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SUMMARY. 

The purpose of this investigation was to study the 

biophysical and biochemical properties of some of the 

enteroviruses. Previous work in this laboratory on 

several members o.f this large sub-group of the Picorna­

viruses had emphasised the importance of a more detailed 

examination of some of the surface properties of represent­

ative strains of enteroviruses, by currently available 

techniques. 

1. Physico-chemical studies on ecbov.irus SA 1, the first 

enteric cytopathogenic bovine orphan virus to be isolated 

in south Africa, revealed that the properties of this virus 

were those.of a typical enterovirus. The diame:t.er of the 

virus, determined by three different methods, was 27 to 

29.9 mµ. The virus was resistant to ether and pH 2.8, 

inf'ectivity was stabilized to heat at 5o0 for 30.min. by 

the presence of molar concentrations of divalent cations, 

and infectious particles contained RNA as their genetic 

·determinant, the content of ·which was calculated to be 28%. 

2. The presence of a. haemagglutinin in ecbovirus SA 1 was 

demonstrated for the first time. Virus propagated in 

primary cultures of calf kidney cells was found to be 

capable of ha.emagglutinating red cells from vervet and 

rhesus monkeys, and from sheep umbilical cords. In the 

presence of 140 mM cac12 the titre of the haemagglutinin 

for vervet and rhesus monkey red cells was considerably 

enhanced, and in addition virus preparations were able to 

haema.gglutinate horse red.cells. Haemagglutination 

occurred only when the reactants were incubated at 4°, 

bu't not at 20-22° or 37°. · The hydrogen ion concentration 

was not critical, but optimal agglutination occurred at 

about pH 6. These observations led to a critical 

reappraisal of existing criteria for the classification of 

bovine enteroviruses. 
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3. The properties of the haemagglutinin and the infect­

ious particle of ecbovirus SA l suggested that the surface 

of the virus particle was responsible for haemagglutina­

tion and that the haemagglutinin was inseparable from 

intact virus particles. This was demonstrated by the 

fact that the haemagglutinin and the infectious particle 

have identical electrophoretic mobilities at two different 

hydrogen ion concentrations, and the observation that par­

ticles of lower density than the infectious partieles, the 

11 coreless 11 particles, have the ability to haemagglutina.te 

vervet monkey red cells. 

4. A further physical property of the surface of ecbo­

virus SA 1 was determined, namely the isoelectric point. 

This was achieved by submitting virus preparations to 

sucrose dens.i ty gradient zone electrophoresis in succinate/ 

NaOH buffers of ionic strength 0.1. This method was shown 

to be suitable for the purpose by results obtained when the 

isoelectric point of a protein of knmm isoelectric point, 

human serum albumin, was determined by this method. The 

isoelectrio point of ecbovirus SA l was confirmed by two 

further methods: by elution of virus from columns of agar 

spheres which acted as a weak cation exchanger, and by 

submitting the virus to isoelectr.ic focussing in 

"artificial 11 pH gradients. The isoelectric point of 

ecbovirus SA l was found to be pH 4.40. 

5. Knowledge of this constant was used in the concentra-

tion and purification of preparations of ecbovirus SA 1. 

At the isoelectric point virus was precipitated from 

suspensions using a minimal amount of polyethylene glycol 

as a precipitant. The precipitate was submitted to 

sucrose density gradient zone electrophoresis at the 

isoelectric point and purified virus was recovered .from 

the position of the original virus band in the zone elec-

trophoresis column. It is suggested that precipitation 
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of virus from suspension with polyethylene glycol may be 

a means of determining the isoelectric point of viruses •. 

The pH at which most of the virus is removed from sus­

pension after addition of a minimal amount of polyethylene 

glycol would be ~he isoelectric point of a virus which 

is normally soluble at its isoelectric po:i.nt .. 

It was found furthermore that virus contain.ed in 

large volumes of culture fluid could be concentrated by­

submitting the fluid to mul timembrane el,ectrodecantation 

.,. at pH 7. 2, and purified by submitting the fluid to multi­

membrane electrodecantation at pH 4.40, _ -the isoelectric 

point -of' the virus .. It is sugge.sted that the technique 
. . 

of multi-membrane electrodecantation could. be -o:f consider-

able value in purifying and concentrating, from large 

volumes of culture fluid, attenuated viruses as for 

instance .in live poliovirus vaccines .. · 

6. The isoelectric points of several other enterovirus·es 

were determined.· While only a limited numbor.of v.iruses 

was studied, it was found that the viruses could be classed 
. . 

into two main groups on the basis of these measurements. 

The first group consisted o.f enteroviruses which had a.n 

isoelectric point at, or very close to, pH 4.4 and con­

·tained ecbovirua SA 1, CBO virus and a mouse-adapted strain 

of MEF1 poliovirus. The second group consisted of entero-

viru.ses having isoelectric points of pH 4,.65 to pH 4.81 · 

and contained the original strain of' MEF1 poliovirus. 

coxsackieviruses B 1, 3 and 4, and the "control0 virus, 

reovirus type 1. Coxsackievirus A 9 had a higher 

isoelectric point of pH 5,.33. It was noted that the 

three viruses which had isoelectric points at or near 

pH 4.4, were not pathogenic .for man, including the mouse­

adapted strain of MEF1 poliovirus which had lost its 

neurovirulence for monkeys in the course of passage in 
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suckling mouse brains. It is thus suggested that an 

isoelectric point at or near pH 4.4 may be a further 

genetic marker of polioviruses which might allow the labor­

atory differentiation between virulent and attenuated polio­

virus strains. 

7. These studies showed that coxsacltievirus B l and B 3 

preparations propagated in secondary cultures of monkey 

kidney cells have two electrophoretic infectious virus 

components. The two components of each virus revealed 

that t~ey were distinct entities which were s·cparable on 

the basis of their surface properties. It is suggested 

that the 11 :f'ast" electrophoretic components consist of com­

plete infectious particles, while the 11 slow 11 electrophor­

etic cp~ponents are aggregates of non-infectious particles 

entrapping within their matrices a number of the infectious 

particles. These observations were correlated with those 

made by other investigators who have separated from prepar­

ations of Coxsackieviruses two distinct antigens, c and D, 

by gel precipitin and complement fixation tests. It is 

proposed that .the "fast" e1ectrophoretic components of 

coxsackieviruses B 1 and B 3 correspond to the infectious 

D antigen, while the 11 slow" electrophoretic components 

consist of aggregates of non-infectious C antigen and 

infectious D antigen. 

8.. In the course of attempts to characterize the 11 slow11 

and 11 fast11 components of ·coxsackieviruses B 1 and 13 3 it 

was observed that preincubation of viruses with trypsin 

remarkably increased the net negative charges of both com-

ponents. The possible significance of these observations 

is discussed in relation to naturally occurring enterovirus 

infections of man, where virus, in the course of its 

passage through the duodenum and jejunum, is submitted to 

relatively high concentrations of trypsin before infecting 

man through the Peyer's patches. 
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1~ INTRODUCTION. 

1.1. ENTEROVIRUSES. 

The causative agent of poliomyelitis was shown to 

be transferable to monkeys by Landsteiner & Popper (1909) 

who isolated. the virus :from the spinal cord of' a f'atal 

human ease of' the disease, and thereafter the use of' 

monkeys as experimental animals led to the isolation of' 

a. number of strains of' virus :f'ran hmnan cases .of' polio­

myelitis~ It later became evident., when vaccinated 

monkeys were challenged. with the different strains, and 

:from experiments in which in.f'ecti vi ty for monkeys was 

neutralized by pooled sera fro.lil the immunized animals, 

that these strains were not all ant1gf;?nieally related. 

Using the results obtained f'rom such experiments Kessel & 

Pait (1949) and. Bodian, Morgan & Howe (1949) were able to 

dif'.ferentiate strains of poliovirus into .3 serological 

types. These three were recognised of'f'icially by the 

Committee on Typing of the National Foundation f'or 

Inf'antile Paralysis ( 1951), and standard conditions 

!'or the typing of po11ovirus strains were laid down at 

the same time. The 3 prototype strains recognised were 

(1) Brunhilde, (2) Lansing and (3) Leon. 

Faecal specimens collected during an outbreak of 

poliomyelitis in the summer of' 1947 in New Y,ork were 

examined by Da11dorf & Sickles ( 1948) for evidence o:f 

mouse-adapted viruses. From the f'aeces ·O.f two children 

early in the disease an agent was isolated which induced 

paralysis in suckl.ing mice and hamsters. This !)aralysis 

was as.socia.ted with destructive lesions of.' the skeletal 

muscles, white, the central nervous system remained un-

af'fectea. The -paralysis could only be induced i.n 

suckling mice by intraeerebral injection of' animals less 
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than 12 days old. The virus was not neutralized 

by immune sera to 4 strains of poliovirus. The iso-

lation of several more o:f these agents f'rom cases of 

poliomyelitis-:-l~ke d.isease soon. followed. These hitherto 

unrecognised viruse.s, pathogenic f'or suck11ng mice and 

hamsters, and associated. with "poliomyeli tisn, were 

named 0 coxsackie viruaesir by Dalldor:r ( 1949) as the 

first recognised human cases were resident in the New 

York village of that name • The morbid anatomy of 
. 

Coxsackievirus infections in mice suggested to Dalldorf' 

(1950) the separation of these viruses into two groups. 

In group A - infected mice there was a generalised 

destruction of striated muscle, and these viruses were 

easily isolated and established in mice. In group B -

infected mice similar lesions ap-peared in the striated 

muscle but they were :f'ocal and less extensive.. The 

Group B viruses were not so readily adaptable to mice. 

The demonstration by Enders, Weller & Robbins (1949) 

that the Lansing strain of poliomyelitis virus could be 

gl'own,in vitro in non-nervous tissue fragments ot.' the 

human embryo• demonstrating cytopathogenici ty, paved the 

way for new great advances in animal virology. Using 

developments of' this primitive tissue culture method 

Robbins, Ende;-e, Weller &. Florentino ( 1951) isolated a 

cytopathogenic strain of.' Coxsackievirus and an unidenti­

fied virus from 2 patients diagnosed as having "non-

paralytic poliomyelitiatl. The cytopathogenicity of 

these 2 viruses in cultures of monkey kidney fibroblasts 

was unaf.'f'ected. by poliov.1rus ,,antisera. Several more of 

these agents were isolated from patients diagnosed as 

having non-paralytic poliomyelitis, suggesting that 

hitherto unrecognised enter1c viruses were prevalent 

(Melnick, 1954). Melnick called these. viruses, which 

were app~rently not associated with disease, "orphantt 

Vil'USE!''S • 
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The Committee on the ECHO viruses (195:5) was 

convened to elucidate the status o.f' these viruses. 

Multiple antigenic types existed, and were isolated 

from patients with aseptic meningitis as well a:s f'rom 

healthy children .in.different parts of' the world. These 

viruses ·were cla,ss1f'1ed as. the "'ent·eric cytopathogenic 

human orphan (ECHO) group". The following properties 

we.re shared by these viruses: ( 1) they were cytopatho­

gen1c .for monkey and human cells in culture, ( i 1) they 

were not neutralised by pools ,of'. the 3 poliov1ru,s type 

antisera., (iii) they v.ere not neutralised by coxsackievirus 

antisera and failed to induce .afsease in infant mice, 

(1 v) they were not related to otre r Viruses recovered 

:from the alimentary tract by .inoculation of' primate cell 

cu1turee (e.g. herpes, {nfluenza, mumps and adenoviruses), 
) ,. 

an,d (v) they were neutralised by human gamma-globulin.and 

by some .indivldua1 h11i11an sera. suggesting that human. 

inf'ect.ions occurred. 'The Committee (1955) .further 

stated that a virus would be removed from this gr.oup .it" 

it were ever identit"ied. as the eti oLogic .agent of a 

clinically dlstinct disease. Hsiung & Melnick ( 195.7) 

divided these eehoviruses .into :2 groups on the basis .of 

plaque morphology and growth in cul tu.res .of' rhesus an.d 

patas monkey kidney cells. 

Because the Coxaaekieviruses, echoviruses and. polio-· 

viruses shared pathogenie1 ty, size., ether resistance, 

seasonal incidence, and. epHlem1ologic pattern, the 

Committee on the Enterov.iruses (1957) (formerly.the 

Committee on the Echoviruses) believed that these three 

groups should. be c,onsidered members of a .single family of 

human enterovi:ruses. The Committee., while recognizing 

that ,some o.t: the echoviruse.a caused. disease in man, did 

not remove them'f'rom the echovirus group as they were 

respons.ible .for ,syndrom~s which could be caused by a 



variety of agents and could not be held directly 

responsible for a particular disease. 

4. 

Wallis & Melnick (1962) demonstrated that the 

human enteroviruses were protected against damage by 

heating to 50° for 1 hr by molar solutions of' catione, 

particularly ca-1-+ and Mg++ .• This property of cationic 

stabi11za tion was added to the three known. properties of' 

enteroviruses, namely a particle size of approximately 

28¥\')U diameter., an RNA genetic apparatus or core, and 

resistance to inactivation by ether (Melnick, 1962). 

The Picornavirus group of small RNA viruses was 

defined. in 1963 by an international committee (Melnick 

et al.~ 1963). This group contained viruses that were 

small ( 15 to 30~ diameter), not inactivated by ether, 

contained RNA :cores, and the members o:r the group studied 

all had cubic symmetry. Two possible groupings \Vere 

recognised: picornaviruses of human origtn and those of 

lower animals. While recognizing the importano:e of.' 

those viruses of' lower animal origins, and the -possibility 

ot subdivisions 1n this group, the committee was ma.inly 

concerned with the human picornaviruses. These were 

divided into three subgroups: enteroviruses, rhino-

viruses and unclassified viruses. The enteroviruses 

were retained as a group, •sharing the properties already 

described. The rhinoviruses (Tyrrell & Chanock, 1963), 

while not clearly defined at that time, dif':fered :from 

the enteroviruees in being isolated in embryonic human 

kidney eells and human diploid cells, as opposed to 

cultures of primary monkey kidney cells or heteroploid 

human cell .lines (e.g. Hela cells). Unlike the entero­

viruses, these viruses were unstable at low pH. Further 

studies by Mayor ( 1964) ,showed. that picornaviruses other 

than poliovirus, namely echoviruses, types 4, 11 and 24, 

exhibited a polyhedral structure with ieosahydral symmetry, 



the capsid consisting of 32 capsomere.s. 

The most recent system of classification 0£ the 

picornaviruses (Melnick & Mccombs, 1966) recognises a 

further distinction between the enteroviruses and the 

rhinoviruses. The rhinoviru ses have a buoyant density 

of 1.4 g/cm3, while the enteroviruses have a buoyant 

denai ty of 1 .• 34 g/cm\ in caesium chloride. This system 

further recognises the existence of mul t i"ole-type 

pieornaviruses which in:f'ect the lower animals, consisting 

of enteroviruses, rhinoviruses, and a third 11miscellaneousu 

group. 

Poliovirue remained :for a long time the u gui.ne a pig" 

of the realm .of the animal viruses. This can be attributed 

to the fa.ct that this virus was the first &nimal virus 

obtained in crystalline t'orm ( Schwerdt & Schtiffer, 1955) 

its remarkable stability, and its relative simplicity of 

form and composition. Consequently much of the int'or-

mation concerning the replication and composition of the 

RNA-containing viruses, and in particular the entero­

viruses, has been assimilated f'rom experimental data 

gained f'rom investigations on this virus. 

The ultraviolet absorption spectrum O·f poliovirus 

was that of a nucleoprotein, from which the nucleic acid 

content was calculated at anproximately 22~ 'cschwerdt & 

Schaffer. 1955) • Estimations of the RNA content of 

virus -particles as a.etermined by the orcinol colour 

reaction for l'.)entoses indicated that the RNA content 

of ~articles waa 24%, no DNA being detectable. A 

further estimate o:f' the RNA content; em1>loying the molar 

N/P ratio, resulted in a value of approximately 30·: RNA. 

The molecular weight of this RNA was estimated as being 

approximately 2 x 106 , and consisted of' a single-stranded 

molecule with approximately 6.000 nucleotides, while the 

molecular weight of' the intact particle was estimated as 

being 6.7 x 106 (Schtl:ffer, 1963). 
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Crick and Watson (1956) drew attention to the 

observed f'act that almost e.11 small viruses were either 

rods or spheres. and suggested that a small virus con ta.ined 

identical subunits, paclced. together in a regular manner. 

On this basis the number of subunits in a rod-shaped 

virus was probably·unrestrictedJ but f'or a spherical 

virus the number was likely to be a multiple of' 12. 

Three types of cubic point-group symmetry was possible 

for s~ch spherical viruses: tetrahedral (2:3), octa­

hedral (4:3:2) and icosahedral (5:3:2) symmetry which 

respectively implied 12, 24 and 60 identical subunits. 

Finch & Klug ( 1959), in x-ray di:ffitaction studies on 

crystals o:r purified p·oliovirus, :found inten.eity dis­

tributions in the same relation to each other as the 

symmetry axes of the icosahedral -point-groupt 5:3:2. 

Thus, according to Crick & Watson (1956) polioviru.s 

was built up o"f: 60 structurally equi vs.lent asymmetric 

units, although the x-ray data d_id not reveal the actual 

arrangement of these subunits. 

By electron microscopic studies of negatively-stained 

preparations of' poliovirus Horne & Nagington (1959) were 

able to demonstrate ihe presence on the surface of 

particles of about 20-30 "knobs". Klug & Caspar (1960) 

were able to reconcile this observation with the previous 

data obta :ined by x-ray diff'ra,ction studies by remarking 

that such representations represented only half' the 

view o:f' the particle, and that as a result the observation 

might resolve the 60 asymetric subunits indicated by the 

results from x-ray diffraction studies. 

Terms for viral structures were provided by Lwoff, 

Anderson & Jacob (1959) who stated: "The viral inf'eetiv:e 

system, the virion, may be considered as a clathrate type 

of: compound in which the genetic component is enclosed in 

a coat or capsid formed of subunits or cansomerestt. 
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Horne &w.ildy (1961) pointed out that Finch & Klug 

(1959) had been thinking in terms of asymmetrical 

protein subunits packed to provide each other with an 

identical enviromnent, and.that 60 subunits were required 

by them to cover entirely the surface of poliovirus 

particles, but that elec!rron photomierographs had shown 

this was not so. Thus, they stated, for eapsids of 

cubic symmetry the capsomeres were not equivalent to 

the subunits of Crick & Wa:tson (1956). They proposed, 

as a solution to the problem of structural units and 

capsomeres, that the symmetrical capsomeres were built 

from a number of suhunits held. together in the form of' 

a faggot. 

Mayor ( 1964) contributed further to the knowledge 

of the external morphology of enteroviruses by studies 

of poliovirus type 1 and echov.iruees types 4, 11 and 24 

using a negative staining technique. She found that 

these viruses were identical in exhibiting icosahedral 

symmetry and a count of' 32 capsomeres. 

It was generally thought that the capsids of' 

enteroviruses were built up of' identical protein sub-

units. However, Maiz.el (1963), on subjecting the capsid 

protein poliovirus type 1! to electrophoresis, was able 

to detect at least 4 electrophoretieally distinct compo-

nenta. This wae followed by a report :from Ruekert & 

Dueaberg (1966) that the capsid protein of' mouse encepha-

11 tis ME virus had two major electrophoretic components, 

the slower ·ccmponent furthermore appearing to be an un-

rescl ved mix.ture of: two components. That these proteins 

were derived from a single genotype was beyond doubt as 

all possible mutant or companion viruses were removed by 

caref'Ul clonal purification. As an explanation for this 

phenomenon they suggested the possibility o:f these 

components arising frooi a single precursor chain by 

cleavage of the peptide. This cleavage had to be specific 
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due to the relative electro1)horetic homogeneity of the 

comnonents. That the capsid protein of' enteroviruses 

is derived t'rom a single large 1>recursor polypeptide 

molecule by cleavage has since been proposed by other 

investigators and will be discussed in more detail in 

a late.r paragraph on the maturation of' virus particles 

in infected cells. 

The entrace of' enteroviruses into susceptible cells, 

replication of' the virus es within host cells, and release 

of mature particles from inf'e.cted cells have been largely 

studied using the poliovirus/Hela cell system. The 

initial attachment rate of human enteroviruses to sus­

ceptible cells is relatively insensitive to temperature 

and requires the presence of.' cations, notably divalent 

cations. The initial attachment, which is probably 

electrostatic, is known to be specific as human entero­

viruses generally only attach to cells of.' primate origin 

(Holland.& McLaren, 1961). While cells :from many pr1mate 

organs are known to be insusceptible to human enterovira1 

infection in vivo, cells from such organs grown in vitro 

have been shown to be susceptible to these viruses. 

Kunin ( 1964) has proposed three possl ble explanations f'or 

this phenomenon. (1) a small population of' virus-sen-

s1t1ve. relatively undif'f'erentiated cells already existing 

in the tissue grow abundantly in vitro and form the virus­

sensitive population; (2) receptors are actually present 

in vivo, but are in some way masked, incomplete, or in­

accessible to virus until the cells are dispersed and 

grown in vitro; (3) r.eceptors are synthesised de novo 

in culture by cells nreviously lacking this property. 

Holland (1964) has found that all su~ceptible primate 

cells released a virus-binding receptor-like material 

which was not detectable in insusceptible non-primate 

cells. These receptors were 'Protein, or contained protein 

and most were associated with insoluble lipoproteins of' 



the microsomal membranes. Zajac & Crowell (1965b) 

resolved :further the receptors for enteroviruses on 

Hela cells. Receptors for Coxaackiev1rus B 3 were in-

aeti vated by treatment of cells with chymotrypsin, while 

the receptors for po1iovirus type 1 were inactivated by 

treatment with trypsin. Treated cells regained their 

enterov.irus receptor aet1 vi ty after incubation in culture 

medium. Furthermore, by pretrea.ting Hela cells with the 

enzymes prior to disrupt ion and f'raetionati on, intra­

cellular receptors could not be found, indicating that 

the human enteroyirus receptors existed only on the 

.surface of the cells. 

Mandel ( 1962) stud.ied the entry of adsorbed polio ... 

vi~us into Hela cells using specific antiserum to the 

virus. He proposed that virus ,entered the cell by pino-

cytosis-, the externally adsorbed virus being surrounded 

by invaginati on of the cell membrane which eventually 

pinched ot:f. The envelope surrounding the ·virua particle 

was then shed, exposing the na.:rt1cle to the cellular cyto-

plasm. A temperature-dependant process occurred that 

allowed virus to move from the cell surfaee to a point 

within the cell where antiserum could not penetrate, since 

at temperatures of less than 2° the infe~ti vity could 

still be neutralised at the cell-surface by antiserum. 

Virus could be detected at all stages as an in.fective 

centre and could. be recovered in all but the last stage 

{when released into the cytoplasm) by treatment of the 

cells with sodium dodecyl sulphate. At this stage the 

capsid was weakened and the RNA was released into the cyto-

plasm. Complete infective virus, as such,-. could no longer 

be recovered. This is termed the 0 eclipse phasett. It 

appeared that the receptor remained associated with the 

virus particle and in fact was responsible for the weakening 

o.f the capsid once the particle reached the cytoplasm of 
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the invaded cell (Holland, 1964). 

Once the RNA has been released, synthesis of viral 

protein and. RNA commences almost immediately. In Hela. 

cells poliovirus RNA synthesis begins within 30 min of' 

infection (Baltimore, Gil'ard & Darnell, 1966). Host 

cell DNA is not involved in th:is process. Simon {1961) 

demonstrated that DNA is not necessary :for the growth of' 

all RNA-containing viruses. Furthermore, the norimal RNA 

and protein synthesis of int'eeted cells is inhibited by 

enterov!rus infection as was demonstrated for po11ovirus 

in Hela. cells (Salzman, Lockart & Sebring, 1959) and 

mouse encephalitis virus in L cells (Hausen & Verwoerd, 

1_963). 

As enteroviral RUA synthesis does thus not depend. 

on pre-existing cytoplasmic mediators, the invading viral 

RNA must mediate its own reprod.uction. The enzymes 

necessary £or replication, RNA polymerases, must be 

encoded by the invading RNA (Baltimore & Franklin, 1963). 

A ribonuclease-resistant RNA, which was apparently triple­

·stranded, was found to exist in poliovirus-int'eeted Hela 

cells by Bi.shop, Summers & Levintow ( 1965). They suggested 

that this was in fact template RNA, or the ttreplicative 

form" of' the viral RNA. Studies by Baltimore et al 

( 1966) confirmed the existence of such templates and con­

cluded that they were formed during the early stage of 

infection, being in :f'act the first RNA mo1eeules synthe­

sised. 

Ribonucleic acid molecules with the sedimentation 

behaviour o:f viral RNA are formed w1 thin 30-60 min of 

infection and their synthesis continues logarithmically 

for about 3 hr, after which· the rate becomes linear 

(Baltimore et al., 1966). Up to 2 hr following polio­

virus iqfection of Hela cells, none of the RNA which is 



,_ '? 

' 

11. 

synthesised enters viral pa.rtie1es but is found in 

polyribosomes. About 30 min later tha R!iA begins to 

be encloeea in virus particles (Baltimore et al., 1966) .• 

· Protein which constitutes the capsid of: the progeny 

poliovirua particles is ,synthe.sised f'rom the pre--ex1ating 

intracellular .f'ree amino acid pool of' the host ee11 

(Darnell & Levintow, 1960). In infected Hela cells 

the existing polysomes di.:aappear on invasion by polio­

virus and are replaced with characteristic, larger poly­

somes for viral protein assembly. Immunologic.al testing 

ha.s .sho,m. these large polysomes to be · the si ta .of' icienti­

f'ia.ble virus protein ( Seharf'f', Shatkin & L-evintow, H363). 

Thegenetic information which determines the nature ot' 

the virus-:apecif'ic protein is contained in the viral RNA. 

An RNA molecu1e can be coated with viral protein within 

5 min of the synthesis of the RilA molecule, 3. 75 hr after 

inf'ection of Hela cells w1 th poliovirus. At this stage 

sufficient 'Viral coat-protein precursors exist in a pool 

in the inf'ected cell f'or the coating of' all existing and 

subsequently-:rormed RNA molecules. The syntre sis of' 

these precursor molecules b-egins at about the same time 

as the .synthesis -of the viral RNA (Baltimore et al., 1966). 

The process of encapsulati.on o:f progeny RNA molecules 

is termed. 11maturation11
., From recent reports it appears 

that the three ttprocap.sidu proteins of' po1iovirus are not 

primary gene products, but are formed by cleavage of a 

single large precursor polypeptide molecule (Jacobson & 

Baltimore, 1968). Holland & Kiehn (1968) similarly 

reported. evidence for the s~cif'ic cleavage of' single 

large pr,otelns into mialler :functional uni ts. They 

demonstrated a cleavage similar to that proposed by 

Jacobson & Bal t:tmore ( 1968), of a la'rge precursor 

protein in the case of' pol1ovirus types 1 and 2. In 
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addition to this primary cleavage they found that, for 

mengovirus and Coxsackievirus B 1, a second distinct 

process of protein cleavage occurred during maturation 

ot: particles of these viru.ses. 

The manner in which progeny virus is releas-ed fr.om 

1nf'eeted cells is not well understood. While the ob-

served phenomenon of cell lysis due to viral cytopatho­

genici ty undoubtedly releases the bulk of progeny virus 

from cells, it is thought that individual particles may 

be released f'rom eel ls through cell membranes. 

The possibility of non-primates acting as a reservoir 

for human enteroviruses is a subject vb 1ch has received 

much attention. As early as 1910, Flexner & Lewis (1910) 

reported the presence of a neutralising substance to polio­

virus in the sera of ttnormal 0 sheep~ but Bartell & Klein 

(1955) found no specific neutralizing antibody to the 

virus in these animals. Subsequent results published by 

other investigators (e.g .. Luginbuhl, 1958) revealed the 

presence of' neutralising substances to a number of' human 

· enteroviruees in bovine sera, al though these could not 

be shown to be true antibodies. Koprowski (1958) 

reported the isolation of a type 1 poliovirus t'rom the 

f'a.ece.s of a heal thy calf, whose serum d.eveloped a rise 

in titre of' uantibodies" to type 1 poliovirus at the ·time 

of isolation. The possibility of' a laboratory contami-

nant being responsible for this observation, however, was 

not discounted. 

It soon became recognised that inhibitors to many 

viruses were present in the sera of' normal animals. 

Some ·ot: theee non-specific inhibitors were heat-labile and 

could be inactivated by heating the sera to 56° ~or 30 min. 

Others, such as the Francis type inhibitors found in the 

sera o~ normal animals by Turner; Kipps, Polson and van 

den Ende (1961) to CBO virus were heat stable. Such 
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non-specific inhibi·tors could even be associated with 

the gamma-globulin fraction of the sera., as was demon­

strated by Takemoto & Habel ( 1959) in the ina~ance of a 

non-antibody inhibitor to type 1 pol1ovirus.found in the 

sera of horses. 

The first finite report on the isolation of: human 

enteroviruses :from non-prima te.s was by Lundgren, Clapper 

and Sanchez ( 1968) who isolated 164 human enteroviruaes 

from nose,· throat and rectal swabs of beagle. dogs in 

monkey kidney and Hela cell cultures. These consisted 

of' Ooxsackievirus B1, B3 and B5, and echovirus 6 strains. 

Vlhile the oresence of' neutralising antibodies, in low 

titre,. to Coxsackieviruses B3 and BS was detected in 

some dog sera, there was no correlation between the 

isolated viruses and the serum antibody titres. , A 

possible reason :for the f'ailure to isolate these entero­

viruses from other 0 domestic" animals may well be that 

isolation attempts were made in non-primate cells in 

culture, as for example when Gelfand ( 1961) used cultures 

of dog kidney cells. As Holland ( 1964) demonstrated, 

only susceptible primate cells pro duce receptors for the 

human enteroviruses. 

As a result of' the earlier reports on °antibod1ea" 

to hwnan enteroviruses in the sera of non-primates, present 

trends in virology have led to a search in the lower 

animals for viruses related to human enteroviruses. The 

use of' tissue culture methods has greatly f'acili tated 

this search. Many agents, primarily from faeces, have 

been isolated, which are generally not associated with 

disease in the ani..rnals :from which they were derived, and 

hence are "orphans". Thus many new groups of animal 

enteroviruses have become recognised. Following on the 

original recommendations of the Committee on the echo­

viruses ( 1955), these groups have been named according to 
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the animals f'rom which they were isolated. As a 

result animal enteroviral groups have emerged, designated 

ECMO (simian). ECBO (bovine), ECPO (porcine), ECCO (feline), 

ECAO (avian), viruses. 

1.2. BOVINE ENTEROVIRUSES. 

The first enteric bovine orphan viruses, 8 strains 

of a cytopathogenic agent, we:re isolated in cultures of' 

calf kidney cells :from the :faeces of supposedly heal thy 

cattle by Kunin & Minuse (1957). The viruses grew in 

cultures of' monkey kidney cells but not in Hela cells. 

Antibodies to the viruses were f'ound in 90% of the herd 

from which the 8 strains were isolated. While the 

strains were .serologically related, they did not resemble 

the other human or bovine enteric agents recognised at 

that time (e.g. bovine adenov1ruses). · The term "ECBO" 

was tentatively suggested for these viruses. 

Further reports ot: virus isolations from cattle 

followed. Moll and Finlayson ( 1957) isolated a virus 

cytopathogenic for bovine kidney cells from faecal 

samples of' cows and calves which were :febrile_. Klein 

and Early (1957) isolated strains of viruses :from healthy 

cattle in calf kidney tissue culture, but MeFerran (1962) 

suggested that these might have been latent Viruses in the 

calf kidney cells used. While most bovine enterovirus 

isolations have been made :from 0 healthy" cattle and 

exhibited no pathogenicity on being transferred to further 

"healthy1' animals, a number of isolations we:re. made from 

animals v1hich exhibited a clinical illness at the time of 

isolation, for example f'rom cattle with respiratory 

disease (Moll & Davis, 1959), respiratory and enteric 

diseases (Dinter & Bakos, 1961 ), mucosal disease (Huck, 

1961), diarrhoea and bronchopneumonia (Bontschev, st. Christov 

L 
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& Andrev, 1963) and mueosal or respiratory disease and 

reproduet1 ve 'disorders (Huck & Cartwright, 1964). A 

similarity thus exists between these viruses ·a.no· those 

of the echovirus group of the human enteroviruses .. 

The observation by Luginbuhl ( 1958), who isolated 

26 enteri.c cytopathogenic agents from 111 °1-e al thy11 

cattle,. that the age of the cattle, and not the parti-

·cular herd, was the more important association, again 

paralleled observations made on human enteroviruses in 

that there is a higher ind dence of infection in young 

individuals. Most of Luginbuhl' s 1sola tiona were made 

from cattle of' less than 1 year of age. 

Reports of virus isolations indicate the world-wide 

distribution of bovine enteroviruses. Isolations in 

the u.s.A. include those of' Kunin & Minuse (1957), Klein 

and Earley ( 1957), Moll & Finlayson ( 1957), Luginbuhl 

(1958), Moll & Davis (1959), Moseov1c1, La Piaca, Maisel 
·, 

and Kempe ( 1961 ) and Cli ver & Bohl ( 1962). From the 

United Kingdom have come reports by MeFerra.n (1958), 

Huck (1961) and Huck & Cartwright (1964), :from Germany 

by B8gel & Muasgay (1960), Bttrki (1962a), LieRs and 

Hl:Spken ( 1962) and Falk ( 1964), from J·apan by Inaba et al., 

(1962a) and Yamada (1965a), f'rcxn Sweden by Dinter & Bakos 

(1961), from Italy by La Placa, Portolani, Lam1er1 & 

Maiol1 ( 1964), from Bulgaria by Bontsehev, st. Christov 

and Andrev (1963) and f"rom Australia by Spradbrow (1964) .. 

Just as the search for po1ioviruses in humans 

showing symptoms of' "po1iomyelitis0 led to the recognition 

of' the human Coxsackie- and echo-viruses, so the search 

for polioviruses in cattle led to the identification 

of the bovine counterparts of hmnan enteroviruses. 

MeFerran ( 1962) has proposed the f'ollowing seven criteria 

for characterising bovine enteroviruses: ( 1) they are 

of small size (20-40m.J4); (2) they are not inactivated 
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by ethyl ether; (3) they have the ce:paci ty to multiply 

in the alimentary tract of cattle; (4) there is absence 

of a relationship to other groups of vi:rusee recoverable 

from the alimentary tract., such as adenoviruses, reo­

triruses and myxoviruses; (5) if cytopathogenic, they. 

have the ability to cause a cytopathic ef'f'ect in bovine 

cells in culture;· (6) they are not inactivated by 

sodium desoxycholate; (7) they have a core o-r ribonucleic 

acid. Of all the hundreds of' bovine enteric virus 

strains isolated,, 'very few have been tested f'or these 

specific properties, but it is probable tha.t many of 

them will be assigned to the bovine .enterovirus group 

(Bittle, 1967). 

Relationships between viruses .in this group have 

been established .• Mc Ferran (19 58) found that the 112 

agents he had isolated in N. Ireland fell into at least . \ 

3 serological types on the basis of cross-neutralisation 

tests nerformed in tissue culture. One of these types, 

VG(S) 27, appeared to be serologically identical- w1 th 

the prototype LCR4 .strain isolated by Kunin & Minuse ( 1958) 

in America. This discovery led to the realisation that 

ther,e were serologie interrelationships between viruses 

subsequently isolated from bovines in many parts o:f the 

world. 

Most investigators have found that 2 main serotypes 

exist among the isolates studied by them (Cliver & Bohl, 

1962; Lie;ss & HBpken, 1962; La Placa, Por·tolani & 

Lamieri, 1965; Yamada, 1965). The t"irst serious attempt 

at claseif'icat1on within the bovine enterovirus group was 

made by La Plaea (1963) and La Placa et al., (1965) on 

the basis of the results of cross-neutralisation tests. 

Two main groups were proposed. The viruses contained in 

the first group were ant igenically closely related and all 

had the ability to haemaggl ut1 nate rhesus monkey erythrocytes. 
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The I viruses of the second group showed less uniform 

antigenic relationships and could be divided .into sub-

groJps. The viruses contained in this second major 
I 

sertlogical group were unable to haemagglutinate rhesus 

monfey erythrocytes. 

[ While most of the bovine enteroviral strains ·which 

havj been 1sola te~ appear to be true orphans, the 

posr ibili ty that several may be the aetiologic agents 

of· ~isease. in cattle cannot be discounted. The virus 

of toot-and-mouth disease is 1ncluiled in the bovine 
! 

entrroviral group, while the F 266a serotype of Huck 

and Cartwright ( 1964) accounted for 75% of the viruses 

isoiated from eases o:f' infertility in cattle. That 

the~e viruses are widespread. in cattle is beyond doubt. 

Agerts have been; isolated :from nheal thy'1 cattle belpnging 

to i11 the herds so f'ar examined. In most instances . . 
I 

an1f18-ls not excreting virus possess antibodies to the 

agehts excreted by the members of the herd ,vhieh do. 

Thi~ is .Particularly true for the older animal.a in the 

herbs. 

Alth~ugh the significance in nature of most of the 

ers of the bovine enteroviral group is not know~, any 

inf rmat1on on members of this group can only lead to a 

better understanding of' the group as 

ly,I ~he present study waa undertaken 

isolated in South Africa. 

a. whole. .According-

on the first echo-

1.3. ECBOVIRUS SA 1. 

The first isolation of an eebovirus in South Africa 

was. made by Alexander., Weiss & de Lange (1958), cited .by 

de ~ange ( 1959). While invt:stigating the experimental 

intection of bovines with the viruses .associated with 

L,py Skin Disease, a eytopa1hogenio agent was isolated 
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f'rom the faeces of' one of' these bovines in lamb t.eatis 

-cell cult urea. The virus was f'ound to be able to 

multiply and cause cytopathie eff'ect equally well in 

cells of' lamb kidney a.ml testis, and in. calf kidney: 
. ' 

cells. De Lange (1959) suggested that this virus was 

an ecbovirus ttlike those ,of' Kunin & Minuse ( 1958) tt. 

Physico-chemieal studies made on. this virus by 

.Polson & Kipps {1%5) and Oellermann, Els & Verwo-erd 

(1967) demonstrated that the virus was very similar to 

othel' enterov.iruses, both human and bovine, on which 

comparable studies had been made. Serological studies 

by Verwoerd, Oellermann, Broekman & Weiss ( 1967) demon­

strated. that thevirus bel,onged.. to the Weybridge aerotype 

134. of Huck & Cartwright (1964). 

Studies reported here demonstrate furtheF relation­

ships between this virus and the b-ovine and human 

groups of enteroviru,sea. The iden. ti:fication and 

eha.raeteri·sation o.f' a haemagglutinin associated with 

the virus surface is described. A further surface 

property of the virus, namely the isoelectrie point, 

was determined, and 1soelectr1c ,studies were exten-d.ed 

to other enteroviruses. 



.. 2. PROPAGATION, TITRATIOif AND CONCENTRATION 

OF INFECTIOUS VIRUS. 

It was convenient to propagate eebovirus SA1 

i:li primary cultures of calf kidney cells. 

2.1. MEDIA. 

2.1.1. Hanke' lactalbumin growth medium. 

Stock solution A. 

NaCl 160.0 g 
a.a g 

4.0 g 

19. 

KCl 
MgSo4.7H20 

d.issolved in 
water 

approximately 800 ml glass-distilled 

3.8 g 

dissolved in approximately 100 ml glass-distilled 
water 

Once dissolved, the two were ccmbined and made up to 

1 litre with di.stilled water. Two millilitres of 

ch1orof'orm were added to the solution as a preservative 

and the solution was stoeed in a glass-stopped bottle 

at room temperature. 

Stock solution B. 

Na2HPo4.2H20 

KH2P04 

Glucose 

1.52 g 

1.20 g 

20.0 g 

dissolved in approximately 800 ml glass-distilled 
water. 

100 ml 0.4~ phenol red, made up as follows, was 
added: 

Phenol red 0.4 g 

dissolved in 60 ml N/20 NaOH solution by heating. 

Cooled, made up to 100 ml with distilled water. 

Two millilitres of'chloroform were added as a preservative 

and the solution was stored in a glass-stoppered bottle 

at room temperature. 



For use: 

Stock solution .A. 

Stock solution B 

Distilled water up to 5 litres. 

250 ml 
250 ml 

20. 

Autoclaved at a pressure of' 10 lb per sq. in. for 

10 min. to remove the chloroform. 

was added.: 

Cooled; then 

Lactalbumin hydrolysate 
Penicillin 
Streptomycin sulphate 
NaHco

3 

25 g 

500,000 units 
0.5 g 

1. 75 g 

Pressure filtered through a Seitz filter and dispensed 

in bottles. 

2.1.2. Hanks' lactalbumin maintenance medium.. 

To 100 nil of the above growth medium was added 

2 ml of' pressure-filtered 51 (w/v in distilled water) 

bicarbonate solution. 

2.1. 3. Sera. 

Calf and :rowl sera were added to the growth and 

maintenance media to provide gr,owth factors for the 

cells. Growth and maintenance media for calf' kidney 

cells in culture contained 10% (v/v) and 21, (v/v) calf' 

serum, re spec ti vely. The galactose medium used to 

maintain chick embryo cells in the agar-cell suspensions 

used in the titration of 1nf'eetious virus contained a 
' final concentration of Si (v/v) fowl serum. 

Blood was collected from animals ,and allowed to clot. 

Fowl blood was eentr1:f'Uged immediately after it had 

clotted but calf blood was le :ft for approximately 16 hr 

at 4° before it was centrifuged. The clotted blood 

was centrifuged at 2,000 rpm f'or 40 min.; the super­

natant serum was decanted and passed through a Seitz 

filter. The filtrate was dispensed in bottles and 
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21. 

non-specific heat labile inhibitors were inactivated 

by placing these bottles 1n a 56° waterbath f'or 30 min • 

The sera were stored at 4° (f'owl) and -io0 (calf'). 

2.1.4. Trypsi-n solution. 

Trypsin base solution. 

Solution A. 

NaCl 
KCl 

80 g 

4 g 

dissolved and made up to 500 ml with glass­
distilled water. One ml chloroform waa added 
as preservative and the solution was stored in 
a glass-stonpered bottle. 

Solution B. 

This solution was identical to Hanks' stock 
solution B. 

For use: 

Solution A 100 ml 

So.lution B 100 ml 
Distilled water up to 2 litres. 

Dispensed in 95 ml amounts and autoclaved. 

Stored at 4°. . 

Trypsin stock solution. 

Five grams trypsin (Difeo, 1/250) added al.1 at once 
,_.."":!:;'>: 

to 95 · ml trypsin base a, lution. Dissolved as rapidly 

as possible ?-t 37° with continuous stir~ing.- Stel'ilised 

by passing through a Seitz f'ilter, dispensed in 5 ml 

amounts, and stored at -tw0
• 

Trypsin solution fo1 use: 

Trypsin base solution 
Trypsin stock solution 
51:. (w/v) bicarbonate solution 

warmed to 37° • 

95 ml 
5 ml 
2 ml 
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2 .. 1.5. Galactose medium. 

Double-strength medium.· 

NaCl 
KCl 
Gulactose 

:ttH4c1 

MgCl2.6H2o 
0.4'tb phenol red solution 

Lactalbumin hydrolysate 

16.0 g 
1.0 g 

12.0 g 
0.1 g 

10.15 g 

0.75 ml 

10.0 g 

22.~ 

Dissolved sene.rately by heating, cooled, and -poolea.. 

Ca.Cl2 
NaH2Po4.H20 

,0.5 g 

0.2;-g 

Dissolved separately in a little distilled water and 

added to above. 

Inositol 0.2 g 

Gluta.mi.ne 0.2 g 

Gluta.mie acid o .. 6 g 

Methionine 0,,2 g 

Arginine hydrochloride 0.5 g 

All added directly into the above solution. 

' 
Biotin 
Folic acid 
Nicotinamide 
Calcium pantothenate . 

0.002 g 
0 .• 002 g t~·- ~ 

0.002 g 

0.002 e 
Py:ridoxine hydrochloride 0.002 g 
Thiamine hydroehlorid.e 0.002 g 

Riboflavin 0.002 g 

All added direc.tly into the above tmlution. 

Made up to 1 litre with distilled water and the pH 

adjusted to 7.2 - 7..5 with N/3.Ne.OH solution. steri-

lised by passing through a Seitz filter and. stored. at 4°. 



Double-strength gala ctose medium + 1 oi fowl serum. 

To 100 ml d.ouble-strength galactose medium wai:, 

added 10 ml fowl serum and the medium wae re-· 

filtered. 

Single-strength glalactose medi·um + 5'% :fowl· serum. 

Double-strength galactose medium + 10% fowl 

serum was diluted with an equal volume o:f 

sterile, glass-distilled water. 

2.2 .. PROPAGATION OF ECBOVIRUS SA 1. 

The strain of eebovirus SA 1 was obtained from 

the Veterinary Research Institute, Onderstepoort, in 

the :form o:f inf'ectious culture fluid from. infected f'oetal 

lamb kidney cell cultures. Th~ naeisage level .of' the 

virus in these cells was not known. 

The virus was nrooagated in monolayers o:f nrirnary 

cultures of calf kidney cells in these laboratories 
' i 

and used in experiments at the eighteenth passage level 

in these cells • 
. 

To obtain dispe;esed cells f'rom tissue f'ragmen ta, 

a methocl of trypsinization based on the methods of ' 

Ra~paport (1956) and Youngner (1954) was employed. 

Kidneys f'rom .fresh1y-alaughtered calves, embedded ill 

the surrounding f'at, were collected from the local 

abattoir. In the laboratory the :fatty tissue and faie 

capsules were removed aseptically. Cortical segme11t.s 

were chopped up into small pieces in a. sterile beak€tr 

and washed in 95 ml trypsin base solution~ The f'l lli.d 

was decanted and 100 ml trypsin solution was added. 

A sterile magnet wa.s added to the beaker placed in Et 37° 

waterbath over a magnetic stirrer. Trypsini.zation was 



allowed to proceed for 1 to 2 hours. 

Cell suspensions were filtered through sterile 

gauze and the filtrate was centrifuged gently at 

1,000 rpm for 5 mins. The cells were washed in 

approximately 40 ml Hanks' lactalbumin growth medium 

containing 1oi (v/v) calf serum and the packed cell 

volume of the cells was determined.· The cells were 

reaus'Pended in Hanks' lactalbumin growth medium con­

taining 10~ calf' serum so that 500 ml of the medium 

contained 1 ml of packed cells. 

The diluted cell suspension was dispensed in 

50 ml amounts into 20 oz medical flat 'bottles which 

were incubated at 37° 1.n a horizontal position. When 

the cell monolayers were confluent in 2 - 4 days,. the 

fluid in each bottle was replac~d with an equal volume 

of' Hanks' lactalbumin maintenance medium containing 

2~ ( v/v) calf serum. One millilitre of' culture fluid, 

containing approximately 107 plaq~-forming units (pf'u) 

of' ecbovirus SA 1 per ml was inoculated .into each of 

these bottles. 

The inf'ected culture :fluid was harveste.1 from 

these bottles when the monolayers had been completely 

destroyed by viral action. The cytopathic effect 

was generally observed within 24 hrs of' inoculation. 

The harvested fluid was stored at 4° until required; 

and usually contained between 107 and 108 pf'U per ml. 

2. 3. TITRATION OF ECBOVIRUS SA 1. 

Inf'ectivity of ecbovirus SA 1 was titrated by 

the plaque-counting method in chick embryo cell 

suspensions .in agar. The method employed was that 

o:f Cooper (1961) with a slight modification of the 



relative concentrations of ca++ and Mg++ ions in the 

galactose medium (Rus,sell, 1965). This consisted of 

increasing the MgCl 2.6H2o cibncentration from 0.4 g/1 

to 10.15 g/1, and decreasing the cao12 ,concentration 

from 2.0 to 0.5 g/1. 

Twelve-day chick embryos were harvested, the 

Viscera removed, and the embryos chopped up in a 

sterile beaker and w_aehed once in trypsin base 

solution. The solution was discarded and replaced. 

with 100 ml trypsin solution, the embryo fragments 

being trypsinized f'or 30 min. in a .37° waterbath over 

a magnetic stirrer. The, cell suspension was t'il tered 

through ster.ile gauze and the filtrate centrifuged at 

1 , 000 rpm for 5 mins. The cells were washed once in 

single-strength galactose medium+ 5% fowl serum and 

counted in a Spencer bright line haemocytometer. The 

cells were suspended in single-strength gala ctose medium 

+ !Ht fowl serum to a ,concentration of' 1 to 2 x 107 per ml. 

At this stage a f'urth.er modification of Cooper's 

( 1961 ) method was introd.uced to enable the rapid pro­

duction of' large numbers of' plates o:f cell suspensions. 

For examplet to proauce 100 plates, 200 ml double-strength 

galactose medium+ 10% fowl serum was prewarmed to 45° 

and mixed with an equal volume of' 1.2?l (w/v) Ionagar 

No. 2 (Oxoid) in oistilled water premelted :and held. at 

45·0 in a waterbath. To this was ad.ded 100 ml of' the 

cell suspension. To ensure a homogeneous suspension, 

this mixture was swirled several times. As Cooper's 

agar base layer .in the plates was founa to be unnecessary, 

5 ml aliquots of this suspension were dispensed directly 

into each of 100 sterile 6 cm. glass petri dishes, using 

an automatic dispenser. The a.gar suspensions were 

allowed to gel, then 0.1 ml of .a tenfold virus ai1ution 
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in ,;3ingle-strength galactose medium + 5% fowl .serum was 

overlaid. In preliminary experiments no difference was 

f'ound in the number of plaques produced by any virus 

dilution using th.is technique as opposed to incorporating 

the virus dilution in the suspension before it was 

allowed to gel. The plates were incubated in a humidi-

f'ied incubator at 37° f'or 3 days after which approximately 

2 ml neutral red stain was overlaid. 

stain was made up as :follows: 

The neutt-al red. 

Phosphate butt:rered saline (PBS): 

Na2HP04.n2o 
NaCl 

;:·,1 KCl 

1.15 g 
8 g 

0.2 g 
0.2 g 

Made u~ to 800 ml with.glass-distilled water; the pH 

being adjusted to pH 6.5 with N/1 solutions of HCl or NaOJI. 

Stain: 

Neutral red 
Glucose 

0.04 g 
1.5 g 

Dissolved in 100 ml PBS and :filtered through :filter 

pa-per. 

After turther 1neubation at 37° :for 3 hrs., the stain 

was removed ~nd the plaques counted. Plaques were 

visible as unstained areas against the red-stained 

background of cells which.had taken up the vital dye. 

Titration results were reliably reproducible. 

It was found by experimentation that each chick 

embryo provided suff'icient cells :for approximately 5 plates. 

Figure 1 is a photogranhic record of two different 

virus titrations using this method. 

I 
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Figure 1 . Tit rat i on of ec bovi r us SA 1 by the pl aouc 
method i n sus pens ions in agar of chick 
embryo cells . Tw6 s epara t e t i t r ations are 
shovm, 
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2.4. TECHNI QUES TO COJ CENTRATE 
ECBOVI R S SA 1. 

2.4.1. Differential ul-tracentri:f'Ugati-on. 

The virus in rel atively small volumes of infected 

culture fluid (less than 100 ml) wcx.s concentrated and 

partially purified by differential ultracentri:f'Uga tion 

in the o. 40 rotor in a Suinco model L preparative 

ultracentri!'uge (Beckman cientific Instruments, 

California). Centrifugation at 10,000 rpm for 10 mins 

resulted in a "clarified" virus suspension. The 

infectious particles were concentrated into a pellet 

by centrifugation at 30,000 rpm for 90 mins. This 

ne llet was resus ended in a minimal volume ot: suspending 

medium, depending on the nature of the experiment, and 

clarified once more by centrit'Ugation at 10,000 rpm for 

10 mins . to remove denatured protein. Such reparations 

are referred to in the text as preparations prepared by 

differential ultracentrifugation. 

2.4.2. Pressure dialysis. 

Pressure dialysis is merely dialysis performed 

under p res sure to sneed up the process of dial ysis , 

coupled with pervaporation. The proces . of pervapora tion 

cools t he solution thereby s tabilizing the virus in the 

solution. To concentrate large volume s of culture fl id 

(1 litre or ~ore) virus suspensions were first concen~ 

trated by pres sure dialysis i n cellophane dialysis tub ing 

which re noved water and salts , before undergoing a cycle 

of differential ultracen trifuga tion to separate t he virus 

from the cell debris , proteins and pe ptides which ha d 

been concentrated with the virus. 

To achi eve thi s a glass manifol d sys tem was designed 

which could be easily dismantled for cleaning (see Fi g . 2) . 



Figure 2 . Apparatus us ed to co ncentrat e suspens ions of 

ecbov i~1s SA 1 by pressure di a l ys i s . 

D 

A 7 cm diameter glass tube with i n l et and outlet tubes 
· B smal l manifolds, each with 5 · out1e t t ub(:i::., to 1.-rh i c h 

the di a~ysis sacs a re attached ( s ee Fi g . 3) 
C dialys is sacs 
D pressure applied through t h i s tube t o t he r.1 ani:folcl 

sys tem. 
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The large storage manif'old consisted of a glass tube o:f' 

7 cm diameter sealed at one end and drawn out at the other. 

Along the top of this tube were attached 4 glass inlet 

tubes, and 4 corresponding outlet tubes were attached 

oppoai te these. To each of these outlet tubes was 

attached, by means of rubber latex tubing, a further 

manifold having 5 outlets made of glass oi' 5 mr-n internal 

bore. Over these outlets were s1ipped short sleeves of' 

rubber latex tubing. Lengths of dialysis tubing (a.ize 8 

Union Carbide Corporation, Chicago, Ill? were wetted and 

slipped over these sleeves, being bound 1n position with 

cord, (see Fig. 3). The lengths of' dialysis tubing were 

sealed by knotting and turning the end of the tubing back 

on. itself and binding with cotton thread. 

Four separate samples of approximately 200 ml amol:Jnts 

eoul a be individually concentrated simul taneouRly by 

introducing them directly -into the 4 smaller manif.olds 

through the large reservoir manifold. For larger 

· volumes the entire body of the apparatus was fillea with 

fluid., In either instance all openings were sealed. and 

a positive pressure of 10 lb per sq_. in .. wa.s applied to 

the reservoir manii'old .. ' Three litres of' cultur.e fluid 

could be concentrated .. to approximately 50 ml within 24 hr:s. 

It if wa.s required to concentrate a larger volume of' 

,culture fluid, the fluid. in the apparatus was periodically 

topped up whenever the main manifold l1ad been emptied 

due to the pressure dialysis. 

Volumes of' infectious culture f'luid of' 1 - 5 litres 

were regularly reduced to 20 - 25 ml. The nercentage 

recovery ot' inf'eeti.ous particles was never less than 50~ 

of' the original total infecti vi ty, the highest recovery. 

achieved being 87#; of' the total infecti vi ty. 

A particular advantage of' thi.s method was that· the 

dialysis tubing could be used. several tj.mes before it 



li'igure 3. Diagram. of the method of attachment of the 
dialysis sacs· to the small outlet manifold 
tubes. 

A 

Bn 

---D· 

! 

! ____ ~----

A 5 mm internal bore glass outlet tube from the small 

manifold 
B rubber latet sleeve 
C cord used to bind dialysis tubing to manifold 

outlet tube 
D dialysis tubing 

./ 



was finally discarded. To recover the concentrated 

sample, the last f'ew centime·tres of' each tube containing 

the concentrate was cut o:f'f'. After washing, the sacs 

could be tied or:f' and used once mo~e. T~~Y were dis­

carded only after continuous use resulted in the shortening 

of the sacs to such an extent that insuf'f'icient surface 

area was available f'or efficient pressure dialysis to 
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3. IDENTIFICATION OF A HAEMAGGLUTllifIN OF, 

ECBOVIRUS SA 1. 

3.1. IliTRODUCTI!)N. 

30. 

The ability of red blood cells to be agglutinated 

by a virus was first demonstrated, independently, by 

Hir.st (1941) a.nd McLelland & Hare (1941) who observed 

that chick red cells were agglutinated by amniotic and 

allantoic f'luid.s f'rom f'e·rtile eggs infected with strains 

of influenza virus. Subsequent work led to the establish­

ment of' the myxovirus group of' animal viruses by Andrewes 

et al., (1955) as it wa;s f'ound that these viruses adsorbed 

to and eluted from a mucin-like substance on the rea cell 

surface in a. similar manner. 

It is now known that haemagglutinat_ion ( HA) occurs 

also with viruses of the arbovirus group, poxviruses, 

polyoma virus, reoviruses, and many enteroviruses but 

the elution of adsorbed virus from red cells appears to 

be a non-enzymic process, unlike the enzymie elution 

mechanism of the myxoviruses. 

Applications of this phenomenon in an.imal virology 

include the use of suitable red cel1 systems for the 

rapid titration of viruses even though the method is not 
/ 

as sensitive as inf'ectivity tit:rations since it has been 

calculated that one haemaggluti~ating unit (HAU) of 

influen.za. virus is equivalent ~t":~pproximately 106 Ern50 
(egg infectious dose 50 ) (Waterson, ~961). By adsorbing 

ha.emagglutinating viruses to red cells, centrifuging 
.,.. 

these cells out of' suspension, and eluting the adsorbed 

viruses in a salt solution, viruses in culture fluids 

may be purified from host cellular debr~s. The ha.em-
I 

agglutination inhibi tio.n reaction proyides a method for 
/ 

the rapid serological identification of' viral str-'a1ns. . I 

/ 
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The technique o:f haemadsorption, whereby red blood 

cells adsorb to the surface of' infected. eells is a 

use:ful teelm.ique for detecting the presence of' haem-

agglutinating viruses within infected cells. Further-

more 1 t is possibl~ to enumerate individual virus 

particles by using an excess of' red cells, and micro­

scopically counting the red cell dimers in the resulting 

suspension. 

The first report of' en~erovirus haemagglutination 

was made by Gold:field, Srihongse & Fox ( 195.7) who f'ound 

that sever.al eehoviruses and Ooxsackievirus B3 aggluti­

nated human type 'O' red cells and eluted from them in 

a . non-enzsmic manner. Lahelle (1958) .con:f~rmed the 

ability of' echovirus 6 .strains to agglutinate human 

type 'O' red cells and estimated that 1 HAtT was equivs.­

lent to approximately 106 to 1 o7 int'ectious dose 50 
.( ID50) • It is n,ow known that moat Coxsackiev1rus 

and echovirus strains have the ability to haemagglutinate 

human red cells. Factors which were previously known 

to af't'ect the· ha.ema.gglutinati.ng capacity o.f' other viruses 

such as age of' the donor ,animal, pH of diluent and the 

temperature at which the red eel.Ts were allowed to settle• 

were 3hown by Kern & Rosen .( 1964) also to apply- to those 

enteroviruses which could cause haemagglutinaticn. 

Experiments defining the mechanism of enterov1ral 

haemagglutina.tion and the chemical n~ture of the receptors 

have been reported .from several laboratories. Philipson 

and Choppin ( 1960) found. that sulphydryl reagents, such 

as p-chloromercuribenzoate (PCMB). prevented. haemaggluti­

nation. Viruses treated.with I;>CMB failed to adso.rb to 

. red cells. This inactivation was reversed by treatment 
I 

of' virus with thiol compounds. A sulphydryl group on the 

virus particle was thus implicated. Lerner e;t al (1966) 
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found that aldoses inhibited the haemagglut.ination 

reaction by attaching readily to red blood cells, but 

not to viruses, thus blocking the reactive sites. The 

fewer the number of' carbon atoms in thechain, the broader 

was this blocking capacity. The carbonyl group of the 

aldoses was thus implicated a.s the reactive site in these 

blocking mechanisms. It was proposed that enteroviral 

haemagglutination involved the binding of' a carbonyl 

group of a terminal sugar from an oligosaecharide side 

chain on the virus capsid to a specific receptor on the 

red cell surface. Philipson et al ( 1964) have purified 

the receptor for naemagglutinating enteroviruses on 

human red blood cells and analysed it chemically. They 

found that it contained approximately 31% lipid, 60% 
protein, and 9% carbohydrate. Lerner,& Miranda (1968) 

have confirmed the predominantly protein nature of.' the 

red blood cell receptor. This reactive site was 

sensitive to the action of trypsin and chymotrypsin . 
but not the action of' several other proteases, carbo-

hydrases and sod.ium borohydr1de {NaBH4). The carbo-

hydrate moiety of the receptor (as described by Philipson 

et al) ( 1964) is thus not essential f'or adsor'!)tion of the 

virus, or is too well protected to be af'f'ected by the 

action of carbohydrases and the reducing agent NaBH4• 

Of' particular aignif'icance in all these studies is the 

fact that they act as a model f.'or early virus-host cell 

interaction. 

Haemagglutination due to bovine enteroviruses was 

f'irst reported by Moecov1c1 & Maisel (1958) who isolated. 

11 ecbovirus strains from apparently healthy calves in 

cultures o:f rhesus monkey kidney cells. Of' these, 5 

strains agglutinated bovine red cells at temperatures of' 

s0 to 8° but not at room temperature or at 37°, while 



another 3 strains agglutinated guinea pig red cells, 

also at this temperature. Elution followed rapidly on 

warming to room temperature. Prior to th'e· publication 

of this report scant attention had been paid to the 

possibility of haemagglutinins existing for bovine 

enteroviruses, which is not surprising since the f'irst 

report of' haemagglutination due to human enteroviruses 

.was only published in 1957. Since that time, however, 

more .attention has .been focussed on bovine enteroviral 

haemagglutinins. While several authors reported success 

with HA experiments, others failed to detect haemagglut1nins 

associated with the vir"!lses they had isolated. Verwoerd 

et al (1967) were unable to identify a. haemagglutinin 

for ecbovirus SA 1. 

In the study reuorted here this virus was re-examined 

for the presence of a haemagglutinin. 

3.2. MATERIALS AND ~ETHODS. 

3.2.1. Red blood cell system. 

Red blood cells were collected from various animal 

species into twice the· volume of Al sever' s solution. 

The species used were goose, chick, chick embryo, 

guinea pig, mouse, sheep, sheep cord, human type 'O', 

horse, vervet monkey and rhesus monkey red cells. 

Freshly-collected cells were stored at 4° being used, 

except ~here otherwise stated, within a week after 

collection. 

Cells were washed twice in the diluent to be used 

in a particular experiment, being sedimented af'ter each 

wash by centrifugation at 1,000 rpm for 10 min. in a 

re:rregerated centrif'uge. They were resusnended in the 

diluent (eee below) to a ~oncentration of 11 (v/v). 
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3.2.2. Diluents. 

The diluents Used were 0.8% {w/v) nodium chloride 

(normal saline) of pH 6.5; phosphate-buffered saline 

(PBS) of pH 7.2; and a solution of calcimn chloride 

in distilled wat_er, of pH 6.2. The PBS solution 

consisted of equal volumes of' 133 mM Na2HPo4 and · 

KH2Po4 solutions mixed with an equal volume of normal 

saline. The Ca.C12 solution was, unlike the solution 

employed by Inaba et al. (1962b), a 140 mM solution in 

distilled water, as it was found .that a 100 mM solution 

caused lys1s of the red cells. 

3.2.3. Temperature. 

Virus-red cell systems were incubated at 4°, 20° 

or 37°. 

Haemagglutination tests were conducted in 

18 x 14.5 cm. standard perspex plates with wells, being 

read by the ,~Pattern° method of sedimented red cells. 

Into each well was dispensed 0.5 ml di1uent. Doubling 

oilutions of' virus suspensions were made in 0 .• 5 ml 

amounts from left to rlght in the.se wells, th.e excess 

0.5 ml at the end o:f' each series being discarded. A 

volume of O. 5 ml of red blood cell suspension was added 

to each well, red cell controls were put up, and the 

cells were allowed to sediment at the different temperatures. 

Fluid from cultures of calf ki.dney cell.s which had not 

been infected with ecbovirus SA 1 was used in controls 

for each experiment. Titres were expressed as the 

reciprocal of the highest dilution showing complete haem­

agglut.ination. 
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3.2.5. Haemagglutination inhibition teats. 

Haemagglutination inhibition (HI) te.sts were 
. 

performed with antisera prepared in both roosters and 

rabbits by injections of virus in mineral oil adjuvant. 

The adjuvant used cons.isted of a mixture of Arlacel and 

Drakeol 6-VB in a ration of 1 : 9. This was emulsi:f'1ed 

w1 th an «1qual volume of culture fluid having an inf'ec­

ti vi t·y titre o:f' 2 x 108 p:f'u per ml. 

From eaeh of three mature .roosters 10 ml blood was 

collected. The ·se,;utn was separated f'ro~ these samples, 

sterilised by :filtration through a Seitz filter and 

stored at .4°; being the control pre-immune serum. The 

roosters were injected. intramuscularly with 1 ml virus-

adjuvant emulsion. Similar injections were aaministered 

at the f'ollowirtg intervals: 4, 3, 7, 4 and 3 days. 

Seven days a.:f't'er the last .injections an inoculum of 

2 ml of infected cu1ture I f'lUid \Vas administered intra-

muscularly to each rooster. The roosters were bled 

to death 10 clays later. The blood was all,owed to clot 

at. 20° and the sera were separated by centrifugation, 

pooled and sterilised by f'il tration through a Seitz 

f'il ter. Immune and pre-irmnune se.ra were ·heated to 56 ° 
:ror 30 mins. to inactivate heai.·-labile non-specif'ic 

inhibitors. 

Blood was similarly collected from each o:f' 3 healthy 

mature rabbits be:f'ore a. course of immunizing :inoculations 

in order to provide control pre-immune aera. The rabbits 

were immunized as follows: two injections of 5 ml virus­

adjuvant emulsion we.re administered intram1,1scularly in 

the hindquarter with 7 days between injections. Nine 

,days later 5 ml int'ected culture fluid was administered 

intravenously to each rabbit via a large vein in the ear. 

A second similar intravent:>us inoculation was given 10 days 

later. The rabbi ts were bled. to death under anaesthesia 
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14 days later, the blood was allowed to clot, the 

serum was separated and sterilised and heat-labil,e 

inhibitors were removed by heating to 56 ° for 30 mins. 

The Hi test was conducted as follows: virus­

infected culture fluid was diluted with CaC12 solution 

to contain 16 HAU per 0.4 ml. Doubling dilutions .of 

sera from rooster and rabbit, both pre-immune and immune, 

were made in duplicate in perspex plates with CaC12 
solution as diluent, in volumes of 0.4 ml., f'rom 1/2 

to 1/2048 dilutions. One row of each duplicate set 

was used for the HI test, the other acting as a serum 

control. ·To each HI test well was then added 0.2 ml 

virus suspension while 0.2 ml cacl2 solution was added 

to each of the serum control r;ells. The systems were 

incubated at 37° for 30 min. To each of the wells was 

then added 0.4 ml of a 1eg ( v/v) suspension of vervet 

monkey red cells in cac12 solution. The systems were 

incubated at 4° for 4 hrs., following which the results 

were read. 

3.3. RESULTS. 

A summary of the results of haemagglutination 

experiments using different spe.cies of red cells, 3 

different suspending media, and two different incubation 

temperatures is presented in Table 1. While it is 
"' _ _,.. 

evident that HA occurred when sheep cord red cells 

were employed, better results were obtained with horse, 

vervet- and rhesu:s monkey red cells, w1 th caol2 
solution. as the suspending medium. Haema.gglutination 

was obtained only when the systems were incubated at 4° 

and not at 37°. As the highest HA titres were con-

sistently obtained using vervet monkey red cells, these. 
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cells were employed to determine the optimal concU tions 

for haemagglutination by ecbovirus SA 1. A 1>hotographic 

record o:f the first successful HA result, in which horse 

red cells suspended in cac12 were agglutinated by ecbo­

virus SA 1, is presented in Fig. 4. 

Table 1. Haemagglutination of' red cells in various 
suspending media. (- indicates no HA). 

Red blood 
cells 

Goose, Chick, 
chick embryo, 
guinea pig, mouse, 
sheep, human 'O' 

Sheep cord 

Horse 

Rhesus monkey 

vervet monkey 

Suspending medium 

NaCl or PBS 
at pH 7.0 

8 

16 

16 

-

cacl2 at 
pH 6.2 

4 0 

-
8 -

128 

256 -

512 -

Virus titre 

p:f!U/ml 

2 X 109 

2 X 109 

1 X 10
8 

9 X 107 

9 X 107 

To determine the optimum hydrogen ion concentration 

for the reaction, the pH of' the cac12 solution was adjusted 

by means of' 100 mM HCl and 50 mM tris solutions, to pH 

values from pH 5. 5 to pH 8."o. The results of' one such 

experiment, presented in Table 2, indicated that the pH 

requirement was not exacting., maximum agglutination 

occurring between pH 5.5 and pH 6.6. As the pH of a 

140 mM cacl2 solution was always found to lie between 

pH 5. 9 and pH 6.2~ such unbu:f':fered solutions were used 

in subsequent experiments. 

Storage of' vervet monkey red blood cells in Alsever' s 

solution f'or prolonged periods did not af'fect their haem-



Figure 4 . Haemag5 lutinati on o f hors e red bl~ od coll~ in 

· PBS and Gac 12 s ob1tions by a pre para tion of 

e6bovi r~s SA 1 hav i ng an· inf ectivity titre of 
1 x 10 8 pfu/ml. Incubated at 4° . 

CULTURE FLUID DILUTIONS 
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Y red cells suspended in PBS . 

A infected culture fluid 

B culture fluid froi non-infe c ted cell s 
C red blood cell controls 

1021. 

0 
./ -

0 

• 

iC This particular figure was c,ho s en to demonstrate the 
t ype of artifact encountered in the s e experiments . 
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agglut1nab111ty. The results of two experiments in 

which red cells that had been stored at 4° in Alsever's 

solution for varying periods were used in haemagglutina­

tion experiments, are presented in Table 3. 

Table 2. 

Table 3. 

Effect of the hydrogen ion concentration 
on the ability of ecbovirus SA 1 to haem­
agglutinate vervet monkey red cells suspen­
ded in CaC12 solution. Culture flui.d con­
taining 1 x 108 p:f"u/ml was used as haem­
agglutinin. 

pH HA titre 

5.5 128 

5.85 128 

6.1 128 

6.3 128 

6.6 128 

7.0 32 
7.4 32 
a.o 32 

Effect of storage of vervet monkey red 
blood cells at 4° in Alsever's solution 
on their agglutinability by ecbovirus SA 1. 

Experiment 1 Experiment 2 

Days stored HA titre Days stored HA titre 

0 64 0 128 

2 64 90 128 

7 64 131 128 

41 64 
42 64 
48 64 

Spontaneous elution of the virus from red cells 

occurred on leaving agglutinated systems at room tem­

perature (20° tJo 24°) for 30 to 60 min., observed by the 



fact that the red cells in such systems sedimented to 

form buttons at the bottoms of the wells. I:f' such 

eluted systems were ag1 ta.tea and reincubated. at 4°, 
ha.emagglutina tion occurred once mere. This procedure 

could be repeated again bef'or.e the HA titre dropped 

to a value of lees than half that of the original. 

Haemaggl utination was inhibited by preineubation 

of' virus with immune sera prepared to the virus in both 

roosters and rabbits. The results of haemagglutination-

inhibition experiments, presented in Table 4, show that 

haemagglutina.tion by 8 HAUs of ecbovirus SA 1 Vias in­

hibited by rooster and rabbit immune sera to titres of 

128 ana 256 respectively. While pre-immune sera exhibited 

no inhibtbtory activity, serum controls ind.icated that a 

haemagglutinin was present in both rabbit and rooster pre-

immune sera to a titre of 16. This latter observation 

could have had no adverse effect on the experimental 

results obtained d.ue to the dilution .of the sera used in 

the haemagglutina.tion-inhibition tests. 

Table !t• 

Sera 

Rooster 

Rabbit 

Inhibition of HA by .immune sera to the virus 
prepared in roosters and rabbi ts. 
8 HAUS ecbovirus SA 1 were used. + 

HI titre 

pre-.immune 

0 

0 

immune 

128 

256 

HA titre of serum 
controls 

l 

pre-immune 

16 

16 

immune 

4 

0 

+ Control titrations of haemagglutinins present in the 
sera for vervet monkey red cells are included. 
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3o 4. DISCUSS ION. 

It has been demonstrated that a haemagglutinin was 

present in culture fluid from infected .calf' kidney cells. 

No agglutination of' red blood cells was observed by 

control culture fluid from "normal" ~alt' kidney cell 

cultures. The importance of the choice of the red 

cell system wa.s oemonstrated. 

Since the f'irst report of bovine enteroviral haem­

agglutinins made by Moscoviei & Maisel (1958), when 

bovine or guinea pig red cells were e.gglutinated by 

several of' their virus strains, most attempts at bovine 

enterov.iral haemagglutination have been made with these 

red cells and those of' rhesus monkeys, sheep,, pigs, :fowls 

and humans of' the 'O' bl,ood type. Of all these cell 

species,. only rhesus monkey red. eells were agglutinated 

by ecbovirus SA 1. A large panel of' red. cells was not 

always used by investigators o:f bovine enteroviral haem­

agglutinins... While Kunin & Minuse (1958), using chick 

red cells only, were unable to iclentif'Y a haemagglutinin 

for their pr.ototype LCR4 Virus, 1 t was later shown by 

Inaba et al. (1962b) that this virus agglutinated ho.r:se 

and sheep red cells as did BF 1 virus, although the two 

viruses were ant1genically distinct :from each other. 

Verwoerd et al. (1967) did not sta.te what red cell species 

were examined by them in their attmpt to identif'Y a 

ha.emagglutin1n f'or ecbov1rus SA 1 but it is likely that 

they used only a f'ew. 

The age of' the donor . ._.an¥f1al i.e .of importance. 

Before the use of' cacl2 solutions as d.iluents in these 

experiments, the first successful HA result was obtained 

when sheep cord red cells were employed. Nowhere in the 

J,iterature a.re there reports o:r sheep cord cells being 

used in HA tests but Rosen & Kem ( 1961) reported that 



optimal titres were obtained for Coxsackie B viruses 

using red cells obtained .from the umbilical cords of 

new-born h.uman infants, only partial haemagglutination 

being obtained with adult human type 1 0' red cel1s. 

In the present study no haemagglutination at all was 

obtained when adult sheep red eel le were used. Further-

more, the titre obtained when using sheep.cord rea cells 

was not elevated wnen cac12 solution was used as the 

suspending medium. This suggested that the surface of' 

embryonic cells differed f'rom that of' the cells obtained 

from mature animals since cations (ca++) enhanced the 

haemagglutination of adult rhesus and vervet ~onkey red 

cells and allowed haemagglutination of horse red cells 

which we:re not agglutinable in the absence of' these 

cations. Due to this presumed difference in the cell 

surface of the embryonic sheep red cells, cations were 

not necessary to enhance the HA reaction. 

The ,observation that spontaneous elution of virus 

from red cells occurred on standing the agglutinated. 

systems a.t ''room temperaturesn (approximately 20 - 24°) 

and that such cells were re-agglutinable on agitation 

and. reincubation at 4°, parallels those made by Inaba 

et a.l. (1962b) and. Yamada (1965b) A similar observation • 
for human enteroviruses was made by Podpplekin (1964) 

with echoviruses. This type of' reaction is strongly 

indicative of a non-enzymic elution mechantom, unlike 

the enzymic elution mechanism manifest by the myxoviruses. 

A further indication of' the non-en2ymic, nature of 

elution from red cells by ecbovirus SA 1 was provided by 

the observation that vervet monkey red cells were haem­

agglutinated by the virus with no loss in titre after 

they had been stored at 4° in Alsever's solution for 

at least 131 days, and that the virus eluted. from these 
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cells in the same manner that it eluted from f'reshly­

collected cells. Had a viral enzyme been neaesFary 

for elution of the virus f'rom a specific site on the 

red cell surface, it is unlikely that such a site would 

have remained unaltered during the long storage period. 

This suggested that the reaction was of' a -physical 

rather than chemical nature, being mediated by electro­

static forces .. 

The ability of' immune sera to the virus to inhibit 

haemagglutination, but not pre-immune sera, demonstrated 

the specificity of' the reaction. 



4• RELATIONSHIP BETWEEN THE VIRUS AND THE 

HAEM.AGGLUTININ. 

4.1. nrTRODUCTION. 

43. 

Hirst (1942) and Burnet (1942), investigati.ng 

strains of' influenza virus ana Newcastle disease virus 

respectively, first suggested that the haemagglutinins 

of these viruses were the inf'ectious virus particles 

themselves. It has since been shown that the haem-

agglutinating activity of' the myxoviruses is vested in 

the surface of the virus, being at the terminal position 

of' the projections at the surface of the particle (Laver, 

1964). The haemaggluti;nin is a function of the entire 

surface of the particle. The haem.agglutinin itself' is 

not a subunit of' these viruses as the subunit instrumental 

in attaching to red cells is monovalent and cannot thus 

bridge red cells. This subunit or site on the surface 

of the particle which can attach to agglutinable cells 

has thus been more anpropriately called haemadaorbin 

(Fazekas de St. Groth & Webster, 1964). 

Studies on the haemagglutinins of other virus 

groups have revealed that the haemagglut inin may not 

necessarily be the infe.ctious particle. This was first 

recognised for the group of organisms now known as the 

Bedsoniae and no longer considered to be viruses. In 

this group of' organisms the haemagglutin1n was shown to 

consist of complexes of' lecithin and nucleo-protein, 

believed to be incomplete 1nelus1.on body material or 

degredation products (Anderson, 1959). V.1hile it was 

first believed that the haemagglutinins of' the arbovirus 

group were associated with the infectious particle 

(Anderson, 1959), it has since been demonstrated by 

M:ussgay & Rott (1964), Stevens & Schlesinger (1965) and 
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Parker ( 1 966) that, in the ease of those arboviruse s 

examined by them, a further haemagglutinating component 

was present in viral preparations which.was separable 

:from the infeettous particle. 

Adenovirus, po1yoma virus, reovirus and enterovirus 

haemagglutination is apparently a property associated 

directly with the inf'~ctious virus narticle. Since the 

.first reports of' enterovirus haemagglutination, hum.an 

and bovine., the virus particle has been implicated as 
the haemagglutinin. 

· In ,order to contribute .further to the knowledge 

in this field., some of the chemical and nhysical proper­

ties of the inf'ectious 1>article of ecbovirus SA 1 were 

com1>ared with the corresponding chemical and physic.al 

pro-pertiee of' its haemagglutininl! The results suggested 

that the haemagglutinin was a property ot: the intact 

viral .surface., and was not dependant on whether the 

particle was in:f'ect.ious or not. 

4.2.. CHEMICAL PROPERTIES. 

4. 2.1. Treatment of the vi·rus with diethyl ether. · 

The sensitivity o.f the infectious particle and the 

haemagg1utinin to diethyl ether was examined by the 

method of' Andrewes & Horstmann (1949). Anaesthetic 

ether (Natal. Cane By-products, Pty. Ltd.~ 'Natal) was 
. . . 

added to infectious culture fluid to a volume of 20%. 

The mixture was shaken by hand and incubated. at 4° f'or 

20 hrs., being shaken periodically during incubation. 

Following incubation the ether waa removed under reduced 

-pressure ana in:f'ect1 vi ty and haemagg1utinat1on were 

titrated. Infectious culture fluid which underwent the 

same treatment but with no ether added, served as a control. 
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Results of such an experiment presented 1n Table 5 

demonstrate that neither the inf'ectivity nor the haem­

agglutinin of' ecbovirus SA 1 was adversely affected by 

this treatment. 

Table 2• 

Sample 

Effect of 20% (v/v) diethyl ether on the 
1nfect1vity of, and haemagglutination by 
ecbovirus SA 1 .after incubation at 40 :for 
20 hrs. 

HAU/m1 p:f'u/ml 

Ether-treated 

Control 

32 

32 

4 X 107 

4 X 107 

4.2.2. Treatment of' the virus with trypsin. 

Into each of' two Bijou bottles was pipetted 2 ml 

virus-infected culture fluid. To one of these was 

added 4 mg trypsin (Difeo; 1/250) the other acting as 

a control. Both bottles were incubated at 37° :for 

30 mins. Following incubation the culture fluid was 

removed :from the Bijou bottles, made up to 10 ml with 
•. 

chilled cac12 solution to prevent turther trypsin acti vi­

ty, and the.virus was collected in a pellet by centritu­

gation,at 5 - 6°, at 30;000 rpm :for 30 mins. The super­

natant fluids were decanted and held :for trypsin control 

tests. These were per:formed by diluting the supernatant 

:fluids 1/10 with PBS pH 7.2, placing droplets of these 

dilutions on a photographic plate, and incubating the 

plate at 37° f'or 30 mins. On examination of' the photo­

graphic plate after incubation 1 t was observed. that the 

gelatine supportingthe photographic emulsion had been 

digested, leaving clear area.s where drops of' the trypsin 

supernatant fluid had been placed. No such clear areas 
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occurred on the photographic plate where drops of' the 

control supernatant fluid had been placed. These 

observations proved ths.t the trypsin prepara t1on was 

bi ologieally active. 

The pellets re<1rovered after ultracentrifugation 

were each. resuspended in 2 ml 0.14 M CaCl2 solution 

and the in:f'eetivity a.no haemagglutinin content of- these 

suspensions was titrated. 

The results of' these titrations (Table 6).show 

that neither the infectivi ty nor the haemagglutinin of' 

ecbovirua SA 1 was adversely affected by incubation with 

trypsin at a concentration of 2. mg/ml :f'or 30 mins. 

Table 6. Effect of' incubation at 37° for 30 min. with 
2 mg/ml trypsin on the inf'ectivity and haem­
·agglutinin of' ecbovirus SA 1. 

Sample HAU/ml pf'U/ml 

Trypsin-treated 16 2 X 107 

Control -16 2 X 107 

4.3. PHYSICAL PROPERTIES. 

' 4. 3.1. Thermo.stability. 

Two-millilitre aliquots of' virus inf'ected culture 

:fluid were incubated at difi'erent temperatures :ror 30 mins., 

then titrated f'or inf'eeti vi ty and haemagglutinin content. 

The original inf'ecti vi ty titre of' this culture f'luid was 

2 x 108 pfu/ml while the haemagglutinin titre was 64. 

Mean results of this experiment, which was performed 

in dupl:ic ate, are presented in Table 7. It was observed 

that while the inf'ectivity of' the virus was destroyed on 
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heating infectious culture :fluid to 56°, the haem­

agglutinin was stable at this temperature f'or 30 mins. 

Table z. Effect of' heating at different temperatures 
for·30 mins on the inf'eetivity and haemagglu­
tinin of' ecbovirus SA 1. 

Temperature liA~/ml p:f'u/ml 

40 64 2 :x 108 

37° 
0 

64 2 X 1,0,.., 

45° 64 2 X 108 

56° 64 1 X 10:3 

4,3-,--2, Buoyant density.. 

Ma~erials an.d methods. 

Buoyant density aeterm1nations of' the infectious 

particle and haemagglut inin of eebovirus SA 1 were made 

in preformed density gradients of CeCl using the technique 

described by Polson & Levitt ( 1963). 

Infectious culture fluid, concentrated by pressure 

dialysis ur used immediately after harvesting from infec­

ted calf' kidney cells showing cytopathic effect, was 

partially purified and concentrated by differential 

ultracentrifugation, and the resulting virus pellets were 

resuspended in 0.5 ml 66 mM phosphate buffer pH 7.0 f'or 

density determinations on the infectious particle, or 

Cac12 solution f'or density determinations o:f' the haem-

agglut.inin. Eleven CsCl solutione ra.nging in CsCl 

concentration from 01 to 60'~ { w/v) were prepared in 

volumes of 1 ml in phosphate buffer ( or cac1 2 solution?. 

The virus .suspension in 0.5 ml -phosphate buff'er ( or Ca.Cl2 

solution) was mixed with 0.5 ml 601: (w/v) CsCl solution 
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in phosphate buffer ( or ca.c12 solution), resulting 

in a virus suspension in 30'-!6 (w/v) CsCl. Using the 

syringe holder described by Polson & Levitt (1963) 

illustrated in Fig. 5, a gradient of CsCl was formed in 

a 5 ml syringe by drawing up 0.4 ml amounts of' each 

CsCl dilution, beginning with the least dense solution 

and. 0.4 ml of the solution containing the virus being 

placed in the centre of' the gradient. The pre-f'ormed 

gra~,lent was ca:ref'ully expressed into a 1! x 2" cellulose 

nitrate Sp1nco centrifuge tube and allowed to stand at 

4° f'o:r 30 mine. to allow f.or inequalities to be ruled 

out. The tube containing the gradient was then centri­

fuged at 30,000 rpm for 180 min. at 4° in a awing-out 

SW-39 rotor of' the Spinco preparative ultra.centrifuge. 

Following centrifugation, droplets were collected 

from these gradients by 0 bottom puncture" of' the cellulose 

nitrate tubes. A controlled release of droplets from 

the tubes was obtained in the following manner. A 5-ml 

hypodermic syringe was fitted into the syringe holder 

and extended f'uily. To this was fitted a needle which 
I 

in turn pierced a rubber st·opper which fitted neatly 

into the top of the cen tri:fuge tube. The bottom of the 

centrifuge tube was pierced with a 27-ga.uge needle and 

droplets were collected through this needle by slowly 

screwing down the syringe plunger, the air entering the 

tube causing a controlled displacement of' fluid ( see 

Fig. 6). Aliquots collected in this way each consisted 

of 4 to 6 droplets. 

The refractive indices of these fractions were 

measured in an Abbe refractometer (Hilger; Sciex 

Scientif'ic Instruments, England). The 1n:f'ect1 vi ty 

titres of the fractions collected after centrifugation 

in phosppate buffer were determined, while the haem­

agglutination titres of' those obtained after centri-
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fugation in cac12 solution were determined. 

Standard curves were constructed of densities 

against refractive indices, the densities of standard 

CsCl solutions in phosphate buffer or CaC12 being deter-

mined pyknometrically. From these curves the densities 

of the aliquots were determined. 

4.3.2.2.: Results. 

Standard curves, constructed as described above, are 

shown in Figs. 7 and 8 respectively, for ·cscl in phosphate 

buffer and Cac12 solution. 

In Table 8 the results of an ~xpe:riment designed to 

determine the buoyant density in CsQl of the infectious 
-

particle of ecbovirus SA 1 are presented. In this experi-

ment culture fluid concentrated by pressure dialysis and 

having an infecti vi ty titre of 2 x 109 pfu/ml was used. 

The curve shown in Fig. 9 was constructed by plotting the.:~ · 

infectivity of the aliquots recovered against their densi-

ties. The' inf'ecti.ous particle was found tohave a buoyant 

density in CsCl o:r 1. 335 g/cc. 

Table 8. 

Sample 

1 

2. 

3 
4 
5. 
6 

7 
8 

9 
10 

11 

12 

Results obtained on centrifuging ecbovirus SA 1 
in a pref'orFi~d gradient of CsCl at 30,000 rpm 
for 180 mins. CsCl solutions were prepared. in 
66 mM phosphata buffer, pH 7.0 

Refractive Density Inf'ect1vity6 index g/cc p:f'u/ml X 1 0 

1.3702 1.370 0.1 

1.3699 1.367 0.1 

1.3681 1.350 30 
1. 3669 1.335 300 
1. 3662 1.330 170 

1. 3645 1. 317 10 

1 •. 3626 1.295 4.5 
1.3617 1.284 2.6 
1.3602 1.270 2.7 
1.3586 1.225 3.8 
1.3578 1.247 3 

1. 3573 1.242 0.5 



Fis:ure 7. Standard density curve for CsCl in 

phosphate buffer. 
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Results of an experiment designed to determine the 

buoyant density ih CsCl of' the haemagglut:tnin of eebo-

virus SA 1 are tabulated in Table 9. In this experiment 

freshly-harvested eul ture f'luid haVing an infecti vi ty 

tttre o:f 3 x 107 pf'u/ml was used. 

Table 9. 

Sample 

1 

2 

3 
4 
5 
6 

7 
8 

9· 
10 

11 

Results o:f' centrifugation o:f ecbovirus SA 1 
in a preformed graaient o:f CeCl at 30,000 rpm 
for 180 mins. CsCl solutions were prepared 
in 140 mM cacl2 solution, pH 6. 2. 

Refractive Density haemagglutinin 
index g/cc HAU/ml. 

1.3712 1.390 10 

1.3697 1.374 10 

1. 3682 1.357 10 

1.3660 1.334 160 
1.3649 1.321 80 

1.3634 1. 30.5 80 

1.3630 1.301 80 

1. 3597 1.265 40 
1.3580 1.247 10 

1.3570 1.236 <10 

1. 3.538 1.202 <10 

On plotting the haemagglutinin titres of aliquots 

collected in this experiment against their densities 

(Fig. 10) it is seen that two haemagglutinating components 

· existed in this virus preparation. This result was 

eon:firmed in several similar experiments. The major 

haemagglut1nat1ng ccmponent had a buoyant density in CaCl 

of' 1.334 g/ce, which was the same as the dens! ty of' the 

infectious particle. The minor canponent had a buoyant 

density of' approximately 1. 30 g/cc. 



Figure 9. CsCl density gradient plot of the distribution 
of infectious virus. 
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4.3.3. Electrophoretic mobility. 

4•3•3e1o Materials and methods. 

51. 

The migration of' ecbovirus SA 1 in an electric field 

was studied by zone electrophoresis in sucrose density 

gradients using the method and apparatus of Polson and 

Russell ( 1968). The migration of' the infectious particle 

and the haemagglutinin was measured in relation to the 

migration of an internal reference substance. phenol red. 

RP values (v.an Regenmortel, 1968) :ror the in:rectious 

particle and the haemagglutinin were calculated by 

comparing the distance of' migration of' the particles 

to the distance migrated by phenol red which was included 

in the samples subjected to zone electrophoresis. Zone 

electrophoresis experiment,s were conducted .in buff'ers 

of two diff'erent hydrogen ion concentrations, namely 

pH 8.6 and pH 4.65. 

In experiments performed at pH 8 .. 6 the borate buffer 

of' Polson & Russell ( 1968) was used. 

concentration of' this buff'er was: 

0,.035 M 

0.0175 .M 

0.0075 M 

The :final molar 

HCl 

NaCl 0.073 M, the ionic strength 

of this buffer being approximately 0.1 

In experiments conducted at Ph 4.65 a. suceinic acid­

sodium hydroxide buffer, of ionic strength 0.1 was used. 

The final :molar concen.tra.tion of thi!B buffer was: 

succinic acid 0.004725 M 

l~aOH 0 .. 004725 M 

NaCl 0.073 M 

To 200 ml of double-streng·th buffer was added 

160 g suero,se and the volume of this solution was made 

up to 400 ml. In the case of' borate buf'f'er solutions, 
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the pH of this 40% sucrose solution had. to be adjusted 

to pH 8.6 by addition of anproximately 7.5 ml :tr/1 NaOH 

solution due to the complexing of borat·e ions and sucrose 

vthich ca.used lowering of' the pH-. No such adjustment of' 

pH wa.s required in the .. ca.se of succinie aeid-NaOH. butters. 

The sucrose a.elution and the buffer, which had. identical 

ionic strengths, were sterilised. by boiling. 

The. apparatus (Fig. 11) was thoroughly cleaned and 

sterilised by filling with boil.ing distilled water. The 

water was drained off and sterilebutter was added f'rom 

the bottom through the tube Y, the large stopcock (B) 

being open and the collecting funnel ( Z) being in the -::. 

lowerE.;d position ( see Fig. 11 (ii)). The 40% sucrose 

solution was then similarly added through Y until it 

had reached the ground-glass joint in ·the right hand side 

column below the stopcock. Buf':fer was added to the 

lef't hand e lee tr ode ve see 1 ( C) fore ing the sugar un the 

right hand 1 imb until the interface between the buffer 

and 40~ sucrose solution in the left hand side limb (A) 

was just above the gnound - glass joint in this limb. 

The collecting f'unnel (z) was then raised to the position 

shown in Fig. 11 (i) and secured in this position and 

the stopcock B was closed. Exce.ss 40t sucrose solution 

in the left hand.limb was run off through the collecting 

funnel and the gradient was allowed to enter the electro­

phoresis column (A) through the.capillary x. 
The gradient-forming device (Fig. 12) consisted of 

two :flasks, A and B, jointed together by a length of 

capillary tubing. To flask A was added 150 ml bu:ffer 

and the neck o:f this f'lask was sealed with a rubber 

stopper. To flask B was added 150 ml 40% sucrose 

solution and the neclc of this flask was not sealed but 

plugged with cotton wool. A sterile magnet was added 

to fla.sk A which was placed over a magnetic stirrer. 



Figure 11. Apparatus for zone electrophoresis • 
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Flask A was connected by means of' a length of rubber 

capillary tubing with a Luer-Lok attachment to the 

capillary tube leading into the electronhoresie column 

at x. The magnetic stirrer was switched on, the stop-

cock between the two flasks of the gradient-forming 
' 

device was opened, and the resulting increasing density 

gradient flowing from f'lask A .flowed into the electro-

phoresis column from the bottom. Due to the neck of 

flask A being sealed, f'luid leaving this fl?iak was 

replaced with 40-1'. sucrose solution from flask B, the 

gradient resulting in the electrophoresis column being 

logarithmic. When all the sucrose solution in flask B 

had run into the mixing flask (A) the stopcock at X was 

closed and the rubber capillary tubing f'rom the gradient­

forming device was disconnected. 

Approximately 5 ml of the lower, most concentrated 

part of the gradient was run-out of the electrophoresis 

column through the collecting funnel, ensuring that the 

concentration of the sucrose solution at the bo1ltom of 

the column was at most 351. 

Ecbovirus SA 1, concentrated t'rom infectious culture 

fluid by pressure dialysis or used as unconcentrated 

material, was subjected to a cycle of differential ultra-

centrif'ugation. The resulting pellet was drained and 

resuspended in approximately 3 ml buffer containing 

approximately 37-rt, sucrose. A few grains of the reference 

substance, phenol red, were added to the suspension which 

was clarified by light centrifugation. The supernatant 

suspension was 1ntl"oduced into the zone electrophoresis 

column through the capillary X, employing the ecrew­

mperated syringe holder (Fig. 5) and a 5-ml hypodermic 

syringe so that the suspension was forced gently into 

the column. Using a 20-ml syringe, approximately 15 ml 

4ort sucros~ solution was added to the column through X, 
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pushing the phenol red-pigmented virus-containing band 

up the column ahead of' 1 t. The collecting funnel ( Z) 

was lowered to the position shown in Fig. 11 (11). 

The reversible silver-silver chloride electrodes 

were placed in the electrode vessels (C and D) and 

covered with a saturated solution of' NaCl.· The large 

stopcock (B) was carefully opened and the position of 

the sample band was stabilised by adding buf':f'er to the 

electrode vessels to balance the bana. The apparatus 

was allowed to stand for 2 - 3 hrs. in order for 

dif':fUsion to form a density gradient across the virus 

band. A direct current of 20 mA was anpl1ed to the 

column, the voltage gradient being 3 - 4 V/cm. 

Experiments were -performed at room temperatures 

(20°to 24°), a stream of air f'rom a fan being d.irected 

onto the apparatus to assist in heat dissipation. The 

electric current was passed through the apparatus f'or 

periods of' 16 - 24 hrs. 

At the completi.on of' a zone electrophoresis experiment 

the current was switched off, the large stopcock (B) was 

closed, and the collecting :f'unnel was raised to the 

upper position. Samples of 1 cm column length were 

,collected. through the collecting funnel and titrated 

for inf'ectivity and haemagglutinin. The distance 

migrated by the phenol red. band was measured as the 

distance between the midpoints of' the position of the 

original band in the column before the current was 

applied, and the phenol red. band after zone electro-

13horesis. ~imilarly, the distance migre.ted by the 

virus band was measured as the distance between the 

midpoint of' the original band and the midpoint of' the 

sample(s) containing the highest concentration of' in:fec­

tivity or haemagglutinin. 
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Results. 

The results of' an experiment performed at pH 8.6 

are plotted in Fig. 13. The 1nf'ectivity and haem-

agglutinin titres of' the samples collected after elec­

trophoresis were plotted against their corresponding 

positions in the zone electrophoresis column. In this 

particular experiment the phenol red migrated a distance 

of 16.5 cm in 24 hrs. while the maximuminf'ectivity and 

haemagglutinin titres were f'ound to be in a position 

8 cm from their original position. This corresponded. 

to an R,5 value of 0.485 for both the infectious particle 

and the haemagglutinin. 

The results of a zone electrophoresis experiment 

performed in buffer of' pH 4.65 are plotted in Fig. 14. 

While the phenol red migrated 10.75 cm in 16 hrs, the 

greatest proportion of inf'ectioua particles and the 

haemagglutinin migrated 2 cm, corresponding to an R,s 

value of' 0.195 for both. 

The haemagglutinin to inf'ectious particle ratio. 

Various preparations of' culture f'luid harvested 

from calf' kidney cells infected with ecbovirus SA 1 

were tested for their a.bili ty to agglutinate vervet 

monkey red cells suspended in ca.012 solution and the 
' infeetivity of' these preparations was determined eon-

currently. One of these preparations was culture 

f'lu1d which had been concentrated by pressure dialysis. 

The results obtained, as presented in Table 1 o. 
were plotted in Fig. 15. 



Fip,ure 13. Gradient zone electrophoresis of ecbovirus SA l 
at pH s.6 for 24 hr. 
Cross-hatching indicates the haem.agglutinin. 

,¢red= phenol red. 
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Relationship between the titres of' 
1nf'ectivity and haema.gglutinin of 4 
diff'erent preI)arations of' ,ecbovirus SA 1. 

Preparation Infectivity Haemagglutinin 
pfu/ml ~U/ml 

1 9 X 107 512 

2 3 X 107 256 

3 3 X 106 128 

4 4 X 109 1280 

The approximate linear relationship resulting from 

this plot showed that there was a constant relation­

ship between t.he inf'ectious particles and th.e haem­

agglutinin, one haemagglutinating unit (HAU) being 

approximately equal to 106 p.f'u. 

4.4. DISCUSSION. 

As the lipid solvent, ethyl ether, did not affect 

the infectivity of ecbovirus SA 1 this was suggestive 

evidence that this virus contained n.o essential lipid 

in its structure, the absence of' lipid being a pre­

requisite tor the inclusion of' a virus in the entero-

virus group (Cabasso, 1965). The fact that the haem-

agglutinin was not sensitive to the action of ethyl ether 

indicated that it did not exist as :free lipid material, 

or a lipid-containing complex, which was released from 

infected cells together with the virus. Furthermore, 

as the baemagglutinin was not affected by trypsin treat­

ment, this was evidence that it did not exist as free 

protein, apart f'rom virus nucleoprotein which may have 

been released on lysis of infected cells. These ob-

servatione on the chemical nature of' the haemagglutinin 

suggested that it was thus inseparable from the infectious 
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Figure 15. The relationship between the number of 
infectious particles and haemagglutinating 
units in preparations of ecbovirus SA 1 • 
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particle o:f this virus by these chemical means~ 

The observation tha.t heating to 56° for 30 min 

destroyed the in:fectivity but not the haemagglutinin 

has two.possible explanations. The haemagglut1nin may 

not be associated with the inf'ectious particle and may 

not.be sensitive to this treatment aa is the latter. 

Alternatively, the haemagglutinin may in faet be the 

viral capaid which remained· intact during this treat­

ment while the nucleic acid core o:f the virus was in­

activated; thus destroying in:fecti vi ty. Ribonucleic 

acid inactivation is associated with a low heat of' 

entropy, which led Woese (1960) to assume that heat 

inactivation of' animal viruses below 60°, es-pec1al1y 

those having an RNA core, occurred primarily through 

damage to the nucleic acid. This being so, the al te.r-

native explanation is more plausible, and the capsid 

of' ecbovirus SA 1 is implicated in the HA reaction. 

Analogous results were obtained by Inaba et al. (1962b) 

and Yamada (1965b) with other bovine enteroviruses. 

While isopycnic density gradie.nt ce ntrif'uga tion 

studies in CsCl revealed the presence of 2 haemagglu­

tinating components, one of which had the same buoyant 

density as the ir_.i'eetiouF. particle, this aid not 

necessarily mean that there existed, apart :from the 

viral capsid, a :f'urther haemagglutinating component 

in virus preparati.ons derived from cultures of calf' 

kidney cells. Halpere;i, Eggers & · Tam.'n ( 1964), investi-

gs.ting echovirus 12, observed that two haemagglutinating 

peaks emerged :from density gradient centrifugation in 

cscl, having buoyant densities of' 1.33 and 1.29 g/cc. 

By correlating these observations with elec.tron micro­

scopic studies, they were able to demonstrate that the 

particles of' buoyant density 1. 29 g/cc represented non­

infectious empty caps16s lacldng nucleic acid but still 
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possessing the characteristic structure of the complete 

virus. Frommhagen (1965), in density gradient studies 

on Coxsackievirus B5, was similarly able to demonstrate 

the µresence of less dense particles which had high 

titres of complement fixing antigen but relatively 

little infectivity, and contained little or no RNA. 

These 0coreless" 'Particles do indeed exist in preparations 

of ecbovirus SA 1 as may be seen in ele ,ctron micrographs 

of the virus presented in the :following chapter (5.2.3.). 

Furthermore; Oellermann et al.(1968),while unable to 

detect a haemagglutinin for ecbovirus SA 1, were able 

to detect two ul tra-vi,olet-absorbing peaks, the more 

dense of' which consisted of infectious particles, the 

less dense, presumably thus being these "coreless" 

particle·a. 

The most decisive evidence for the identity of the 

infectious particle and the haemagglutinin was presented 

in the results obtained for the density gradient zone 

electrophoresis experiments. Parker ( 1966), Mussgay &. 

Rott (1964) and Stevens & Schlesinger (1965) respectively 

demonstrated by buoyant density determinations that 

Wesselsbron virus, Sindbis virus and Dengue type 2 virus 

preparations respectively contained 2 haemagglutinating 

components, one of' which always had tle same buoyant 

density as the infectious component. Furthermore, 

Parker (196.6) observed that 2 haemagglutinating com­

ponents could be identified for Wesselsbron virus in 

zone electrophoresis experiments, only one of these 

being associated with the infectious particle. In 

the results reported here a single haemagglutinating 

component. having the same electrophoretic mobility as 

the infectious particle, was observed im experiments 

conducted with buffers at two pH values. Ae the 

electrophoretic mob11i ty of such a p.article in sus-



pension depends solely on the surface charge of.' the 

particle, this could only mean that the haemagglutinin 

of ecbovirus SA 1 is, in fact, the viral capsid. 

The demonstration that a linear relationship 

existed between infectious particles and. haemagglutinating 

units was further evidence for the validity of this 

hypothesis. The highest point on the curve (Fig. 12) 

appears to be exceedingly errant. On the other hand 
.• 

it must not be forgotten that haemagglutination titra-

tions, which rely on doubling dilutions of virus, are 

particularly susceptible to er.ror. An observed. end-

, point one dilution below the expected ·e.nd-point will 

result in 50% drop in titre, while an end-point one 

d.ilution above the expected end-point will result in a 

100% increase in titre. Also,aa the recovery of' infee-

tivity on subjecting infectious culture fluid to pressure 

dialysis was never greater than a theoretical 87%, it 

is evident that this method of concentration resulted 

in the loss o'f' some of the inf'eeti vity. This loss 

could have been due to the adsorption of virus to the 

cellophane dialysis tubing or it may have been ·due to 

the destructi,on of the inf'ecti vi ty of' the nucleic acid 

moiety o'f' these particles, resulting in the observed 

"excess" of "coreless" haemagglutinat.ing units· in the 

highest point of Fig. 12. 
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5. SOME PHYSICO-CHEMICAL PROPERTIES OF ECBOVIRUS SA1. 

5.1. INTRODUCTION. 

The early taxonomic systems used for the classif'i­

oa.tion of' animal viruses were based on biological 

characteristics such as the host range, type of' tissue 

affected, the host-response, and the type of' lesion 

produced (Melnick & Mccombs, 1966). This approach 

to virus classification has virtually become redundant. 

With the advent of more sophisticated tissue and cell 

culture methods and the application of' modern biochemical, 

biophysical and immunological techniques to virology, a 

new approach to viral taxonomy and nomenclature has 

evolved. 

Major considerations now involved in virus classi­

fication include the type of' nucleic acid; size, shape 

and structure of' the µarticle; the presence or absence 

of essential lipids; and the stability 01" the in:Vectious 

particle under the inf'luence of' various applied external 

conditions. 

The ability ot: these techniques to resolve information 

as to, for instance, the size and shape .of virus particles 

has supplied information which is n~t only of' academic 

1nte.rest for viral taxonomy,, but which has wide application 

in the !'ield or animal ( as well as plant, insect and 

bacteriophage) virology. While the property or stabili­

sation to heating by cations, particularly the divalent 

cations ca+-t+ and Mg++, of enteroviruses provided another 

criterion .for inclusion of a virus in the human entero­

viral group (Walli.s & Melnick, 1962). Melnick (1962} 

pointed out that this property of enteroviruses was of 

considerable importance in the preparation of attenuated 
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poliovirus vaccines. Heating vaccine virus suspensions 

to 50° for 1 hr in the presence of molar Mg012 resulted 

in no loss of infectivity of' a vaccine strain of polio­

virus but contaminating simian viruses such as the vacuo­

lating SV-40 virus could not withstand such treatment and 

were destroyed. 

Knowledge of the electrophoretic mobility of viruses 

has resulted in the separation of' such viruses from con­

taminating proteins with the result that highly speoifi.c 

immune sera to the viruses have been prepared for im.muno­

logical idenficiation purposes. 

Knowledge of the 'Ohy.sical properties of the indi vidua.l 

components of animal viruses. for instance the sed.imentatlon 

coefficients of' viral nucleic acids, has reve.aled much of' 

the existing knowledge concerning entry of' viruses into 

host cells, replication of' the individual virus components 

within these cells, and the release of inf'ectious particles 

from the infected cells. 

Comparative physical studies on viruses which have 

been attenuated and strains be:fore attenuation have 

revealed that physical changes occur in the composition of 

the.se viruses during the course of attenuation. Mayr, 

Strohmaier & Lorenz ( 1961) suggested that the protein 

coat of Teschen virus became modified during the course 

of attenuation and Russell (1968) and Parker, Wouters & 

Smith (1969) suggested that similar changes in the surface 

properties of African horsesickness virus and Wesselsbron 

virus respectively occurred on attenuation of' these 

viruae.s. 

The infectious particle of eebovirus SA 1 was examined 

using some of' these chemical and physical techniques, the 

results being reported here. Emerging from these studies 
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was a 0 new" physical constant based on the surface 

properties .of' the virus, namely, the isoelectric point. 

5. 2. SIZE OF THE VIRUS. 

5.2.1. Size as determined by u1 traf'il tration. 

5 .. 2.1.1. Introduction. 

The technique by which the size of' virus l)articles 

may be determined by ul traf'il tration is one of' the 

earliest techniques which was used to determine thia 

proper•ty. Viruses, in f'act, were f'irst recognised 

as ''t"il terable agents" which were able to pass through 

Chamberlan f'il ters and Berkef'eld candles which .retained 

bacteria, fungi and their spores. Sophistication was 

lent to this technique by the ,development by Elf'ord 

(1931) and Bauer & Hughes (1935) of' collodion membrane 

f'il ters containing pores of unif'orm size which could 

be readily calibrated. By determining the number of' 

inf'eetious virus particles which passed through a graded 

series of' these membranes under standard conditions, it 

became possible to esti.1t1ate closely the size of the 

particles by extrapolation. 

Elford' s term "gradaeol membranes 0 means in ef'f'ect 

a graded coagulation of' collcbdion (cellulose nitrate) on 

a horizontal surface whereby membranes of graded, pore 

size are f'ormed. This resulted f'rom his discovery that 

amyl alcohol and acetone were mutually anmagonistic in 

their ability to dissolve cellulose nitrate. Individually 

together with ethyl alcohol and ether, either of' these 

two solvents could dissolve cellulose nitrate, but if' 

both were present in certain ratios the cellulose nitrate 

coap.lated. A mixture of' all 4 of.' these sol vent.s and 

collodion, in a ratio which d.issol ved the collodion com-



pletely, if placed in an open tray so that the more 

volatile sol vents evaporated more readily than the 

less volatile sol vents resulting in a change in the 

ratio of amyl alcohol to acetone, caused the coagulation 

of cellulose nitrate in the form of' an "ultragel" 

structure. Elford f'urther discovered that the ~ore 

size of the membranes could be controlled by adding 

to the solution varying amounts ,of' acetic acnd and 

water. Addition of' water resulted in membranes of 

larger pore size; addition .of acetic acid resulted i.n 

membranes of' smaller pore diameter~ 

In this study, eebovirus SA 1 was filtered through 

membranes of.' known average pore aiameter (APD) and the 

size of the particle was estimated by determining the 

theoretical diameter of' an aperture through which it 

would just pass, 

5.2.1.2. Materials and methods. 

Analytical grade organic solvents, excepting 

primary amyl alcohol, were further dried to remove 

an.y contaminating water. Ether was dried over metallic 

sodium, acetone over anhydrous potasalum carbonate and, 

absolute alcohol over calcium oxide. To 125 g absolute 

alcohol was add.ed 75 g Parlodion (Mallinckrodt Chemical 

Works, _u. s.A.) in a 2.5 ·litre dark glass bottle f'itte·d 

with a plastic screw cap. The Parlodion was lef't to 

swell at 22° for 24 hrs. and 375 g ether was added. 

The mixture was shaken periodically until all the 

Parlodion had dissolved and 575 g acetone was added. 

The mixture ·was shaken in a mechanical shaker for 2 hr.a., 

287 ml primary amyl alcohol was added, and the stock 

collodion solution was shaken :f'or a further 2 hr be:f'ore 

it was stored in a dark cupboard for 2 to 3 weeks. 



The stock collodion solution was diluted with an 

equal volume of a mixture consisting of 1 part ethanol 

and 9 parts ether {by weight). This final stock 

mixture was divided into .200 ml aliquots for the 

preparation of' the colloaion membranes. Acetic acid 

was added. in varying amounts ( o. 5 ml to 2. 5 ml) to these 

aliquots before the organic solvents were allowed to 

evaporate to give membranes of APD 450 ny..-4 to 24 m;U. 

The organic solvents were allowed to evaporate 

from such miztures from a glass cell in a room which 

was thermostatically controlled at 20° and whose 

relative humidity was kept at 70'1/o. The glass cell 

consisted of' two pieces of optically true glass 7 mm 

thick and. 50 cm square. A circular section 40 cm in 

diameter was eut out of one square piece and the remainder 

was cemented on top of the uncut square with egg white, 

thus forming a well. The dell was raised above a 

levelling table on 4 rubber stoppers, ensuring an 

even distribution of temperature ·about the cell. A 

paper cylinder, 45 cm in diameter and 20 cm high, 

rupported on 3 rubber stopper.a, was placed around the 

perimeter of the ce1·1 to ensure even evaporatton of 

solvents from the cell. 

The sol vents were allowed to eva:pora te f'or 90 mins 

after which membranes were f'loa.ted f'ree from the glass 

by care:rully adding distilled water to the cell :from 

the edge. The membranes were washed with a 5~ (v/v) 

ethanol solution in distilled water twice daily f'or 

7 days, and f'or a further 7 days in d.istailled water 

with daily changes. From areas of' uniform opacity 

of' washed membranes were cut, by rreans of a steel punch 

discs of sizes suitable f'or use in the membrane filter 

holders. These membrane discs were stabilized to 

shrinking by steaming in suitable glass containers, and 



were stored. in a 0.01% (w/v) solution of' m.erthiolate 

in distilled water. 

The average pore d.iameters of' the membranes were 

calculated from the rate of' f'low of' water through the 

membranes, their water content and. their thickness. 

The pore size of' the membranes was calculated .f'rom 

the equation 

.. = c.e V ~v: 
where r = radius of pore (cm) 

e = thickness of' membrane (assumed equal to the 
length of the pores; . in cm) 

V = rate of flow (ml/sec) 

'7 = specific viscosity (CGS units) 

w = water content of' 1 sq cm membrane 

p = pressure producing f'low ( dp:nes/cm2). 

This equati,on, based on Poiseuille' s law, was used by 

Elford ( 1931). The thickness .. of each membrane was 

measured with a micrometer screw gauge, the membranes 

being held for this purpose between two microscope 

coverslips. The rate of flow of water through the 

membranes was measured using the apparatus of' Elf'ord ( 1931). 

The water content of' the membranes was determined by 

weighing membranes before and after drying at 90° for 

24 hrs. 

Virus-infected culture fluid waa prepared for ultra­

filtration (UF) by centrifugation to clarify the fluid 

which was then passed through a gradacol membrane of 

APD 334 mp in order to remove particular ma tte.r of low 

density which may not have been removed by centrifugation. 

Membrane f'il ter holders, made of stainless .steel 

( Fig. 16), were prepared in the following manner. The 

filter holders were sterilised by autoclaYing at 10 lb t'or 

15 min in the assembled form but without the rubber 



Figure 16. Diagram of a filter holder for supporting 
gradacol membranes. 

i----g 

a= stainless steel filter holder; b = rubber gaskets; 
c = gradacol membrane; d = supporting filter paper disc; 
e = stainless steel disc with perforations, to support 
the filter paper; f = cotton wool; g = boiling tube, for 
collecting the filtrate; h = supply of·filtered air at 
a pressure of 10 lb per sq in. 

Figure 17. Results of an ultrafiltration experiment on 
ecbovirus SA 1. Plot of average pore diameter 
(APD) against infectivity. By extrapolation, 
the limiting APD for ecbovirus SA 1 is seen 
to be 44 mµ. 
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gaskets, f'il tez:i papers or membranes. The gasket.s; 

f'ilter papers ana membranes were added aseptically to 

the autoclaved hold.ers af'ter they had been boiled in 

distilled water. The assembled filters, each containing 

a membrane of'. different APD, we:re placed in a stand. 

supplied by a ma.nif'old. which in turn was attached to a 

source of' filtered a1.r at a pressure of' 10 ib per square 

inch. Five ml aliquots of' Panmede (Paines & Byrne., Ltd., 

England) broth (5~ w/v in phosphate buf'f'er pH 7.5) were 

passed through each f'il ter to neu trali·ze the charges on 

the surfaces 'Of' the Ir.embranes 1 the f'11 trat.e being d.is-

card.ed. Five ml aliquots of the virus suspension wer.e 

placed in the reservoir of each filter holder and forced 

through the membranes by applying a pressure .o:f' 1 O lb per 

square inch. The filtrates were collected and t.itrated 

f'or infect1vi ty. · 

5.2.1.3. Results. 

The results obtained on filtering a suspension 

of eebovirus SA 1 through membranes having APDs of'·· 150 

to 24 m_µ. are. presented in Table 11. · From a.. plot of' 

these results {Fig. 17) a ;value of 4~~was obtained. 

as the limiting APD by extrapolation. Bauer & Hughes 

(1935) found it necessary to apply correction factors 

of 0.5 to o.66 to proteins whose sizes were estimated by 

this method. A correction factor based on recent data 

of -particle sizes by electron microscopic stuaies, 1. e. 

o .• 68 (Parker, 1966) was used in these studies. By 

applying this value a particle diameter of' 29. 9 mJ,A was 

calculated f'or ecbovirus·SA 1. 



Table 11. Ul traf'il tr.ation of a suspension of' ecbovirus 
SA 1 through a series of gradacol membranes. 

Membrane APD 
filJJ. 

334 

150 

119 

73 

52 

40 

24 

Titre of' filtrate 
pfu/ml 

2.5 X 107 

2.0 .x 107 

3.5 X 106 

1.5 X 104 

5.0 X 102 

0 

0 

5. 2. 2. Determination of' particle size from sedimentation 
and buoyant density data. 

5.2.2.1. Introduction. 

The sedimentation coeffie1ent is a fund.amental 

property of colloid particles and is the sedimentation 

velocity per unit centrifugal f'.1eld .• The theory of 

sedimentation in the analytical ultracentrifuge is the 

subject matter of several textbooks and will thus rece1 ve 

the barest .attention in this introduction. 

mental equation 

dx -== srw2. 
dt 

The :f'unda-

where dx is the distance of sedimentation in time dt, 

r the distance, w the angular velocity and s a constant 

for a speci:f'ie particle, .is integrated and the equation 

is obtained. 

s ::: ~.303 ~ _log X 
. tw 

In this equation 

••••• ·• •••• 1 

s = sedimentation coefficient (cm/sec) 

t = time (sec) 

Alog X = the logarithm of the distance sedimented by the 



68. 

particle in time t 

w= ·angular velocity (radians/sec) = rev/sec x 2TI 

For details of the derivation of this equation, see 

E1 ia s ( 1 961 ) 11 · 

To standardize results, sedimentation eoef'f'icients 

a.re generally r.elated to sedimentation in water at a 

temperature of 20°, the designation for this coef'fi,cient 

thus being s201 w. 

Once known, the sedimentation coef'ficient may be 

used in a number of' ways. Primarily it may be used 

to identify and distinguish dif'f'erent colloids. 

Estimations as t.o the size, Frhape, molecular weight 

and. degree of' hydration of particles may be made on 

combining the s20,w in suitable equations. For in,.qtance, 

by combining this equation with Stoke's law, the diameter 

of' spherical particles may be estimated f'rom the f'ollowing 

equation (Pollard,·1953): 

or 

where r = 

);,,o= 
Lip= 

s = 2r2(1 - Voe) ci........... 2 

r = V :,,° ••• ,. • .• • • • • • • 3 

radiua·or the particle 

ab'solut-e viscosity of' water at 20° = 0.01005 poise . ' 

dii'f'erence in densities of the particle and water. 

Thus, if the buoyant density and .sedimentation 

coeff'icient of' a spherical viru.s are known, the radius, 
< 

and hence diameter, may be estimated .• This relationship 

~s applied in order to estimate· the diameter of' echovirua 

SA 1. 
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Materials and methods. 

Isopyenic density gradient centrifugation studies 

performed in order to determine the buoyant density of' 

ecbov1rus SA 1 have been described in the previous 

chapter (4.3.2.). 

Sedimentation studiee on the virus were per.formed 

in a Spinco model E analytical ultra.centrifuge (Beckman 

Scientif'ic Instrume·nts, u.s.A). The virus suspension 

was concentrated by pressure dialysis of culture :f'luid 

followed by dif':ferential centrifugation. The pellet 

resulting from centrif'ugat.ion at 30,000 rpm for 90mins 

was reconstituted in a sucrose/borate buffer solution 

and purified :further by zone electrophoresis. . Virus­

containing aliquots .from the ZE column were dialysed 

overnight against borate buffer pH 8 .. 6 at 4'0 to r,emove 

sugar. Virus in the dialysa te was cone en tra..ted by 

centrifugation at .30,000 rpm for 90 min, the pellet 

being resuspended in 0.5 ml borate buf.f'er diluted 1/10 

vd th normal saline. This suspension was examined in 

an Ephantis synthetic boundary cell in the analytical 

ultracentrifuge at' a rotor velocity of' 15,220 rpm at 

20°, photographs of the sedimenting boundary being taken 

every 8 min using the Schlieren optical system. 

Results. 

Results reported in the previous chapter (4.3.2.2.) 

for the buoyant density of' ,ecbovirus SA 1 namely 1. 3.35 g/cc 

were used in the calculations of' particle size. 

A single sedimenting boundary was observed in the. 

Sehlieren diagrams obtained on analytical eentrif'ugation 

(Fig. 18), indicating the presence in the sample of' mono-
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disperse material only. The distance of' the Schlieren 

peak t'rom thecentr.e of rotation, x. wa.s plotted using 
.t :w''· .. 

a microcomparator f'or 4 consecutive phot,ographs. i/Then 

log X was plotted against time (Fig. 19), the resulting 

.straight line showed t.hat sedimentation had. been uniform. 

Time of centrifugation was 1920 sec, .log X was 0.0329, 

and rev/sec were 253. 7. By substituting these experimental 

values in equation 1, and correcting f'or the viscosity of 

the sol vent at 20°, the s20,w of ecbovi.rus SA 1 was found 

to be 157.6 •. 

By substituting the values for buoyant density 

(1.335 g/cc) and sedimentation eoe:f'f'1cient (157.6) in 

equation 3, the radius of: ecbovirus SA 1 was estimated 

to be 14. 5 m>-' , the diameter of the particle thus being 

29 m_µ. 

5.2.3. Size determined by electron microscopy. 

5.2. 3.1. Introduction. 

The electron microscope has become a very important 

tool for the virologist.· !n recent years, more sophisti­

cated techniques have made possible observations of' the 

intricate structure of' most viruses examined, as well as 

the sequence of, and sites of' virus replication in host 

cells. One of the techniques develojl>ed wa.s that of 

negative staining (Brenner & Horne, 1959). At neutral 

pH, sa1ts of' phosphotungstate and uranyl acetate do not 

eombi-ne readily with proteins or nucleic acids, but on 

drying form an electron-opaque backgrounst in which 

objects stand out in detail. This technique was used 

to exam.ine the size and morphology of' ecbov.irus SA 1 • 

Materials and methods. 

The virus preparation used in this pa1"ticular 

investigati,on was the one used in sedimentation stua.i.es 
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reported in the nrevious section ( 5. 2. 2. 2.), which had. 

revealed a single sedimenting boundary using the Schlieren 

optical eyatem~ 

The stain used wns a 2j't; (w/v) solution of phospho­

tungstic acid in phosphate buffer pH 7.2. A drop of 

·v1.rus suspension was mixed with a drop of stain on a 

glass slide. A droplet of this mixture was transferred 

to a carbon-coated microscope grid and the liquid was 

allowed to evaporate. The grid was examined. in a 

Siemens .Elmiskop model 1A electron m.icroscope. 

Electron photomicrographs of ecbovirus SA 1 

(Fig. 20) revealed the presence of particles of uniform 

shape and diameter, the diarnete;- being approximately 27MJJ-. 

Closer examination of these particles.revealed that they. 

appeared to have an hexagonal shape which 1s consistent 

for viruses exhfbi ting icosahedral symmetry ( Almeida & 

Ham, 1965). Several "empty" particles were visible in 

the fields seen by the fact that the .stain penetrated , 

these particles. These empty particles were presumably 

present in too small a proportion to have been recognised. 

as a separately sedimenting peak in centrifugation 

diagramo. 

5.2.4. DISCUSSION. 

The three estimations of the particle size of 

ecbovirus SA 1 (namely 29.9, 29 and 27 MjA) using three 

different methods were in remarkable agreement. All 

three methods are subject to considerable experimental 

error and the estimations of' size mad,e by ul traf'il tration 



Figure 20 . Electron phot omi crograph of ecbovirus SA 1. 
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and sedimentation-buoyant density data cannot be 

considered ·to be absolute values as these two methods. 

only apply to spherical particles. , FUrthermore, e.s 

particles studied by electron microscopy a1"e ·examined in 

a high vacuum,, they ma.y lose many of their structural 

features ana w!lter of-hydration (Pollard, 1953}. "· 

As the results were in such c.1o·ae agreement, however, 

it may be· aaf'ely·assumed that the true cllameter of the 
.. 
virus narticle.s was .in the region of 27 to 30 JYI_M, well 

within the range (20 to 40 m14) suggested by r:rcFerran (1962) 

. as beirig one of the criteria .for inclusion of a virus in 

the bovine en.terovirus group. Thie narticle diameter 

is similarly of the,· same ci:rder ae that of the human 

enteroviruses which have a diameter of auproximately . ' 

28 mµ (Melnick, 1962). 
1'1: 

5.3. STABILITY OF THE. VIRUS. 

5.3,1. pH Stability. 

The ability of ecbovirus SA 1 to withstand high 

hydrogen_ion concentrations was examined b,y the method 

desc:ribed· by Ketler, HampS.r,ian & Hilleman ( 1'962). Virus-

containing culture.· fluid was diluted 1y10 with Eagle• s 

·medium and. the pH of. thisaolution was· adjusted to pH 2.8 · 

using molar solutions of tris and .Hcl·. This preparation 

wa.s allowed to stand for 3 hr at' 4° ,a.long w.i t'h control 
. ~ 

samulee .which contained no trie-HCl but an equal amount 

of Eagle's meclium. Titration· results of this exnerimant, 

cona,icted in duplicate, showed that exposure to pH 2.8 

for 3 hr .had no ef't'ect on the in!'ee.ti vi ty of .·the virus 

(Table 12). 



Table 12. 

pH 

Stability of' ecbovirus SA 1 at 
low pH f'or 3 hr. 

of' suspending Titre 
medium. pf'u/ml 

7.2 2 X 106 

6 X 106 

2.8 3 X 106 

4 X 106 

5.3~2. Virus stabilisation to heat by cations. 

The stabilisation of' inf'ectivity to heat treatment 

by cations was examined by the method of' Wallis & 

Melnick (1962). Virus-containing culture fluid 

was diluted tenf'old with Ha.nks 1 LA solution. Stock 

solutions of' 2M CaC12, 2M MgC12 , and Wt NaCl were 

prepared in distilled water. To aliquots of' the 

virus suspension were added equal amounts of these 

stock salt solutions, and phosphate bu::f'f'ered saline 

pH 7.2 was added to a f'ourth, control sample. Duplicates 

f'or each treatment were incubated at 50° and at 4° for 

60 min, following which the infectivity of' the samples 

was titrated. 

From the results in Table 13 it is evident that, 

while stabilisation in each instance was never complete, 

the cations nevertheless had a considerable protecting 

effect. Thermostability was best preserved by divalent 

cations, the protection increasing in the order Na+ ..... ,, 

Ca++ and Mg++. 
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'}.'able 13. Effect ofcations on the thermostability 
ot: ecbovirus SA 1 at 50° for 60 min. 

Diluent Temper,ture Titre 
0 p:fU/ml 

Ca012 50 3 X 103 

(M/1) 4 3 X 104 

MgC12 50 7 X 103 

(M/1) 4 3 X 104 

NaCl 50 1 X 103 

(2M) 4 2 X 104 

PBS so 7 X 102 

4 4 X 104 

5.3.3. DISCUSSION. 

The virus was found to be resistant to low pH, 

an observation consistent with observations made on 

other enteroviruses. This .resistance ot: picorna-

viruses to low pH is a criterion for their inclusion 

in the enterov.irus, as opposed to rhinovirus,group 

(Melnick & Mccombs, 1966}. 

It has been demonstrated in section 4.3.1. that 

while the .inf'eeti vi ty of ecbovirus SA 1 was heat labile 

on heating at 56° for 30 min the haemagglutinin was 

relatively stable to such treatment. The results 

here indicate that this thermolab111 ty is -prevented to 

some degree by molar solutions of divalent eat1ona or 

2M solutions of ttaC1. Few reports exist in. the 

literature ot: similar cationic stabilisation of bovine 

,enteroviruses to heating. .Spradbrow ( 1964) and Yamada 

(1965a) reported that their bovine enteroviral isolates 

were protedted at 50° for JJ min by molar MgC12 solutions •. 

• 



It is thus possible that this property of' the human 

enteroviruses also applies to bovine enteroviruses. 

5.4. THE NUCLEIC AC.ID. 

5.4.1. Introduction. 
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The primary c.ri terion :for animal -virus classifi­

cation occurs at the nucleic acid level and depends 

on whether a virus contains DNA or RNA, irrespective 

of' whether the nucleic acid core of' the virus is 

double- or single-stranded. 

Inf'ectious nucleic acid was f'iret extracted :from 

animal viruses by Colter, Bird & Brown ( 1957) and 

Colter, Bird, Moyer & Bro,m (1957) who retrpectively 

extracted. :inf'ectious RNA :from cells inf'ected with 

Mengo virus, and polio- and West· Nile viruses. To 

show that the infectivity was not due to residual 

virus it was demonstrated that the RNA was sensitive 

to ribonuelease, was precipitated by alcohol or rnola.r 

NaCl at 4°, was not neutralised by specif'ic antiviral 

gamma-globulin and showed characteristic ultraviolet 

spectra with absorption maxima at 260 MJ-l, • 

The type of' nucleic acideontained by a virus may 

be determined in other ways. Salzman ( 196 0) demon-

strated that 5-f'luorodeoxyuridine (FUDR) could be used 

to distinguish the nucleic acid type of' a virus in a 

simple technique. He :found that concentrations ae 

low as 1 o-6M FtIDR prevented the formation of viruses 

containing DNA while not affecting the f'ormat1.on in 

inf'ected cells of viruses"containing RNA. 

The nucleic a.cid type of ecbovirus SA 1 was 

determined by extracting the aeid from intact virus 

particles and incubating it together with ribonuclease. 

The RNA content of the virion was estim~ted. 
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5.4.2. Materials and Methods. 

The method employed for extraction of infectious 

nucleic acid was that of Gierer & Schramm (1956) aa 

modified by Naude (1965). Cold phenol was used to 

dissociate the nucleoprotein capsid of the virus and 

bentonite was added to the virus suspension in order to 

inactivate ribonucleases (Fraenkel-Conrat, Singer & 

Tsugita, 1961). 

A slurry of bentonite was prepared in 100 mM acetate 

buffer p~ 6.05. Freshl~-distilled ether and phenol were 

saturated with 20 mM phosphate buffer in 5xlo-4M versene, 

pH 7.2 and chilled to 4°. Ecbovirus SA 1 was concen­

trated and partially purified by differential ultra­

centrifugation. The resulting viral pellet was suspended 

in 32 ml phosphate buffer in 5xlo-4M versene in a glass-

stoppered bottle in an ice bath. To this was added 320 
' mg bentonite and 32 ml phosphate-saturated phenol. The 

mixture was vigorously shaken for 5 min., and centrifuged 

at 10,000 rpm for 30 min. at 4° in a SW 25 rotor in a 

Spinco preparative ultracentrifuge. The aqueous layer 

was removed and transferred to a second glass-stoppered 

bottle standing in ice. An equal volume of phosphate 

buffer-saturated phenol was added, the mixture was again 

shaken vigorously for 5 min. and centrifuged at 10 000 rpm 

for 2 min. This latter treatment was repeated twice and 

the supernatant was transferred to a further glass­

stoppered bottle in an ice bath and shaken 5 times with 

an equal volume of phosphate buffer~saturated ether. 

Residual ether was removed under negative pressure. The 

final 'RNA' preparation was snap-frozen and stored at 

-10°. 

The infectivity of such preparations was assayed by 

the plaque method using monolayers of calf kidney cells 

prepared according to the method of Porterfield (1959). 

Dilutions of 1 RNA' were made in trypsin base solution in 
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ice. The plates containing the monolayers were washed 

with trypsin base solution, 0.1 ml of 'RNAi dilution was 

overlayed and allowed to absorb at 20° for 20 min. The 

~plates were washed again with trypsin base solution 

before the overlay was added, and they were incubated at 

37°. Ribonuclease (Seravac Laboratories, Cape Town) 

and rooster immune serum controls were prepared by pre­

incubating 0.5 ml aliquots of tRNA' with o.5 ml a.mounts 

of 1% ribonuclease or rooster immune serum at 22° for 

60 min. before titration. 

The 'RNA' content of the virus particles was estim­

ated by the method of Reichmann (1965) which is based on 

the sedimentation coef.ficients of nemptyn and nfull 11 

particles. / 

X =%RNA= ( 8F/SE - 1) ( 8F/SE + 1) x 100 ••••• 4• 

where SF= 820,w of full particles 

8E = 820,w of empty particles. 

As the sedimentation coefficient of the empty particles 

was not known, this value was estimated from the known 

data on the empty particles; namely, the buoyant density 

and diameter of these particles, by applying equation 3 

(5.2.2.1.). 

5.4.3. Results. 

Results of duplicate titrations in plates of calf. 

kidney cell monolayers, (Table 14) revealed the presence 

of an infectious component which was completely inactiv­

ated by ribonuclease, but only slightly by specific 

immune serum to the virus. 



Table 14. Titration ·Of an 'RNA'' preparation., prepared 
by phenol extract of ecbovirus nA 1. in 
plates of calf kidney cell monolayers. 

Sample Titre 

'RNA' preparation 

''RNA' preparation. plus 

ribonuelease 

'RNA' preparation plus 

immune serum 

ptu/ml 

9 X 102 

6 X 102 

0 

0 

6 X 101 

4 X 101 
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By applying equation 3 (:L2.2,l. ), substituting the 
. . 

values o:f 1 •. 300 g/eo for buoyant density e.nd 29 mp-
Q d.ia.meter for the empty virus particles, the ....,20,w of 

these particles was estimated to be 139.3 .. Using this 

value and the value of 157.~6 obtained as the sedimenta­

tion coefficient of full particles,· the p:e.,rcent. •RMA' of 
eobovirua SA l was found to be· 28% (w/w) on application 

of equation4 above. 

5 .. 4'4 Discussion. 

As r.ibonucleaee inhibited•the plaque-forming ability 

of the 'RNA' preparation, this suggested that the :nucleic 

acid core o.f ecbovirus SA l did in tact consist of , 

ribonucleic acid. While pre-incubation o£·this prepara-

tion with immune ,serum to the virus resulted in a 905; 

decrease. 1n in.t'eotivity, this did not necessarily mean 

that the preparation contained intact virus particles. 

The aera of animals ia known to contain nucleases and it 

is quite ,possible that a trace of ribonuclea.se remained 

in this rooster serum after heat *inactivation•. 
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Th~ results obtained by Reichmann (1965) for 

estimations of the 'ruiA' content of viruses were in good 

agreement with those obtained by chemical analysis. 

Only pl~t viruses were used in his experiments. He 

emphasised that the following 4 criteria had to be satis­

fied before his equation could be applied to a virus. 

The viru.s (a) must have only protein and 1 RNA'; (b) must 

have no residual 'RNA' in the empty particles; (c) must 

have had identical original composition of .full and empty 

particles, and (c) the full and empty particles must have 

the same shape and degree of hydration. The preparations 

of ecbovirus SA l examined in ·this series of experiments 

appeared to have fulfilled all these conditions. 

5.5. THE ISOELECTRIC POINT 

5.5.1. Introduction 

The isoelectric point of a proteint the pH at which 

it does not migrate in an electric field, is a fundamental 

physical property of the protein. It ranks in importance 

with other physical properties such as molecular weight, 

sedimentation coefficient, partial specific volume, 

diffusion constant, and other properties. Apart from 

having no mobility in an electric field, proteins at their 

isoelectric point (IEP) tend to form aggregates leading to 

a high degree of turbidity and a maximum ease. of precipi­

tation by alcohol or other lyophilic reagents. Lloyd 

(1926) summarised the properties of proteins in the 

isoelectric state as follows: 

(1) the lowering of the surface tension of water is at a 

maximum;. (2) the viscosity is at a minimum; (3) turbity 

is at a maximum; (4) precipitability by alcohol or 

acetone is at a maximum; (5) the osmotic pressure is at 

a minimum; (6) the conductivity is at a minimum. 
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Proteins are ampholytes. At pH values above their 

IEPs they have. a net·negative charge, while below their 

IEPs they carry a net P.osi ti ve charge.. _:tthus, with pure 

proteinst a reliable method o:f determining the IEP is by 

asc,ertaining the pH at :Which the protein .does not alter 

the pH of .-an unbuffered solution, nor comb.inea with 

either H+ or mC ions (Lloyd, 1926}. 

All the methods o.:f determining the IEPs of proteins 

are based on the 6 attributes o;f prote.ins at their IEP 

as stated above oy Lloyd. The two· methods most 

commonly used are based on electrophoretio mobility a.n.d 

turbidimetric determinatfons. 
4 • 

The IEP, as a physical property r:;:f viruses, has 

been viptually ignored. Electrophoret.ic studies on 
. ' . -

viruse.s have ,on the whole been directed towards purifi-
• ~ ~ I * I . ' 1 ~ . ... .. . .. ~ , . 

cation of the viruses concerned, or the determination 
/ . ~ 

< 

o:f the electrophoretic mobility at 9: single buffer pH 

(usually pH 8.6) and ionic strength (usually 0.1). 
~ . ' . 

However, various electrophoretic techniques for the 

determination of virus .IEPs are available. The 
........ -

simplest method is that of microelectrophoresis using 

the northrop-Kuni~z type of apparatus whereby the 

migration.of inert particles coated with virus may be ., . 

measured optically using a travelling microscope 

(Abramson; Moyer & Gorin, 1942). Using this method, 

sharp, Taylor, Beard & Beard (1942) estimated the IEP 

of rabbit' pa:p1lloma virus protein to be at approxi-

. mately pH 5. o,, and Oster (1951) detemined that the 

IEPs of strains of tobacco mosaic virus (TMV) were in 

a range of PH 3.91 and pH 4.90. The mov.ing boundary 
- ,. j 

method of Tiselius similarly rel.ies on optical 

observations. The motion of macromolecules in an 

electric field is followed by optical methods which 
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register the position and shape of the boundary between 

the solvent and the solution. Using the Tiselius 

electrophoresis apparatus, Miller & Price (1946) deter­

mined the IEP of southern bean mosaic virus to be at pH 

5.50, MacDonald, Price & Lauffer (1949) found the IEP of 

the same virus to be at pH 5.9, and semancik (1966) found 

that the IEP of bean pod mottle mosaic virus was at pH 

5.4. 

These two methods, however, have severe limitations. 

In the first instance, a pure, concentrated virus sample 

is a prerequisite for optical measurements of a moving 

boundary in the Tiselius apparatus, conditions which are 

not easily fulfilled when this technique is applied to 

animal viruses. Attempts have been made at sampling 

the Tiselius apparatus by hand in order to collect serial 
• 

' 
samples for the titration of biological activity, thus 

overcoming the limitations of optical measurements by 

allowing the use of relatively impure viral preparations 

(Bourdillon & Lennette, 1940; Randrup, 1953). However, 

in sampling the narrow Tiselius cell by hand it is doubt­

ful whether interruption of layers sampled is avoid~ble. 

In the instance of the microelectrophoresis method, 

Abramson et al (1942) have demonstrated that the IEPs of 

pure proteins were elevated as much as o.5 pH units over 

values obtained by other means. 

The problem of sampling a free electrophoresis 

column is largely overcome by using the technique of 

density gradient zone electrophoresis (ZE). This method 

has the added· advantage that relatively impure and.dilute 

virus suspensions may be examined. Employing this 

technique, Aach (1963) was able to determine the IEPs 

of coliphage X 174 mutants, using an apparatus modified 

from that of Cramer & svensson (1961). In a sucrose 

density gradient, a uniform migration velocity over the 

whole path of migration can be guaranteed because of the 
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constancy of the product: 

(Matheka & Geiss, 1965). 

conductivity x viscosity 

Thia observation that the 

mobility of viruses is not altered by the sucrose 

gradient for a given voltage gradient was confirmed 

empirically by Ball (1966). 

no matter the technique used to determine the IEP, 

this particular physical property of many viruses may 

never be determined, since these viruses are acid­

labile, and do not exist as intact particles at pH 

values at or near their IL'Ps. For this reason, 

Bourdillon (1940) was not able to determine the IEP of 

influenza A virus ·as the virus was destroyed below pH 

5.6. 

As ecbovirus SA 1 was found to be stable down to a 

pH value of at least pH 2.8, it was decided to investi­

gate the mobility of this virus in an electric field by 

the technique of density gradient zoneelectrophoresis 

in order to determine the IEP of the virus. The 

apparatus of Polson & Deeks (1962) was. employed and the 

IEP of a protein of known IEP, namely human serum 

albumin, was first determined in order to test the 

validity of the method. 

5.5.2. Materials and Methods. 

succinic acid/NaOR buffer systems in 70 mM NaCl, 

having a total ionic strength of o.l (Kekwick, 1940), 

were used throughout these experiments. BY varying 

the relative a.mounts of succinic acid and Na.OH in 

these buffers, experiments could be performed in a 

range of pH from below pH 4.o to pH 6.o (Polson & 

Largier, 1960). 

The human serum albumin (HSA) used was a 99% pure 

preparation (Lister Institute, Elstree, Herts., U.K~) 



Ecbovirus SA 1 preparations were derived from infected 

culture fluid which was concentrated and partially 

purified by differential ultracentrifugation. 

The apparatus described by Polson & Deeks (1962) 
-

was used. As it was not kno~m in which direction the 
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HS.A/virus would migrate at a particular buffer pH value, 

the mode of operation of the apparatus was modified so 

that the sample was introduced into the electrophoresis 

column in approximately the middle of the density 

gradient. This was accomplis~ed by stopping the inflow 

of the sucrose density gradient into the electrophoresis 

column when approximately half of the gradient had 

entered the colwnn. The following approximate 4 ml of 

the sucrose gradient flowing from the mixing flasks was 

collected in a sterile Bijou bottle. 

The sample which wa.s to be subjected to electro-

phoresis was suspended in this solution. In the case 

of electrophoresis of HSA, the protein was added to a 

concentration of o:1% (w/v). When virus was submitted 

to zone electrophoresis, the pellet resulting from 

dif.ferential ultracentrifugation was resuspended in 

the recovered portion of the gradient which suspension 

was then clarified by centrifugation at 10 ,,000 rpm :for 

lo min. To the HSt or virus preparation a few grains 

of phenol red were added to act as an internal refer­

ence substance by means of which R¢ values could be 

calculated (van Regenmortel, 1968). BY use of a 5 ml 

syringe held in the syringe holder with screw advance 

(Fig. 5), 2.5 ml of this preparation was introduced 

into the ZE column through the capillary tube. The 

remainder of the HSA or virus preparation was placed 

on the bench next to the ZE apparatus for control 

titrations. The sucrose gradient-forming device was 

reconnected to the capillary tube and the gradient was 



Figure 21. Introduction of sample to be submitted to 
gradient zone electrophoresis in the centre 
of. the sucrose density gradient. 

A a 

-· 
C 

g 
s 

ir---t- i 

from gradient 

mixing flasks 

i = interface ~etween 40~ sucrose solution (below) and 
sucrose gradient already run into ZE column 

s = sample introduced 
g = "mushroom effect" due to the remainder of the sucrose 

density gradient entering the ZE column, pushing the 

phenol red-pigmented virus-containing zone before it. 
The "mushroom effect" was due to the refraction of 
light by the more dense sucrose solution entering the 
column under the influence of gravity, ,then sinking 
to the base of the gradient. 

The remainder of the zone electrophoresis apparatus, not 
shown in these figures, is identical wi;th the apparatus· 

of Polson & Russe.11 ( 1968), and may be seen in Fig. 11. 



very carefully allowed to continue to pass into the 

ZE column, pushing the phenol red stained preparation 

ahead of it (see Figs. 21a to 21c). then the gradient 

had run to completion, the preparation was thus visible 

as a yellow-stained band 1 cm column length in the 

centre of the ZE column. The apparatus stood at room 

temperature for at least 2 hr. to allow for diffusion 

of sucrose to form a continuous density gradient through 

the introduced preparations. Silver/silver chloride 

electrodes in saturated NaCl solution were introduced 

into the electrode vessels and a current of 20 Ill.A was 

passed through the apparatus at a potential of 2-3 v/cm 

for 15 to 17 hr. To assist in the dissipation of heat 

generated by the current, a current of air from an 

electric fan was directed on to the apparatus for the 

duration of the experiment. 

on completion of the electrophoresis, the position 

of the phenol red band was noted a.nd 1/2 or l cm column 

length samples were collected through the capillary tube. 

The HSA content of such samples were measured by their 

ability to absorb light of 280 mp. wavelength in a 

Unicam SP 500 spectrophotometer. Virus content of such 

samples was titrated.in agar-chick embryo cell suspen-

sions. R¢ values for the migration of the RSA/virus 

were calculated for results of experiments conducted at 

different buffer pH values. From this data, pH/mobility 

(in terms of Rf values) curves were constructed for HSA 

and ecbovirus SA 1. 
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5.5 .. ;. Results. 

Electrophoresis of human serum albumin was performed 

in buffers.of 6 d.i.fferent hydrogen ion concentrations, 

ranging from pH 4.30 to pH 5.15. The results of 

these experiments are presented in Table 15. The pH/ 

mobility curve constructed from these results (Fig •. 22) 

intersected the pH-axis. at pH 4. 72 •. 

When ecboviru.s SA 1 was submitted to zone electro­

phore.sis in buf[ers of 5 diff,erent hydrogen iron con­

centra tiona •· ranging from pH 3. 90 to pH 5 .. OOt the results 

in Table 16 were obtained. The pH-mobili~y curve· 

resulting from these ob.servations dissected the pH-axis 

at pH 4-40.(Fig .• 23). 

Table 15. Isoelectric ·· point determination of human serum 
albumin by zone electrophoresis in succinate -. 
buffers, ionic strength 0.1. 

Buffer.pH Distance migrat­
ed by protein to 

·anode (cm) 

4.30 -2.23 

4.63 -o.5 
4.68 -0.1 

4.ao- +0~8 

4o85 +1.5 

.5.15 +1.73 

Distance migrated 
by phenol red to 
anode (cm). 

+10.0 

+lo.a 

+10.0 

+10.0 

+10.Q 

+10.0 

-0.223 

-0.05 

-0.01 

+0.08 

+0.15 

+0.173 
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Fi0·1,1re 22. Determination of the isoelectric point of 
human serum albumin by zone electrophoresis 
in succinate buffers, ionic strength 0.1, 
of varying hydrogen ion concentration. 

pH - mobility curve. 
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Figure 23. Determination of the isoelectric point of 
ecbovirus SA 1 by zone electrophoresis in 

succinate buffers, ionic strength 0.1, of 
varying hydrogen ion concentration. 

pH - mobility curve. 
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Table 16. 

Buffer pH 

3,90 

4.25 

4,40 

4.66 

5,00 

86. 

Isoelectric point determination of,, ecbovirus 
SA 1 by zone electrophoresis in s~ccinate 
buffers, ionic strength 0.1. 

Distance migrated Distance migrated Rf6 
by virus to anode by phenol red to 

(cm) anode (Om) Value 

-3.5 +11,375 -o. 308 

-1.25 +11.625 -0.108 

o.o +11.0 o.o 
+2.0 +l0,75 +0,186 

+5,5 +11.0 +0.50 

5.5.4 Confirmation of the isoelectric point of ecbovirus 
SA 1 by ion exchange chromatography 

5,5.4.1. Introduction. • . .. 

Ion exchange chromatography was first introduced 

during the early stages of the United States atomic energy 

programme, in order to separate nuclear fission products 

such as La, Sm, Eu,¥, Ce, Pr, Nd and Pm (CIBA Review, 

1966). Most of the early ion exchangers were developed 

to separate small molecu.lar weight substances, and con­

sisted of columns packed with particles of synthetic 

cation exchange resin. The separation of amino acids on 

these columns by Moore & Stein (1951) led to the develop-

ment of the automatic amino acid analyser. With the 

development of ion exchangers using derivatives of 

celluloee (Peterson & Sober, 1956) it became possible to 

separate larger proteins and viruses, as a more favourable, 

hydrophilic environment was created by these polysaccharide 

structures for the more labile proteins and viruses. 

Using carboxymethyl cellulose columns, Lampson & Tytell 

(1965) were able to determine the isoelectric points of 

haemoglobin preparations in phosphate buffers, as they 

found that the elution pH of a. protein was a function of 
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the isoelectric point. 

Agar, a polysaccharide preparation from seaweeds, 

consists of two compoments: (i) agarose, a neutral 

linear galactose polymer consisting of alternate 

residues of )J-D-galactopyranose and 3, 6-anhydro-~- L­

galactopyranose; (ii) agaropectin, which consists of 

the same polysaccharides, but with the addition of 

pyruvic acid, glucuronic acid and sulphate groups. 

(Araki, 195,9). The presence of these sulphate groups 

confers a charge on the agaropectin molecule, thus 

making agar preparations unsuitable for use in molecu­

lar sieve chromatography, as many substances are 

strongly adsorbed to agaropectin (Hjerten, 1962). 

Ordinary agar preparations should, thus, be capable of 

acting as cation exchangers. Ragetli & Weintraub 

(1966) have synthesised agar derivatives such as 

trimethyla.minoacethyd.razide-agar, pyridinium 

acethydrazide-agar and diethylaminoethyl-agar :for use in 

gel electrophoresis in which a reduced endoaomotic flow 

was required, but these derivatives were not used in 

attempts at ion exchange chromatography • 

.Experiments were conducted to determine the cation­

exchanging potential of an agar preparation, at the same 

time employing the basic principles o:f Lampson & Tytell 

(1965) in an attempt to confirm the isoelectric point of 

ecbovirus SA 1. 

5.5.4.2. Materials and methods. 

The agar preparation used in these experiments was 

Ionagar Uo,1 (Oxoid, England). The method of Hjcrten 

(1964) was employed to produce uniform-sized spheres of 

agar for chromatography. Phe method, which relies on the 

principle of a "Water in oil" emulsion, was used to pre­

pare 12% (w/v) ronagar spheres. 
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A 12% (w/v) agar suspension was boiled in a 1 litre 

round-bottomed flask until the agar had dissolved. The 

organic liquid phase (430 ml toluene, 170 ml carbon 

tetrachloride, and 2, g unulphor-Ll as stabilizer), was 

pre-warmed in a water bath to approximately 5o0 and 

added to the agar solution. The suspension was immed-

1ately stirred with a high-speed stirrer (approximately 

1 500 rpm) for 1 min. then cooled rapidly, while still 

stirring, by placing the flask in a water bath supplied 

with a continuous stream of cold water. After about 

5 min. stirring the agar spheres had gelled and the 

agitation was stopped. The suspension was filtered on 

a Buchner funnel to remove most of the organic phase and 

washed several times with methanol until all the toluene 

and carbon tetracholoride had been washed .free from the 

spheres. The sphere:.:; were washed thoroughly on the 

fu.nnel with distilled water. The spheres used were able 

to pass through a sieve of size loo-mesh, but were retained 

by a sieve of size 200-mesh. 

A glass column (1 cm x 15 cm) was packed with these 

spheres and washed with distilled water for approximately 
' 16 hr. Before use, the co).umn was equilibrated by pass-

ing through it the appropriate buffer solution for at 

least 24 hr. The buffer system used was that of 

Mcilvaine, consisting of solutions of 5 mM citric acid 

By varying the relative amounts of 

these two solutions, experiments were conducted from pH 

4.40 to pH 6.9. As the gel strength of agarose, and 

hence agar, is labile at acid pH (qickson & Polsont 1968), 

it was considered inadvisable to conduct experiments 

below pH 4.40. 

The void volurr;e of· the column was determined before 

each experiment by pao::.lng throus;h -the colum.n a suspen­

sion of f'ormalinised .... ,scherischia coli in the appropriate 
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buffer, recording the emergence of the suspension from 

the column by means of its light absorption in a 

Uvicord recorder (LKB Produkter, ~weden). 

Infected culture fluid was clarified by centrifuga­

tion at lo 000 rpm for 10 min. and 0.4 ml of the super­

natant fluid was layered on top of the column. This 

was eluted with the appropriate buffer for the particular 

experiment, a volume equivalent to the void volume of the 

column being discarded before 0.2 ml aliquots were 

collected for infectivity titrations. satisfactory 

information was provided in titrating alternate samples. 

5.5.4.3. Results. 

The results of a number of experiments are presented 

in Fig. 24. The infectivity of the aliquots was plotted 

against tho difference between the eluant volume and the 

void volume of the column, i.e. eluant volumes emerging 

af'ter the front. It ifJ ;;;een tnat in buffers of pH 

values greater than pH 4.5 the inf'ectious virus emerged 

soon after the front. ~','hile only one experimental 

result for buffers of pH above pH 4.5 is presented in 

Fig. 24, eight further experiments, performed in duplicate, 

with eluting buffers of pH higher than pH 4.5 showed that 

the distribution of the recovered virus 1n·the effluant 

was virtually identical with that shown in Fig. 24. 

At pH 4.5 the virus emerged from the column in a broad 

zone, while at pH 4,4 it was considerably retarded. 

5.5.4.4. Discussion. 

Due to the presence of the sulphated polysaccharide 

agaropectin in ordinary preparations of agar, these pre­

parations should have cation exchanging properties. 

Above their isoelcctric points proteins are anionic 

(i.e. they bear a net negative charge) and the effect of 

a cation exchanger would be negligible at pH values above 
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Figure 24. Elution diagrams of ecbovirus SA 1 from a 

column of Ionagar No. 1 spheres (12%) using 
citrate buffers as eluants. The void volume 
of the column was 2 .. 8 ml .± 0.02 ml. 
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the isoelectric point of a protein. At and below the 

isoelectric point of a protein the net surface charge 

cha.~ges from negative to positive. Thus it is to be 

expected that ecbovirus SA 1 would be retained by a cation 

exchanger at and below its isoelectric point. The results 

of these experiments show that this phenomenon was observed 

with ecbovirus SA 1 on a column of Ionagar spheres. The 

transition state for the virus appeared to occur at pH 

4. 5 in r.:cilvaine 's buffer. Lampson & Tytell (1965) 

found that, by using ion exchange chromatography to deter­

mine the pH at which haemoglobins were eluted from columns, 

-isoelectric points so obtained were consistently higher 

(0.4 to 0.6 pH units) than IEPs determined electrophoret­

ically. In the present experiments, however, the observ­

ations were the opposite of those of Lampson & Tytell 

(1965), in that the isoelectric point of ecbovirus SA l 

is 0.1 pH unit higher by this method than the electrophor­

etically determined value. While Lampson & Tytell (1965) 

determined the pH at which proteins were eluted from the 

cation exchanger carboxymethyl cellulose, in the present 

experiments the pH at which virus was adsorbed was deter­

mined, which accounts for the discrepancy. 

EXclusion chromatography could not have influenced 

the results reported here, aij the concentration of Ionagar 

(12%) was too high for the infectious particles to have 

been able to penetrate the gel matrix. 

It thus appears that the phenomenon of ion exchange 

did occur on spheres of Ionagar No. 1, although the 

agaropectin moiety of the agar carried insufficient 

cationic groups to retain completely the virus particles 

at pH values below their iaoelectric point. 

-· 



5.5.5. CONFIRNATION OF TW. ISOfL:SCTRIC POINT OF 
ECI30VIRUS SA l BY EL1·:CTROFOCUSSI:t1G. 

5.5.5.1. Introduction. 

91. 

While the technique of "isoelectric focussing 11 , 

i.e. the electrophoresia of proteins in a pH gradient, 

has only recently come into general use, the principles 

involved in this procedure have been recognised for some 

time. Electrophoretic separation based not on ionic 

mobilities, but on differences in the IEP, thus being 

limited to ampholytes, was :first attempted by Williams 

& waterman (1929) who used a multi-compartmented cell, 

electrolyte pH values increasing from compartment to 

compartment from the anode to the cathode. 

Kolin (1954) revived interest in this type of 

electrophoresis. He employed two buffer systems, a 

more dense acid buffer with the density being conferred 

by the addition of sucrose, and a less dense basic buffer 

containing no sucrose. By introducing the material to 

be examined at the interface of these two buffer systems 

he was able to obtain steep pH and density gradients in 

this region. He found, on passing an electric current 

through this interfacial region, that a concentration 

of ampholyte occurred at its IEP when the current flowed 

in the direction of increasing pH, whereas a diminution 

in the ampholyte concentration at a point corresponding 

to the isoelectric pH was produced by a current flowing 

in the reverse direction. The same principle was 

applied to paper electrophoresis by Hoch & Barr (1955) 

who formed a pH gradient on the paper strip by wetting 

the ends o~ the strip with two phosphate buffers of 

--' 
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differing hydrogenion concentrations. \·!hile this 

method proved useful for the analysis of very dilute 

solutions, it was unable to resolve proteins which had 

very similar isoelectric points, e.g. haemoglobins A 

and F. 

These pH gradients were called 1artificial 11 pH 

gradients by svensson (1961). svensaon pioneered 

electrophoresis in what he termed "naturalu pH gradients 

in which mixtures of peptides were used as carrier 

ampholytes in a sucrose density gradient. In an 

electric field these ampholytes were repelled by both 

electrodes (the cathode being basic, the anode acidic) 

and each ampholyte species colleoted at tho place in 

the gradient where the pH was equal to the IEP of that 

species. A stable pH gradient was thus .formed in which 

proteins, on being introduced into the system, collected. 

at the point in the pH gradient which was their IEP. 

As this col1ection o:f proteins at one place in the 

gradient was caused by the electric field, the term 

111soelectric focussing" was adopted for this technique. 

As the range of peptides readily available for forming 

such a natural gradient was limited and a prerequisite 

of such an a~pholyte was that it be a good conducter at 

its IEP and have a good buffering capacity at this pH, 

the technique was limited in its application, for limited 

pH ranges, until the development of synthetic ampholytes 

(vesterberg & svensson, 1966) which were a mixture of 

low-molecular aliphatic polyamino-poly-carboxylic acids. 

These are now available commerclally (LKB-Produkter, 

Sweden) and the technique is gaining rapid popularity 

for the resolution of protein mixtures. 



As a general rule, the IEPs of proteins are higher 

· the lower the ionic strength. Ieoelectric points 

obtained by isoelectric focussing in an ampholyte medium 

always refer to almost zero ionic strength. Thus 

proteins that undergo irreversible denaturation on 

removal of their natural salt medium can never be exam­

ined by this technique, e.g. serum lipoproteins, and 

many viruses. While this technique is of undoubted use 

in identifying proteins it is of little value for deter­

mining IEPs of proteins if the data so gained is to be 

applied in further experimentation on those proteins in 

the presence of ions. This is especially the case for 

the work reported in the next chapter of this thesis 

where knowledge of the IEP of ecbovirus SA 1 was utilised 

in purification and concentration procedures. 

Ecbovirus SA 1 was submitted to density gradient 

zone electrophoresis in an "artificial 11 pH gradient in 

an attempt to verify tho !F.P of the virus obtained by 

other techniques. Experiments were first con.ducted to 

determine the stability of such an artificial pH 

gradient 

5.5.5.2. Materials and methods. 

The density gradient zone electrophoresis apparatu.s 

of Polson & Deeks (1962) was again used in these experi­

ments (see Section 5.5.2.) 

The buffers used in these experiments were of acetic 

acid and sodium acetate in distilled water, having a 

final ionic strength of 0.1. For each experiment, two 

buffers were prepared from stock acetic acid and sodium 

acetate solutions, a more acid one which also contained 

40% (w/v) sucrose and a less ~cid one containing no 

sucrose. Gradients were formed using the mixii~g flasks 

described by Polson & Russell (1968) (see section 4.3.3.1.) 
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the pH of the gradients decreasing as the density of the 

sucrose gradient increased. 

Several experiments were conducteq with only these 

buffer systems present in the apparatus to determine the 

stability of such artificial pH gradients. FUrther 

experiments were conducted, introducing 0,2% (w/v) each 

of human serum albumin (as used previously) and bovine 

plasma albumin (Armour, Fraction V) into the centre of 

the gradient by the technique described in a previous 

section (5.5.2,), Experiments were also attempted in 

which samples of ecbovirus SA 1 were introduced into the 

centre of the gradient or were incorporated in the whole 

length of the gradient in the ZE column. The latter 

was accomplished by adding virus which had been partially 

purified and concentrated by differential ultracentri­

fugation to the lower mixing flask of the gradient form­

ing device (i.e. the flask which contained the buffer of 

higher pH and no sucrose). 

5,5,5,3. Results. 

The results of two experiments performed to estab­

lish the stability of artificial pH gradients are 

presented in Figs. 25 and 26. For the results presented 

in Fig. 25, the initial buffers were of pH 4,15 (plus 40% 

sucrose) and pH 5.25. This resulted in an effective 

pH gradient from pH 4,60 to pH 5.00 after a current of 

20 mA had been passed through the ZE apparatus for 16 hr. 

For the results presented in Fig. 26, the initial buffers 

were of pH 3.86 (plus 40% sugar) and pH 5.18, resulting 

in an effective pH gradient of pH 4,40 to pH 4.80. 

Zone electrophoresis of a mixture of human serum 

albumin (HSA) and bovine plasma albumin (BPA), using 

buffers of pH 4.00 and 5.17 to form an artificial pH 

gradient, for 41 hr resulted in the distribution of 



Figure 25. Stability of an "artificial" pH gradient of 
buffers consisting of acetic acid and sodium 
acetate, ionic strength O .1. "Starting" 
buffers used to form the gradient had pH 
values of 4.15 and 5.25. Duration of electro­
phoresis was 16 hr; the current was 20 mA. 
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these proteins in the pH gre.dient plotted in Fig •. 27. 

The protein concentration along the length of the ZE. 

column was determined by co+lecting the aliquots via a 

Uvicor·d recorder.. · The peak of major ultraviolet light 

absorption, which ~onsisteq.. of the HSA, was.concentrated 
.. 

. . 
at pH 4. 72, while a smaller absorbing peak; · consisting 

of BPA, exis'.ted at ·pH 4.76.· The peaks were identifi..:. 

able due to the .f'.ac:t; that HSA absorbs light of the wave~ 

length of the Uvicorp. recorder ( 2537 1b to a greate.r 

extent than does BPA (.j:otgieter, G.M., personal communi­

cation). 

;';hen ecbovirus· sA· 1 was adde.d to the mixing flask 
•' 

o:f the ·gradient forming device. the pH values of the 

.buffers used to form the gradient were pH 3.70 and pH 

\ 4. 90. ·. Electrop~oresis in ~he resulting gradient was 

continued f.or 42 hr. an.d the results presented in Fig. 28. 

were· observed~ While infectious virus was detectable 

over a considerable length of th.e ZE column (more than 

13-cm), the maximum infectivity was conoentrateda.t pH 

4.41. 

5.5.5.4. Discussion. 

It was.suggested by svensson (196l)that artificial 

pH gradient~_ could be successful .if the proper buffers 

were chosen. Most-favourable buffer systems would be 
' 

those containing the same .ion .species; e. g_. two acetate 
' . 

. . ~, •. 

buffers with pHs including the IEP.s of the proteins. 

The difference between these buffers would be a certain 

concentration. of excess acetic acid, .wh.ich is very 

slightly ionised, and thus would be an almost station-

.ary constituent. such a pH gradient would be stable 
' . 

for this reason .. i:f the salt concentration remained con­

stant due to a .~ufficient buffer reservo'ir-. · 



Figure 27. Distribution of two proteins, human serum 
albumi'n and bovine plasma albumin, after 
electrophoresis in an· 11 artificial 11 pH grad­

ient for 41 hr with a current of 20 m.A. Ace­
tate buffer, ionic strength 0.1. 
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This suggestion of svensson (1961) has been shown 

by the results of the present experiments to be valid. 

Human serum albumin was focussed at pH 4.72 which corres­

ponded to the value obtained for its IEP by density grad-

ient ZE at different buffer pH values. ~lfhile bovine 

plasma albumin was identifiable with an IEP at pH 4.76, 

the ultraviolet-absorbing peak of this protein was lower 

than expectedt indicating some denaturation of the protein. 

FUrthermore, the "flattenlngn o:f the pH gradient in the 

region of these protein peaks indicated that the proteins 

had a buffering action at their isoelectric points. 

These plateaux in the regions of protein concentration 

were observed in a number of similar experiments. The 

observation suggests a new method for the detection of 

protein peaks in artificial pH gradients, providing the 

protein concentration is sufficiently high to exert such a 

buffering effect. 

The I~P value obtained by this technique for ecbo­

virus SA 1 (pH 4.41) was in close agreement with the 

values obtained by other methods (pH 4.40 and pH 4.5). 

Unlike the observations made for the two albumins, this 

virus did not have a buffering capacity at its IEP as was 

demonstrated by the steepness of the pH gradient in this 

region. This is presumably because the virus was present 

in too low a concentration to exert such an effect. 

The acetate buffer systems used lend themselves 

ideally to the IEP determinations of viruses, like ecbo­

virus SA 1, which have isoelectric points at or near pH 

4.4, as these buffers have buffering capabilities over a 

range of pH from pH 3.8 to pH 5.6 (Polson & Largier, 1960). 

5.6. Discussion. 

The physico-chemical data derived from the examina­

tion of ecbovirus SA 1 in the experiments reported here 

show that this virus fulfills all the criteria for 
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inclusion in the enteroviral group of the picornaviruses. 

The theoretical value for the ribonucleic acid 

content of this virus (28%) obtained by the method of 

Reichman (1965) is in close agreement with the value of 

approximately 30% obtained experimentally by oellermann 

et al. (1967). Furthermore it is in close agreement with 

the theoretical and empirical values determined by 

Schwerdt & Schaffer (1955) for poliomelitis virus, which 

were 241& to 32~. It thus appears that an RNA content o:f 

this order (25 to 30%) is yet another constant of the 

enteroviruses, which should receive .turther investigation. 

The 11newn physlcal property emerging from these 

studies, the isoelectric point, is a property which 

should be approached with some caution. The IEP of a 

virus is of necessity a feature of the surface of the 

particle which, for some viruses at least, is dependent 

on pre-existing host cell material (Wecker, 1957; 

Mussgay, 1964). A difference in electrophoretic 

mobility for wesselsbron virus (a group B arbovirus) 

propagated in different host cells was demonstrated by 

Parker, Wouters & Smith (1969). Darnell & Levintow 

(1960) demonstrated that poliovirus protein which was 

incorporated into viral particles was· not synthesised 

until virus maturation began and that this protein was 

not pre-existing host .cell protein, but was synthesioed 

from the free amino acid pool of the host cell. 

Furthermore, Polson & Deeks (1962) found. that the 

electrophoretic mobilities of a number of enteroviruses 

were not altered by propagation of these viruses in 

different cell systems. That mutants of viruses could 

arise which have surface properties differing from those 

of the reference strains is, however, quite possible. 

Indeed, Breeze & Thorne (1966) found that the large (r) 

and small(r+) plaque-forming en.cephalomyocarditis (EMC) 



:virus infectious particles could ,be separated by zone 

electropho;r:esis at pH 8~8t .indicating a difference in 

the 1 surface properties of the· two types. Goodheart 

(1965), on performing·· equilibrium centrifugation in 

cscl on suspensions of ENC virus f.ound minor density 

com.ponents for this virus which. had greater buoyant 

densities than the major density component. A fluctua­

tion test indi_cated that the increased density was ~ue 

to a mutational change, although he was not able to 

obt.ain evidence· as to the mechanism of th·e mutation. 

Despite this differen.ce in the physical properties 

.of enteroviruses due· to mutational . changes, it is most 

likely that wild type strain.a of the same virus of the 

same passage level have .identical surface properties, and 

hence identical isoelectric points regardless of the host 

cell used for propagation of the virus. The alterati,on 

in the surf'ace ·pro:perties.of,enteroviruses on attenua­

tion of.these particles will receive attention.in a 

following section of this thesis. 



6.. APPLICATION OF · THE KrmWLEDGE OF THE ISOELECTRIC 
. POINT IN VlROLOGY •. 

·. 6 .1. INTRODUCTION"• 

99. 

If the isoelectric point of an enterovi·rus is a 

physical constant of' that- v-irus 1 ~owledge: of the con- · 

stant may be -of use .in the fur:ther taxonomy of viruses 

belonging to the enterovirus gJ::"oup. studies by Polson 

& Deeks (1962) on the electrophoretic mobilities of human 

enteroviruse$ showed that these viruses could be grouped 
, , 

into three main classes on the basis of results obtained 

from zone ele·ctrophoresi.s experiments at pH 8.6. It is 

reasonable-to expect that similar relationships exist 

between: these · viruses with regard to their .isoelectric 

points. 

Knowledge of this physical 11constantn could be ,of 

considerable value in the puri·fication and concentration 

-of these viruses. It could be employed in the so-called 

ttisoelectric precipitation11 of:viruses from suspensions 
... ' - . ' . 

in which they are held-as it is known that proteins 

· have their lowest solub.111 ty in· the isoelectri-c state. 

This often coincides with maximum 11 turbidityn (Lloyd, 

1926) • FUrthermore, if the . i_soelectrlc point of a 

. protein (or v.irus) is .known, the technique of multi­

membrane electrodecantation may be appl.ied to .large 

volumes of virus suspensions·. to purify and concentrate 

_the virus concerned (Polson & Largier, 1960). 
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6.2. CONCENTRATION OF VIRUS BY PRECIPITATION AT THE 
ISOELECTRIC POINT. 

6.2.1 INTRODUCTION. 

The precipitatiQn from solution of ampholytes at 

their isoelectric points is a phenomenon which has long 

been known, and is analogous to the principle of 11 salting 

outn of ampholytes from solution by the addition of salts 

to the solution which neutralize the surface charges of 

the ampholytes thus causing them to agglutinate. It 

has in fact often been impossible to determine the 

isoelectric points (IEPs) of viruses by electrophoretic 

means because the viruses precipitate from solution at or 

near their IEPs (Sharp, Taylor, Beard & Beard, 1942; 

Putman, 1950) .• This principle has been used to deter-

mine the IEPs of viruses since Oster (1946) determined 

the pH of suspensions of tomato bushy stunt viius at 
. 

wh10h the 11point of maximum coagulation" of the viruses 

occurred. 

so-called 11 isoelectric precipitation" has been used 

on a number of occasions as a step in the concentration 

of infectious virus particles. A number of plant 

viruses have been concentrated in this manner (Oster, 

1951; Gordon & Price, 1953; Ginoza & Atkinson, 1955; 

Atabekov et al,,1968). Behrens & Barker (1936) concen-

trated a.nd partially purified suspensions of rabies 

virus in this way, whole poliomyelitis virus was 

precipitated from suspension at pH values ranging between 

4.0 and 4.6 by a number of investigators (Bourdillon & 

Moore, 1942; Racker, 1942; Polson & Selzer, 1954; 

Bachrach & Schwerdt, 1954). Brandt, Neal, Owens & 

Jensen (1963) and stone & Hess (1965) were able to pre­

cipitate from solution and concentrate preparations of 

adenovirus and African swine fever virus, respectively, 

by employing this principle. 



Proteins are least soluble at their IEPs, and, 

while adjustment of the pH of the suspending medium to 

the isoelectric point of a protein may not be sufficient 

to cause coagulation of the molecules, the addition of 

relatively small amounts of a protein precipitant often 

causes coagulation and precipitation to occur. This 

principle was made use of by Schwerdt & Schaffer (1955) 

to precipitate poliomyelitis virus from infectious 

culture fluid at pH 4.0 by the addition of methyl alcohol. 

Linear polymers have been used with much success for 

the precipitation 0£ proteins from solution at pH values 

of the suspending medium not necessarily at or near the 

IEPs of the proteins concerned. Using varying concen­

trations of polyethylene glycol (PEG) Polson et al. (1964) 

were able to selectively precipitate proteins from mixtures, 

notably the proteins contained in whole serum, by varying 

the pH of the solvent. In virology, this principle was 

successfully employed by Charney et al. (1961) who pre­

cipitated poliomyelitis virus from suspension using 

nucleic acids as the precipitant. Best results were 

obtained with a nhighly polymerised 0 yeast nucleic acid 

preparation below pH 4.5. Polyethylene glycols have 

b'een used to precipitate various plant viruses (Herbert, 

1963; van Kamman, 1967; Clark, 1968) and neurotnopic 

African horse-sickness virus (Polson & Deeks, 1963) from 

suspension. 

The experiments described hereunder were designed 

to illustrate the advantage of the knowledge of the IEP 

o.f a virus,ecbovirus SA 1, which is normally soluble at 

its isoelectric point in order that the virus might be 

precipitated from suspensions and concentrated at this 

pH by using a minimal amount of precipitant. Precipita­

tion of the virus from su~pension with PEG was followe~ 

by zone electrophoresis to further purify the prepara~ion 



which was examined for purity in the electron microscope. 

6.2.2. Materials and Methods. 

Polyethylene glycol (Shell Chemicals; mol wt 6 000) 

was used in these experiments. The PEG was pulverised 

to a fine powder using a mortar and pestle before it was 

used. 

Precipitation experiments were performed at two 

different buffer hydrogen ion concentrations. Infected 

culture fluid, pH 7.2, was used unaltered in one series 

of experiments. In another series of experiments, the 

culture fluid was adjusted to pH 4.4 using 2M solutions 
J 

of acetate buffer (2M glacial acetic acid and 2 M sodium 

acetate) at pH ;.so. 

To 30 ml aliquots of these fluids pulverized PEG 

was added to concentrations between 0% and 20% (w/v) for 

pH 7.2 culture fluid, and O~ and 10% (w/v) for culture 

fluid which had been adjusted to pH 4.4. After thorough 

mixing, the suspensions were allowed to stand at 22° for 

60 min. The precipitates resulting from this treatment 

were collected by centrifugation at 2000 rpm for 30 min 

at 22° and resuspended in 1 ml PBS pH 7.2. The precipit­

. ates and the supernatant fluids were retained for titra­

tions.of infectivity. 

6.2.3. Results. 

The results of these experiments are presented in 

Table 17 and in Fig. 29. From these results it was 

evident that 10% (w/v) PEG or more was required to 

precipitate most of the infectious particles from suspen­

sion at pH 7.2, while only 3% (w/v) PEG was required for 

the optimal precipitation of infectious particles from 

suspension at pH 4,4, Accordingly, experiments were 

designed to concentrate the virus by precipitation with 
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Table 17. Titration of infectivity in pfu/ml in the 
precipitate and supernatant fluid after 
precipitation of ecbovirus SA 1 from 30 ml 
suspensions of virus at pH 7.2 and pH 4.4 

pH. 

7.2 

4.4 

by increasing concentrations of polyethylene 
glycol. Precipitates redissolved in 1 ml 
P.B.s. 

% PEG 
. (w/v) 

Total infectivity (pfu) % 1nfectivity in 
Precipitate supernatant precipitate 

0 3 X 105 3 .x 107 l 

1 1 X 106 18 X 106 5 

2 . 1 X 106 6 X 106 14 

4 6 X 106 9 X 106 40 

6 2 X 107 6 x.106 77 

8 1 X 107 21 X 105 83 

10 1 X 107 3 X 105 97 

l?, 2 X 107 } X 105 99 

15 2 X 107 3 X 105 99 

20 2 .~ 107 3 X 105 99 

0 7 .x 106 15 X 106 32 

o.5 7 X 106 3 X 106 70 

1 6 X 106 45 X 105 57 

1.5 1 X 10? 21 X 105 83 

2 2 X 107 75 X 104 96 

3 :;' X 107 3 X 105 99 

4 15 X 106 3 X 104 99.8 

6 7 X 106 .18 X 104 98 

8 15 X 106 6 X 104 99.6 

10 5 X 106 12 X 104 98 
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Figure 29. Precipitation of ecbovirus SA 1 by 
polyethylene glycol (PEG) from 
suspensions at pH 7.2 and pH 4.4. 
The percentage of total infectivity 
recovered in the_ precipitate is 
plotted against the PEG concentration 
in each instance. 

Ei---t:J virus ~uspension at pH 4.4 

e -- c, virus suspension at pH 7. 2 
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with 3% PEG at pH 4.4 followed by purification of the 

precipitate by zone electrophoresis at this hydrogen ion 
.. 

concentration. such an experiment is described below. 

To approximately 1500 ml infectious tissue culture 

fluid, adjusted to pH 4.4 by the addition of 2 M acetate 

buffer pH 3.ao, was added pulverised PEG to a final con-

centration of 3% (w/v). The resulting precipitate was 

collected by light centrifugation as described above 

(6.2.2.) arid resuspended in 20 ml o.85% NaCl. This 
1 

suspension was clarified by centrifugation at 10,000 rpm 

for 10 min. Virus in the supernatant was centrifuged 

at 30 000 rpm for 90 min., and the resulting pellet was 

resuspended in approximately 3 ml succ!nate/sucrose 

solution pH 4.4 which had been recovered from a sucrose 

density gradient in a zone electrophoresis column after 

approximately half the density gradient had entered the 

column (see 5.5.2.). The suspension was clarified and 

introduced into the zone electrophoresis column as 
~ 

before (see Fig. 21). and forced up the column by the 

remainder of the sucrose density gradient. 

A current of 20 mA was passed through the apparatus 

for 16 hr, after which the column was photographed 

(Fig. 30). Aliquots 1, 2 and 3 (Fig. JO), each of 

1 cm column length, were diluted to 10 ml with distilled 

water and centrifuged a~ 30 000 rpm for 90 min. The 

resulting pellets were resuspended in 10 ml distilled water 

and subjected to a cycle of differential ultracentrifuga-

tion. The final pellets were eacli'resuspended in 4 drops 

of their supernatant fluids and examined after negative 

staining with phosphotungstic acid in the electron 

microscope. 



Figure 30. Zone electrophoresis column foll o·.~: i "{'1g sl.2c ­

trophores is of ecbovirus s~ 1 which h ad been 

precipitated by 3~1 (w/v) PEG a t pH 4 . 40 . 

The re suspended precipitate wa s subjected t o 
t one electrophoresis for 16 h r in a buffe r 
of pH 4. 40. 

0 

1, 2 & 3 

0 

position of virus be f ore elec ­
t r ophoresis. 

.three fractio ns co llected after 

electrophore s is. 

- 3 :=2 
_1 

, l!'igure 31. lm electron photomicrog raph of mat,~rj_al f:ccm 

fraction 2 in Fig. 30. Note t he h i gh prop­
ortion of apparently "careless" particles in 
the field. ( x 187 OOQ). 

\ 
,·, ::i . . 
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On grids supporting material from aliquots land 

3 occasional virus particles were seen after careful 

examination, together with much amorphous material. 

In aliquot 2, however, a large number of pa.rti<?les of 

uniform shape and. size, similar to particles observed 

after concentration and purification by other methods 

(5.2.3.), were observed (Fig. 31). A higher proportion 

of these particles than those observed previously 

(5.2.3,.3.) were found to be 11 coreless11, as was seen by 

the stain having penetrated the capsids of these particles. 

6.2.4. DISCUSSION. 

While the value of these observations may be limited 

because precipitation experiments were not performed over 

a comprehensive pH range, it is nevertheless evident that 

at the isoelectric point ecbovirus SA 1 was fa.r more 

susceptible to precipitation. from solution. by PEG than 

it was at physio~ogical hydrogen ion concentrations. 

While, at concentrations of PEG greater than 3% (w/v), 

even more of the infectivity of a preparation was 

removed from suspension, this did not coincide with a 

greater recovery of infect!vity in the precipitate. 

It was, in fact, observed that the infectivity of the 

recovered precipitates decreased slightly as the concen­

tration of PEG increased, indicating that under these 

conditions the virus was either not as stable as it was 

in the absence of polyethylene glycol, or, more likely, 

stable aggregates of infectious particles were formed. 

On the other hand, due to the abnormally high proportion 

of 11 coreless" particles observed in the e.lectron micros­

cope, it was probable that some physical damage to the 

virus had resulted under the experimental conditions. 

As the virus underwent several cycles of differential 

ultracentrifugation, it is possible that this physical 

damage was caused by the shearing force resulting from 

a different density of the viral RNA as compared with 
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the density of the enveloping viral protein as suggested 

by Black, Reddy & Reichmann (1967) to explain the damage 

to wound tumour virus· during density gradient centrifuga­

tion, and that the physical damage to ecbovirus SA 1 did 

not occur under the conditions of virus precipitation. 

This technique may be of considerable use as a pre­

liminary step in the concentration of viruses, either 

plant or animal, which are soluble at their isoelectric 

points. Brinton & Lauffer (1959) mentioned that the 

spherical plan~ viruses were all soluble at their iso­

electric points, presumably because of hydration. 

Herbert (1963) found that the rod-shaped plant viruses, 

wheat mosaic virus and tobacco mosaic virus, were optim­

ally precipitated by 2% PEG in 100 mM phosphate buffer 

pH 7.5 and 300 mM NaCl, respectively, (although he did 

not use buffers of pH other than pH 7.5). A higher con-

centration of PEG was needed for the precipitation of 

the spherical plant viruses tobacco ringspot virus and 

bean pod mottle virus, namely 8% PEG in 300 mM NaCl. 

These results emphasized further the solubility of 

spherical viruses. As plant viruses are present in 

infected plant tissues in far greater concentrations 

than are animal viruses in infected animal tissues, it 

is conceivable that very little PEG would suffice for 

the precipitation of these viruses from solution at 

their IEPs • 

.As ecbovirus SA 1, a 11 spherical 11 animal virus, is 

soluble at its isoelectric point, it is not impossible 

that spherical animal viruses. like spherical plant 

viruses, are normally soluble at their isoelectric 

points. The use of relatively small concentrations of 

PEG should, however, suffice to precipitate such viruses 

at their isoelectric points. 
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6.3. PURIFICATION AND CONCENTRATION OF A VIRUS BY 
MULTI-MEMBRAlrE ELECTRODECANTATION. 

6.3.1. INTRODUCTION. 

When an electric current is passed through a 

protein solution the molecules will migrate to one or 

other of the electrodes, provided that they are not at 

their isoelectric point. If the electrodes are 

separated :from one another and the protein solution by 

two semipermeable membranes, the proteins attracted to 

the electrodes will tend to concentrate at the surface 

of these membranes. This results in dense zones of 

high protein concentration at these surfaces which tend 

to move downwards to the bottom of the vessel under the 

influence of gravity, where they become concentrated. 

Practical application was made of this phenomenon 

by Pauli and his coworkers (cited by svensson, 1948) in 

the concentration and purification of rubber latices. 

Gutfreund_(l943) applied the principle to the separation 

of a protein mixture (ovalbumin and haemoglobin) into its 

electrically homogeneous constituents by electrodialysing 

the mixture at the IEP of haemoglobin, resulting in the 

concentration of ovalbumin at the bottom of the container. 

This process he called 11electrodecantation". 

This electrodecantation process could be accelerated 

by introducing a number of membranes between the electrodes 

(Stamberger & Schmidt, cited by svensson, 1948) thus 

reducing the distance the material (in this instance 

rubber latex) had to migrate before being impeded by and 

concentrated at a membrane surface. Polson (1953) 

developed a multi-membrane electrodecantation (M.M.E.D.) 

apparatus suitable for the separation and concentration 

of proteins from large volumes of fluid. This apparatus 

allowed for the circulation of chilled buffer,in compart­

ments between the separation cells to prevent overheating 
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and to remove electrolytic by-products which might 

influence the pH. By sloping the electrodes towards 

each other at the top a temperature gradient, resulting 

in a density gradient,was established through the separa­

tion cells, thus further minimizing convection currents 

in these compartments. Furthermore, by inclining the 

apparatus to the horizontal, a more rapid separation of' 

proteins was achieved. 

A multi-membrane electrodecantation apparatus was 

used here in attempts to purify and concentrate ecbovirus 

SA 1 from suspensions in culture fluid from infected calf 

kidney cells. Experiments, which were exploratory in 

nature to determine the feascibility of the method for 

concentrating and purifying virus from large volumes of 

fluid, were performed at two buffer hydrogen ion concen­

trations, pH 7.2 and pH 4.4. 

6.3.2. Materials and Methods. 

The apparatus used was that designed by Polson & 

Largier (1960) having separation cells of different 

widths and hence different capac1ties. Only the smallest 

separation cell (capacity approximately 200 ml, contain­

ing 10 membranes) was used in each experiment (Fig. 32). 

Volumes ot infectious culture fluid, each of 200 ml, 

were dialysed tor 16 hr against 5 litres of 13.3 mJ\1 

phosphate buffer PH,7.2 and 100 mM acetate buffer pH 4,40 

at 4°. The dialysates were collected in sterile bottles 

for M.M,E.D. experiments. sufficient buffer solution, 

30 litres each of 13.3 mM phosphate buffer pH 7.2 and 100 

mM acetate buffer pH 4.40, was prepared to fill the 

apparatus and the buffer circulatory reservoir for each 

experiment. 



· :B,i.r.;ure 32. Diagram of multi-membrane electrodecant­
at ion apparatus. 

A. electrode vessels 
B. platinum electrodes 
C. compartments between.the separaiion comp­

'artments (D) for circulation of chilled 
buffer. Arrows indicate direction of flow 
of buffer. 

D. three separation compartments containing 
cellophane membranes separated by strips 
of ,mica. 

E. tubes from electrode vessels to avoid 
spilling of buffer when the apparatus 
is held at an angle (as in diagram). 
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The apparatus and the buffer reservoir was filled 

with pH 7.2 phosphate buffer and chilled buffer was 

circulated until the temperature of the apparatus had been 

lowered to 10°. The smalles·t separation cell was drained 

of phosphate buffer, rinsed with 70% (v/v) ethanol and 

sterile phosphate buffer, and the 200 ml culture fluid 

which had been dialysed against pH 7.2 phosphate buffer 

was introduced into this cell from the bottom. Excess 

buffer in the tube through which the dialysate was intro-

duced was run off and discarded. A current of 2.8 A 

(at a potential of 250 V) was passed through the apparatus 

for 75 min, the electrodes being reversed after 40 min. 

At the completion of the electrodecantation, three 

fractions were collected from the separation cell. The 

first fraction had a volume of approximately 20 ml. the 

second a volume of approximately 30 ml, and the third 

fraction, the remaining volume of dialysate, was approx­

imately 150 ml. 

The apparatus was drained of pH 7.2 phosphate 

buffer, rinsed with pH 4.40 acetate buffer, and filled 

with the latter buffer, which, as before, was circulated 

until the temperature of the apparatus had ~eached 10°. 

The separation cell was washed with 70'% ethanol and 

rinsed with sterile acetate buffer and the pH 4.4 .. 

acetate buffer dialysate wa.s added !rom the bottom. 

Electrodecantation proceeded for 80 min. with a current 

of 1 A, the potential difference across the platinum 

electrodes being 280 v. The electrodes were reversed 

every 20 min. Following electrodecantation three 

fractions were collected from the separation cell as above. 

The infectivity of these fractions and control 

aliquots of the two dialysates were titrated in chick 

embryo cells suspended in agar. 
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The results of the 1nfectivity titrations 0£ the 

various fractions collected after multi-membrane 

electrodecantation in the two buffer systems are presented 

in Table 18. After electrodecantation at pH 7.2 the 

lower 20 ml fluid in the separation cell had an infect­

ivity titre 17 times greater than the infectivity titre 

of ~he 150 ml fluid in the top of the cell and 5 times 

greater than the infectivity titre of the original 

dialysate, showing that a good concentration had been 

achieved after only 75 min. of electrodeca.ntation at this 

pH .. 

After electrodecantation at pH 4.4, the infectivity 

titres of all three fractions was virtually identical 

(bottom 3 x 105 ; middle 2 x 105 ; top 2 x 105 ) although 

at least half of the original infectivity of the 

dialysate (6 x 105 ) had been lost. It was observed that, 

following multi-membrane electrodecantation at pH 4.4, 

nearly all the phenol red which had been in the original 

culture fluid was concentrated in the lower 20 ml frac­

tions, indicating that electrodeca.ntation had occurred. 

Table 18. Concentration and purification of·ecbovirus 
SA 1 by submitting to multi-membrane electro­
decantation at pH 7,2 and J;>H 4.4. Fractions 
collected from the electrodecantation cell 
were assayed for infectivity. 

Buffer 

13.3 mM phosphate 
buffer pH 7,2 

100 mM acetate 
buffer, pH 4,40 

Sample 

Dialysate 

Bottom 

Middle 

Top 

Dialysate 

Bottom 

Middle 

Top 

Volume 
(ml) 

200 

20 

30 

150 

200 

20 

30 

150 

Infectivity 
(pfu/ml) 

1 X 107 

5 X 107 

1 X 107 

3 X 106 

6 X 105 

3 X 105 

2 X 105 

2 X 105 
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6.3.4. Discussion • 

Multi-membrane electrodecantation has been applied 

to the concentration of viruses in only one other instance. 

Polson (1953) submitted the MEF1 strain of poliovirus to 

multi-membrane electrodecantation at pH 8.7 and pH 6.Q. 

He found that the virus particles were concentrated at 

the bottom of the separation cell as was evinced not so 

much by the infectivity of the fluid at the bottom of the 

cell as by the disappearance of infectivity from the 

supernatant fluid. 

The results presented in Table 18 revealed that 

ecbovirus SA 1, when submitted to multi-membrane electro..,; 

decantation at a pH above its isoelectric point, behaved 

as MEF1poliovirus did in being concentrated at the bottom 

of the separation cell. At the isoelectric point the 

virus remained in suspension, the infectivity of the 

fractions throughout the cell being virtually identical. 

These preliminary results indicated the feasibility of 

applying the technique of multi-membrane electrodecanta­

tion to the concentration and purification of viruses 

which are in solution at their IEPs such as ecbovirus 

SA 1, by first removing contamination proteins from 

solution by electrodecanting at the IEP of the virus 

followed by concentration of the virus by electrodecant­

ing the supernatant fluid at a pH well above the IEP of 

the virus. 

A further advantage of this method is tha·t it is. 

not necessary to remove cell debris from the fluid prior 

to electrodecantation, as most of the debris remains 

adsorbed to the membranes leaving a concentrate and 

supernatant fluid relatively free of ·cell fragments 

(Polson, 1953). 
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6.4. CLASSIFICATION OF EMTEROVIRUSES. 

6.4.1. Introduction. 

Different strains of poliovirus have been precipi­

tated from suspensions at pH values remarkably similar 

to one another. · Racker (1942) precipitated an untyped 

strain of poliovirus from suspension at pH 4.3. The SK 

strain of poliovirus was precipitated at pH 4.6 (Bourdillon 

& Moore, 1942), the Lansing strain at pH 4.5 (Bachrach & 

Schwerdt, 1954),.the Mt:F1 str_ain at pH·4.:3 (Polson & 

Selzer, 1954) and the Saukett strain, with the aid of 

yeast nucleic acid as precipitant, at and below pH 4.5 

(Charney et al., 1961). 

The value 01?tained for the isoelectric point of 

ecbovirus SA 1 in succinate buffer of ionic strength 0.1 

(i.e. pH 4-40), indicated that there was a close relation­

ship between this virus and various strains of poliovirus 

with regard to their precipitability near the isoelectric 

point. 

It was decided to investigate the isoelectric 

points of a number of' enteroviruses by density gradient 

zone electrophoresis in succinate/NaOH buffers of ionic 

strength 0.1 by the method used to determine the IEP of 

ecbovirus SA 1 to determine whether isoelectric relation-

ships existed for this group of viruses. The isoelectric 

point ·of reovirua 1 (formerly echovirus 10) was determined 

at the same time as a representative from a viral group 

other than the enteroviruses. 

6.4.2. Materials and Methods. 

The apparatus and buffer systems used in these 

experiments were those as previously described for the 

determination of the isoelectric point of ecbovirus SA l 

by zone electrophoresis in a sucrose density gradient 
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The :following viruses we:r-e examined~ ·cytopathog­

enie bovine orpha.n·virue (CBO virus), a. virus which had 
. -

been isolated in chick embryos from a cal:t which died of 

lumpy skin disease (~an de,n L'nde, Don & Kipps. 1948). 

11.!ter 16 passages in chick embryos the virua had been 

propagated 1n chick embryo cell monolayers in tissue 

culture. · Wh.1.lo the virus was thought to be ·a. bovine 

enterovirus (Kipps, Turner & Polson,. 1961), Ar,drewes 

{1964) suggested that 1t may in fact be a chick entero­

virus. 

TWo variants of the M?F-· strain o-£ poliovirus were 
..L 

examined. One of theoe was the mouse-adapted strain of 

Selzer; Sacks & van den Ende · ( 1952) wh+ch had been . -

paaaaged 218 times in suckling mouse brains, the 0th.er· 

being the ·origi.na.l strain which had not been adapted to .. 
mice and which had. been stored at--20° i.lnce:1951. 

. -(~ ' 

A coxsackiev.iruo 13 3 strain,. isolated ,µ1d .identified 

by Naude, Selzer & Kipps (1958) was similarly examined,·. 

since the original isolation this virus strain had under­

gone.leas than lo pa.soages in sucklin/$.:mi?o• 

The otller'viruses_exa.minod were obtained £rom 

Dr .. T, Johnsson o:f the state Bacterlo.logical Laboratory, 

Stockholm,. sweden·. · These ,were· strains 0£ coxsa.cki.evirus 

D. 1. and B 4 • and reovirue· type l. 

Virus stocks were prepared as . .foll.owe. CBO .virtis 

was propagateo .. in chick embryo fibroblast monolayers. 

These cells were . obta.ined :from 11-12 :day· old chick 

embryos by trypsinizat.1.on of tissue segments·as described 

in the chapter on tissue cuitura (2.3 .. )., Monolayers were 

gro~n in 20 oz. medical flat bottles, the growth medium 

being Ha.nkst LA grovth medium conta.illing 5% · (v/v) calf . 

serum, and the. maintenance medium .for these cells being 

Hanket LA maint"enance medium with 5% (v/v) .fowl serum .. 
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The in.fectivity of CBO .virus preparations was titrated 

in the chick embryo cell suspensions already described. 

All other viruses used were propagated in mono-

layers of secondary vervet monkey kidney cells. Kidneys 

were removed aseptically from freshly-sacrificed monkeys 

and cortical segments were subjected to trypsinization, 

as were calf kidney segments (2.2.). To obtain the 

maximum number of cells from the kidneys, the trypsin 

soluti~n was replaced with fresh t;t-ypsin solution every 

30 min. three to four times during the digestion. Cells 

were filtered through sterile gauze, collected by light 

centrifugation and resuspended, after washing, in 

Hanks' LA growth medium (5% calf serum) at the rate of 

0.1 ml packed cell ·volume for each 50 ml of growth 

medium and 50 ml amounts of this cell suspension were 

dispensed into 20 oz. medical flat bottles. on incubat-

ing these bottles at. 37° in a horizontal position, cell 

monolayers were generally confluent after 5 days, when 

the medium was replaced with an equal volume of Hanks' 
' LA maintenanc-e medium which contained 2% (v/v) fowl 

serum. Secondary monkey kidney cell cultures were 

prepared from these primary cell cultures as follows. 

The maintenance medium in the bottles was replaced with 

a.n equal volume of the following trypsin-versene 

solution:-
NaCl . . . 40 g 

KCl ... 2 g 

Glucose • • • 5 g 

NaHco5 
.. ,. 2.9 g 

Trypsin (Difeo, 1/250) 2.5 g 

Sodium versenate 1 g 

Phenol red (0.4% solution) 2.5 ml 

Distilled water to 500 ml 



The solution was filtered through a Seitz filter 

and dispensed for use in sterile McCartney bottles. For 

use, this stock was diluted 10 times with sterile glass­

distilled water. 

The primary cell cultures were incubated with this 

solution at 37° for 20-30 min. after which time the cells 

had been removed from the glass. The cells were 

collected by light centrifugation, washed in Hanks' LA 

growth medium (as used for the primary cell cultures), 

and resuspended to twice the original volume in this 

growth medium. The cell suspensions were dispensed in 

l ml amounts into sterile roller tubes which were incu­

bated at 37° in a stationary position at a slight angle 

from the horizontal. After 1-2 days the secondary 

monkey kidney cells had grown to confluent monolayers in 

the tubes and the medium was replaced with an ·equal 

volume of maintenance medium (as was used for the primary 

monkey kidney cell cultures) and reincubated at 37° in a 

roller drum. Virus was propagated in these tubes by the 

inoculation of o.l ml virus suspension, containing approx­

imately 1 x 106 tissue culture infective dose 50 (TCID50 ) 

per ml, into each tube. \·.rhen the monolayers had been 

completely destroyed by viral action after further incuba­

tion in a roller drum at 37°, which usually occurred 

within 24 hr. the medium was removed aseptically from 

the tubes and stored until use at 4°. The infectivity 

of these virus preparations was titrated in similar 

secondary monkey kidney cell monolayers grown in tubes. 

Ten-fold dilutions of virus suspensions were made in 

maintenance medium and o.l ml of each dilution was 

inoculated into each of 4-6 tubes. Tubes were examined 

daily for cytopathic effect caused by the virus. The 

tubes were discarded the day following the last day on 

which cytopathic effect had been observed in the series. 

The titres of the samples were calculated by the method 
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o:t Reed & Muench (1938) and was expressed as TCID
50

• , 

.. 
Zone electr:ophoreaie experiments were performed, as 

described for ecbovirus sA·l (5.5 .. 2*), with these virus 

preparations. Twenty ml aliquots o:f infectious 

culture fluid were partia.illy purified and concentrated 

by a single cycle of differential ultracentrlfugation~ 

The resultlng viral peliets were resuspended in a :portion . 

o:f the ZE column,· ·density gradient of appropriate pH a.nd 

int.roduCed into the centre of the e;radi.ent·1n the column. 

After being submitted to zone electrophoresis .for 1:5•2 7 

hr. w.ith a current of 20 mA passing through the apparatus, 

p:J:).en~l red acting as an internal· rof e.rence substance, 
·' 

samples were collected from the zone electrophoresis 

.column for infecti vi ty ti trations. 

6.4.3. Results. 

The·results of 5 zone electrophoresis experiments 

with the. mouse-adapted f·IBF1 str~n,; of pol16virua at 

but'fer pn values ranging from pH 4.18 to pH 4.68 arc 

presented in Table 19. · 

The pH-RP curve plotted fxom these data (Fig. 33) 

showed. that the IEP o:f this.virus waa at :pH 4.39. 

Similarly., the resu.lts of" 5 experiments with ~he original 

stre.in o·f MEF 1 poliovirus (T.a.ble 20) showed. that this 

strain of the virus .,had an IJ! at· pH 4. 79' (Fig. 34) .. · 

When CBO virus was.submitted·tO zone electrophoresis 

.. 

at 6 diff'erent but.fer pH ts, the results p:reacnted in Table 21 . t 

were obtained. By.plotting the pH against ~he.R,i values, 

it could be seen (Pig. 35) that the IEl? of thJs virus was 

at pH 4 .. 4:5. 

The results of zone electrophoresis experiments 

with Coxsackievirus B 1, presented in Table 22; demons-. 

trated that two infectious components existed for .this 



Table 19.. Determination of the isoelectric point o:f 
· the mous~-adapted strain of lv1EF1 poliovirus. 

pH Distance migrated Distance migrated R,6 
by virus to anode. by phenol red to 

(cm) anode. ( cm) value 

4.18 -1.75 +12.0 -0.146 

Lj .• 27 -1.25 +12.0 -0.104 

4.39 o.o +10.75 o.o 

4.51 +1.0 +11. 0 +O. 091 

4.68 +1.75 +12.0 +O. 1 L/.6 

Figure 33. RP -pH diagram from which the isoelectric 

point of the mouse-adapted strain of IV]l:F1 
poliovirus was determined. The curve cuts··· 

the pH-axis at pH 4.39, which is the iso­

electric point of this virus.· 
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+ 0·1 

R 0 4·0 4-5 s~o pH 
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Table 20. 

pH 

4.29 

4.49 

4.69 

5.00 

5. 26 

Figure 34. 

,, -

Determination or the isoelectric point 
or the original strain of' Iv':'EF_1 poliovirus. 

Distance migrated Distance migrated R 
by virus to anode. by ph~nol red to /; 

(cm) anode. ( cm) value 

-4.65 +12.0 -0.387 

-2.5 +11.75 -o. 21 

-0.5 +11.0 -0.045 

+1.0 +11.25 +0.089 

+3.0 +12.5 +0.24 

Ro<-pH diagram :f'rom which the isoelectric 
p'6int of' the native strain of' MEF1 polio­
virus was determined. The curve cuts the 
pH-axis at pH 4-79, which is the isoelectric 
point of' this virus. 

---- --. 

' 
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Table 21. Determination of the isoelectric point 
of' CBO virus. 

pH Distance migrated Distance migrnte·d 
by virus to anode. by phenol red to 

(cm) anode. (cm) 

4.30 -1. 75 +10.0 

' 4.35 -1.875 +12.0 

: 4.41 -0.25 +10.75 

4.52 +0.25 +10075 

4.63 +0.5 + 9. 25 

4.80 +0.75 + 11 • 25 

RP 
value 

-0.175 

. -0.156 

-0.023 

+0.023 

+0.054 

+0.066 

Figure 35. RP -pH diagram from which the isoelectric 
point of cytopathogenic bovine orphan (OBO} 

virus was aetermined. The curve cuts the 

pH-axis at pH4.45, which is the isoelectric 
point of this virus. 

+0·1 

-----· ----· • 

-0·1 

----· -------



virus propagated in secondary cultures of monkey kidney 

cells. By plotting pH against RI values (Fig. 36) it 

was seen that the 0 slow11 component had an isoelectric 

point at pH 5.14 while the tt:f'ast" component had an 

iaoelectric point at pH 4.65. 

A similar observation was made for Coxaackievirus 

B 3, The results of several zone electrophoresis 

experiments with this v.irus are presented in Table 23. 

From the resulting pH-R,e5 curve (Fig. '37) it could be seen 

that the IEP o:f the "slow" component of this virus was at 

pH 5.42, while the IEP of the «fast" component was at 

pH 4.a2. Of particular interest was the observation 

that at and below pH 4.58 only one infectious electro­

phoretic component was detected. 

Zone electrophoresis eltperiment.s with Coxsackie­

virus B 4, however, revealed the presence o.f a single 

infectious component (Table 24; Fig. 38). 

ent had an IEP at pH 4.65. 

This compon-

When Coxsackievirus A 9 was submitted to electro­

phoresis at a number of buffer pH's ranging from pH 4.56 

to pH 6. 02, the re,sul ts presented in Table 25 were 

obtained. The .single component was found to have an 

IEP at pH 5.33, as may be seen from Fig .• 39. 

The results of zone electrophoresis experiments 

with reovirus type l are presented in Table 26. When 

a pH-RI diagram was constructed for this virus (Fig .• 40) 

it could be seen to have an isoelectric point at pH 4. 65·. 

J 
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Table 22. Deter~inatio~ of the isoelectric point 
of Coxsackievirus B 1. 

pH Distance migrated Distance migrated R· 
by virus to anode. by phenol red to val~'gs 

(cm) an.ode. (cm) 
"slow" II fa St 11 11 slovv" 11 fast" 

4.30 -3.0 . -0.5 +10.5 -o.286;-0.047 , 

4.74 -2.4 . +0.25 +10.375 -0.231 ;+0.024 , . 
4.95 -1 .4 . · +1 .6 +11.25 -0.124;+0.142 , 
5.1 O +0.275 . +3.325 +11025 +0.024;+0.295 , 
5.16 . o.o . +3°5 +11.0 o.o ;+0.318 ' 
5.23 +0.75 . +4.25 +,11.5 +0.065;+0.369 , 
5.97 +2.6 +6.25 +11.25 +0.232;+0.555 

_:figure 36. R;-pH diagram from which the isoelectric 
point of Coxsackievirus B1 was determined 

Two infectious components were present for 
this virus, having_isoelectric points at 

pH 5.14 ( 11 slow11 ) and pH l.j .• 65 ( 11 fast 11
). 
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Table 23. Determination of the isoelectric point 
of Coxsact:ievirus B3. 

pH Distance migrated Distance migroted R,6 
by virus to anode. by phenol red to 

(cm) anode. ( cm) values 

"slow" "fast" 11 slow" 

4.58 -1.25 . -1. 25 +10.75 -o .116; ' 
4.82 -1.65 ' 

o.o +12.25 -0.134; 

4.92 -2.0 +1.0 +11.0 -0.182; 

5.32 o.o . +3.0 412.5 o.o . 
' ' 

Figure 37. R~-pH diagram from which the isoelectric 
point of Coxsackievirus B3 was determined. 
Two infectious components were present in 
preparations of this virus, having iso­
electric points l:!-t pH 5.Li2 ("slow") and 

4.82 ("faF:t"). Note that at pH 4.58 

only one infectious component existed. 

+0·2 /-
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Table 24. Determination of the isoelectric point 
of Coxsackievirus B 4. 

pH Distance mi,ci;rated Distance migrated 
by virus to anode. by phenol red to 

(cm) anode. (cm) 

4.37 -2.5 +11.5 

4.51 -0.55 +11.5 

4.61 -0.025 +13.0 

4. 74 +0.425 +11. 5 

4. 90 +1.03 +11.0 

R_6 
value 

-0.217 

-0.048 

-0.019· 

+0.037 

+0.094 

Figure 38. Rp-p~ diagram from. which the isoe1ectric - -. 

point of Coxsackie~irus B4 was determined. 

The curve cuts the pH-axis at pH 4.65, which 
is the isoelectric Point of this virus. 
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Table 25. Determination of the isoelectric point 
of Cox sackievirus A9. 

pH Distance migrated Distance migrated 
by virus to anode. by phenol red to 

(cm) anode. (cm) 

4.56 -2.75 +10.5 

4.90 -2.25 +11.0 

5.15 -1.5 +10.25 

5.32 -0.125 +11.0 

5.~.2 +0.375 +11.5 

5.92 +0.5 + 11 • 25 

6.02 +0.5 +10.0 

RP 
value 

-0.262 

-0.205 

-0.1 ~-6 

-0.011 

+0.033 

+0.044 

+0.05 

Figure 39. RP-pH diagram from.which the isoelectric 
point of Cox saclcievirus A9 was deterrnined 
The curve cuts the pH-axis at pH 5.33, 

which is the isoelectric point of this virus. 

+ O·l 

·-· • 
R0 pH 

4·0 S·O 6·0 

J -0·1 

-0·2 
/. 

• . / 
... 0·3 

I-~-.. - ~---· --~-



Table 26. Determination of the isoelectric point 
of reovirus type 1. 

pH Distance migrated Distance migrated 
by virus to anode. by phenol red to 

(cm) anode. ( cm) 

RP 
value 

4.58 -1. 0 +11. 5 -0.087 

4.62 -0.25 +11.0 -0.023 

4.69 +O. 25 : +11.0 +0.023 

4.71 +0.5 +12.25 +O.OL!.1. 

Figure ~O. R,s-pH diagram :from which the isoelectric 
point of reovirus type 1 was determined. 
This virus was examined as an example of 

a virus from a non-enterovirus group. 

The curve cuts the.pH-axis at pH 4.65, 

which is the isoelectric point of this 

virus. 
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6.4.3.1. FUrther characterization of Coxsackieviruses 
B 1 and B 3. 

It was suspected that the slower components of these 

two viruses resulted from some of the infectious particles 

being absorbed to cellular debris. This was suggested 

from results obtained on submitting Coxsackievirus-B3 to 

density gradient zone electrophoresis at different buffer 

pH values mere the iislown component was always associated 

with an opalescent band visible in the ZE column to the 

naked eye, presumably caused by light scattering due to 

large particles. For this reason the two electrophoretic 

components of these viruses were examined electrophoreti­

cally after they had been treated in a number of ways, 

and the components o.f coxsa.ckievirus B 1 were examined 

for their ability to give rise to one or both components 

after propagation in cultured cells. 

6. 4 .'.3 .1.1. coxsackievirus B 1. 

Vii;us from positions in the zone electrophoresis 

column represent.ing the 11.slo,,11 and «fastn components was 

inoculated separately into. tube.s of secondary monkey 

kidney cells. The culture fluids from these tubes were 

harvested separately after the monolayers had been 

destroyed by cytopathic eff,ect. Infectious particles 

from these two preparations were submitted to zone electro-

phoresis. The results of these experiments (Fig. 41 a and 

b) show that both types of infecti.ous components were once 

more produced by each of the two mobility components. 

FUrthermore, neutralization tests on the two components 

separated by zone electrophoresis, using immune serum 

prepared in mice to Coxsaclcievirus B 1, showed that both 

components were neutralized to the same extent, as was an 

unfractionated native virus suspension, by the antiserum 

(Table 27). The immune serum was prepared to the proto-

type strain of Coxsackievirus B 1 and used in routine 

diagnostic investigation~ :for typing this virus. 



Figure 41. From posi~ions in the density gradient 
zone electrophoresis column representing 
the 11 slow11 and. 11 fast" components of Cox­
sackievirus Bl, material was inoculated 
into a number of tubes containing second­
ary cultures of monkey kidney cells. 
Harvested infectious culture fluids were 

examined separately by zone electrophoresis. 

a. Electrophoresis at pH 5.18 of virus derived 
from the 11 slow· 11 component. 

6 

5 

LOG 
4 

pfu/ml 

·- -~--- --- -~- . --·- --- . 

3 ....... _._ ........... ___..__....__._ ........ __,..._.._....._ ........ __.._.__..a... ........ __, 
-~ ;l · 2 · t 0 9 10 11 12 

DISTANCE FROM ORIGIN (cm) 

b. ElectTophoresis at pH 5.16 of virus derived 

from the 11 fast" component. 

6 

LOG I. 
pfu/ml 

~,,~,,,,~ 

3L.LJ...._.___._ ....... __,_--'-__..__....L..L--.L-~~~-:I.:--~ 
·2 . I O 2 3 • S 6 7 8 9 10 II 12 13 

DI STANCE FROM ORIGIN (cmJ 

Cross-hatched areas represent the position of 
the phenol red bands following density gradient 

' zone electrophoresis. 
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Table 27. Neutralization of the two electrophoretic 
components of Coxsackievirus B 1 by immune 
serum prepared in mice to native prototype 
·preparations of the virus. 

Component Component Unfrac-
of of tionated 

IEP pH 4.56 IBP PH 5.16 native 
virus 

Virus titre 
log10 TCIDSO 3.4 3.8 5.1 

Titre after incubation 
with im.~une serum 
loglo TCID50 2.000 2.4 3.7 

Drop in titre due to 
iIIIB1une scrum 
log10 TCID50 1.4 1.4 1.4 

~ A preparation of Goxsackievirus Bl was incubated with. 

2 mg/ml lecithinase-c (f'igma Chemical co., u.s.A.) a.t 37° 

for 30 min. The virus was centrifuged at 30 000 rpm for 

90 min. after this treatment and the pellet was resuspended 

in a portion of a ZE gradient at pH 5.50 and submitted to 
•• 

electrophoresis. Aliquots were collected from the ZE 

column and titrated for infectivity. As may be seen from 

Fig. 42 which is a plot of the Rp5 values thus obtained 

superimposed on the pH-R~ plot shown in Fig. 36 for native 

virus, both components survived this treatment and no 

difference in the relative mobilities of the two.~omponenta 

was observed. 

In further expcrimcmtt;, virus \'{as incubated at 37° 

with trypsin (Difeo 1/2~0 or ~eravac Laboratories, cape 

TC\vn) before it was centrifuged and submitted to zone 

electrophoresis. The results of several such experi-

ments are presented in Fig. 43, where, once more, the Rf 

values obtained by this treatment are superimposed on the 

spectrum obtained for native virus preparations .• 

_/ 



Figure 42. The~ values of Coxsaclcievir-us Bl, after 
pre incubation of the virus r:i th 2 mg/ml 

lecithinase-C at 37° for 30 min, super­
imposed on the curves obtained on submitting 
native Coxsackievirus Bl preparations to 

,J' 

, zone electrophoresis ( Fig. 36), after sub­
mitting to density gradient zone electro­
phoresis at pH 5.0. 

+ 0·5 

:- O·S 

m virus preincubated with lecithinase-C. 

~· ... .,. 
/~ ~·6 
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Figure 43. Coxsackievirus Bl was incubated with 2 
batches of trypsin for varying periods 
of time before it was subjected to zone 

· + 0·5 

. - O·S 
I 

. electrophoresis. R{i values were calculated 
and superimposed on the curves obtained 
on.submitting native preparations of Cox­
sackievirus Bl to electrophoresis at_ 
different pHs (Fig. 3~). 

m virus preincubated with trypsin. 

1. 2 mg/ml Difeo 1/250 trypsin, 60 min. 

2 & 3. 1 mg/ml Seravac_ -try_p~~n; 30 min. 
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While such treatment did not affect the existence of either 

of the two components, the relative electrophoretic mobil­

ity o:f the "fast" component of the virus was increased con­

siderably, the increase in relative mobility depending on 

the trypsin preparation and time of incubation of virus 

with the enzyme. The mobility of the 11 alow 11 component of 

the virus was also altered, the proportion of negative 

charges on the surface increasing. 

6.4.3.1.2. Coxsackievirus B 3. 

Coxsackievirus B 3 preparations were similarly 

treated with enzymes. Pre-treatment of the virus with 

2 mg/ml trypsin (Seravac Laboratories, Cape Town) resulted 

in the observation presented in Fig. 44 where the R~ values 

obtained on submitting such a preparation to zone electro­

phoresis are superimposed on the spectrum obtained for 

untreated virus preparations (Fig. 37). While such 
. _, :t 

treatment onbe more did not affect the titre of the two 

components. the relative electrophoretic mobility of the 

11fast 11 compotient of this virus was increased considerably, 

while that of the 11 slow 11 component remained unaltered. 

Virus was incubated with 30 units/ml neuraminidase 

(Calbiochem; u.s.A.) at 37° for 30 min. before it was 

sedimented by-ultracentrifugation and the pellet submitted 

to zone electrophoresis. When the R~ values obtained by 

such treatment were superimposed on the spectrum obtained 

for native virus, it was observed that both components 
were present and that their relative electrophoretic 

mobilities had not been altered (Fig. 45). 

When coxsackievirus B 3 was submitted to two cycles 

of fluorocarbon (Arcton 113~ Imperial Chemical Industries) 

extraction (Cramer, 1964) before submitting to zone elec­

trophoresis the resulting Rf values obtained (Fig. 46) 

~i!!~~n~~aio~UtHetf~!tfr~i Hi~ct~iptta~g!icnffi!ifi1t!~g of 



Figure 44. Coxsackievirus B3 was incubated with 1 mg/ml 
trypsin (Seravac Laboratories) at 37° for 30 
min before it was subjected to sucrose density 
gradient zone electrophoresis at pH 4.88. The 
R~ values of the two components were calcu­
lated and superimposed on the curves obtained 
on electrophoresis of native Coxsackievirus 
B3 (Fig. 37). Note that r.rhile the mobility of 
the "slow11 component remained unaltered, the 
electrophoretic mobility of the 11 fast" comp­
onent was increased considerably. 

a virus treated with trypsin. 

+0·6~ • 
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' :B'igure 45. Coxsackievirus. B3 was incubated with 30 uni ts/ 
ml neuramiriidase ( Cal biochem) .for 30 min 

before it was submitted t-0 zone electrophoresis 
at. pH 4.90. When the R¢ values of the two 
components were superimposed on the curves 
for native virus (Fig. 37) it is seen that the 
enzyme had no effect on the mobility of the 2 

components. 

-· ._ra ___ v_irus _!re_a_!e_d with neuraminidase. 
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the two components. 

In a further experiment, the two components of Cox­

sackievirus B 3 were separated by zone electrophoresis at 

pH 4.82. The two components were diluted with PBS, 

centrifuged at 30 000 rpm for 90 min, and the pellets 

resuspended in a cacl solution for buoyant density deter­

minations by the method of Polson & Levitt (1963). When 

the infoctivities of samples collected after centrifuga­

tion from cscl density.gradients were plotted against 

their densities, the curves presented in Fig. 47 were 

obtained. The buoyant density in CsCl of the 11 slown 

component was approximately 1.31 g/cc while that of the 

11 fast ·1 component approximately 1. 34 g/cc. 

In another experimentt the two components of 

Coxsackievirus B 3 were separated by zone electrophoresis 

and the column fractions containing the majority of the 

infectious units of the two components were diluted to 

10 ml with distilled water. The virus in these samples 

was sedimented by centrifugation at 30,000 rpm for 120 

min. The pellets were resuspended in distilled water 

and recovered from this washing by centrifugation at 

35 000 rpm for 105 min. in the No.40 rotor of a Spinco 

model L centrifuge. The resulting pellets were resus-

pended in distilled water, stained by mixing with an 

equal volume of 2~ phosphotungotic acid pH 7.2 and 

examined in the e:Jrotron microscope. Examination revealed 

the presence of "completen particles in both preparations. 

In preparations of the ''slow:• component, however, 

11 coreless'' particles wer0 observed. These empty 

particles were absent in preparations of the 11fast 11 com­

ponent. There was approximately one 11 coreless 11 particle 

for every 2 or 3 11 complete 11 particles, in preparations of 

the 11 slow 11 component. 



Fi~ure 46. Coxsackievirus B3 was submitted to 2 cycles 
of fluorocarbon (Arcton 113) extraction 
before being examined by zone electrophoresis 
at pH 4.92. The R~ values obtained were super­
imposed on the curves obtained for native 
virus (Fig. 37). This treatment had no effect 
on the mobilities of the 2 electrophoretic 

components of:the virus. 

~ virus extracted with fluorocarbon. 
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Figure 47. The 2 components of Coxsackievirus B3 were 
separated by sucrose density 5radient zone 
electrophoresis at pH 4.82. Virus ~as conc­
entrated from fractions collected and cent­
rifuged in a CsCl density gradient. The 
figure shows the :distribution of infectivity 
in the gradients after centrifugation. 
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6.4.4. DISCU:SIOil~ 
' 

The results of the experiments recorded in this chap­

ter on a limited number of.human. enteroviruses do not allow 

definite conclusions to be made as to relationships between 

the isoelectric points and the electrophoretic mobilit.ies 

at pH 8.6. It is· probable that these two physical :Proper-

ties cannot be correlated. For .instance; . Polson & Deeks 

(1962) fou..-r1d that all strains of poliovirus ~ most strains 

of Coxsackie group A viruses (including Coxsackiev.1.rus A9) 

and Coxsackievirus 133 could be included in a si!lgle .g-.eoup, 
'·' 

as th~y had the ~lowest,electrophoretic mobilities at 

.pH8.6 of the entire human enterovirus group. In the 

.present study it was :found that these viruses had widely 

differing isoelectric points, from:PH 4.39 for the.mouse­

adapted strain of 1"IBF1, poliovirus to pH 5.33 for Coxsa.ckle;­

;Virus A9; 

Despite the limited evidence presented here, thre,e. · 

groups may be prestlllled to exist for t.h~se enteroviruses 

stu'died~ · on the ba~ds of. their 1,soelectric points (Table 

28). 

Table 28. The grouping of a number of enteroviruses on . 
the basis of their isoelectric points~ 

Group 1 
pH+ 4.4 

ecbovirus SA 1 

CBO virus 

·mouse-adapted 
M:F.:F1 poliovirus 

Group 2 
pH± 4.7 

,original MEF1 
polioy-irus 

c·oxsackie,rirus B .4 

coxsackievirus Bl 
( 11 fast u componen,t) 

Coxsa.ckievirus B 3 
( It fast rt component) 

reovirus type l 
•·. 

Group 3 
pH> 5 

. ' 

Coxsackievirus A 9 

coxsackievirus B 1 
( 11slow11 component) 

cox:sackievirus B 3 
("slow" component) 



The first of these consists of viruses having an isoelec­

tric point at or near p3 4.4, namely ecbovirus SA 1 (IEP 

at PH 4-40), CBO virus (I~P at pH 4.45) and the moune­

adapted strain of M'"'F1 poliovirus (IEP at pH 4.39). The 

second group consists of viruses having an ieoelectric 

point near pH 4. 7, na.n1ely the origin.al strain of f.1T]F1 
poliovirus (IEP at pH 4.79), Coxsackievirus B 4 (IEP at 

pH 4.65) and the "fast 11 components of Coxsackieviruses Bl 

and B 3 (IEPs at pH 4.65 and pH 4.82, respectively. 

Reovirus type 1 (ISP at pH 4.65) may also be included in 

this group. Tho third group contains coxsackievirus A 9 

(IEP at pH 5.33) and the 11 slow 11 components of Coxsackie­

virus B 1 and B 3 (IEPs at pH 5.14 and pH 5.42, respect­

ively). 

The results of experiments performed on the two 

infectious components of Coxsackieviruses B 1 and B 3 

revealed that the existence of the two compoaents was not 

affected by incubation of crude virus preparation.s with 

trypsin, lecithinase-c and neuraminidase, although the 

mobilities of both components of Coxsackievirus B 1 com­

ponents, and the ttfast 11 component o:f Coxsackievirus B 3 

were altered a:fter incubation with trypsin. Two cycles 

of fluorocarbon extraction did not affect the mobility of 

the two components of Coxsackievirus B 3. These studies 

strongly suggested that the "slow" component of both 

viruses did not consist of virus particles associated 

with cellular debris, as was originally suspected, as 

these treatments would have removed from such suspected 

assqciations lipids, proteins, carbohydrates, and their 

complexes, resulting in a single electrophoretic compon­

ent. Crude preparations of Coxsackiev1.ruses B 1 and B 3 

must thoref'ore consist of two types of component which 

are separable on the basis of their surface properties. 



That the separated components of Coxsackievirus B 1 

were neutralised to the same extent by immune serum pre­

pared to crude antigen could mean that the two components, 

while differing in electrophoretic mobility and hence in 

net surface charge, were equally neutralized by a single 

antibody. on the other hand, j_t is possible that 

immune serum to the crude antigen, prepared in mice, con­

tained antibodies to the two components in equivalent 

amounts. 

While the results of a single experiment in which the 

buoyant densities in QsCl of the two components of 

Coxsackievirus B 3 were determined (Fig. 47) were not 

entirely convincin:.:; due to the points on the curves being 

widely separated from one another, indications were 

obtained that the nfast 11 component had a buoyant density 

of approximately 1.34 g/cc, which is the value accepted 

as the buoyant density of enterovirus infectious particles 

(Melnick & Mccombs, 1966), while the 11 slow" component had 

a buoyant density of approximately 1.31 g/cc. This observ­

ation suggested a similarity between these components and 

the "complete" and ncoreless 11 particles of ecbovirus SA 1 

(section 4.3.2.), although these particles were inseparable 

by zone electrophoresis in a sucrose density gradient. 

While electron microscopic examination of the two compon­

ents of Coxsackievirus B 3 revealed the presence of 

11 coreless 11 particles in preparationsof the 11 slow" compon­

ent, the ratio o:f these particles ·to 11 complete 11 particles 

being approximately 1 to 3, it is possible that a large 

number of these 11 coreless 11 particles was initially present 

in preparations, but that they remained behind in the 

supernatant fluid when the sample from the zone electro­

phoresis sucrose gradient column was centrifuged to 

recover the virus for electron microscopic examination. 
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The viscosity of the solution may have been sufficiently 

high to have prevented the recovery of most of the 

11 coreless" particles in this centrifugation, as these 

particles would have a sedimentation coefficient much 

lower than that of 11 complete"particles. 

rt is suggested that the 11 slow 11 compoment consists 

of clusters of large numbers of 11 coreless'1 particles, 

these particles trapping a large number of 11 complete 1' 

particles within their matrices, the opalescent band in 

the electrophoresis column which.was always associated 

with this component thus being a result of light scatter-

ing by these aggregates. This would explain why enzymic 

treatments did not affect the existence of the two com­

ponents; why the two components of Coxsackievirus B 1 

were neutralised to the same extent by immune serum, and 

why the two components of Coxsackievirus Bl, when 

separated by zone electrophoresis and propagated separately 

in secondary cultures of monkey kidney cells, both gave 

rise to the same two electrophoretic components. 

The difference in the electrophoretic mobilities of the 
. 

two components may be due to there being less net surface 

charge available on the clusters as compared with individual 

free particles, or may be due to the 11 coreless 11 particles, 

unlike those of ecbovirus SA 1, having different surface 

properties from the "complete" particles. This aspect 

will be discussed in chapter 7. The observation that at 

and below pH 4.58 the two components of Coxsackievirus B 3 

were inseparable when they were subjected to density 

gradient zone electrophoresis suggests that the latter 

explanation (i.e. that the two types of particle have 

different surface properties) is most likely, the differ­

ences in net surface charees at this hydrogen ion concen­

tration being too small to allow for effective separation 

of the components. 



Viewed. in this light, the '*slow11 components of' the 

two group B cox:sackieviruses (i.e. Coxsackieviruses 13 1 · 

and B ; ) · should not be included in T'able 28. Of the 

entroviruses examined, only Coxaackicvirus A 9 should 

thus 'be .included in group 3 of Table 28, .1 .. e. viruses 

having an isoeleetric point above· pH 5. 

--
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7. CONCLUSIONS. 

7.1. Haema.gglutination. 

Ecbovirus SA l was shown to haemagglutinate red 

blood cells at 4° but not at 20-24° or 37° (;.:;.). 

All bovine enteroviruses which have been shown to haemag­

glutinate red cells do so, with one exception, at 4° but 

not at room temperature or 37°. The exception is one of 

Falk•s (1964) bovine enterovirus strains; which was cap­

able of agglutinating red cells to the same titre at 4° 

and at 20°. Rosen (1964) pointed out that viruses may 

cause haemagglutination at 4° or 37°. While haemag­

glutina;tion tests were often performed at room temperature 

for the sake of convenience, no viruses were ever shown to 

haemagglutinate red cells better at room temperature than 

at either 4° or 37°. Human enteroviruses have optimum 

haemagglutination temperatures of either 4° or 37°. 

Coxeackieviruses Bl and B5 haemagglutinated optimally at 

57° (Rosen & Kern, 1961), echovirus 6 at 37° (Lahelle, 

1958), while Coxsackievirus A21 haemagglutinated optimally 

at 4° (Johnson & Lang; 1962). In a survey on a number of 

human enteroviruses Kern & Rosen (1966) found that approx­

imately 40% of 906 strains agglutinated red cells at 4° 

or 37°. ·- The ability to haemagglutinate red cells only 

at temperatures near 4° thus seems to be a property common 

to all bovine enteroviruses, and a reason for the inclu­

sion of ecbovirus SA l within this group of animal viruses .. 

A possible explanation for this phenomenon exists 

in ~erms of the kinetic theory, i.e. that the electro­

static bond between enteroviruses and susceptible red 

cells may be disrupted by dispersive forces such as 

Brownian motion at higher temperatures. The observation 

by Gibson·(l95') that the lowering of temperature slows 

ionic exchange across the red cell membrane may also have 

some bee.ring on this phenomenon. 
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"The enhancement of haemagglutination of'eebovirus 

· SA _1 · by the divalent cations of calc.ium (3· .• 3 ~)'may have 

a simple explanation • The.isoelectric points of all red 

cells.appear'to be below pH 5, although· exact figures a.re 
·. ) . . ' . ' ' ., 

difficult to produ~e owing to lyaia .· of red cells in media. 

of low pH · (Pr,ankerd, 1961). The isoele,ctric -point of 
. . ' ; . . 

. . . 

ecbovirus SA lis at ·pH 4.40. Thus, under cond1tiqns 

for optimal agglutination of red cells by this virus (pH 

approximately· ·6) both participants in ·the reactio.n carry 

a. net negative charge on their surfaces, which would tend 
' to favour mutual repulsion ... An excess of .diva.lent 

. cations. such as ca++ would. tend to neutralize such charges 

.and allow the specific .groups on the surfaces of the .two 

participants to interact. · 
:,' 

Evidence exists in the literature, however, that· 
.. ' 

the enhancement of_haemagglutination ,of ecbovirus SA i 

by ca1c1wn ions may not be explained in.such simple terms. 

Calcium ions are firmly bound to the hunian red.cell 
. . :, . 

membrane cstreer, 1939) an:a addition of.more ca++ 

decreases the permeability of human red cells (Bolingbroke 

& Maizels, 1959). Thus, two of the features necessary . 

. for the ,optimal agglutination of red· cells by. ecbovirus 

SA 1, namely the· pre.sence of the Ca++ and a temperature of 
~ . 

4°, e.re both features·which decrease the exchange of ions 

across human·red cell membranes • 

. The red cell surface .is complex,. and what applies to. 

human red cells may not apply to tho.se .of other species .•. 

For instance, the red cells of·ruminants (sheep, o:x and 
goats) lack lecithin which is present in the eel.ls· ot man,. 

.. . 

pig,s, rabbits, ducks, chicks,· oats, dogs and guinea pigs 

(Tur~er, 1957). 

. ' 

Divalent ca.ttons .have long been known to be of 

importance in many biological systems.. For example, 
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ca++ and Mg++ stabilize trypsin and other proteasas, 

reduce denatura.tion of bovine serum albumin on heating 

at 52° for 2 hr., and stabilize this protein against 

attack by trypsin (Gurd & Wilcox, 1956). In the field 

of virology, Norman & Veomett (1960) found that high NaCl 

concentrations resulted in a decrease in the rate of 

thermal inactivation of poliovi.rus RNA. Holland, Hoyer, 

McLaren & Syverton (1960) showed that the infectivity 

of poliovi_rus RNA .for Hela cells was enhanced by 2M :Mgso4 • 

The effect appeared to be partly due to hypertonicity on 

the cells and partly due to the action of high concentra­

tion of divalent cations'on the viral RNA itself, without 

causing an enhancement of adsorption. Pollard (1960) 

suggested that one of the results of heating a virus was 

a basic structural alteration of the particle due to the 

differential expansion of the component parts of: the 

virus (protein and nucleic acid) under the action of heat. 

Wallis & Melnick· (1961) thus suggested that the protec­

tion afforded by cations, particularly divalent cations, 

in high molar concentrations to enteroviruses when heated, 

was due to the cations penetrating the particle and rein­

forcing the structure.during heat stress. 

Wallis & Melnick (1962b) .further reported that the 

addition o.f 25 mM MgC12 ,..to ~maintenance media enhanced the 

susceptibility of cultured monkey kidney cells to infec-

tion by poliovirus. 'While the mechanism was not under-

stood, they claimed it was not dependent upon increasing 

the rate of adsorption of virus to cells, even though 

Bachtold, :Bubel & Gebhardt (1957) had previously .found 

that l mM Mg++ increased the rate of adsorption of 

poliovirua to cells. 

It thus appears that the main effect of cations 

in stabilizing enteroviruses and their nucleic acids to 

heat is, as suggested by Holland et al., (1960), due to 

• 
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the facilitation of hydrogen bonds by the cations which 

stabilize the structuxal entities, and not due to an 

increase in virus adsorption to cells. This evidence 

suggests that the effect of ca++ in enh_ancing the 

haemagglutination of ecbovirus SA 1 was not primarily 

due to these ions neutralizing negative charges on the 

surfaces of the red cells and virus particles and thus 

improving the conditions for the two participants in the 

reaction. to come together. The enhancement of haemag­

glutination by calcium ions may, as has been stated 

above, be due to the cations decreasing the exchange of 

ions across the red cell membrane. 

7.2. The typing of bovine enteroviruses. 

La Placa and his coworkers (1963, 1964, 1965) found 

that bovine enteroviruses could be divided into two main 

serotypes and a small miscellaneous group of viruses 

serologically unrelated to these two serotypes or to 

each other. They found that all the strains in serotype 

1 agglutinated rhesus monkey red c·ells while the other 

strains did not. They therefore proposed that this 

feature be a criterion for the inclusion of a bovine 

enterovirus in serotype 1. Huck & Cartwright (1964) 

found that their serotype M63, though clearly belonging 

to La Placa's serotype 1, failed to haemagglutinate 

rhesus monkey red·cells. verwoerd et al. (1967) com­

pared ecbovirus SA 1 serologically with a number of other 

enteroviruses and found that this virus belonged to the 

Weybridge serotype 134 of Huck & Cartwright (1964), a 

serotype which is serologically unrelated to either of 

La Placa's two main serotypes. In the results of experi­

ments reported here•on ecbovirus SA 1 (3.3.), the virus 

was found to be capable of causing the agglutination of 

rhesus monkey red cells, even in the absence of 140 m11 

CaC12• 
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As a result of this observation, and the observation· 

of Huck & Cartwright (1964) for their serotype M63, the 

ability of a particular bovine enterovirus to haemagglut­

inate rhesus monkey red cells might well be used as a 

preliminary screening test for newly isolated strains for 

inclusion in La Placa's serotype 1, but not as an absolute 

criterion. 

7.3. Determination of isoelectric points. 

The method employed in this study to determine the 

isoelectric po.in ts of enteroviruses ( 5. 5. 2, ) , namely 

sucrose density gradient zone electrophoresis in succinic 

acid-NaOH buffers of' ionic strength 0.1 and measuring the 

distance of virus migration in relation to the distance 

migrated by the reference substance, phenol red, proved 

to be reliable.. When the isoelectric po.int of human 

serum albumin was determined by this method a figure of 

pH 4.72 was obtained, a value which is in close agreement 

with values obtained by using other .methods, e.g. pH 4.64 

(stenhagen, 1938)., pH 4 .. 9 (Moyer & Moyer, 1940), pH 4.71 

(Baldwin, Laughton & Alberty, 1951) and pH 4.7 (quoted 

by Fruton & Simmonds, 1958). 

Most determinations of isoelectric points of proteins 

have been made in buffers, usually of acetic acid and 

sodium acetate, of ionic strength 0.1. The valency of 

the buffers is critical, the change .from a univalent 

buff.er salt mixture to one containing divalent ions having 

a decided effect on mobilities (Longsworth, 1941). The 

effect of increasing the salt concentration is to shift 

the isoelectric point over to the acid side, salts with 

divalent anions causing the greatest shift, those with 

divalent cations the least (Lloyd, 1926). While to date 

no reports of the determination of isoelectric points of 

viruses by means of isoelectric focussing in 11natural 0 

pH gradients (Vesterberg & svensson, 1966) have appeared 
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in the literature, it might be expected that the effect 

of this method would be to shift the isoelectri.c points 

of viruses to the alkaline side, as such determinations 

are carried out in the absence of salts. It is thus 

more practical, when determining the isoelectric points 

of viruses as a physical property, to make such determina­

tions under standard conditions of ionic strength, e.g. 

0.1 as in the experiments reported here, as these condi­

tions are easily reproducible. 

owing to the result obtained for the isoelectric 

point determination of human serum albwnin by submitting 

the protein to zone electrophoresis in sucrose density 

gradients ( 5 .. 5. 3. ) , it was thought the:'t this method would 

be a precise method. for the determination of isoelectric 

points o~ viruses. 

The possible effect of the host cell on 'the iso­

electric points of enteroviruses has been discussed (;.6.) 

Although Polson & Deeks (1962) found that the electro­

phoretic mobilities of certain human enteroviruses 

propagated either in monkey kidney cells or the brains of 

suckling mice were identical at pH 8.6, the possibility 

of the host cell having some effect on the sttrfa.ce com­

position of these v.iruses and consequently their charge 

densities should not be ignored. Podoplekin (1964), for 

instance, found that echoviruses propagated in primary 

cell cultures, but not those ,grown in cultures of stable 

cells, had haemagglutinating properties. Johnson & Lang 

(1962) found that Coxsackievirus A 21 after passage in 

KB ,or Hela cell cultures lost the capacity to haemag­

glutinate human red cells. In these instances; at least, 

the host cells appear to have had some effec:t on the 

production of haemagglutinating or non-haemagglutinating 

viruses, possibly being accounted for by the stable cells 

favouring the multiplication of non-haemagglutinating 

variants in the enterovirus populations. This phenomenon 
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may account for the :failure to detect a haemagglutinin 

in preparations of ecbovirus SA l by verwoerd et al. 

(1967) who used the stable cell line, Bim-21, fo.r the 

bulk cultivation of the virus. In the present .report 

this virus was found to have a haemagglutinin after it 

had been propagated in primary cultures of calf kidney 

cells. 

It is thus possible that enteroviruses propagated 

in primary cell cultures will have constant isoelectric 

points, irrespective of the animal species from which 

the cells were obtained. 

The variation in .surface properties of tobacco 

mosaic virus strains propagated in the same host plant 

is considerable. A number of investigators., using 

several techniques, have found that different strains of 

the virus may have isoelectric points ranging from 

pH 3.67 to pH 4.90 (Oster, 1951; Gordon & Price, 1953; 

Ginoza & Atkinson, 1955). On the other hand MacDonald, 

Price & Lauffer (1949) found that two strains of 

southern bean .mosaic virus, uyellow 11 and 11regulartt, ha.d 

identical isoelectric points, and the electrophoretic 

mobilities of the two strains were .identical when tested ·• .. 

between pH 3.9 and pH 7.2. 

Among the adenoviruses, the variation in surface 

properties of different strains appear to be minim.al. 

six adenovirua strains all had .isoelectric po.ints at pH 

,.15 .± 0.15 (Brandt et al.• 1963) .• 

The f'inding that different enteroviruses had dii'fer­

ent isoelectric points (6.4.3.) was not unexpected. 

Different human enteroviruses attach to different sites 

on Hela cells. Pretreatment of cells with certain 

enzyme solutions, e.g. trypsin and chymotrypsin resulted. 

in the different treatments selectively preventing the 

attachment of polioviruses or group B Coxsackieviruses, 
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indicating that the cellular ·receptors for polioviruses 

differed from tllose .for group B coxsackieviruses (Zajac 

& Crowell, 1965a). Crowell (1966) found that exposure 

of Hele. cells to high concentrations of Coxsackievirus 

B3 produced cells which were refractory to the attachment 

of coxsa..ckievirus Bl, whereas type 2 poliovirus was able 

to attach normally to such cells. Similarly, type 2 

poliovirus interfered with the attachment of type 1 

poliovirus without affecting the rate of attachment of 

Coxsackievirus B3. This would contribute towards the 

different isoelectric points observed here for Coxsackie­

and-polio-virusea. 

7.4. Applications of the isoelectric point. 

Experimental results presented in this investigation 

(6.2.3.) reveal that ecbovirus SA 1, a 0 sphericali1 animal 

virus normally stable at its isoelectric point, was pre­

cipitated from solution at its isoelectric point by low 

concentrations of polyethylene glycol. Apart from the 

use of this property as a preliminary stage in virus 

concentration and purification, it may also be of use in 

the estimation of the isoelectric points of viruses which 

mormally remain in suspension at their isoelectric points. 

The technique of isoelectric precipitation may be used to 

determine the isoelectric points of such viruses in 

suspension in solutions containing 3% (w/v) polyethylene 

glycol. 

Yeast nucleic acid was used to aid in the precipita­

tion of virus in infect.ed culture fluid of pH 3. 5 at 

temperatures of o0 to 5° as a first step in virus con­

centration for the prepa~ation of Salk type inactivated 

poliovirus vaccines (Bachrach & Breese, 1968). Isoelec-

trio precipitation was used to concentrate and purify 
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adenoviruses for vaccine production (Brandt et ~l., 1963). 

For attenuated poliovirus vaccines the World Health 

Organisation advises that the virus be grp~'ll in primary 

cultures of monkey kidney cells in the absence of serum, 

and that the virus pools after harvesting be passed 

through appropriate filters to ensure bacterial sterility. 

No further purification of vaccines is recommended 

provided a virus concentration in cultures of monkey 

kidney cells of 1 x 107 TCID,c/ml for the in:fectivity 

of the vaccines be achieved (Potash, 1968). The results 

obtained on submitting volumes of culture fluid contain­

ing ecbovirus SA l in suspension to multi-membrane 

electrodecantation suggest that this technique might be 

used with advantage in the concentration of virus before 

inactivation in the preparation of Salk type vaccines, 

and in. the concentration and puri.ficat.ion of attenuated 

live poliovirus vaccines, from large volumes of culture 

fluid. 

It was proposed from this investigation that the 

enteroviruses may be arranged in at least three groups 

on the basis of their isoelectric points. The observa-

tion that the isoelectric point of the mouse-adapted MEF1 
strain of poliovirus, which has lost i.ts neurovirulenee · 

~or monkeys, is markedly lower than that of the original 

MEF1 poliovirus strain, which is neurovirulent :for monkeys, 

may be of considerable importance. Whether the observa-

tion of this association is coincidental is not known, and 

experiments to determine whether this is a genetic marker 

for polioviruses are not yet complete. On the other hand, 

two other enteroviruses of IEP group l which have as yet 

not proved pathogenic for man or monkeys, namely' 

ecbovirus SA 1 and CBO virust have isoelectric points 

very similar to that of the mouse-adapted strain of MEF1 
poliovirus. 
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It has been shown that the surface properties o.f 

attenuated poliovirus strains differ from those of 

neurovirulent poliovirus strains. This is evident in 

the example of the E marker (elution marker) as attenu­

ated poliovirus is adsorbed to a DEAE-cellulose column 

at pH 7.1 while neurovirulent poliov1rus is eluted from 

such a column (Hodes, Zepp & Ainbender, 1960). On the 

other hand, attenuation of polioviruses does not result 

in a change in antigenicity of the viruses (Diwan, Ozaki, 

Fulton & Benyesh-Melnick, 1963). 

As the RNA extracted from attenuated polioviruses 

had the same thermolability characteristics as intact 

virus (T marker), Gerber & Kirschstein (1960) suggested 

that the infectious RNA carried the genetic information 

which determines the degree of neurovirulence. That an 

alteration in surface properties of pol.ioviru.ses coincides 

with attenuation appears to be merely incidental as is 

illustrated by the results of Harter & Choppin (1965). 

They found that a·ttenuated and neurovirulent strains of 

all three types of poliovirus adsorbed to human and rhesus 

monkey brain and spinal cord matter at similar rates, 

which d.id not support an hypothesis that attenuation of 

poliovirus refl.ects a failure o:f the virus to adsorb to 

cells of the primate nervous system. This suggested that 

the adsorption of polioviruses to cells was not involved 

in. an explanation of attenuation. 

While the alteration in the surface properties of 

attenuated poliovirus strains is thus not sufficient to 

explain the mechanism of attenuation, the isoelectric 

point marker, if indeed it be proved to be a genetic 

marker for neurovirulence, would be 0£ considerable use in 

the identifi.cation of attenuated or unattenuated polio­

virus strains. 
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7.5. The electrophoretic components of coxsackieviruses. 

The two electrophoretic components identified for 

Coxsackievirusea Bl and B3 (6.4.3.) do not appear to be 

identical with the complete and careless particles observed 

for eobovirus SA 1 (4.:,.2.2.) in Ca.Cl density gradients as 

the latter components had identical electrophoretic mobil­

ities. 

Human enterovirus preparations are known to contain 

c?mponents of different antigenicity. Le Bouvier (1955) 

first recognized this phenomenon and demonstrated that two 

antigens were present in preparations of all three types of 

poliovirusea. The presence of these antigens was confirmed, 

and their physical characteristics determined, by Mayer 

et al. (1957), Roizman, Mayer & Rapp (1958), Hummeler & 

Hamparian (1958); Hummeler & Twnilowicz (1960) and Hummeler, 

.Anderson & Brown. (1962). The antigens were recognized by 

complement fixation and gel precipitin teats and were termed 

C and D antigens. The D antigens were faster sedimenting 

infectious particles, while the C antigens were slower 

sedimenting non-infectious particles containing no RNA. 

Kipps et al. (1957), by means of complement fixation tests, 

recogni~ed the presence of two sedimenting components in 

preparations of NEF1 poliovirus which they interpreted in 

terms of size. ·. It is likely., howevert that these two com­

ponents were the D and C antigens of this virus and differ­

ed not in size but in density. 

Schmidt & Lennette (1962) demonstrated the presence 

in preparations of group Band group A9 coxsackieviruses of 

two antigens for each strain by means of the ouchterlony 

gel double diffusion technique. ,,. While they were unable to 

obtain a sat~sfactory separation of the two antigens of 

Coxsackieviruses B4 and B6, they were able to show that one 

of the antigens was a group antigen, the other being 



138. 

specific for the particular virus. Schmidt, Dennis, 

Frommhagen & Lennette (1963) separated the two antigens by 

centrifugation in a cscl density gradient, demonstrating 

that they were comparable to the C and D antigens of the 

polioviruaes. Frommhagen (1965) characterized the two 

antigens of coxsaokievirus B5 chemically and physically. 

Electron microscope studies with material prepared by shadow 

casting with uranium revealed that the C antigen showed a 

flattening, although the antigens were of the same size. 

Nucleic acid analyses revealed that the D antigen contained 

22% RNA, while the C antigen contained less than 2% RNA. 

In the light of these findings, it is likely that 

the "slow" and 11 .fast" components found on submitting pre­

parations of Coxsackieviruses Bl and B3 to density gradient 

zone electrophoresis ( 6. 4. 3.) correspond, respectively, to 

the C and D antigens of these viruses. As the isoelectric 

points of the two components in each instance differed con­

siderably, it is likely that the D and C particles of 

coxsackieviruses Bl and B3 have widely differing surface 

properties. The finding that both components were infect-

ious for monkey kidney cells would tend to confirm the 

hypothesis (6.4.4.) that 11 complete 11 particles were trapped 

in aggregates of 11coreless 11 particles, as the c antigens 

are not infectious. 

Poliovirus particles of C antigenicity may or may 

not contain RNA (Roizmann et al., 1958). such particles 

which contain RNA are not infectious, presumably due to a 

change in the basic structure of the RNA. While the C and 

D antigenic particles of the Coxsackieviruses have not been 

studied to the same extent as those of the polioviruses, it 

is probable that some Coxsackievirus particles which contain 

RNA are of the C antigenic type, and are thus noninfectious, 

as are the nempty 11 C antigenic·particles. 
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The presence within an enterovirus particle of intact, 

infectious RNA must exert a stabilizing influence on the 

protein subunits which make up the capsid of the particle, 

due to ionic or hydrogen bonding, which confers on the 

protein subunits their quaternary, and perhaps even their 

tertiary, structure. This hypothesis ensures that parti-

cles of one virus type containing intact, infectious RNA 

would have identical antigenicity. If such particles 

contained no RNA, or contained RNA which had lost its 

infectivity and hence its basic structure, the net effect 

would be a change in at least the quaternary structure of 

the protein subunits, altering the antigenicity, and the 

net surface charge, of the particles. This hypothesis 

offers an explanation for the presumed aggregation of the 
•, 

11 corelessn or C particles of Coxsackieviruses Bl and B3. 

While the net effect is one of decreasing the negative 

charge on the surface of these particles (which make up the 

"slown components of these viruses), the alterations which 

may occur in the quaternary structure of the protein sub­

units may not all be identical, and there may be sufficient 

differences in the chamical and physical nature of the 

protein subunits on two adjacent particles for these two 

particles to be linked together. Furthermore, there may 

be similar differences in the chemical and physical nature 

of the protein subunits of adjacent C and D particles which 

would allow a linkage be~ween the two particles. In this 

manner, aggregates of noninfectious C and infectious D 

antigenic particles could be formed. 

such an hypothesis would help to explain the observ­

ations that the C antigens of the polioviruses (Hurruneler & 

Hamparian, 1958) and the coxsackieviruses (Schmidt & 

Lenn~tte, 1962) are group-specific.· If the quaternary 

structure of the protein subunits making up the capsids of 

th~ particles were all altered, it is likely that some of 

these altered protein subunits on the surfaces of different 
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, virus types would share a group ident.ity. This is not an 

unreasonable suggestion when one considers that the RNA of 

the enteroyiruses is the genetic determinant of these 

viruses, and alone carries the information for the replica-

tion of complete, infectious particles. The specific 

viral RNA contained in the infectious particles would thus 

confer a specific stability on the quaternary structure of 

the protein subunits of infectious particles, which would 

explain the type-specificity of these particles. 

This hypothesis, i.e. that the nature of the surface 

of an enterovirus particle is determined by the quaternary 

structure of the protein subunits comprising the capsid, 

and that the quaternary structure o~ the protein subunits 

is determined by the viral RNA, furthermore indicates the 

relationship between the viral RNA and the protein capsid. 
. . 

The 11 slow11 electrophoretic components of Coxsa.ckieviruses 

Bl and B3, which are presumed to be aggregates o:f infect­

ious D and noninfectious c antigenic particles, have 

higher isoelectric points than the 11 fast 11 components, which 

are presumed to consist solely of infectious D antigenic 

virllons. This means that the C antigenic particles bear 

less net negative aur:face charge than the D antigenic 

particles. This in turn implies that more protons are 

present on the 11 inner 11 surfaces of the capsids of infect~ 

ioua D antigenic particles than are present on such 

surfaces of noninfectious C antigenic particles, indicating 

that the stability conferred on the qua.ternary structure 

of the protein subunits by the viral RNA is mediated by 

hydrog_en bonds. 

A single infectious electrophoretic component was 

detected in preparations of Coxsackievirus B4 (6.4.3.). 

It has been mentioned above ~hat Schmidt & Lennette (1962) 

were unable to obtain satisfactory separation of the two 

antigens of coxsackievirus B4. It is therefore likely 

that the two antigens associated with this virus have very 
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similar surface properties, or that the relative number of 

C particles present is very low. 

The single infectious electrophoretio component of 

high isoelectric point determined for preparations of 

coxsackievirus A9 (6.4.3.) may be explained in the f'ollowing 

way. .,. The C antigens, which are the group antigens for all 

coxsackieviruses, should have more or less identical sur­

face properties irrespective of the virus preparation. 

Thus the 11 slown electrophoreti.c components of the Coxsackie-
.. '!':'~" 

viruses might be expected to have approximately similar 
' 

isoelebtric points, a result which has been found to be 

true as is seen for those components included in isoelectric 

point group 3 of Table 28 (6.4.4.). The inclusion of 

Coxsackievirus A9 in this group must mean that all the 

infecti:~us D particles in preparations of this virus are 

trapped within aggregates of the noninfectious C particles 

which confer the high isoelectric point on this virus. 

It is thus possible that 11uncontaJnina.ted1t infectious D 

particles of Coxsackievirus A9, if this hypothesis is 

correct, have a lower isoelectric point which will allow 

them to be included in group 2 of Table 28. This further 

implies that only groups 1 and 2 of Table 28 are valid. 

7.6. The effect of trypsin on the surface properties of 
~ ent.eroviruses. 

The observation that treatment of virus with trypsin 

at a concentration of 1 mg/ml markedly increased the 

electrophoretic mobilities of both components of Coxsackie­

virus '.Bl (6.4.3.1.1.) and the "D" component of Coxsack!ie­

viru.s B3 (6.4.3.1.2.) may be of considerable significance 

if the initial reaction between these viruses and suscept­

ible cells is electrostatic in nature. 

Gard (1943) found that the infectivity of a prepara­

tion of mu.rine encepha.lomyelitis virus (GDVII) was enhanced 

by treatment of the preparation with trypsin. Morris (1952) 

found that this virus, which before treatment agglutinated 
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human type •0 1 red cells at 4° and not at higher tempera­

tures, was able to haemagglutinate these red cells also at 

20° after incubation with trypsin (0.1% solutions). 

Haemagglutinin recovered by ·elution at 37° after adsorption 

at 4° was able to haemagglutinate red cells at 20° after 

treatment of the haem.agglutinin with trypsin, indicating 

that at least part of the tryptic action was directed 

against the haemagglutinin itself, i.e. the surface of 

this enterovirus. 

Matheka & Mayr (1963) found that the infectivity 

of Teschen virus, a porcine enterovirus, which had been 

reduced by cold storage was ttreactiva.ted" by treatment with 

trypsin. The reactivation process appeared to be due to 

the digestion of a prote.in which had caused the virus to 

become aggregated, and did not appear to be due to a direct 

action on the surface of the particles. Usmankhodzhayev & 

Zakstelskaya (1964) found that treatment of reoviruses with 

trypsin unmasked haemagglutinins. This was presumed to be 

due to the destruction of non-specific mucoprotein inhibit­

ors, as Lerner, Cherry & Finland {1963) found that the 

receptors on red cells forreoviruaes were mucoproteins. 

Whether the action of trypsin on the electrophoretic 

mobilities o:f Coxsackieviruses Bl and B3 ·~6.4.3.1.) was 

due to the removal of nonspecific protein inhibitors on the 

surfaces of particles, or was due to the direct action of 

trypsin on the surfaces of the par·ticles, is not known. 

Trypsin hydrolyses only peptide bonds whose carbonyl group 

is contributed by an amino acid that has a positively charged 

side group, i.e. arginine or lysine (Ne:urath, 1964). The 

enzyme may hydrolyse the chain at every peptide bond 

adjacent to an arginine or lysine residue, giving rise to 

polypeptide fragments with arginine or lysine residues at 

the end. Arginine a.nd lysine residues are present in 

hydrolysates of poliovirus protein capsid (:i51uria & Darnell, 
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1968). Arginine is present at a concentration of 6.6 g/ 

100 g amino acid, and lysine is present at a concentration 

of 5.o g/100 g amino acid. 

When considering the route o! infection in man-~f the 

enteroviruses, the observations that the net negative charge 

on the surfaces of Coxsackieviruses B 1 and B 3 was 

increased considerably by treatment of the viruses with 

trypsin may be of importance in natural infections with 

enteroviruses, especially those of the ileum which a.re pre­

sumed to occur through infection of the lymphoid cells of 

the Peyer•a patches (Rhodes and van Rooyen, 1968). In man, 

the concentration of trypsin in the intestinal tract is 

highest in the duodenum and proximal jejunum (Borgstrom, 

Da.hlqvist, Lundh & Sjijvall, 1957)~ being as high as 780 

pg/ml (which compares with the concentration of 1 ooo µg/ml 

used here}. An enterovirus infecting man th.rough the 

Payer's patches is thus subject to relatively high concen­

trations of trypsin in its passage through the duodenum and 

~ jej~~~ which would have the effect of increasing the net 

negative surface charges on these particles (at least, in 

the case of coxsackieviruses Bl and B3, and very likely 

applicable to all enteroviruses as they have so many proper­

ties in common), possibly resulting in an enhanced affinity 

for susceptible cells. 

Finally, the results of these physico-chemical studies 

have confirmed that ecbovirus SA l is a typical member of 

the enterovirus group and indicate further relationships 

within this group of animal viruses. The echoviruses of 

human origin and ecboviruses of bovine origin appear to 

have a feature in common apart from the name norphan 11 • 

The full and empty partic.les found in preparations o! ecbo­

virus SA 1 are electrophoretically inseparable and probably 

antigenically identical, similar results being :l.:ound w1 th 

echovirus 12 by Halperen et al. (1964). on the other hand 

-' 
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empty and full virus particles foun.d in preparatio.ns .of 

polio- and oo:x:sackievirusea have different antigenicities 

(Le. Bouvier, 1955; Schmidt and Lennette, 1962) .. 

... 

'· 
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