changes, the development of 2:1 atria-ventricular block af ter 8 mins. 
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Figure 6.33 

Figure 6.34 

Figure 6.35 
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Figure 6.33 The effect of diamphotoxin on the heart rate of the 
isolated perfused rat heart. 

In the preparation described in Figure 6.32 the heart rate was 
estimated from the average interval between ventricular beats 
recorded by the ECG equipment. The figure shows the heart rate 
at O, 2, 5 and 10 minutes after exposure to the toxin. 

Figure 6.34 The effect of diamphotoxin on the coronary flow in 
the isolated perfused rat heart. 

In the preparation described in Figure 6.32 a one minute collection of the perfusate was made starting at O, 2, 5 and 10 minutes after 
the initiation of the toxin exposure. The volume of perfusate 
collected in one minute was taken as a measure of coronary flow 
and in the figure is plotted against duration of toxin exposure. 

Figure 6.35 The release of LDH by heart tissue after exposure 
to diamphotoxin 

The samples of perfusate collected as described in figure 6.34 
were assayed for LDH activity. The figure shows LDH activity 
plotted against the duration of exposure to toxin. 
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Figure 6.36 The effect of diamphotoxin on the uptake of Ca++ 

by sarcoplasmic reticulum vesicles 

Sarcoplasmic reticulum vesicles were prepared from rabbit skeletal 

muscle as described by Boland and Martonosi (1974) and by McIntosh 
and Berman (1978). Calcium uptake by the vesicles was measured 

by recording the rate of addition of a O,lM solution of CaC12 
. d . . . . f 10 C ++ require to maintain an extra-vesicular concentration o µM a • 

The experimental conditions and apparatus are described in the text. 

The figure shows the ++ uptake of Ca by: vesicles to which toxin 
added during ++ 

to give a final toxin concentration was the Ca uptake, 

of 250 HU/ml (A): vesicles incubated for 10 minutes at o· 25 C prior 
++ to the Ca uptake experiment (B); and vesicles incubated with 
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250 HU/ml toxin for 10 minutes prior to the Ca++ uptake experiment (C). 



DISCUSSION 

The scientific literature is rich in reports on biologically 

derived toxins. For many of these the mechanism of action has now 

been elucidated and the specificity of the cellular targets has been 

defined. Based upon these characteristics, toxins may be divided 

into two broad categories. The first contains the cytolysins which 

usually act on the cell membrane and are lethal to almost all cell 

types. They include the phospholipases in snake and bee venom 

(Condrea and de Vries, 1964; Shipolini et al, 1971); the surfactants 

such as cardiotoxin and melittin, also found in snake and bee venom 

(Louw and Visser, 1978; Habermann and Jentsch, 1967); the ionophores 

from anemones and Streptomyaes aonglobatus (Michaels, 1979; Lio and 

Hermann, 1978); and the toxins found in Crotalus venom (Bjarnason 

and Tu, 1978). 

The second comprises toxins having highly specific cellular 

targets. In this category one finds many of the neurotoxins such as 
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a-bungarotoxin which binds to the post-synaptic acetylcholine receptor 

(Mebs et al, 1972); botulinus toxin which blocks acetylcholine release 

at the neuromuscular junction (Raskova and Masek, 1970}; black widow 

spider toxin which causes massive and uncontrolled release of neuro

transmitter (Grasso, 1976); or the polypeptide in scorpion venom that 

blocks the closure of the action potential Na+-ionophore in the axon 

(Caterall, 1977). Other toxins in this group, with specific targets 

outside the nervous system, include diphtheria toxin, which blocks 

protein synthesis by the inactivation of elongation factor 2 (Pietrowski 

and Stephen, 1978) and cholera toxin which stimulates adenylate cyclase 

activity and so disrupts intracellular control mechanisms (Sharpe and 

Hynie, 1971). 

The striking and immediate haemolytic activity of diamphotoxin 
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provided a useful initial pointer to its cytolytic mode of action, 

and it seemed unlikely, for a number of reasons, that the toxin 

affected some cellular metabolic process that was essential for 

structural integrity. Although the red cell does possess enzymatic 

and other active metabolic functions that contribute to its survival 

in vivo, there is no precedent to suggest that disruption of these 

functions may lead to acute haemolysis in vitro. Ouabain, for 

+ + -3 -7 
example, inhibits erythrocyte Na -K -ATPase at 10 - 10 M but 

does not lead to haemolysis after 6 hours (HUlser et al, 1974). 

If one considers the many haemolytic agents of biological 

origin three groups may be distinguished on the basis of their 

mechanism of action; namely the phospholipases; the ionophores; 

and the surfactants. The characteristics of each of these groups 

are pertinent to the study of the mechanism of diamphotoxin-mediated 

haemolysis. 

The phospholipases are all proteins. Where molecular 

weights have been reported they fall within the range of 10 000 -

20 000 daltons (Shipolini et al, 1971; Tu et al, 1970; Botes et 

al, 1974). Studies of these enzymes have shown that in many cases 

their haemolytic activity is potentiated by synergistic interaction 

with the surfactant polypeptide direct lytic factor (DLF)(Condrea 

et al, 1964; Louw and Visser, 1977; Hessinger and Lenhof, 1976) or 

with detergents (Taguchi and Ikezawa, 1975). The specificity of the 

phospholipases appears to be dependent on the environment of the 

substrate molecule, since Taguchi and Ikezawa (1976) have shown that 

phospholipase C from Ctostridium perfringens selectively hydrolyses 

phosphatidylcholine in horse erythrocyte membranes but sphingomyelin 

in sheep erythrocyte membranes. 

The ionophores are a more heterogeneous group than the 
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phospholipases, and vary both in size and in mechanism of action. 

The relatively small polyether, ionomycin, for example is believed 

to act by forming a 1:1 complex with calcium ions so permitting them 

to cross hydrophobic barriers (Lin and Hermann, 1978). The some-

what larger polyene antibiotic amphotericin B, on the other hand 

complexes with cholesterol to form transmembranous hydrophilic 

channels (van Hoogevest, 1978). The short polypeptide gramicidin A 

appears to enter the membrane to form similar channels (Hladky and 
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Haydon , 1972) . The macromolecular ionophores appear to be permanently 

resident in the membrane where they provide hydrophilic channels whose 

activity may be modulated by other molecules or factors (Catterall, 

1977; Michaels, 1979). 

Surf actant molecules are found in a number of animal venoms. 

Although these can be shown to be cytolytic in their own right this 

usually requires very high concentration of the surfactant (Alouf-and 

Raynaud, 1968; Mayer, 1972; Louw and Visser, 1977). Lower concen-

trations may potentiate the action of phospholipases. This is well 

illustrated by the synergistic haemolytic action achieved by the 

surfactant, DLF, and a phospholipase that are found together in animal 

venoms (Condrea et al, 1964; Hessinger et al, 1973; Hessinger and 

Lenhoff, 1976; Louw and Visser, 1978). Melittin and DLF, both 

relatively short polypeptide surfactants, have been sequenced. 

Habermann and Jentsch (1967) showed that melittin comprises 20 hydro

phobic residues, which they propose would enter the lipid bilayer, 

followed by 6 basic hydrophilic residues which would remain on the 

surface of the membrane. Lauterwein and Wlltrich (1978) have pointed 

out the extensive homology in the sequences of DLF from different sources. 

They propose a tertiary structure for these molecules which would 

result in three hydrophobic loops suitable for insertion into the 

. .. ... ... 



membrane leaving hydrophilic basic groups at the surface. 

The relationship between Diamphotoxin and other known cyto

lysins may be deduced from my experimental results. 

After exposure of the erythrocytes to toxin there was an 

initial lag period during which there was a negligible release of 

haemoglobin. This lag period lasted 1 - 15 minutes and its duration 

was an inverse function of toxin concentration. The sigmoid curve 

depicting the subsequent release of haemoglobin as a function of time 

is !hown in Figure 6. 3. 

+ + Studying the Na and K fluxes after exposure of the cells 
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to toxin provided a clearer picture than did the release of haemoglobin. 

+ After exposure to toxin the cells showed an immediate loss of K and 

uptake of Na+ from the medium (Figure 6.5) . These fluxes clearly 

preceded the loss of haemoglobin. It seemed likely therefore, that 

the releas~ of haemoglobin was a secondary phenomenon and resulted from 

osmotic swelling and rupture of the cells secondary to the disruption 

of osmoregulatory ionic gradients. This notion was supported by the 

experiment shown in Figure 6.6 in which sucrose, when present at a 

concentration of 0,3M in the medium, prevented the release of haemo-

+ + globin, but did not prevent the Na and K fluxes. The inference 

drawn from these results is that the toxin rendered the cell membrane 

permeable to the small cations Na+ and K+ (Stokes radii about 1) but 

not to sucrose and haemoglobin (Stokes radii 4,4 and 31 respectively) 

(Pappenheimer, 1953; Boyle et al, 1979). The extracellular, non-

permeant sucrose exerted an osmotically protective effect that prevented 

complete erythrocytolysis. Similar results have been obtained in 

studies of haemolysis by complement (Green et al, 1959; Frank et al, 

1965; and Boyle et al, 1979); by staphylococcal a-toxin (Madoff et 

al, 1964; Cooper et al, 1964); and by the haemolysin form Listeria 

monocytogenes (Kingdon, 1970). 



The discovery that the toxin required divalent cations for 

haemolytic activity proved valuable in designing experiments to study 

the mechanisms involved in cytolysis. By incubating erythrocytes 
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with toxin in calcium- and magnesium-free medium, washing free of 

unbound toxin, and then adding calcium, two clearly defined, sequential 

stages in the haemolytic process could be identified. In the first, 

toxin interacted with the cells to leave them intact but sensitized 

to the subsequent haemolytic action of calcium, or other divalent 

cations during the second stage. 

These and other experiments have provided data to suggest 

that the toxin acts by becoming inserted into the cell membrane in 

such a manner that subsequent interaction with divalent cations brings 

about a conformational change in the molecule that creates an ionophoric 

+ + channel for Na and K ions to pass. 

Studies with 125
1-labelled toxin (Figure 6.22) showed that 

binding to erythrocytes did, indeed, take place in the absence of 

calcium. Furthermore, the action of the toxin was stoichiometric 

and not catalytic (Figures 6.20 and 6.21), This is as one would 

have expected on the basis of the model I propose above. 

Calcium-independent binding of the toxin to the cells failed 

0 to take place at O C, presumably because, at this temperature, the 

membrane phospholipid was in a largely crystalline configuration that 

would not allow penetration of the toxin molecules. 

I was able to show, by two independent techniques, that 

calcium ions induce a conformational change in the toxin molecule 

which might render it active as an ionophore. The circular dichroism 

measurements indicate that calcium ions caused a change in secondary 

structure (Figure 6.23) while the studies using the fluorescent probe 

ANS, showed that calcium ions increased the number of hydrophobic 



residues exposed at the surface of the toxin molecule (Figure 6.25). 

The latter results suggest that the molecule would penetrate deeper 

into the hydrophobic environment of the membrane in the presence 

of calcium, and provide a plausible explanation of the activating 

effects of this ion. 

The observed inhibition of the toxin by La+++ was also 

consistent with the conformational change hypothesis. In at least 

+++ 
two other systems La is thought to occupy preferentially a 

divalent cation binding site and, because of its high charge density, 

distort the molecule into an inactive form. The molecules referred 

+ + 
to are the Na K ATPase (Naylor and Harris, 1976) and brain adenylate 

cyclase (Nathanson et al, 1976). 

In a recent paper Schanne et al (1979) reported that ten 

different toxic compounds, including the calcium ionophore A 23187, 

lysolecithin, amphotericin B, melittin and silica, caused death of 

hepatocytes in a strictly calcium-dependent manner. They concluded 

that disruption of the integrity of the plasma membrane by widely 

differing mechanisms was followed by a common final lytic process 

initiated by influx of Ca++ into the cell across the damaged cell 

membrane. In their view this resulted in intracellular free calcium 

-5 
concentration, normally strongly buffered in the range 10 Mor less 
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(Hodgkin and Keynes, 1957; Dipole et al, 1976; Valverde et al, 1979), 

rising to reach lethal levels. Unfortunately they did not do the 

sequential experiments in which calcium was added after the toxin 

Ca++ 
compound had been withdrawn nor did they attempt to measure 

fluxes directly. 

The observations of these workers, therefore, contributed 

little to my studies with diamphotoxin. In experiments designed to 

quantitate directly the flux of 45ca across erythrocyte membranes I 



could detect no measurable effect of diamphotoxin (Figure 6.5). 

Similarly, the results of the experiments with sarcoplasmic reticulum 

vesicles showed no effect of the toxin on membrane permeability for 

calcium (Figure 6.36). 

Although there was good reason to believe that the toxin 

exerted its haemolytic effect by acting as a calcium regulated iono-

phore, other haemolytic mechanisms had to be explored. Since a 

number of cytolytic toxins have been shown to possess phospholipases 

(Condrea and de Vries, 1964; Shippolini et al, 1971; Hessinger and 

Lenhoff, 1974) and many phospholipases have shown a requirement for 

++ 
millimolar Ca (Tu et al, 1970; Hessinger et al, 1973; Martin et 

al, 1975; Taguchi and Ikezawa, 1975) it was important to study 

diamphotoxin for similar enzyme activity. Using a sensitive direct 

assay based on the hydrolysis of radioactively iabelled lecithin, I 

was unable to detect any phospholipase activity in toxin preparations 
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(Table 6 .1). Since phospholipases may exhibit considerable substrate 

specificity, and since this specificity may be influenced by the 

environment of the substrate phospholipid (Taguchi and Ikezawa, 1976), 

it was possible that the toxin was a phospholipase with specificity 

for a substrate other than lecithin. To explore this possibility, 

erythrocyte membrane phospholipids were used as substrate. 

As shown in Figure 6.16, thin layer chromatographic analysis 

of toxin-treated erythrocyte membranes showed no change in membrane 

phospholipid composition as a result of exposure to diamphotoxin. 

Quantitative studies using haemolytic phospholipases have shown that 

extensive hydrolysis of membrane phospholipids takes place before 

haemolysis occurs. Martin et al (1975) found up to 70% hydrolysis 

of membrane phosphatidylcholine by phospholipase A2 without haemolysis,. 

Colley et al (1973) found 75% to 80% hydrolysis of membrane sphingo-



myelin by sphingomyelinase without haemolysis. I would expect, 

therefore, to have been able to detect an alteration in phospholipid 

composition of the cell membrane had toxic activity been mediated 

by phospholipase. 

In a number of reports haemolysis by phospholipase action 

has been inferred from the results of studies in which membrane 

components have been used as inhibitors. Streptolysin O, for 

example, is inhibited by lecithin (Hewitt and Todd, 1939) and cho

lesterol (Howard et al, 1953; Halbert et al, 1970) . The cytolytic 

protein extracted from the sea anemone Metridium senile is inhibited 

by cholesterol (Bernheimer and Avigad, 1978), while that from 

Stoiahaatus hetianthus is inhibited by sphingomyelin (Bernheimer 

and Avigad, 1976; Linder et al, 1977). The cytolytic bacterial 

exotoxin from Aeromonas hydrophiZa is inhibited by incubation with 

osmotically lysed erythrocyte membranes (Bernheimer and Avigad, 1974). 

Haemolysis by diamphotoxin was unaffected by the addition of 

lecithin, sphingomyelin, cholesterol, or erythrocytes that had been 

lysed by freezing and thawing. 

I concluded, therefore, that diamphotoxin does not act as a 

cytolysin by virtue of phospholipase activity. 
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This conclusion was supported by the finding that the kinetics 

of haemolysis were stoichiometric and were not characteristic of 

enzymatic catalysis (Figure 6.19 and Figure 6.20). 

The conclusion that the toxin was not a phospholipase may 

justifiably be questioned in view of the results I obtained using 

p-bromophenacyl bromide and Rosenthal's inhibitor. Both of those 

compounds are generally regarded as phospholipase inhibitors, and 

both inhibited the haemolytic action of the toxin. 



The inhibitor p-bromophenacyl bromide inhibits the phos-

the 
pholipase A

2 
present in porcine pancreas (Volwerk et al, 1974); 

venom of Noteohis soutatis soutatis Halpert et al, 1976); and the 

venom of Bitis gaboniaa (Viljoen et al, 1977) and reacts covalently 

with histidine residues in the enzyme (Volwerk et al, 1974). The 

inactivation of diamphotoxin by this reagent cannot be interpreted to 

mean that the toxin is a phospholipase, since p-bromophenacyl bromide 

is by no means a specific inhibitor of phospholipases. It does, 

however, indicate an essential role for at least one histidine residue 

in the action of the toxin. 

Rosenthal's inhibitor is an analogue of lecithin in which 
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the positions of the choline and phosphate groups have been interchanged. 

It has been shown to be a competitive inhibitor of phospholipase 

(Rosenthal 1960). The results I obtained with this inhibitor (Figure 

6.17) were interesting and unlike those one would have expected from 

a competitive inhibitor of the toxin inasmuch as there was a sharp 

step in the effect of the inhibitor between a concentration of 6 x 10-6 

-6 
and 7 x 10 M. The most plausible explanation for this abrupt change 

in inhibitory capacity over this very narrow range in concentration 

is that, under the experimental conditions used, this concentration 

range spanned the critical micelle concentration of the inhibitor, 

and that the toxin was efficiently taken up by the micelles. The lack 

of the effect of the inhibitor when added in solvents other than 1:19 

CHC13 :cH30H could be due to critical requirements for a phase trans

ition as the inhibitor is transferred from one solvent to another. 

It is not clear why lecithin was not active as an inhibitor 

while its analogue did show activity. Once again the explanation 

possibly lies in the extent to which the experimental conditions 



used satisfied different requirements for micelle formation by these 

compounds. 

In their studies on the haemorrhagic venom from Crotaius 

atl'Ox Bjarnason and Tu (1978) found significant proteolytic activity 

in the venom which they felt was sufficient to account for its 

necrotic effects on tissues. In view of these observations it 

seemed possible that haemolysis by diamphotoxin might be mediated 

by a proteolytic action. I was, however, unable to detect proteo-

lytic activity in toxin preparations using two sensitive direct assays 

nor could I detect a change in the banding pattern of membrane 

proteins on SDS electrophoresis polyacrylamide gels after toxin 

induced haemolysis. 

The final haemolytic mechanism that needs to be discussed 

is that of the toxin acting as a detergent or surfactant, in a manner 

similar to that in which saponin causes disruption of the plasma 

membrane and release of cellular contents. A number of consider-

ations allow me to exclude the possibility with reasonable confidence. 

In the first instance, a number of studies on surfactant 

7 10 
mediated haemolysis have shown a requirement for between 10 and 10 

surfactant molecules per cell for 507. lysis (Alouf and Raynaud, 1968; 

Mayer, 1972; and Louw and Visser, 1977). Taking the data presented 
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in Figure 6.20 I have calculated that approximately 100 toxin molecules 

per cell are sufficient to cause 507. haemolysis. These calculations 

-9 
are based on the observation that 0 ,04 HU of toxin (3,24 x 10 g; 

5,41 x 10-14 moles; 3,26 x 1010 molecules) will lyse 0,5 x 109 cells, 

i.e. 65 molecules/cell. Quantitatively, therefore, toxin and 

surfactant-induced haemolysis are different. 

Secondly, toxin-induced haemolysis was relatively species 

specific (Figure 6.27). This is not generally the case with surfactant-



146 

induced haemolysis. 

Finally, surfactants do not show the temperature-dependence 

that I demonstrated with the toxin (Figure 6.15) nor do they require 

++ 
Ca for this haemolytic effect. 

Although most of the experimental investigations of the 

toxin's action were carried out on sheep erythrocytes, a number of 

studies were performed on other biological preparations to examine 

the question of whether or not the toxin acted consistently on cells 

from other tissues. 

Using the rat heart preparation it was found that exposure 

to the toxin caused a block in atrio-ventricular conduction followed 

by cessation of ventricular activity. These findings could be 

explai~ed by assuming that the toxin acted as an ionophore for Na+ and 

K+ ions and so disrupted the trans-membrane gradients essential for 

coordinating electrical activity in the atrio-ventricular conduction 

system. Release of the macromolecular LDH molecule could only be 

detected after 10 minutes, parelleling the events duri~g haemolysis. 

The calcium dependence of the cardiac effect of the toxin could not 

be tested in this preparation, since Ca++ deprivation on its own leads 

to irreversible malfunction of the heart. 

The toxin disrupted the functioning of the guinea pig ileum 

longitudinal muscle-myenteric plexus preparation but the experiments 

described did not permit the identification of the site of action 

of the toxin. They did, however, demonstrate that the action of the 

toxin is calcium dependent in this system as well. 

+ The effect of the toxin on the axonal transmembrane Na and 

K+ gradients may have accounted for the local paralysis observed in 

mice receiving intramuscular injections of toxin (Figure 2.3). 

The studies reported in this project have brought our know-
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ledge about the toxin to an advanced stage. We are able to conclude 

that diamphotoxin is a basic, hydrophobic protein of molecular weight 

62 000 daltons. Its toxicity is the result of its insertion into 

the cell membrane where, in the presence of Ca++ or other divalent 

cations, it assumes a configuration which renders the membrane permeable 

+ + to Na and K but not to larger molecules such as sucrose. This 

permeability disrupts the ionic gradients essential to physiological 

functions such as electrical excitability as well as leading to 

osmotic swelling of the cell and eventually to rupture of the membrane 

and release of macromolecular material from the cell. 

Further studies on the toxin should examine the detailed 

events occurring in the membrane. These could be carried out using 

erythrocyte ghosts, liposomes, and artificial bilayer lipid membranes. 

Such techniques would allow a detailed study of the size and charge 

characteristics of the membrane lesion generated by the toxin and 

the kinetics of the movement of ions or molecules able to pass through 

the lesion. 

A question which has not been addressed in this project 

concerns the role of the toxin in the organism which manufactures it -

Diamphidia nigro-ornata. The toxin constitutes a significant 

proportion of the protein content of the pupae from which it is 

extracted, indicating that it probably plays an important functional 

role in these pupae. Whether this role is related to the properties 

of the molecule studied in this project is not clear. Clearly if the 

1 1 d 
+ + . . . . 

mo ecu e oes act as a Na K 1onophore 1n 1ts parent organism it must 

do so under closely controlled regulation by some other factor -

otherwise the toxin would be as lethal to its parent organism as it is 

to so many others. Some indication of a regulatory factor was gained 

during the purification of the toxin, where a consistent increase in 
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activity was observed after chromatography on HTP. This is presumably 

the result of the separation of the toxin from some inhibitory molecule 

present in the pupa. 

A study of the functional role played by the toxin in its 

parent organism would prove a fascinating field of study • 

. .. ,: .. 
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