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SUMMARY.

The purpose of this investigation was to study the
bilophysical and biochemical properties of some of the
enteroviruses. Preﬁious work in this laboratory on
several members of this large sub-group of the Plcorna-
viruses had emphasised the importance of a more detailed
exanination of some of the surface propertiecs of representf
ative strains of enteroviruses, by currently available

techniques.

1. Physico-themical studies on ecbovirus SA 1, the firsti
enteric cytopathogenic bovine ofphan virus to be isolated
in South Africa, revealed that the properties of this virus
were those.of a typical enterovirus. The diameter of fhe
ﬁirus,vdete;mined by three different methods, was 27 to
29.9 my. The virus was resistant to ether and pH 2.8,
infectivity was stabilized to heat at 50° 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 & haemagglutinin in ecbovirus SA 1 was
demonstrated for the first time. Virus propagatedvin
primary cultures of calf kidney cells was found to be
capable of haemagglutinating red cells from vervet and
rhesus monkeys, and from sheep umbilical cords. In the
presence of 140 m} Ca012 the titre of the haemagglutinin
for vervet and rhesus monkey red cells was considerably
enhanced, and in addition virus preparations were able to
haemagglutinate horse red cells. Haemagglutination
occurred only when the reactants were incubated at 49,

but not at 20-22° or 37°.  fThe hydrogen ion concentration
was not critical, but optimel agglutination occurred at
about pH 6. These cobservations 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 1 suggested that the surface
of the virus partiéle 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
wcoreless" particles, have the ability to haemagglutinate

vervet monkey red cells.

4, A further physical property of the surface of echo-
virus SA& 1 was determined, namely the isocelectric point.
This was achieved by submitting virus preparations to
sucrose density gradient zone electrophoresis in succinate/
NaOH buffers of ionic strength 0.1. This method was shown
0 be suitable for the purpose by results obtained when the
isoelectric point of a protein ¢f known isoeleciric point,
human serum albumin, was determined'by this method. The
isoelectric point of ecbovirus SA 1 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 isoelectric focussing in
tartificial" pH gradients. The isoelectric point ﬁf

ecbovirus SA 1 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 frpm
suspensions using a minimal amount of polyethylene glycol
as a precipitant. The precipitate was submitted to
sucrose density gradieﬁt zone electrophoresis at the
isoelectric point and purified virus was recovered from'
the position of the original virus band in the zZone elec-

trophoresis column. It is suggested that precipitation
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of virus from suspension with polyéthyleﬁe gljcolvmay 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 min;mal amount of polyethylene
glyool would be the isoelectric point of a virus which

is normally soluble at its iscelectric point.

It was found furthermore that virus contained in
large volumes of culture fluid could belconcentrated by
submitting the f1uid Yo multimembrane elecfrodecantation
- at pH 7.2, and purifiéd by submitting +the fluid'to‘multi~
membrane electrodec&n&ation'at pH 4.46};the isoelectric
point of the virus. It is suggested that the technique
of multi-membrane eleétfodecantation could be of ddnsider—
able_Véiué in'purifying and concentrating, from large
volumes of culture fluid, attenuated viruses as for

instance in live poliovirus vaccines.

6. The isoelectric points of sevéral cther enteroviruses
were determined. While.only a limited number,of ﬁiruses
was studied, it was found that the viruses could be classed
into two main grbups On}the basis of %hese measurements.
The first group conéisted of enteroviruses which had an
iéoelectric point at, or very close to,'bH 4;4\and con-
tained ecbhovirus 54 1, CBO virus and a mouse-adapted strain
of MEFl peliovirus. The second group consisted of entero-
viruses having isoelectric points of pH 4.65 to pﬁ 4.81°
and cdntained the original straiﬁ of MEfl peliovirusi

. coxsackieviruses_B 1, 3 and 4, ahd the v"control® virus,'

- reovirus type 1. Coxsackievirus A 9 had a higher

~ iscelectric point of pH 5.33. It was noted that the

three viruses which had isoeléctrig points at or near

PH 4.4, were not pathogénic 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.

T. Tgese studies showed that Coxsackievirus B 1 and B 3
preparatibns propagated in secondary cultures of monkey
ki&ney cells have two electrophoretic infectious virus
components. The two components of each virus revealed
that they were distinct entities which were separable on
the baéis of their surface properties. It is suggested
that the "fast" electrophoretic components consist of com-
plete infectious particles, while the "slow" electrophor-
etic components 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 Coxsackileviruses two distinct antigens, C and D,
by gel precipitin and complement fixation tests. It is
proposed that the "fast" electrophoretic components of
Cpxsackieviruses B1land B 3 éorreqund to the infectious
D antigen, while the v“slow" electrophoretic components
consist of aggregates of non-infectious C antigen and

infectious D antigen.

8. In the course of attempts to characterize the “slow"
end "fast”" components of Coxsackieviruses B 1 and B 3 it
was’observedvthat 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 duocdenum and'jejunum, is submitted to
relatively high concentrations of trypsin before infecting

man through the Peyer's patches.
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4. INTRODUCTION.
1.i. ENTEROVIRUSES.

The causative agent of poliomyelitis was shown t0
be transferable to monkeys by Landsteiner-& Poppe# (1909)
who isolated the virus from the spinal cord of a fatal
human case of the disease, and theéeafter the use of

monkeys as experimental animals led to the isolation of

' & number of strains of virus fran human cases of polio-

myelitis. It later became evident, when vaccinated
monkeys were challenged with the aifferent strains, and
from experiments in which infectivity for monkeys was
neutralized by pooled sera from the immunized animals,
that theege strains were not all antigenically related.
Using the results obtained from such experiments Kessel &
Pait (1949) and Bodian, Morgan & Howe (19L9) were able to
differentiate strains of poliovirus into 3 serological
types. These three were recognised officially by the
Committes on Typing of the National Foundation for
Infantile Paralysis (195%1), and standard conditions

for the typing of polliovirus strains were laid down at
the same time., The 3 prototype strains recognised were
(1) Brunhilde, (2) Lansing and (3) Leon.

Faeéai specimens collected during an outbreak of
poliomyelifis in the summer of 1947 in New York were
examined by Dalldorf & Sickles (19uB) for evidence of
mouse~adapted viriuses. From the faeces of two children
early in the disease an agent waé isolated which induced
paralysis in suckling mice and hamsters. This naralysis
was associated with destructive lesions of the skeletal
muscles, while the centrsl nervous system remained un-
affected. The paralysie could only be induced in

gsuckling mice by intracerebral injection of animals less
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than 12 days old. The virus was not neutralized

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

: lation of several more of these agents from cases of

poliomyelitis-like disease soon followed. These hitherto
unrecognised viruses, pathogenic for suckling mice and
hemsters, and associated with "poliomyelitis™, were

named "Coxsackie viruses" by Dalldorf (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‘stfiated,muscle, and these viruses were
eagily isolated and established in mice. In group B -
infected mice similar lesions appeared in the striated
muscle but they were focal and less extensive. The
Group B viruses were not so readily adaptable to mice.
The demonstration by Enders, Weller & Robbins (41949)
thaet the Lansing strain of poliomyelitis virus could be
human embryo, demonstrating cytopathogenicity, paved the
way for new great advances in animal viroclogy. Using
develooments of this primitive tissue culture method
Robbins, Enders, Weller & Florentino (1951) isolated a
cytopathogenic strain of Coxsackievirus and an unidenti-
fied virus from 2 patients diagnosed as having *non-
paralytic poliomyelitis". The cytopathogeniéity'of
these 2 viruses in cultures of monkey kidney fibroblasts
was unaffected by poliovirus.antisera. Several more of
these agents were isolated from patients dliagnosed as
having non-parslytic poliomyelitis, suggesting that
hitherto unrecognised enteric viruses were prevalent |
(Melnick, 1954). Melnick called these wiruses, which
were appgrently not associated with disease, "ofphan“

viruses.
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The Committee on the ECHO viruses (1955) was
convened to‘eiucidate the status of these viruses.
Multiple antigenic types existed, and were isolate&
frcm‘pétienfs ﬁith-éseptié‘meﬁingitisvaé well as from
healthy children in different varts of the worid. These
viruses were classified as the "enteric‘cj%opathogenic
human orphan‘(ECHO)‘group". The following pibpertiés

were shared by these viruses: (i) they were cytopatho-

‘genic for monkey and human cells in culture, (ii) they

were not neutralised by pools of the 3 poliovirus fype
antisera, (i41) thevaere not neutralised by Coxsackiévirus
antisera and failed to induce disease in infant mice,

(iv) they were not related to other viruses recovered
from the alimentary tract by inoculation of primate cell
cultures (e.g.'herpes;pﬁnfluenza, mumps and adenoviruses),
and (v) they were neutrélised by human gamma—élobulin.and

by some individual hunan sera, suggesting that humahf

infections occurred. The Committee {1955) further

stated that s virus would be removed from this group if
it weré ever identified as the etiologic agent of a
clinically distinct disease. Hejung & Melnick (1957)
divided these echoviruses into 2 groups on the basis of
plagque morphology and growth in cultures of rhesus and
patas monkey kidney cells.

Because the Coxsackleviruses, echoviruses and polio=-
viruses shared pathogenicity, size, ether resistance,
seasonal incidence, and epidemiologic pattern, the

Committee on the Enteroviruses (1957) (formerly the

Committee on the Echoviruses) believed that these three

groupé should be considered members of a single family of
human enteroviruses. The Committee, while recognizing
that Somé of'the echoviruseg caused disease in man, did
not remove them from the echovifus group as they were

responsible for syndromes which could be caused by a
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variety of agents and could not be held directly
responsible for a particular disezmse. |

wallis & Melnick (1962) demonstrated that the
human enteroviruses were protected againét damage by
heating to 50° for 1 hr by molar solutions of cations,
particularly Ca** and Mg++; This property of cationie
gtabilization was added to the three known properties of
enteroviruses, namely a pariticle size of épproximately
28 mu diameter, an RNA genetic apparatus or core, and -
resistance tc 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 30mm diameter), not inactivated by ether,
contained RNA cores, and the members of the group studied
all had cubic symmetry. Two possible grounings were
recognised: picornaviruses of human origin and those of
lower animals. While recognizing the importance of
thoge viruses of lower animal origins, and the possibility
of subdiviéions in this group, the committee was mainly
concerned with the human picornaviruses. These were
divided into three subgroupé: enteroviruses, rhino-
viruses and unclassified viruses. The enteroviruses
were retained as a group, ‘sharing the properties already
described. The rhinovirﬁses (Tyrrell & Chanock, 1963),
while not clearly defined at that time, differed from
the enteroviruses in being isolated@ in embryonic human

kidney cells 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 vpicornaviruses other
than poliovirus, namely echoviruses, types L, 11 and 24,

exhibited s polyhedral structure with icosahydral symmetry,
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the capsid consisting of 32 - capsomeres.

The most recent system of classification of the
picornaviruses (Melnick & McCombs, 1966) recognises a
further distinction between the enteroviruses and the
rhinoviruses. The rhinoviriuses have a buojant density
of 1.k g/cms, while the enteroviruses have a buoyaﬁt
density of 1.34 g/cmB, in caesium chlioride. This system
further recognises the existence of multinle-type

picornaviruses which infect the lower animals, consisting

of enteroviruses, rhinoviruses, and a third "miscellaneous"”

groupe.

Poliovirus remained for a long time the "guinea pig"
of the realm of the snimal viruses. This can be attributed
to the fact that this virus was the first gnimal virus
obtained in crystaliine form (Schwerdt & Schiffer, 1955)
its remarkable stability, and its relative simplicity of
form and composition. Consequently much of the infor-
mation concerning the replication and composition of the
RNA-containing viruses, and in particular the entero-
viruses, has been aasimilated from experimental data
gained from investigations on this virus.

The ultraviolet absorption spectrum of poliovirus
vas that of a nucleoprotein, from which the nucleic acid
content was calculated at avnproximately 22% (Schwerdt &
Schaffer, 1955). Estimations of the RNA content of
virus particles as fdetermined by the orcinol eolour
reaction for ventoses indicated that the RNA content
of particles was 2L4%, no DNA being detectable. A
further estimate of the RNA content, employing the molar
X/P ratio, resulted in a value of approximately 307 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 (8chiifrer, 1963).
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Crick and Watson (1956) drew attention to the
obgerved fact that almost all small viruses were either
rods or spheres, and suggested that a small virus contained
identical subunits, packed together in a regular manner.
On this basis the nurber of subunits in a rod-—-shaped
virus was probably unrestricted, but for a spherical
virus the number was likely to be a multiple of 12.

Three types of cublic point-group symmetry was possible
for such apthical viruses: tetrahedral (2:3), octa=-
hedral (L:3:2) and icosahedral (5:3:2) symmetry which
reépectively implied 12, 24 and 60 identical subunits.
Finch & Klug (1959), in x-ray diffraction studies on
crystals of purified ﬁblioviruﬁ, found intensity dis-
triputions in the same relation to each other as the
symnetry axes of the icoesahedral peoint-group, 5:3:2.
Thus, accoiding to Crick & Watson (1956) poliovirus
was built up of 60 structurally equivalent asymmetric
unite, although the x-ray data did not reveal the actual
arrangement of these suﬁunits.

By electron microscopic studies of negatively-stained
preparations of poliovirus Horne & Nagington (1959) were
able to demonstrate the presence on the surface of
particles of about 20-30 "knobs". Klug & Caspar (1960)
were able to reconcile this observation with the previous
data obtained by x~ray diffraction studies by remarking
that such representations represented only half the
view of the particle, and that as a result the obgervation
might resolve the 60 asymeiric gubunits indicated by the
results from x-ray diffraction studies.

Termg for viral structures were provided by ﬁwoff,
Anderson & Jacob (1959) who stated: "The viral infeetivé
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 capsomeres’.
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Horne &Wildy (41961) pointed out that Fineh & Klug
(1959) had been thiﬁking in terms of asymmetriecal
protein subunits packed to provide each other with an
identieal enviromnment, and that 60 subunits were required
by them to cover entirely the surface of poliovirus
particles, but that elecgron photomicrographs had shown
this was not so. Thus, they stated, for capsids of
cubic symmetry the capsomeres were not egquivalent to
the subunits of Crick & Watson (1956). They proposed,
ag 8 solution to the problem of structural units and
capsomeres, that the symmetrical capsomeres were built
from a number of subunits held together in the form of
a faggot. v

Mayor (196L) contributed further to the knowledge
of the external morphology of enteroviruses by studies
of poliovirus type 1 and echoviruses types L4, 11 and 24
using a negative staining technique. She found that
these viruséS'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, Maizel (1963), on subjecting the capsid
protein poliovirus type 1, to electrophoresis, was able
to detect at least Y4 electrophoretically distinet compo~
nents. This was fdllowed by a report from Ruekert &
TDuesberg (1956) that the capsid protein of mouse encepha-
litis ME virus had two major electrophoretic cbmpanents,_
the slower component furthermore appearing to be an un-
resclved mixture of two componénts. That these proteins
were derived from a single genotype was beyond doubt as
all possible mutant or companion viruses were removed by _
careful clonal purification. As an explanation for this
phenomenon they suggested the possibility of these

components arising from a single precursor chain by

cleavage of the peptide. Thie cleavage had to be specific
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due to ths relative electrophoretic homogeneity of the
comnonents. That the capsid protein of enteroviruses
is derived from a single large precursor polypeptide
molecule by cleavage has since been proposed by other
investigators and will be discussed in more detail in
a later paragraph on the maturation of virus particles
in infected cells.

The entrace of enteroviruses into 8usceptible cells,
replication of the viruses within host cells, and release
of mature particles from infected 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 reguires the presence of cations, notably divalent
cationse. The initisl attschment, 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 primate
organs are known to be insusceptible to human enteroviral
infection in vivo, cells from such organs grown in vitro
have been shown to be susceptible to these virusges.

Kunin (196L4) has proposed three possible explanations for
this phenomenon. (1) a small population of virus-sen-
sitive, relatively undifferentiated 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-
accessgible to virus until the cells are dispersed and
grown in vitro; (3) receptors are synthesised de novo

in culture bj cells previously lacking this property. _

Holland (196l) has found that all susceptible primate
cells released a virus-binding receptor-like material
which was not detectable in insusceptible non-primate
cells. These receptors were nrotein, or cbntained prdtein

and most were associated with insoluble lipoproteins of
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the microsomal membranes. Zajac & Crowell (1965b)
resolved further the receptors for enteroviruses on
Hela’cells. Receptors for Coxsackievirus Bv3 were in-
activated by treatment of cells with chymotrypsin, while
the receptors for ppliovirus type 1 were inactivated by
treatment with frypsin. Treated cells regained their
enterovirus receptor activity after incubation in culture
medium. Furtherﬁore, by pretreating Hela cells with the
enzymes prior to disruption and fraectionation, intra-
cellular receptors could not be found, indicating that
the human enterovirus receptors existed only on the
surface of the cells.

Mandel (1962) studied the entry of adsorbed polio=-
#irus 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 invagination of the c¢ell membrane which eventually

. pinched off. The envelope gurrounding the virus particle

was then shed, exposing the marticle to the cellular cyto-
plasm. | A temperature-dependant process occurred that
allowed virus to move from the cell surface to a point
within the cell where anfiserum could not penetrate, since
at temperatures of less than 2° the infeetivity could

8till be neutralised at the cell-surface by antiserum.
Virus could be detected at all stages as an infective
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 cytéﬁ
plaem. Complete infective virus, as such, could no longer
be recovered. This is termed the "eclipse phase'. It
appeéred that the receptor remained assaciated with the
virus particle and in fact was responsible for the weakening

of the capsid once the particle reached the eytoplasm of
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the invaded cell (Holland, 196L).

| 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
infeetion (Baltimore, Girard & Darnell, 1966). Host
cell DNA is not involved in this process. Simon (1961)
demonstrated that DNA is not necessary for the growth bf
all ENA-containing viruses. Furthermore, the nérmal RNA
and protein synthesis of infected cells is inhibited by
enterovirus infection as was demonstrated for poliovirus
in Hela cells (Salzman, Lockart & Sebring, 195?) and
mouse encephalitis virus in L cells (Hausén &_Vérwoérd,
1963). '

Ag enteroviral RNA synthesis does thus not depend
on pre~existing cytoplasmic mediators, the invading wvirsl
RNA must mediate its own reproduction. The enzymes
necegssary for replication, RNA polymerases, must be
encoded by the invading RNA (Baltimore & Franklin, 1963).
A ribonuclesse-resistant RNA, which was apparently triple-
étranded, wag found to exist in poliovirus-infected Hela
cells by Bishop, Summers & Levintow (1965). They suggested
that this was in fact template RNA, or the "replicative
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 fact the first RNA molecules synthe~-
siaed..

Ribonucleic acid molecules with the sedimentation
behaviour of viral RNA are formed wilthin 30-60 min of
1nfeetion'and their synthesis continues logarithmically
for'abogt 3 hr, after which the rate becomes linear
(Baltimore et al., 1966). Up to 2 hr following polio-

virus infection of Hela cells, none of the RNA which is
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synthesised enters viral partieles but is found in
polyribosomes. About 30 min later tha RIA begins to
be encloged in virus partiéles (Baltimore.giﬂgg,, 1966).
‘Protein which constitutes the capsid of the progeny
poliovirus particles is synthesised from the pre-existing
intracelluler free amino acid pool of the host cell
(Darnell & Levintow, 41960). In infected Hela cells
the existingvpolysémes dimappear on invasion by polio-
virus and are replaced with characteristic, larger poly-
somes for wviral protein assembly. Immunological testing
has shown these large polysomes to be the site of identi-
fiable virus protein (Scharff, Shatkin & Levintow, 1963).
Thegenetic information which determines the nature of
the virus-specific protein>is contained in the viral R&A,
An RﬁA'ﬁolecnle can be coéted»with viral protein,within
5 min of the synthesis of the RNa malecule? 3«75 hr after
infection of Hela cells with poliovirus. At this stage
sufficient #irél coat-protein precursors exist in a pool
in the infected c¢ell for the coating of all existing and
subsequently;fcrmed RNA malecules@ . The synthesisg of
these'precursor molecules begins at about the same time
as the synthesis of the viral RNA (Baltimore et al., 1966).
The process of encapsulation of progeny RNA molecules
is termed "maturation'. From recent reports it appears
that the three “procaﬁsiﬁ" proﬁeias'of poliovirus are not
primary gene products, but are formed by cleavage of a
single large precursorvpolypeptide molecule {Jacobson &

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

. reported evidence fdr the specific cleavage of single

large proteins into smaller functionél'units. They
demonstrated a cleavage similar to that proposed by
Jacobson & Baltimore (41968), of a large precursor

protein in the case of poliovirus types 1 and 2. In
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addition to this primary cleavage they found that, for
mengovirug and Coxsackievirus B 1, a8 second distinct
rrocess of protein cleavage oecurred during maturation
of particles of these viruses.

The manner in whieh progeny virus is releasged from
infected cells is not well understood. While the ob-
served phenomenon of cell lysis due to viral cytopatho-
genicity undoubtedly releases the bulk of progeny virus
from cells, it is thought that individual particles may
be released from cells through cell membranes.

The possibility of non-primates acting as a reservolr
for human enterovirusges is a subject which has received
much attention. As early as 41910, Flexner & Lewis (1910)
reported the presence of a neutralising substance to polio-
virus in the sera of "mormal' 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
pregence of neutralising substances to 2 number of human
-enteroviruses in bovine sera, although these could not
be shown to be true antibodies. Koprowski (1958)
reported the isclation of a type 1 poliovirus frem the
faeces of a healthy calf, whose serum developed a rise
in titre of "antibodies" 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 -of these non-specific inhibitors were heat-labile an&
could be inactivated by heating the sera to 56° for 30 min.
Others, such as the Francis iype inhibitors found in the
sera of normal animals by Turner, Kipps, Polson and van

den Ende (1961) to CBO virus were heat stable. Such



13.

non-specific inhibitors could even be associated with
the gamma-globulin fraction of the sera, as was demgn—
strated by Takemoto & Habel (1959) in the instance of a
non-antibody inhibitor to type 1 poliovirus[found in the
sera of horses. '

The first finite report on the isoiation of human
enteroviruses from non-primates was by Lundgren, Clapper
and Sanchez (1968) who isolated 164 human enteroviruses
from nose,-throat and rectal swabs of beagle dogs in
monkey kidney and Hela cell cultures. These consisted
of Coxsackievirus B4Y, B3 and B5, and echovirus 6 strains.
While the vresence of neutralising antibodies, in low
titre, to Coxsackieviruses B3 and B5 was detected in
gsome dog sera, there was no correlation between the
isclated viruses and the serum antibody titres. . A
possible reason for the failure to isolate these entero-
viruses from other "domestic" animals may well be that
isolation attempts were made in non-primate cells in
culture, as for exsmple when Gelfand (1961) used cultures
of dog kidney cells. As Holland (1964) demonstrated,
only susceptible primate cells produce receptors for the
human enteroviruses.

As a result of the earlier reports on "antibodies"
to human 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 facilitated
this search. Many agents, primarily from faeces, have
been 1isolated, which are generally not associated with
disease in the animale from which they were derived, and
hence are "orphans". Thus many new grouns of animsal
enteroviruges 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 from which they were isolated. As a
result animal enteroviral groups have emerged, designated
ECMO (simian), ECBO (bovine), ECPO (porcine), BCCO (feline),

ECAC (avian), viruses.
1.2 BOVINE ENTEROVIRUSES.

The first enteric bovine orphan viruses, 8 strains
of a cytopathogenic agent, were isolated in cultures of
calf kidney cells from the faeces of supposedly healthy
cattle by Kunin & Minuse (1957). The viruses grew in
cultures of monkey kidney cells but not in Hela cells.
Antibodies to the viruses were found in 904 of the herd
from which the 8 strains were isolated. While the
strains were serologically related, they d4id not resemble
the other human or bovine enteric agents recognised at
that time (e.g. bovine adenoviruses). -The term "ECBO"
was tentatively sﬁggested for these viruses.

Further reports of 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 eulture, but McFerran (1962)
guggested that these might have been latent viruses in the
calf kidney cells used. wWhile most bovine enterovirus
isolations have been made from "healthy" cattle and
eihibited.no pathogenicity on being transferred to further
"healthy" animals, a number.of isolatiohs were. made from
animals which exhibited a clinical illness at the time of
~isolation, for example from cattle with respiratory
disease (Moll & Davis, 1959), respiratory and enteric
digeases (Dinter & Bakos, 1961), mucosal disease (Huck,

1961), diarrhoea and bronchopneumonia (Bontschev, St. Christov
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& Andrev, 1963) and mucosal or respiratory disease and
reproductive disorders (Huck & Cartwright, 196&) A
gimilapity thus exiasts between these viruses and thcse‘
of the echovirus group of the human entaroviruses.

The cbservation by-Lug;nbuhl {1958), who 1solated
2% enteric eytopathogenic agents from 111 "ealthy'
cattle, that the age bf the cattle, and not the parti-
‘eular herd, was the more important association, again
paralleled observations made on human enteroviruses in
that there 1s a higher ind denee of infeetion in young
individuals. Yost of Luginbuhl's isolations were made
from cattle of less than 1 year of age.

Reports of virus isoclations 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), Moscovici,;La\Piaca, Maisel
and Kempe (1961) and Cliver & Bohl (1962). From the
United Kingdom have come reports by McFerran (1958),
Huck {(1961) and Huck & Cartwright (41964), from Germany
by BBgel & Mussgay (1960), Birki (1962&),>L1ess ahd
Hpken (1962) and Falk (196L4), from Japan by Insba et al.,
(1962a) and Yamada (19652), from Sweden by Dinter & Bakos
(1961), from Italy by La Placa, Portolani, Lamieri &
Maioli (1964), from Bulgaria by Bontschev, St. Christov
and Andrev (1963) and from Australia by Spradbrow (196L4).

Just as the search for polioviruses in humans
showing symptoms of "poliomyelitis" led to the recognition
of the human Coxsackie- and echo-viruses, so the search
fof polioviruses in cattle led to the identification
of the bovine counterparts of human enteroviruses.
McFerran (1962) has proposed the following seven criteria
for characterising bovine enteroviruses: (1) they are

of small size (20-4Owu); (2) they are not inactivated
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by ethyl ether; (3) they have the capacity to multiply
in the alimentary tract of cattle; (4) there is absence
of a relationship tb other groups of viruses recoverable
from the alimentary tract, such as adenoviruses, reo—
viruseg and myxoviruses; (5) if éytopathogenic, they
have the ability to caure a cytopathic effect in bovine
cells in culture; - (6) they are not inactivated by
sodium desoxycholate; (7) they have a core of ribonucleic
acids Of all the hundreds of bovine enteric virus
strains isolated, very féw have been tested for these
specific properties, but 1t is probable that many of
them will be assigned to the bovine enterovirus group
(Bittle, 1967).

Relationships between viruses in this group have
been established. McFerran (1958) found that the 112
agents he had isolated in WN. Irelénd fellainto at least
3 serological types on the basis of cross-neutralisation
tests verformed in tissue culture. Cne of these types,
va{5) 27, appeared to be serologically identical with
the prototype LCRL strain isolated by Xunin & Minuse (1958)
in Americs, Thisg discovery led to the realisation that
there were serologic interrelationships between viruses
subgequently isclated from bovines in many parts of the
world.

Most investigators have found that 2 main serotypes
exist among the isolates studied by them (Cliver & Bohl,
19623 Liess & HBpken, 1962; La Placa, Portolani &
Lamieri, 19653 Yamada, 4965). The first serious attempt
at classification within the bovine enterovirus grou§ wasg
made by La Placa (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 antigenically c¢losely related and all
had the ability to haemagglutinate rhesus monkey erythrocytes.
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The‘viruses of the second group showed less uniform
antigenic relationships and could be divided into sub~-
EPOuDSss The viruses contained in this second major
serological group were unable to haemagglutinate rhesus
monkey erythrocytes.

While most of the bovine enteroviral stirains which

ibility that several may be the aetioclogic agents

have been isolated appear to be true orphans, the
pos;

' of'fiaease in cattle cannot be discounted. The virus
of {

oot-and-mouth disease is included in the bovine
enteroviral group, while the F 266a serotype of Huck
éndTCartwright (196)) accounted for 75% of the viruses
isoiated from cases of infertility in cattle. That

theLe viruses are widespread in cattle is beyond doubt.

Agetts have been isolated from "healthy" cattle belonging

to all the herds so far examined. In most instances

anitals not excreting virus possess antibodies to the
agents excreted by the members of the herd which d@.
This is particularly true for the older animals in the
hergds.

Although the significance in nature of most of the

members of the bovine enteroviral group ie not knowp,any
infeormation on members of this group can only lead to a
better understanding of the group ss a whole. According-
ly, the present study wap undertsken on the first echo-

virus isolated in South Africa.
1.3+ ECBOVIRUS SA 1.

The first isolation of an ecbovirus in South Africa

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

deJLange (1959). While investigating the experimental
infection of bovines with the viruses assocliated with

Lumpy Skin Disease, a cytopathogenic agent was isolated
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from the faeces of one of these bovines in lamb testis
cell eultures, Theée virus was found to be able ta‘
multiply and cause cytovathic effect equally well in
cella of lamb kidney and testis, and in calf kidney:
cells. De Lange (1959) suggested that this virus was
an ecbovirus "like those of Kunin & Minuse (1958)". '
Physico-chemical studies made on this virus by
Polson & Kipps (1965) and Oellermann, Els & Verwoerd
(1967) demonstrated that the virus was véry.similar to
other enteroviruses, both human and bovine, on which
comparable studies had been made. Serologicel studies
by Verwoerd, Cellermsnn, Broekman & Weiss (1967) demon-
strated that thevirus belonged to the Weybridge serotype
134 of Huck & Cartwright (1964). |
Studies reported here demonstrate further relationw-
ships between this virus and the bovine and human
groups of enteroviruses. The identification-ana
characterisation of & haemsgglutinin associated with
the virus surface is deseribed. A furthér surface
property of the virus, namely the iscelectric point,
was determined, and isoelectiric studies were extended

tc other enteroviruses.
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2. PROPAGATION, TITRATION AND CONCENTRATION
OF INFECTIOUS VIRUS.

It was convenlent to propagate ecbovirus SA1

in primary cultures of calf kidney cells.

2.1. MEDIA.

2.1.1. Hanks' laetalbumin growth medium.

Stock solution A.

NaCl 160.0 g

KC1 8.0 g

Mgsou.Yﬁzo 4.0 g

dissolved in approximately 800 ml glass-distilled
water

CaCl2 : 3.8 g

dissolved in approximately 100 ml glass-distilled
water

Once dissolved, the two were cambined and made up to

1 1litre with distilled water. .Two_millilitres of
chloroform were added to the solution as a preservative
and the solution was stoeed in a glass-stopped bottle

at room temperature.

Stock solution B.

NaEHPOh.EHQO 152 g
KHzPOu 1.20 g
Glucose 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 O.L g :
dissolved in 60 ml N/20 NaOH solution by heating.
Cooled, made up to 100 ml with distilled water.

Two millilitres ofchloroform were added as a preservative
and the solution was stored in a glass-stoppered bottle

at room temperature.
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Por use:
Stock solution A 250 ml
Stock molution B 250 ml

Distillied water up to 5 litres.
Autoclaved at a pressure of 10 1b per sg. in. for
10 min. to remove the chloroform. Cooled; then

wag added:

Lactalbumin hydrolysate 25 g
Penicillin 500,000 units
Streptomycin sulphate 0.5 g
NaH003 1.75 g

Pressure filtered through a Seitz filter and dispensed
in bottles.

2.1.2. Hanks' lactalbumin maintenance medium.

To 100 ml of the above growth medium was added
2 ml of pressure~filtered 5% (w/v in distilled water)

bicarbénate solution.

- 26143 Sersa.

Calf énd fowl sera were added to the growth and
maintenance media to provide growth factors for the
cells. Growth and maintenance media for calf kidney
cells in culture contained 10% (v/v) and 27 (v/v) calf
serum, respectively. The galactose medium used to
maintain chick embryo cells in the agar-cell suspensions
- used in the titration of infectious virus contained a
final éoncentration of 5% (v/v) féwl serum.

Blood was collected from animaié:an& allowed to clof.
Fowl blood was centrifuged iﬁmediately-after it had
clotted but calf blood was left for approximately 16 hr
" at 4° before it was centrifuged. The clotted blood
was centrifuged at 2,000 rpm for 4O min., the super-
natant serum was decanted and passed through a Seitz

filter. The filtrate was dispensed in bottles and
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non-specific heat laebile inhibitors were inactivated
by placing these bottles in a 56° waterbath for 30 min.

The sera were stored at L° (fowl) and ~20° (calf).

2¢1 oL!-o TrypSi'n golution,

. Trypsin base solution.
Solution A.
Nacl . 80 g
KC1 L g

dissolved and made up to 500 ml with glass-

distilled water. One ml chloroform was added

as preservative and the solution was stored in
a glass-stovpered bottle.

Solution B.

This solution was 1déntical to Hanks' stock
solution B.

For use:
Solution A 100 ml
Solution 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 (Difco, 1/250) added all at once
to 95 m1 trypsin base solution. Dissolved as rapidly
as pbssible at 37°_with continuous stirring. : Sterilised
" by passing through a Seitz filter, dispensed in 5 mi

amounts, and stored at -20°.

Trypsin solution foP use:

Trypsin base solution 95 ml.
Trypsin stoek solution 5 ml
57 (w/v) bicarbonate solution 2 ml

warmed to 37°.
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2.1.5. QGalactose medium.

Double~strength medium. -

NaCl ‘ - 16.90 g
KC1 - 1.0 g
Galactose - 12.0 g
NHu01 : 0.1 g
M301236320 : - 1015 g

O.4% phenol red solution - 0,75 ml

Lactolbumin hydrolysate C10.0 g
'  313301ved,senarate1y by heating, cooled, and pooled.

Dissolved separately in a little distilled water and
added to above. '

Inositol ' 0.2 g
Glutamine | 0.2 g
Glutamic aeid | 0.6 g
Methionine T 0.2 E
Arginine hydrochloride 0.5 g

All added directly into the above solution.

Biotin 0.002 g
Folic acid | 0.002 g 4 *
Nicotinamide 0.002 g
Calcium pantothenate 0.002 g
Pyridoxiﬁe hydrochloride ~0.002 g
Thiamine hydrochloride 0.002 g
Riboflavin " 0.002 g

All added directly into the above molution.

Made up to 1 litre with Qistilled water and the pH
adjusted to 7.2 = 7.5 with N/3.NaOH solution. Steri-
lised by passing through a Seitz filter and stored at 4°.
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Double-strength galactose medium + 10% fowl serum.

To 100 ml double-strength galactose medium was
added 10 ml fowl serum and the medium was re-

filtered.

Single~gtrength glalactose medium + 5% fowl serum. :
Double-gstrength galactose medium + 10% fowl
serum was diluted with an egual volume of

sterile, glasgs-distilled water.

2626 PROPAGATION OF ECBOVIRUS SA 1.

The strain of ecbovirus SA 1 was obtained from
the Veterinary Research Institute, Onderstepoort, in
the form of infectious culture fluid from infected foetal
lamb kidney cell cultures. The vnagsage level of the
virug in these cells was not known.

Thé virus was pronagated in monolayers of nrimary
cultures of calf kidney cells in these laboratories
and used in experiments at the eighteenth passage lgvel
in these cells. !

To 6btain dispersed cells from tissue fragment%,
a method of trypsinization based on the methods of ;
Rappaport (1956) and Youngner (1954) was employed.
Kidneys from freshly-slaughtered calves, embedded ih
the surrounding fat, were collected Trom the local |
abattoir. In the laboratory the fatty tissue and the
capsules were removed aséptically. Cortical segments
were chopped up into small pieces in a sterile beszker
and washed in 95 ml trypsin base solution. The fluid
wag decanted and 100 ml trypsin sclution was added.
A sterile magnet was added to the beaker placed in = 3?°

waterbath over 2 magnetic stirrer. Trypsinization was
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allowed toc 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 4O ml Hanks' lactalbumin growth medium
containing 10% (v/v) calf serum and the packed cell
volume of the cells was determined.- The cells were
resuspended in Hanks' lsctalbumin growth medium con-~
taining 10% calf serum $o that 500 ml of the medium
contained 1 ml of packed cells. |

The diluted cell suspension wes dispensed in
50 ml amounte into 20 oz medical flat bottles which
were incubated at 37° in a horizontal position. When
the cell monolayers were confluent in 2 - I3 days, the
fluid in each bottle was replaced with an egual volume
of Hanks' lsctalbumin maintenance medium containing
2% (v/v) calf serum. One millilitre of culture fluid,
containing approximately 107 plagqué-forming units (pfu)
of echovirus SA 1 per ml was inocculated into each of
‘these bottles.
| The infected culture fluid was harvested from
these bottles wnen the monolayers had been completely
destroyed by viral action. The cytopathic effect
was generally observed within 24 hfs éf inoculation.
The harvested fluid was stored at 4° until required,

and usually contained between 107 and 108 pfu per ml.

2.3, TITRATICN OF ECBOVIRUS SA 1.

Infectivity of ecbovirus SA 1 was titrated by
the plaque~counting method in chick embryo cell
suspensionsg in agar. The method employed was that

of Cooper {1961) with a alight modification of the
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relative concentrations of Ca** ana Mg** ions in the
galactose medium (Russell, 1965). This consisted of
increasing the Mg012.6H20 chneentration from 0.4 g/1

to 10.15 g/1, and decereasing the Ca012 concentration

from 2.0 to 0.5 g/1.

- Twelve-day chick embryos were harvested, the
viscera removed, and the embryés chopped up in a
sterile beaker and washed once in trypsin base
solution. The SOiution was discarded and replaced
with 100 ml trypsin solution, the embryo fragments
veing trypsinized for 30 min. in a 37° waterbath over

a magnetic stirrer. The cell suspension was filtered

through sterile 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 snd
counted in a Spenger bright line haemocytometer, The
cells were suspended in single-sirength gaiactose medium.
+ 5% fowl serum to & concentration of 1 to 2 x 107 per ml.
At this stage a further modification of Cooper's
(1961) method was introduced to enable the rapid pro- .
duction of la;ge numbers of plates of cell suspensions.
For example, to produce 100 plates, 200 ml douﬁle—strength
galactose medium + 10% fowl serum was prewarmed to 45°

and mixed with an equal volume of 5.2% (w/v) Ionagar

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

uso’in a waterbath. To this was added 100 ml of the
cell suspension. To ensure a homogeneous suspension,
this mixturg was swirled several times. As Cooper's
agar base layer in the plateé was found to be unnecessary,
5 ml aliquots of this suspension were dispensed &irecily
info each of 100 sterile 6 cm. glass petri dishes, using
an automatic dispenser. The agar suspensions were

allowed to gel, then 0.1 ml of a tenfold virus dilution
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in single-strength galactose medium + 5% fowl serum was
overlaid. In preliminary experiments no difference was
founid in the number of plagques produced by any virus
dilution using this technique as opposed to incorporating
the wvirus dilution in the suspension before it wés

allowed to gel. The plates were incubated in a humidi-
fied incubator at 37° for 3 days after which approximately
2 ml ﬂeutral red stain was overlaid. The neutral red

staln was made up as follows:

Phosphate buffered saline (PBS):

NaQHPOh.HQO ' 1.15 g
NaCl 8 g
i1 KCl 0.2 g
KHQPOh 0.2 g

¥ade up to 800 ml with. glass~distilled water, the pH
being adjusted to pH 6.5 with N/1 solutions of HC1l or NaCH.

Stain:

Neutral red 0.0L g
Glucose 1.5 g

Dissolved in 100 ml PBS and filtered through filter

paper.

After further incubation at 37° for 3 hrs., the.stain
was removed and the plagues counted. PlaQueé were
visible as unstained areas against the red-stained
background of cells which had taken up the vital dye.
Titration results were relisbly reproducible.
Tt was found by experimentation that eaéh chick
embryo providéd sufficient cells for approximatély 5 plates.
Figure 1 is a photogravhic record of two different

virus titrations using this method.
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The'iarge storage manifold consisted of a glass tube of

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 L ¢orresponding outlet tubes were attached
opposite these. To each of these outlet tubes was
attached, by means of rubbef latex tubing, & further
manifold having 5 outlets made of glass ofIS mm internal
bore{ OVer these outlets were slipped short sleeves of
rubber latex tubing. TILengths of dialysis tubing zgize 8.
Union Carbide Corporation, Chicago, Ill) were wetted and
slipped over these slecves, be ing bound in position with
cord, (see Pig. 3). The lengths of dialysis tubing were
gealed by knotting and turning the end of the tubing’back
on itself and binding with cotton thread.

Four separate samples of approximately 200 ml amoﬁnts
could be individually concentrated simultaneously by |
introducing them directly intoc the L4 smaller manifolds
through the large reservoir manifold. For larger
‘volumes the entire body of the apparatus was filled with
fluid. In either instance all openingsvwere'sealed and
a positiva preséure of 10 lb per sg. in. wés éppliéd,to
the reservoir manifold; Threevlitres of éulture fluid
could be'concentrated to approximateiy 50 m1>within 2L hrs{
It if was requlred to concentrate a larger VQlume of
culfure fluid, the fluid in the apparatus wes perlodically
topped up whenever the main manifold had been emptied
due to the pressure dia1ysis.

Volumes of infectious culture fluid of 1 - 5 litres
 were regularly reduced to 20 - 25 ml. The vercentage |
recovery of infectious particles was never‘less than 50%
‘of the original total infectivity, the highest recovery
achieved being 87% of the total infectivity.

A particular advantage of this method'was that the

dialysis tubing could be used several times before it



Figure 3. Diagramldf the method of attachment of the
dialysis sacs to the small outlet manifold

tubes.
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manifold ,

B rubber latex sleeve

C cord used to bind dialysis tubing to manifold
outlet tube |

D dialysis tubing
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was finally discarded. To recover the concentrated

‘sample, the last few centimetres of each tube contaihing

the concentrate was cut off. After washing, the sacs
could be tied off and used once more. They were dis~
carded only after continuous use resulted in the”shortening
of the sacs to such an extent that 1nsuff1cienﬁ surface
area was available for efficient pressure dialysis to

occur.
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3. IDENTIFICATION OF A HAEMAGGLUTININ OF

ECBOVIRUS SA 1.
3.1. INTRODUCTION.

The ability of red blood cells to be agglutinated
by a virus was first demonstrated, independently, by
Hirst (1941) and McLelland & Hare (1941) who observea
that chick red cells were aéglutinatEG by amniotic and
allantoiﬁ fluids from fertile 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 was found that these viruses adsorbed
to and eluted from a mucin-like substance on the red cell
surface in a similar manner. |
It is now known that haemagglutination (HA) occurs
also with viruses of the arbovirus group, poxviruses,
polyoma virus, reoviruses, and many enteroviruses but
the elutiom of adsorbed virus from red cells appears to
be a non-enzymie process, unlike the enzymic elution
mechanism of the myxoviruses.' |
Applications of this phenomenon in gnimal virologj
include the use of sultable red cell systems for the
rapid titration of viruses even though the method is not
as sensitive as infectivity titrations since it has beeﬁ
calculated that one haemagglutiéating unit (HAU) of
6

EIDSO

(egg infectious dose 50) (Waterson,*;96l). By adsorbing

influenza. virus is equivalenti@?agpproximately 10

haemagglutinating viruses to red cells, centrifuging
these cells out of suspension, and elutiﬁg the adsorbed
viruses in a salt solution, viruses in culture fluids
may be purified from host cellular debris. The haem-
agglutination inhibition reaction proyidgg a methgd for

the rapid serological ldentification of wviral st;éins.
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The technigue of haemadsorption, whereby red blcod

eells adsorb to the surface of infEcted ce11s is &
useful technique for detecting the prasence’of haem-
agglutinating viruses within infected cells. Further-
more it is poésiblg to enumerate individual virus
particles by using an excess of red cells,'and.micro-
scopically counting the red céll dihers in the resulting
suspension.‘ | | .

The first report of enterovirus haemagélutination
was made by Goidfield, Srihongse & Fox (1957) who found
that several eehoviruses'and Gbxsaékievirus B3 aggiuti~
nated human type 'd' red cells and elutéd from them in
a non-enzymic mamnner. Lahelle (1958) confirmed the
ability of echovirusvé‘strains to agglutinate human
~ type '0' red cells and estimated that 1 HAU was eguivs-

lent to approximately 106

to'107 infectious dose 50
(ID5O), It is now known that most Coxsackievirus
and echovirus strains have the abilify to haemagglutinate
. human red ceils. Factors which were greviously‘kﬁdwn
to affect the‘haemagglutinatiﬁg capacity of other viruses
éuch'as age of the donor animal, pH ofvﬁilueht and the
temperature at which the red cells were allowed to settle,
were shown by Kern & Rcsen_(196h) also to apgly to tﬂoae
~ enteroviruses which could cause haemégglutiﬁétién;'
Experiments;definihg the mechanism of}enteréviral
haemagglutination and the chemicalrngture of the receptiors
have been reported from several laboratoriés. Philipson
and Choppin (1960) found that sulphydryl reagents, such
as p-chloromercuribenzoaté (PCMB)“preventedlhaemaggluti—_
nation. Viruses treated,with I?CMB failed to adsorb to
. red cells. This 1nact1vafion was revepsed by treatment
of virus with thiol compounds. A sulphydryl group on the
virus particle was thus implicated. .Lernar>§i“£§ (1966)



32,

found that aldeses inhibited the haemagglutination
reaction by attaching readily to red blood cells, but

not to viruses, thus blockiﬁg 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 implicatéd ags the reactive site in these
blocking mechanisms. It was proposed that enterovirasl
haemagglutination involved the binding of & carbonyl
group of =a ﬁerminal sugar from an oligosaccharide side
chain on the virus capsid toc a specific receptor on the
red cell surface. Philipson et al (1964) have purified
the receptor for haemsgglutinating 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 ceil receptor. This reactive site was
gsensitive to the action of trypsin and chymotrypsin

but th'the action of several other ﬁroteases, ecarbo-
ﬁydrases and sodium borohydride (NaBHh). The carbo-
hydrate moiety of the receptor (as deseribed by Philiﬁson
gﬁ_gg)(196u) is thus not essential for adsorntion of the
virus, or is too well protected to be affected by .the
action of carbohydrases and the reducing agent NaBHL

Of particular significance in all these studies is the
fact that they act as a model fbr early virus-~host cell
interaction.

Haemagglutination due to boviné enteroviruses was
first reported by Moscovici & HMaisel (1958) who isolated
11 ecbovirus strains from apparently healthy calves in
cultures of rhesus monkey kidney cells. Of these, 5
strains agglutinated bovine red cells at temperatures of

5 to 8° but not at room temperature or at 37°, while
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‘another 3 strains agglutinated guinea pig red cells,
algo at this temperature. Elution followed rapidly on
warming to room temperature. Prior to the ﬁublication
of this report scant attention had been paid to the |
possibility of haemagglutining existing for bovine
enteroviruses, Whiéh is not surprising since the first
report of haemagglutination due to human enterdviruses
was only published in 1957. Since that time, however,
more attention has been focussed on bovine enteroviral
haemsgglutinins. while several authors reported success
with HA experiments, others failed to detect haemagglutinins.
agpociated with the virusegs they had isolated. Verwoerd
et al (1967) were unable to identify a haemagglutinin
for ecbovirusa SA 1.

In the study revorted here this virus was re-~examined

for the presence of a haemagglutinin.
3.2. MATERIALS AND NETHODS.

2¢2¢1+. Red blood cell systemn,

Red blood cells were collected from various animal
species into twice the volume of Alsever's solution.
The specles used were goose, chick, chick embryo,
guinea pig, mouse, sheep, sheep cord, human type '0',
horse, vervet monkey and rhesus monkey red cells.
Freshly-collected célls were stored at 4° being used,
except where otherwise stated, within a week after
collection.

Cells were washed twice in the diluent to be used
in a particular experiment, being sedimented after each
wash by centrifugation at 1,000 rpm for 10 min. in a
refregerated centrifuge. They were resuspended in the

diluent (see below) to concentration of 1% (v/v).
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3e2.2e Diluents.

The diluents used were 0.8% (w/v) sodium chloride
(normal saline) of pH 6.5 phosphate~buffered saline
(PBS) of pH 7.2; and a solution of calcium chloride
in distilled water, of pH €.2. The PBS solution
consisted of equal volumes of 133 mW Nazﬁpoh and -
KHZPOu soclutions mixed with an equal volume of normsal
saline. The Ca012 solution was, unlike the solution
employed by Insba et al.(1962b), a 140 mM solution in
distilled water, as it was found that a 100 mM solution

caused lysis of the red cells.

3.2s3+« Temperature,

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

| or 3700

Fe2elie Procedure.

Haemaggiutination tests were conducted in
18 x 14.5 em. standard perspex plates with wells, being
read by the #¥Pattern" method of‘eedimented,red,cells.
Into each well was dispensed O.Slml diluent. Doubling
ailutions of virus suspensions were made in 0.5 ml
amounts from11eft to right in these wells, the excéss
0.5 ml at the end of each series being diécarded. A
volume of 0.5 ml of red blood cell suspension was added
to each well, red cell contfols were put up, and the
cells were allowed to sediment at the different temperatures.
Fluid from cultures of calf kidney cells 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-

agglutination.
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3.2.5. Haemagglutination inhibition tests.

Haemagglutination inhibition (HI) tests were
performed with antisera prépared in beth roéstérs;and
rabbits by injections of virus in mineral 611 adjuvant.
The adjuvant used consisted of a mixture of Arlacel and
Drakeol 6~VB in a ration of 1 ¢ 9. This was emulsified
with an equal volume of culture fluid having an infec-
tivity titre of 2 x 10° pru per ml. '

From each of three mature roosters 10 ml blood was
collected. The sePum was separated from 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 14 ml virus-
adjuvant emulsion. Similar injections were administered
at the following intervals: L, 3, 7, 4 and 3 days.

Seven days affer the last injections an incculum of |

2 ml of infécted culture fluid was administered intra-~
mascularly to each rooster, The roosters were bled

to death 10 days later. " The blood was allowed to clot
at 20° and the sera were separated by centrifugation,
pooled and sterilisged by filtration through a Seit#
filter. Immune and pre-immune sera were'heated to 56°
for 30 mins. to inactivate heat-labile non—speéific
inhibitors. | | |

Blood was agimilarly cdliected from each of 3 heaithy
mature rabbits before a course of immunizing inocuiations
in order to provide controi pre~immune sera. The rabbits
were immunized as follows: two injections of 5 ml virus-
adjuvant emiulsion were administered intramuscularly in
the hindquarter with 7 days between injections. Nine
days later 5 ml infected culture fluid was administered
intravenously to each rabbit via a large vein in the ear.
Aysecénd similar intravenous inoculation was given 10 days

later. The rabbits were bled to death under ansesthesia
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1 days later, the blood was allomed to clot, the
serum was separated and sterilised and heat-labile _
inhibitors were removed by heating to 56° for 30 mins.
The HI test was conducted as follows: virus-
infected culture fluid was diluted with Ca012 golution
to contain 16 HAU per O.4 ml. ’Doubling dilutions -of
sera from rooster and rabbit, botﬁ pre-immuhe and immune,
were made in duplicate in perspex plates with CaClZ
solution as diluent, in volumes of O.4 ml., from 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 ﬁI test well was then added 0.2 ml
virus suspension while 0,2 ml ca012 solution was added
to each of the serum control wells. The systems were
‘incubated at 37° for 30 min. To each of the wells was
then added O.4 ml of a 1% {v/v) suspension of vervet
monkey red cells in Ga012 solution. The systems were
incubated at L° for L hrs., following whiech the results

were read.
3¢3. RESULTS.

A,summary of the results of haemagglutination
experiments using different épecies of red cells, 3
different suspending media, and two different incubation
temperatures is pregeﬁteﬁ in Table 1. While it is
evident that HA occuﬁfed when sheep cord red cells
were employed, better results were obtained with horse,
vervet- and rhesus monkey red cells, with Ca012
solution as the suspending medium. Haemagglutination
was obtained only when the systems were incubated at 1°
and not at 370. 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 cohditions
for haemagglutinétion by ecbovirus SA 1. A photographic
record of the first suecessful HA result, in which horse
red cells suspended in Ca012 were agglutinated by ecbo-

virus SA 1, is presented in Pig. L.

Table 1. Haemagglutinatidn of red ¢ells in various
suspending media. (- indicates no HA).

Red blood Suspending medium Virus titre

cells o ,
NaCl or PBS CaCl,at pfu/ml
at pH 7.0 PH 6.2

1 37° u°  37°

Goose, Chick,
chick embryo,
guinea pig, mouse,

sheep, human '0' - - - - 2 x 109
Sheep cord 8 - 8 - 2 x 109
Horse - - 128 =~ 1 x 108
Rhesus monkey 16 - 256 - 9 x 107
Vervet mcﬁkey 16 - 512 = 9 x 107

To determine the optimum hydrogen ion‘concentration
for the reaction, the pH of the 03012 solution was adjusted
by means of 100 mM HC1l and 50 mM tris solutions, té'pH
values from pH 5.5 to pH 8.0. 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 &

140 mM Ca012 solution was always found to lie between
pH 5.9 and pH 6.2, such unbuffered solutions were used
in subsequent experiments.
Storage of vervet monkey red blocd cells in Alsever's

solution for prolonged periods did not affeet their haem~
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agglutinability. The results of two experiments in

which red celle that had been stored at uo in Alsever's

solution for varying periods were used in haemagglutina-

tion experiments, are presented in Tahle 3.

Table 2. Effect of the hydrogen lon concentration
on the ability of ecbovirus SA 1 to haem~
agglutinate vervet monkey red cells suspen~
ded in CaCl, solution. Culture fluid con-
taining 1 £ 108 pfu/ml was used as haem-
agglutinin.
pH HA titre
55 128
5.85 128
6.1 128
6.3 128
6.6 128
7.0 32
7.4 32
8,0 32
Table 3. 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 6L 131 128
L4 64
L2 6L
48 64

Spontaneous elution of the virus from red cells

occurred on leaving agglutihated systems at room tem-

perature (20° to 24°) far 30 to 60 min., observed by the
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fact that the red cells in such systems sedimented to
form buttons at the bottoms of the wells. If such
eluted systems were agitated and reincubated at uo,
haemagglutination oceurred once mare. This procedure
could be repeated again before the HA titre dropped
to a value of less than half that of the original.
Haemagglutination was inhibited by preincubation
of virus with immune sera prepared to the virus in both
roosters and rabbits. The results of heemagglutination-
inhibition expeériments, presented in Table U, shawvthat
haemagglutination by 8 HAUs of ecbovirus SA 1 was in-
hivited by rooster and rabbit immune sera to titres of
128 and 256 respectively. while pre-immune sera exhibited
no inhibdtory activity, serum controle indicated that a
haemagglutinin was present in both rabbit and roocster pre-
immune sera to a titre of 16. This latter observation
could have had no adverse effect on the experimental
results oﬁtained due to the dilution of the sera used in

the haemagglutination-inhibition tests.

Table UL. Inhibition of HA by immune sera to the virus
_ prepared in roosters znd rabbits.
8 HAUs ecbovirus SA 1 were used. +

Sera HI titre ' HA titre of serum

controls
pre—immﬁne immune pre«-immune immune
Rooster 0 | 128 16
Rabbit 0 256 16 ¢

+ Control titrations of haemagglutinins present in the
sera for vervet monkey red cells are incl uded.
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3.4, DISCUSSION.

It has been demonstrated that a haemagglutinih was
preesent in culture fluid from infecfed calf kidney cells,
No agglutination of red blood cells was observed by |
eontrol culture fluid from "normal” €alf kidney cell
cultures. The importance of the chbice of the red
| cell system was démonstrateﬂ. | |

Since the first report of bovine enteroviral haem-
agglutinins made by Mosco#ici & Maisel (1958), when
bovine br'guinea pig red cells were agglutinated by
several of their virus strains, most attempts at bovine
enteroviral haemagglﬁtihation have been made with these
red cells and those of rhesus monkeys, sheep, pigs, fowls
and humans of_the"o‘ blood type. Of all these cell
specles, only rhesus monkéy red cells were agglutinated
by ecbovirus SA 1. A large panel of red cells was not
always uéed by investigators of bovine enteroviral haem-
agglutining., While Kunin.& Minuse (1958), using chick
red cells only, were uﬁable to i&egtify a haemagglutinin
for their prototype LCRL virus, 1t%ﬁaa 1ater‘shgwn by
Inaba et al.(1962b) that this virus agglutinated horse
and shéep red cells as did BF 1 Virus, although the two
viruses were antigenically distimct from each ofher.
Verwoerd et al.{1967) 4id not state what red cell species
were examined by them in their attmpt to identify a |
haemagglutinin for ecbovirus SA 1 but it is likely that
they used only a few. o |

The age of the donor animal is of importance.

Before the use of Ca012 solutions as diluents in these

experiments, the first successful HA result waé obtained
when sheep cord red cells were employed. Nowhere in the
literature are there reports of sheep cord cells being |

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



.

optimal titres were obtained for Coxsackie B viruses
using red cells obtained from the umbilical cords of
new-born human infants, only partisl haemagglutination
being obtained with adult human type '0' red cells.
In the present study no haemagglutination at all was
obtained when adult sheep red cells were used. Further-
more, the titre obtained when using sheep cord red cells
was not elevated when 05012 solution was used as the
suspending medium. This suggested that the surface of
embrycnic celis differed from that of the cells obtained
from mature animals since cations (Ca'*) enhanced the
haemagglutination of adult rhesus and vervet monkey red
cells asnd allowed haemagglutination of horse red cells
which were not agglutinable in the absence of these
cations,. Due to thi§ 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 at "room temperatures" (approximately 20 - 2&0)
and that such cells were re-agglutinable on agitation
and reincubation at ho, parallelg those made by Inabs
et al.(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-engzymic elution mechanism, unlike
the enzymic elution mechanism manifest by the myxoviruses.
A further indication of the non-engynic naturé of
elution froﬁ red cells by ecbovirus SA 1 waé 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 uo 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 freshly-
collected cells, Had & viral enzyme been neceéaary
for elution of the virus from & 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 reacticn was of a physieal
rather than chemical nature, being mediated by electro-
static forces.

The aﬁility of immune sera to the virus to inhibit
haemagglutination, but not pre-immune sera, demonstrated

the specificity of the reaction.
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L. RELATIONSHIP BETWEEN THE VIRUS AND THE
HAEMAGGLUTININ,

Let. INTRODUCTION.

Hirst (1942) and Burnet (1942), investigating
strains of influenza virus and Newcastle disease virus
respéctively, first suggested that the haemagglutinins
of these viruses were the infectious virus particles
theméelves. 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 haemagglutinin is a function of the entire
surface of the particle. The haemagglutinin itself is
not a subunit of these viruses as the subunit instrumental
in attaching to red cells is monovalent and cannct 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 haemadsorbin
(Fazekas de St. Groth & Webster, 1964L).

Studies on the haemggglutinins of other virus
groups have revealed that the haemagglutinin may not
necesgsarily be the infectious particle. This was first
recogniged for the group of organisms now known as the
Bedsoniae and no longer considered to be viruses. In
this group of organisms the haemagglutinin was shown to
conglst of complexes of lecithin and nucleo-protein,
believed to be incomplete inclusion body material or
degredation products (Anderson, 1959). While it was
first believed that the haemagglutinins of the arbovirus
group were associated with the infectiocus particle
(Anderson, 1959), it has since been demonstrated by
Mussgay & Rott (1964), Stevens & Schlesinger (1965) and



L.

Parker (1966) that, in the case of those arboviruses
. examined by them, & further haemagglutinating component
was present in viral preparations which was separablé
from the infectious particie.

,Adéncvirus, polyoma virus, reovirus and enterovirus
. haemsgglutination is apparently a property assoclated _
directly with the infectious virus varticle. Since the
. First reports of enterovirus haemagglutination, human
and bovine, the virus particle has been impiicated as

the haemagglutinin.

- In order to contribﬁte further to the knowledge
in this field, some of the chemical and ohysical proper;
ties of the infectious particle of ecbovirus.SA 1 were
compared with the corresponding cechemical and physieal
properties of its haemagglutinin, The results suggested
that the.haemagglutinin was a property of the intacﬁ
‘viral surface, and was not dependant on whether the

particle was infectious or not.

h.2. CHEMICAL PROPERTIES.
L.2.1. Treatment of the virus with diethyl ether.

The sensitivity of the infectiocus particle and the
haemagglutinin to diethyl ether was examined by the
method of Andrewes & Horstmann (19&9). Anaeéthétie
ether (Natal Cane By~producps, Pty. Ltd., Natai) was
added to infeectious eulﬁure-fluid to 2 volume of 20%.
The mixture was shaken by hand and incubated at 4° for
20 hrs., belng shaken periodically during incubation.
Following incubation the ether was removed under reduced
presgure and infectivity and haemagglutination’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 in Table 5
demongtrate that neither the infectivity nor the haem-
agglutinin of ecbovirus SA 1 was adversely affected by

this treatment.

Table 5. Effect of 20% (v/v) diethyl ether on the
infectivity of, and haemagglutination by
eebovirug SA 1 after 1ncUbation at 40 for

20 hrs.
Sample : ~ HAU/ml pfu/ml
Ether-treated 32 L x 107

Control 32 L 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 (Difco; 1/250) the other acting as
a eontrol. Both bottles were incubated at 37° for
30 mins. Pollowing incubation the culture fluid was
rémofed from the Bijou bottles, made up to 10 ml with
chilled CaCl, solution to prevent further trypsin activi-
ty, and the virus was collected in a pellet by centrifu-
gation,at 5 - 6°, at 30,000 rpm for 30 mins. The super—
natant fluids were decanted and held for trypéin control
tests. These were perfcﬁméd 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° for 30 mins. On examination of the photo-
graphic plate after incubation it was observed that the
g€latine supportingthe photographic emulsion had been
digested, leaving clear areas where drops of the trypsin

supernatant fluid had been placed. No such clear areas
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occurred on the photographic plate where dropas of the
control supernatant fluid had been placed. These
observatione proved that the trypsin preparation was
biologlcally active.

The pellets reeovered afier ultracentrifugation
were eachlpesuépendedin 2 ml Ol M CaCl, solution
and the infectivity and haemagglutinin content. of these
suspensions was titrated.

' The results of these titrations (Table 6) show
that neither the infectivity nor the haemagglutinin of
ecbovirus SA 1 ﬁas adversely affected by incubat;on with

trypsin at a concentration of 2. mg/ml for 30 mins.

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

Sample HAU/ml pfu/ml
Trypsin~treated ' 16 2 x 107
Control 16 2 x 107

L.3. PHYSICAL PROPERTIES.

lie3s1. Thermostability.

Two-millilitre aliquots of virus iﬁfected culture
fluid were incubated at different temperatures for 30 mins.,
then titrated for infectivity and haemagglutiﬁin content.
The original infectivity titre of this culture fluid was
2 x 108 pru/ml while the haemagglutinin titre was 6lL.

HMean resultes of this experiment, which was performed
in duplic ate, are presented in Table 7. It was observed

that while the infectivity of the virus was destroyed on
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heating infectious culture fluid to 56°, the haem-

agglutinin was stable at this temperature for 30 mins.

Table 7. Effect of heating at different temperatures
for 30 mins on the infectivity and haemagglu-
tinin of ecbovirus SA 1.

Temperature HAU/ml pfu/ml
1O 64 C2x10f
37° 64 C 2 xad
u5° 6Ly 2 x 10°
56 ° 6l 1 x 107

L2462, Buoyant density.
4.3.2.1. Materials and methods.

/

Buoyant density determinations of the infectious
particle and hsemagglutinin of ecbovirus SA 1 were made
in preformed density graéients of CsCl using the technique
desceribed by Polson & Levitt (1963).

Infectious culture fluid, concentrated by pressure

dialysies ur used immediately after harvesting from infec=-
ted calf kidney cells showing cytopathic effect, was
partially purified and concentrated by differential
ultracentrifugation, and the regulting virus pellets were
resuspended in 0.5 ml 66 mM phosphate buffer pH 7.0 for
density determinations on the infectious particle, or
Ca012 solution for density determinations of the haem-
agglutinin. Eleven CeCl solutione ranging in CsCl
concentration from 0% to 60% (w/v) were prepared in
volumes of 1 ml in phosphate buffer (’or 03012 solution?.
The virus suspension in 0.5 ml phosphate buffer (or CcaCl,

solution) was mixed with 0.5 ml 607% (w/v) CsCl solution
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in phosphate burfer ( or CaCl, solution), resulting

in a virus suepension in 30% (w/v) CsCl. Using the
syringe holder described by Polson & Levitt (1963)
2llustrated in Fig. 5, a gradient of CsCl was formed in
a 5 ml syringe by drawing up O.4 ml amounts of each

CsCl dilution, beginning with the least dense solution
and O.4 ml of the solution containing the virus being
placed in the centre of the gradient. The pre-~formed
gradlent was carefully expressed into a 1% x 2" cellulose
nitrate Spinco centrifuge tube and allowed to stand at |
4° for 30 mins. to allow for inequalities to be ruled
out. The tube containing the graéient was then centri-
fuged at 30,000 rpm for 180 min. at 4° in a swing=-out
SW-39 rotor of the Spinco preparative ultracentrifuge.

Following centrifugation, droplets were collected
from these gradients by "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 fully. To this was fitted a needle which
in turn pierced a rubber stopper which fitted neatly
into the top of the centrifuge tube. The bottom of the
centrifuge tube was pierced with a 27-gauge needle and
droplets were collected through this needle by slowly
screﬁing down the syringe plunger, the air entering the
tube causing a controlled aiéplacement of fluid (see
Fig. 6). Aliguots collected in this way each consisted
of 4 to 6 droplets.

The refractive indices of these fractions were
measured in an Abbé refractometer (Hilger; Sciex
Seientific Instruments, England). The infectivity
titres of the fractions collected after centrifugation
in phosphate buffer were determined, while the haem~

agglutination titres of those obtained after centri-
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fugation in Ca012 solution were determined.

Standard curves were constructed of densities
against refractive indices, the densities of standard
CsCl solutions in phosphate buffer or Ca012 being deter-_
mined pykﬁometrically. From these curves the densities

of the aliquots were determined.

Le3.2.2.- Resultse. |

Standard curves, constructed as described above, are
shown in Figs. 7 and 8 respectively, for CsCl in phosphate
‘buffer and CaCl, solution. | |

"In Table 8 the results of an exberiment designed to
determlne the buoyant density in CqQI of the infectious
particle of ecbovirus SA 1 are presented. In this experi-
ment culture fluid concentrated by pressure dialysis and
having an infectivity titre of 2 x 109 pfu/ml was used.
The curve shown in Fig. 9 was constructed by plotting the ™
infectivity of the aliguots recovered against their densi-
ties. The' infectious particle was found tohave a buoyant
density in CsCl of 1.335 g/cc.
Table 8. Results obtained on centrifuging ecbovirus SA 1

in a preformed gradient of CsCl at 30,000 rpm

for 180 mins. CsCl solutions were prepared in
66 mM phosphata buffer, pH 7.0

Sample Refractive Density Infeetivityg
index g/cec pfu/ml x 10
1 1.3702 1.370 0.1
2. 1,3699 1.367 ' 0.1
3 1.3681 1.350 30
b 1.3669 1335 300
Se T 1.3662 1.330 170
6 143645 1.317 10
7 1.3626 1.295 L.5
8 1.3617 1.284 2.6
9 1.3602 1.270 2.7
10 1.3586 1.225 3.8
11 1.3578 1.24L7 3
0.5

12 1.3573 1.242




Pigure 7. Standard density curve for CsCl in
. bhosphate buffer. |

I-3700 | R - /r
» | | : ' [ J
o 113600
Z .
w : ®
> 1.3500 | / B
[ .
O
< |
x | /
" 13400 [
| /
1-3300 ' *

‘1000
1200
1-300 b
1-400

o
S
D

ENSlT'Y (g/cc)

Figure 8. Standard‘density curve for CsCl in
140 mM Ca012 solution.

1°3700 [ 1
x - :
w g, 3 o
w'1.3600
Z .
‘_ . ) /.
"% 13500 | A B
— ¢ :
U K ,
g ) ‘
< 1:.3400 / |
w . '
a | o
Io3300° j o o o o
o pt o o o
o - T o N
DENSITY (g/ce)



50.

Results of an experiment designéd.to determine the -
buoyant density ih CsCl of the haemagglutinin of ecbo-
virus SA 1 are tabulated in Table 9. In this experiment
freshly-harvested culture fluid having an infectivity

titre of 3 x 107-pfu/m1 was used.

Table 9. Results of centrifugation of ecbovirus SA 1
in a preformed gradient of CeCl at 30,000 rpm.
for 180 mins, CsCl solutions were prepared
in 140 mM CaCl, solution, pH 6e2e

Sample Refractive Density haemagglutinin

index g/ce HAUD/ml.
1 1.3712 1.390 10
2 1.3697 1.374 10
3 1.3682 1357 10
L 1.3660 1.334L 160
5 13649 14321 80
6 1.363L 1.305% 80
7 1.3630 14301 80
8 1.3597 1.265 40
9- 1.3580 1.247 10
10 1.3570 1.23%6 <10
14 1.3538 1.202 <10

On plotting the haemagglutinin titres of aliquots
collected in this experiment against their densities
(Fig. 10) it is seen that two haemagglutihating components
" existed in this virus preparation. This result was
confirmed in several similar experiments. The major
haemagglutinating component had a buoyant density in CsaCl
of 1.334 g/ec, which was the same as the density of the
infectious varticle, The minor'camponent had a buoyant.

density of approximately 1.30 g/cc.



Figure 9. CsCl density gradient plot of the distribution
0f infectious virus.
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4+.3%.3. Electrophoretic mobility.

4.3.3®1¢ Materials and methods.

The migration of ecbovirus SA 1 in an electric field
was studied by 2zone electrophﬁresis in sucrose density
gradients using the methéd and apparatus of Polson and»
Russell (1968). The migration of the infectious particle
and the hsemagglutinin waS‘ﬁeasured in relation to the -

migration of én internal reference substance, phénol red.
.Rﬁ values (van Regenmbrtél, 1968) for the infectious

‘ particie and the haemagglutinin were calcuiated by
comparing the distance of migrétion of the particles

to the distance migrated,by phenol red which was included
in the samples subjected to zone electrophoresis. Zone
electrophoresis experiments were conducted in buffers

of two different hydrdgen ion concentrations, namely

pH 8.6 and pH L.65. h

In experiments.performed_at pH 8.6 the borate buffer
of Polson & Russell (1968) was used. The final molar

concentration of this buffer was:

H4B04 0,035 M

NaCH 0.0175 M

HC1 0.0075 M

‘NaCl 0.073 M, the ioniec strength

of this buffer being approximately 0.1
In experiments conducted at Ph L.E5 2 succinic acid-
sodium hydrozide buffer, of ionic strength 0.1 was used.

The final molar conecentration of this buffer was:?

succinic acid 0.004725 M
NaOH 0.004725 ¥
Nacl | | 0.073 M

To 200 ml of double~strength buffer was added
160 g sucrose and the volume of this soclution was made

up te LOO ml. In the case of borate buffer solutions,
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the pH of thig L4O% sucrose solution had to be adjusted

to pH 8.6 by addition of avproximately 7.5 ml N/1 NaOH
solution due to the complexing of borate ions and sucrose
which caused lowering of the pH, No such adjustment of
pH was required in the case of succinic acid-NaOH buffers.
The sucrose solution and the buffer, which had identical
ionic étbengths, were steriliéed.by boiling.

The apparatus (Fig. 1?) was thoroughly cleaned and
sterilised by filling with boiiing distilled water. The
water was drained off and sterilebuffer was added from
the bottom through the tube Y, the large stopcock (B)
being open and the collecting funnel (Z) being in the I
lowered position (see Fig. 11(ii)). The LO% sucrose
solution was then similarly added through Y until it
had reached the ground-glass joint in the right hand side
column below the stopecock. Buffer was added to the
left hand eleetrode vessel (¢) fércing the sugar uv the
right hand limb until the interface between the buffer
and L4O% sucrose solution in the left hand side limb (A)
was Jjust above the gpound - glass Jjoint in this limb.

The collecting funnel (Z) was then raised to the position
shown in Fig. 11 (i) and secured in this position and

the stopcock B was closed. Excess 407 sucrose solution
in the left hand limb was run off through the collecting
funnel and the gradient was allowed to énter the electro~
phoresis column (A) through the capillary X.

The gradient-forming device (Fig. 12) consisted of
two flasks, A and B, joinfed together by a length of
capillary tubing. To flask A was added 150 ml buffer
and the neck of this flask was sealed with a rubber
stopper. To flask B was added 150 ml 4O% sucrose
solution and the neck of this flask was not sealed but
plugged with éctton wool. A sterile magnet wag added

to flagk A which was placed over a magnetic stirrer.



Figure 1l., Apparatus for zone electrophoresis.

P
-

A= electrophoresis column, B= large stopcock. C & D=
buffer reservoirs (electrode vessels). X= capillary
through which gradient'and virus added to the column. Y= °
.aperture used for the initial filling of the column. 2=
collecfing funnel. O= position of Vvirus band in column
before submitting to zone electrophoresis.

Figure”lQ. Apparatus for forming a sucrose density grad-
ient in the zone electrophoresis column.
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Flask A was connected by means of a length of rubber
capillary'tubinngith a Luer-Lok attachment to the
capillary tube ieading into the éleptronhoresis column
" at X. The magnetic stirrer was swiﬁched on, the stop-
cock bétween,the two flasks of tpe gradient;forming
device was opened, and the resulting increasing density
gradient flowing from flask A flowed intoc the electro-
pho:eéis column from the bottom. Due to the neck of
flask A being sealed, fluid leaving this flssk was
replaced with L4OY 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 thelrubber capillary tubing from the gradient-
forming device was disconnected.

Approximately 5 ml of the lower, most concentrated
part of the grédient was rgn-out of the electrophoresis
column through the collecting funnel,-ensuring that the
concentration of the sucrose solution at the bobtom of
the column was at most 35%;

Ecbovirus SA 1, concentrated from infectious culture
fluid by pressure dialysis or used as unconcentrated
material, was subjected to a cycle of differential ultra-
centrifugation. The resulting rellet was drained and
resuspended in approximately 3 ml buffer containing
spproximately 377 sucrose. A few grains of the reference
substance, phenol red, were added to the suspension which
\ was clarified by light centrifugation. The supernatant
suapension was introduced into the zone electrophoresis
column through the capillary X, employing the secrew-
dperated syringe holder (Fig. 5) and a 5-ml hypodermic
syringe so that the suspension was forced gently into
the column. Using & 20-ml syringe, approximately 15 ml

LO% sucrose 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 it. The collecting funnel (%)
was lowered to the position shown in Fig. 11 (ii).

The reversible silver-silver chloride electrodes
were placed in the electrode vessels (C énd'D) and
covered with a saturated solution of NaCl. The large
stopcock (B) was cafefully opened and the position of
the sample band was stabilised by adding buffer to the
electrode vessels to balan&e the band. The apparatus
was sllowed to stand for 2 - 3 hra. in order for
diffusion to form a density gradient across the virus
band. A direct current of 20 mA was anplied to the
column, the voltage gradient being 3 - 4 V/cm.
Exveriments were performed at room temperatures
(20%to 24°), a stream of air from a fan being directed
onto the apparatus to aesist in hgat dissipation. The
electric current was passed through the apparatus for
periods of 16 - 24 hre.

At the completion of a zone electrophoresis experiment
the current was switched off, the large stopcock (B) was
¢losed, and the collecting funnel was raised to the
upper position. Samples of 1 em célﬁmn length were
collected through the collecting funnel and titrated
for infectivity 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-
phoresis. gimilarly, the distance migreted by the
virus band was measuréa as the distance betweeﬁ the
midpoint of the original band and the midpoint of the
sample(s) containing the highest concentration of infec-

tivity or haemagglutinin.
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Le3e3.2e Results.

The results of an experiment performed at pH 8.6
are plotted in Fig. 13. The infectivity and haem-
agglutinin titres of the samples collected after elec-
trophoresis were plotted against their corresponding
rositions in the zZone electrophoresis column. In this
particular experiment the phenol red migrated a distance
of 16.5 em in 24 hrs. while the maximum inf