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Summarli

I s e

The principal aim of the investigation was to gain
detailed information on the structure and renlication of

canine distemper virus,

The first rart of the thesis was intended to vrovide
information on the growth of the virus in tissue culture so
that a method could be established Tor the rroduction of the
large quantities of virus required for structural aund
biochemical studies, The growth of the virus in secondary
dog kidney cultures, primary slveclar macrophasge cultures,

a canine embryonic cell strain, and the GH continuous dog
kidney cell-line was compared, Secondary dog kidney culiures
were the most susceptible to the virus but the highest

yields were obtained from the GH cells, By cowparing

different methods of infecting and maintaining the cells, it

was found that large quantities of virug could best be
obtained by infecting GH cells in monolayer and collecting
the medium two or three times per day, once a clesrly
recognisable cytopathic effect was nresent, At this stave,
virus accumulated rapidly in the wedium, maximum titreg
being reached within a few hourg of a change of medium;

its short half-life at 3700 w N7 minutes — precluded any

further increase in its titre,




The second pardt of the thesis describes an ultra-
structural study of CDV renlication, an attempt being made
to infect cells under, or nearly under, one-step conditions,
The earliest evidence of infection was the awnearance of
focl of cytonlasmic nucleocapsid 12 hours after infection,
Virus maturation occcurred by a budding process which
commenced at around 18 houvrs, and éontinued at maxirum rate
over the 2Li-72 hour veriod. A prominent feature of
maturstion was alignment of nucleocavrsid beneath the plasma
membrane, a fine fringe of surface nrojections heing nresent
ot the ouvter surface of the mewbranes ornosite the
nucleocapsid, Inclusion bodies occurred batween 2l and
L8 hours post jnoculstion, and consisted of foci of
nucleocapsid with a heavy deposition of fine granular

materizl,

Part Three was concerned with the development of a
sultable method for the extraction and identification of
cytoplasmic nucleocanpsid., Nvcleocapsid extracted with
sodium deoxycholate and banded in density gradients of

)
caesium chloride was found, by electron microscovy, to occur
in relatively short, rigid pieces, whereas that extracted
with the non~ionic detergents Sterox SL, Nonidet P-LO,
and Triton X-109, snd centrifuged throuveh caesium chloride,
more closely resembled the nucleccansid extrscted from
cells by osmotic shoczlr and examined without Turther
treatment, Based on electron microscony, Stervox SL anneared

to be the most satisfactory of the detergents tested for

extracting the nucleocapsid, esrecially when used in

14



conjunction with bovine serum albumin which scemed Lo
stabilise the nucleovcavsid, RNage treatment of inTected
cells labelled with tritiated uridine destroyed most of the
cell RNA and permitied detection of nucleocavnsid by
radiocassay, By this means; the buoyant deunsity of the

n

nucleocapsid in caesium chloride was found to be 1,28«

1.30 g/cc,

The aim of Part Four was to obltain a methed of
ﬁurifying the virus by equilibrium density gradient
centrifugation, The distribution of infectivity, radio-
activity and virus varticles in density gradients of
potassivm tartrate, suverose, 2nd caesium chloride was
compared, 'The sharpest banding was found in notassium
tertrate, The virus had a buoyant density of 1.22 g/ec in

. . . . / .
rotassium tartrate; and in svcrose, and 1,23 g/ce in

caesium chloride,

Highly concentrated and purified virus was then used
for the studies o¢f the viral vrolypeptides (Part Vive),
and the sedimentation coefficient of the viral nucleocapsid
and RNA (Part Six)., At lesst sgix polyvevtides were present
in the virus vparticle, but four of them were derived from
larger protein molecules., Two polypeptides were found to
be associated with the nucleocapsid, Rate zonal

sedimentation of the nucleccarsid and viral 3NA labelled

with tritiated uridine, indicated thst it occurred in

subgenomic lengths, This findina was unexrected since

| e



electron microscovy of nucleocapsid extracted by osmotic
shock and examined withovt further trestwert jndicated that
it exigted predominately in wnit tenaths of approximately
1.1 » which is regarded ass the length contairviing the full

genome of paramyxoviruses.

16



THTRODUCTION,

Since fivrst described by Jenner in LB0O9, canine
disvemper has been recognised as one of the most important
diseases of the dog. It.is a hizhly contagious acute ox

s

subacute febrile condition characterised by nasal and

ocular discharge, gastrointestinal and resviratory signs

and leukopaenia, Hyverkeratosis of the foot pads is seen

in some dogs. A proportion of affected animals devélsp
nervous manifestations and these may occcur either during
the acute phase of the disease or several weoks or even
months tater, Due to the intractable character of the
encephalitis, many affected dogs have to be destroysd and
euthanasia accounts for a high proportion of the mortality.
Other épecies in the Order Carnivora are also susceptible
to canine distemper and the mortality rate varies greatly

between gpacies,

‘

In 1905, Zarré reported that canine distemner was
cavsed by a virus, but it was not untilt 1926, when Dunkin
and Laidlaw carried out their c¢lassical studies, that this
wasg confirmed, Between 1926 and 1948, little further
research was carried out dbut since then, wany notable
contributions to our knowiedge of canine distewper have

emerged, These have recently been raviewsd in devall by

!



Appel and Gillesmpie (1972). However, relatively little
work has been done on the replication of the wirus and

ort its macromolecular structure,

Enowledse of the mechanisms involved in canine
distemper virus (CDV) replication should benefit research on
one of the most important asvects of distemper, namely that
of persiszstent virus infection of the central nervous system,
In man, i1t has been shown that measles virus can persist in
the brain in a non-~infectious form for a considerable
number of years (Hamilton et al,, 1973) but this defestive

/ :
infection eventually results in a fatal neuroclogical
disease known as subacute sclervosing panencephalitis (SIPE),
Since CDV is closely related to measies virus, antigenically
as well as structurally (Warren, 1940; “aterson et al,,
1963; Breese and de Roer, 1973), it mieht be exnected that
it too would be capable of rersisting in the brain in a
defective form, % vidence that this does indeed ccecur has
been provided by Lincoln et a2l, (1971;1973) in studies of
"0ld-dog-encephslitis™, Virtuzlly nothing is known about
the mechanisms by which the production of complete virus is

prevented in these animals., Before such mechanisms can be

elucidated, a fuller knowledge of normal productive CDV

infection is clearly required. This can be obtained most

readily from the study of viral replication in cell-culture.

Also, before the study of virsl revlication can be
exltended to the molecular level, it is obviouvs that the

macromoleculsyr structure of the virus must Tirst he




established, For example, if the proteins could be
extracted from purified virus and their individual
structural roles identified, then it might be possible

to determine their sequence and duration of synthesis
within infected cells., Thus, if such data were established
for productive infection, it should be possibdble to

identify any abunormality in virus protein synthesis

occurring in defective infection.,

The aims of the investigation under revnort were
concerned with providing further information on beoth of
those subjects, The work invelved, firstly, an
ultrastructural examination of CDV replication in cells
infected under one-step conditions and, secondly, the
characterisation of the viral proteing and RNA., The latter
study, of necessity, called for the development of methods
for (1) the growth of the large amounts of virus required
for biochemical study, (2) the purification of the virus
and (3) the extraction of nucleocapsid from infected cells

and intact virus particles.

A major part of this thesls i1g therefore concerned
with the solution of these problems, and it is hoped that
the information thus accrued will provide the necessary
technical backeground for fubure investications of oDV

strueture and replication.

The thesis is divided into =ix parts, viz,




1)

2)
3)

Development of a cell-culture system for the growth
of CDV,

o

Ultrastructural gtudies of' DV infection in GH cells,
Extraction and disolation of nucleoccavnsid from infected
cells.

Purification of the virus.

Study of the polypreptides of the virus.

Study of the size of the nucleocansid and RNA of the

virus,

[
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PART ONE,

INTRODUCTION AND RWVIEW OF THE LITERATIIRT,

In the study of virus replication, it is obviously
desirable that the cell~culture system employed should be
highly susceptible to; and canable of supvorting the
growth of, the virus to a high titre., Bubt if this is to
it is important that the system used shouvld be as aimilar
as possible to that occurring in vivo i.e., the cell~
cultures should be derived from the natural host and the
virus strain employed one which has not been adanted to
laboratory animals, embryonated eggs or cell-cultures
derived from species which are not naturally susceptible,
In the case of CDV, there is mo cell«virus sysbem which

fulfilly both of these criteria,

The Onderstevoort and Lederle strasins of CDV, both
of which are hichly egg-adapted, will grow in cultures of
chich embryo fibroblasts, ITrrespective of the comvosition
of the medium emnloyed, the former strain vroduces a
cytopathogenic effect (CPR) characterised by rounding up
and fragmentation of the cells but the Lederle strain will

only produce this effect if the cells are maintained in



squal volumes of bovine amniotic fluid and Farle's saline
containing 2% calf serum (Karzon and Bussell, 1959).
Maximum titres of viruvs range from loéPFU per mk with the
Onderstepoort strain (Bussell and Karzon, 1962) to
1Oh.5EID50 per ml with the Lederle strain (Cabasso ct al,,
1959)., Both can be adapted to the Vero line of African
green monkey kidney cells (Shishido et al,, 1947), virus

-
titres reaching around 107T7TD per ml, but neither caun

50

be serially propagated in dog cell-cultures (Bussell and

Karzon, 19h5a).

A remarkable varisnt of the Onderstevoort strain wag
described by Bussell and Fargon (1965b). This arose
during the first passage in AV~3 cells (dontinuousg human
amnion) of virus which had been passaged 6l times in chick
embryo fibroblasts and 13 times in ferret kidney cultures,

Titres of 6,0 - G.ElogloTCID per ml were obtained in

50

AV~3 cell~cultures and the virus proved highly

cytopathogenic for both primary rhesus monkey kidney cells

and continuocus. green monkey kidney cells, It also was

eytorathic for the Fieldsteel line of continuoue dog kidney,

which was shown to be refractory to all other Onderstevoort

variants tested, Subsequent work (Rankin et al,, 1972)

v g

showed that titres of un to 10?'5T?TDSO ner Ml were obtaine

able in AV-3 cells infected with this variant, Hev-2 cells

were also Tound to be highly suscentible to it (Phillins

and Bussell, 1973) and vrovided higher yielﬁswa virus than

did Vero cells {Appel and Robsbna 1973).

L g



It would seem that the Bugsell verliant of the
Onderstepoort strain represents a rare mutant. Thus the
parent virus péssaged Gl times in chick embryo fibroblasts
could not be continuously cultivated in AV=3 cells and,
after 13 passages in ferret kidney cultures, failed o
grow in the Fieldsteel line of continuous dog kidney cells
3

r}
0) Al
TOID5O

1ine of continuous human amnion (Bussell and Karszon,

and grew to a titre of oniy 10 per ml in the WS
1965b), Its importance lies in its suitability for
neutralisation tests (Appel and Robson, 1973) and certain
biocchemical studies (Water= and Bussell, 197l) though, for
the reasons aiveady given, 1¢ts passsge history makes it
less than ideal for studies on the natural cell=-viprus

interaction,

Simian cells have been used for the growth of two
other strains of CDV, Harrison gﬁmgi, (1968) first adapted
the CSL (Commonwealth Serum Laboratories) strein to
ferret kidney cultures and from there psasssaged it 37
times in the diploid celli-strain BS-C-l derived from
African green monkey kidney cultiures., This was done ag a
maans of attenuating the virus for vaccine production.

6TCIDSO per ml were obtained bubt not

Yields of 105—10
bef'ore the ninth day poste~inoculation, when larse syncytia
cccupied tne whole of the cellesheet, Lavender and Bewaey
(1973) adspted an attenuvatved variant of the .Snyder Hill

gstrain to the LLC»MKZ line of continuvous rhesus wmonkey

kidney, agaln for vaceine production, Titres mostly



rangec from 103°7 to 10&°7EID50per ml and since a CPE

wasg never seen in this system, it was possible to make
multiple barvests of infected culture medium, Other than
this, neither of these systems seems to have any special
advantage over that of dog cell-cultures infected with a
gtrsin of virus adapted directly to them,

Isolstion of virulent CDV in dog kidney {(DK) cultures
was first reported by Rockborn (1958). Forty-twe days
after the inoculation of primary monoclayers with serum
from an infected dog, he observed generalised degeneration
and vacuolation of cells, During subsequent passsge, the
time taken for the production of a CPE dronped ravidly

until, by the eignth pagsage, only two days were required,

By the fovrth day, numerous syncytia were scattered
throughout the cell~sheet, Bittle et al, (1961) isolated
virus by inoculating DK cultures with a suspension
prepared from the spleen of an infected dog. The time
required for this strain to produce a CPE was grédually
reduced from 18 days in the initial passage to nine days
by the 2lst passage, after which no further reduction in
time occurred. In unestained preparations, the CPE was
characterised by vacuolation which resutlted in the
development of lace-like islands throughout the monolayer,
In stained preparations, these islands were geen to be
syneytia containing up to 60 nuclei, Serisl-studies,

however, showed that syncytium-formation vas oreceded by

I



the apvezrance of acidophilic c¢ytoplasmic Inclusion bodies,
these Leing found up to threes days before syncytia were )
observahle, Acidophilic intranuvclsar inclusions ware
produced at about the sawme time as the syncytia but
Gecurred Iin single cells as well as in the latter,
Taufectivity titres of the iSth, 16th, 20th and 2lst

pagsanges ranged from only 101°7 ©o 102‘?TCIDSO per 0,2 ml,

Ag Harrison et al, (1968) stated, virulent CDV is
ndt easy to grow in cell-~culture, Despite repested
attempts, Cabassc et al, (1959) were unable to isolate
the virus by the inoculation of cultures cof dog and ferret
tissues with suspensions of organs from infected enimals,
Hopper (1959) inoculated DK cultures with virulent virus
but when the third blind passage was tested for infectivity
by ferret inoculation, it proved negative, Virus survived
for four blind passages in ferret kidney cultures and for
two blind passages in ferret trachesl cultures, These
results suggested that ferret cultvres might be more
susceptible than dog cultures and furtner suprort for
this hyvothesis came from the work of Vantsis (1959)
who found that ferret kidney cuvltures were more suscevtible
than monolayers of dog lung which, in turn, were slightly

more gsensitive than DK cultures.

Bugssell and Karzon (196%a) attempted to isolate the
Snydeyr Hill strain of virus by the incculation of a
suspension of infected spleen into both dog and fervet

kidney cultures but, despite two blind passages at 26 day
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intervals in the DK cultures and =ix passages in the
ferret cultures,; no CPE was seen, TFailure also attendsd
throe avtempts to isolate virus from natural cases of
distemper by the inoculation of DK and ferret kidney
cultures with suspensions of spleen, A much groster
measure of success was achieved by Vantsis (1959) who
reported tnhe isolation of viruvs from nuterous cases of
distemper by the inoculation of heslthy culturesg with
material from those animals, However, althoveh cultures
incculated with blood or organ susvenzions from csses of
early acute distemﬁer showed a CPE within as Jittle as
three to four days, four to five weexs were required when
the material was taken from advanced cases of the disease,
this variation being considered due to differences in the

amounts of virus present in the inocculum,

In an attempt to find a more sensitive method of
virus isolation, Vantsis (L959) prepared monoiayers from
the kidneys of experimentally infected ferrets and from
the lungs and kidneys of naturally-infected dogs, In this
way, virus was isotated from one or both orgsng of 12 dogs
and seven ferrets, & CPE being observable as esrlily 88 six
or seven days following seeding of the cells, The same
method was employed by Cornvell et al, (1965) in the
adaptation to tissue~culture of the Glsscow 841 strain and
by Herrison et _al, (1968) in the adaptation of the CSL
strain., Kasza (1968), Thiel et al, (1958) and Smith

et al, (1970) also used this technique successfully,




Bussell and Karzon (L9eS5a), on the cther hand, succesded
in only one of five attenplts to isolavte virus by the
direct growth of kidney cells frow naturally-infscted
dogs. In the one successful attemnt, a few small

cytovlaamic inclusion bodies were seen on the 1l6th day

post seeding, but syncytia were not found until the 34th
day, The yield of virus on day 30 was only

1.2

10 m101°5TcID,O per ml,

5

4 more sensitive method of isoclation was desscribed
by Appel and Jonas (1967), These workers prepared,
cultures of alveolsr macrophages from SPF dogs and
inoculated them with virulent virus, In all cases,
syneytla were produced within two to five days of
inoculation and virus replication was shown by sevisl
yassage, Syncytia were also found when alveolar macrophage
cﬁltures were prepared from dogs with acute disvemper,
Similar results were obtained by>WPight 8t al, (1974) ana
by Poste (1971), The latter prepared cultures of
alveolar, hepétic, splenic and peritoneal wmacroohages
from neonatal dogs and ferrets., Two virulent and one
attenuated strain of virus werse found to grow in sach
type of macrophage culture, titres ranging from
102‘7 to 103'&TCID5 ver ml for the attenuvated virus and
108'7 to 10”°5TCID50 per ml for the virulent virus,
Syneytium-formation with cytoplasmic and intranuclear

inciusions was found in all virus-cell combinations, but

marked nuclear abnormalities were detected only in




alveolar mwacrophages infected with virulent virus,

Poste (L970) also found that suzpension cultures of dog
lymphocyutes supported uvne growth of virulent virus.
However, in none of these sygtems did the titres produced
exceed those obtained by Imagaws et al, {(1L963) and
Cornwell ot al, (1L970) from MDCK cellizs (Madin and Darby
continuous canine kidney) infecte? with the Rockborn and
Glasgow B4l straing of virus resvectively: Imagawa et al,
(1963) reported that titres of up to 1OM‘5TCTDSO ner ml
could be obtained for at lesst L5 weeks from these celis,
Furthermore, by passaging the virus four times, ecach time
with a greater number of cells and more virvs than on the
previous occasion, Cornwell ot _al, (1971) managed to
obtain titres of 105°5 to 106"‘r”f['G:[DBAO per ml, sufficient
when concentrated by ultracentrifugation to permit the
infection of cells under or nearly under one«-step
conditions. It therefore secemed that wuse of a dog
kidney cell-line misht be tne most swvitable celi~system

for the author's proposed studies,

The aim of this vart of the investigation was to
find a system for producine the guantities of CDV
regquired for the study of virvs structure and reoviicstion,
This work commenced with & brief investigation of the
quantal 8ssay system in general use Tor tne titration of
dog-kidney adavrted stvraing of virus (Experimgnts 1.1 and
1.2). This system was then applied to a comparison of

virus producvion in four tyves of canine cell-culture, 8s




described in Experiments 1.3 and L.4. A study was then
made of somg variasbles governing virus production and a
method of ovroducing larges amounts of virus was avolved

(Experiments 1.5-=1,8),
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MATERTALS AND METHODS .

(1) Primary and secondary dog kidne:\r’cnlturesa Cuitures

of dog kidney cells were prepared by a wmodification of
the method described by Vantsis {(1959), Donor animals
were mostly "“strays" awaiting destruction and consequently
varied widely in age and breed., Kildneys were rewmoved
agseptically and the cortices were flnely minced, The
tissue fragments were washed with phosphate buffered
saline (PBS) and then transferred to a flask containing
0.25% trypsin in Earle's balanced salt solution (P3S),
This was placed onn a magnetic stirrer and trypsiunlsation
allowed to proceed at room tempsrature for 1% hours, The
cloudy suspension thus produced wag discarded and replaced
with fresn trypzin solution. Digestion was continued
over-night at u°c, acain with the aid of a magnetic
stirrer., The resultant cell susnsnsion was filtered
through & double layer of gauze and cells gsedimented dby
centrifugation at 500 rpm for 20 minutesg in an MSE Major
centrifuge. The supernatant was digcarded and the vpacked
cells were resuspended in Earle's BSS containing 5% calf
gserum before being transferred to several graduated
centrifuge tubes and deposited by centrifugation at 800
rprm for 10 minutes in a MSE Minor bench centvifluge.
Foliowing removal of the supernatant, the packed cell

yolume was read and the cells wers resuspended in 100




times their ouwn volume of Earie's BSS containing 0.25%
lactalbumin hydrolysate (LH) and 10% csif serum, The
caell suspension was then incculated elther into ruller
tubes ( 1L ml each) which were incubated at 3?00 &3
stationery cultures or into 8oz, prescription bottles
(20 ml each), Complete monolayers were generally formed

in five days,

Secondary cultures wore prepared by trypsinising
monolayers grown in 8oz, prescrintion bottles, The gell
sheets were washed twice with 20 ml of wvre-warmed (3700)
PBS free of caleiuwn and magnesium iong but contsining
0.,02% sodium versenate, An egual voiume of the same
solution, but this time also containing 0.125% trypsin,
was then inoculated into each bottle asnd the latter were
maintained under microscopic examination in a “"hot room"
at 3700, When approximately 50% of the celis had rounded
up, the trypsineversene mixture was discarded and the cells
were allowed to detach into ths residual fluid in the
bottlie, They'were then resuspended in Farlse's BSS
containing 0,25% LH and 10% foetal bovine serum (#BS)
and dispensed into 30 mm or 50 mm petri dishes or roller
tubes according to requirements, The cells from one Boz,
bottle provided monolayers within two days in eight 30 mm

dishes or five 50 mm dishes or 20 roller tubes,

(2) OH ce1l cultures, The GH cell-line was derived by

serial cuttivation of a secondary grevhound kidney culture

o)



in which foci of tightly=-packed, polyhedral, spithelisal
cells had spontaneovusiy developed. The cells were
morphologically indistinguishabie from those of the

Madin and Darby dog kidney (MDCK) ceil Line but differed
from them in karyotype and in thelr preatver resistance

to canine herpes virus (Cornwell, unpublished work),
Stock cultures were grown and maintained in Boz,
prescription botvles, For seriai culbtivation, monolayers
were disageregated by the sgame method as wes used for the
rroduction of secondary dop Kidney cultures., The zsplit
ratioc was normally one to four and when 20 miL of cell
sugpension was seedad into an 8oz, bottle and insubation
carried out atv 3700, moiclayers were formed in three days,
Growth medium consisved of Earie's BSS containing 0,25%
LH and 10% ¥BS, For the maintenance of established
monolayers the above medium, but containing oniy 2% FBS,
wag employed., The medium was changed every threee to four

days.

(3) Whole canine embrve cultures. The foetuses were

removed aseptically from donor bitches and were finely
minced, The tiszsve fragments wsre washed in PRS and then
treated with 0.25% trypsin In Tarle's BSS for b5 minuvtes
at room temperature on a magnetic stirrer, The resultant
suspension was discarded and the tissue fragments were
re~exposed to fresh trypsin golution for 30 .iinutes under

the same conditions as kefore, The cell suspengion thus

obhtained was filtered throush gauze and the cells were
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gsedimented by 10 minutes centrifugstion at 800 ypm in an
MSE Minor bench centrifuge. The supernatant was poursed
off and the devosit resusvended in a small volume of
Barie's BSS conteining 10% FBS before centrifuzation in
graduated tubes at 500 rpm for 5 minutes for determination
of the packed c¢ell volume. Following removal cf the
supernatant, the cellis were.resuspended in 100 times their
own volume in Earte's BSS containing 0,254 LH and 10% FRS
and inoculated into 8oz. prescription bottles, 20 ml

per bottle, Monolayers formed within 2zl hours of incubation
at 3700 and,; fTrom these, secondary cultuveg were wvreparod
in 30 mm and 50 mm pafri dishes and in roller tubesz by

the same method as was employed for the DK cells,

Several further subecultures were made employing a anlit
ratio of one to two; under these conditions,it was found
that 20=30 tubes or 8«10 30 mm plates covnld be produced
from one B¢z, bottle, monolayers forming in 48 to 72

hours.

(1) Canine alveolar macrophage cultures, The larynx,

trachea and lungs were removed immediately after euthanasia,
care being taxen that no incision of the lung tigsue wag
inadvertently made, The larynx snd the first two inches
of the trachea were removed and a filter fumnel inserted

into the remaining portion of the trachea, the stem of the

funnel being of sufficient diameter to ensursé a reasonably
tight fit, Farle's B3S was then poured into the funnel

wmtil the diaphragmatic and curdlac lobesg of the lungs




appsared fully distended with fluid. Tn the cazse of
larger breeds such as the Alsatian, almost two litres of
- medium wore requlred for complete distension, Foeollowing

gentle massage of the lungs, the contents were emptied

into 250 ml centrifuge bottles which were spumn at 1500
rpm for 15 wminutes, The sedimented cells were resvapended
in & small volums of Farle's B3S and centrifugsd at 1500
rpm for 15 minutes in gradusted tubes to measure their
lpacked volume and were.then resuspended in 50 times

thelir own volume of.Earle's BSS conteining 0.29%% LH and
10% FRS, The cell. suspension was Inoculated into roller
tubes or petri dishes, and, after {our bours incubation at
37°C¢, the fiuid was removed and replaced with fresh
medivm of the same composition. The medium was changed
again the following day, by wnich time a conszidersble
number of celis had detached from the substrate; bub
thereafterp further detachment was stow, At first, the
cultures were composed entvirely of round, vefractile cells
but fibroblasts generally appeared after seven to 10 days
and rapldly foﬁm@d dense monolayers, though some round
cells remained recognisable within the monolayer for

several days more.

The number of macrophages ottained by the above
technique varied widely from dog to dog. While large
numbers of cells could readily be obtained from dogy with
inflammstory chenges in their lungs, relatively few tube

or plate cultures could be obtained from the lungs of
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normal animals and the proportion of cells attaching to
the substrate or sueviving the first 24 houra of

incubation was often disappointingly low,

(5) Virus strains., The virus used was of the Rockborn

strain, cbhbitained in the form of the commercial freezew
dried vaccines "Caninovad“ (Hoescht Pharmaceuticels)

and "Vaxitas" (Taaman Vaccine Laboratory (U.K.) Limited),
The intectivity titres of three batches of vsccine were
measured by the method described beiow and found to vary

from L0d°7TCIDqO per ampoule to 103

of ;
ToID o 1
IDbO Do ampoule.,
The CPE produced by the vaccine virus in primary o@
secondary dog kidney cultures consisted predominantly of

strand-formation,

Most of the work was carried out with a line of
virus passaged 13 times In vprimary or secondary dog kidney
cultures and then adapved to GH celis as described below.
The initial passage was made by infecting a Loz, bottlse
of secondary &og kidvney cells with three ampourtes of
vaccine, Ten days incubation was required for the
development of an extensive CPE dbut, on subsequent passages,
most of which were made with a one in two dilution of the
previous passage (whole-culture frozen and thawed once),
strand-formation apveardd within 48 hours of inosculation
and involved almost the whole of the cellssliset by the

end of vhe fourth day. Culture medium collected from the

third passage on the third day after inoculation was




-
found to contain 10)°5TCID por mi and, glthough the

50
infectivity titres of subseguent passages were uol
measured, there was no lessening in the speed with which
the CPE developed: thug, aven at the 20th passace in DX

ks 5 ? 4 A
collg, an extenaive CPE was produced by the third day pozt
inoculation, It would seem, therefore, that vrolénged
passage at a one in two dllution had no adverss effect on

virus replication, The significeunce of this will be

discussed in Part Six of thiz thesis,

Two loz. bottles of secondary DK cultures infected
with the L2th passage of the above Lline of virus wers
harvested by freezing and thawing,-mixed with an equal
veiume of fresh malntenaunce medium and inoculated into a
Loz, bottie of freshly-monolayered GH cells. Cell
growth continued over the succeeding four days, at the
end of which the monolayer consisted of a masgs of small,
tightly packed celis. As there was nce evidence of
cytopathic changes, the cells were removed from the glass
with trypsianersene and inoculated into an 8oz,
praescription botvle, Although a new monolayer formed
within 36 hours, syncytia also appeared during this time
and, by the end of another two days, the CPE had become
extensive, Further passages were made by infecting GH
colls in suspension,; the inocuvla consisting of a one in
two dilution of frozen znd thawed cultures from the
previous passgsage., Under these conditions, syﬁcytia

usually appesared within four days of infection (range
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two to six days) and spread sufficiently rapidly to allow
harvesting by about the eighth day post iufection, A

" large pool of culture fluid was prepared from the second
to the seventh passages in GH cells (mostly from the
gixtn and seventh passages), This was designated VPL
(Virus Pool 1), dividéd into a number of alicquots and

stored at =75°¢,

Other lines of virus were prepared by adapiting the
vaccine directly to GH cells. In these instances;
adaptation was a much slower process than that described
above, as the following account will demonstrate, Two
oz, bottles of freshly monolayereé nH cells were sach
Infected with four ampoules of vaccine, There being no
CPE at the end of tne second weesk post inocculation,; the
cells were removed from the glass in one bottle and
divided between two 8oz, bottles, New monolayers formed
within two days of reseeding and a few syncytia were

noted after a further two days, However, it was not
until about eight or nine days after reseeding that

gsyncytia were at all numerous. Moreover, the cells in
the original Loz, bottle wuich had not been reseeded
remained normal until finally discarded 34 days afver

inoculation,

(6) Assay of viral infectivity, Infectivity titrations

were performed by the quantal method of agsay in-

stationary roller-tube cuvlturesof primary or secondary

Y



dog kidney c¢slls, Ten=fold dilutions of virus were
prepared in Earle's BSS containing 0,25% luctaldbumin

" hydrolysate and 5% calf serum, Fach dilution was
inoculated into five tubes, 1 ml per tube, and five hours
allowed for virus adsorption before removal of the
inocculum, Medium was changed twice weekly and the end-
points read on the 1l3th day poust infsection., Infectivity

titres were calculated by the method of Kirber (1931).

(7) Staining procedures for lieht microscopy. Where

appropriate, monolayers of cells were grown in 50 mm
plastic petri dishes containing glass coverslins, At
intervals after infection, coverslips were removed and

the cells stained with haematoxylin and eosin following

fixation for three hours in mercuric chloride«formol,

+
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FXPERTMTNTAL PROCTEDURTS AND RESULTS,

EXPERIM-NT ] 7]

The Susceptibility of Four Different Tynes of Canine

Cell Culture.

The principal object was to determine whether or
not a more susceptible culture system than that provided
by the DK cultures could be found. For this purpose,
stationary roller tube cultures of 5H cells, canine
alveolar macrophages, secondary DK cells and secondary
whole dog smbryd cells were infected with 10-Told dilutions
of stock virus grown in GH cells, fdive or six tubeg being
used per dilution, snd examined wmicroscopically at dajly
intervals from the seventﬁ to the 21st dav post
inocuvlation., The infectivity titres were calenlated from
the 507 end~points read on the 17th day post inoculation,

by which time the end-vnoints had become fixed,

In GH and DX cultures inoculated with a 107% dilution
of the virus, syncytia were found on the third day post
inoculation and increased rapidly in number over the
succeeding few days., At lower virus input, however, major
differences in the scale and distribution of the CP%

arvse between the two types of culture, Thus, whereas, by

s .
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the ninth day post incculation, tubes of DK cells
inoculated with a 107> dilution of virvs contained large
‘humbers of syncytia'which were randomly distributed
throughout the cell sheet, tubes of GH cellg contained
very few syncytia, these being Tound almost entirely in
the sparser regions at tne periphery of the monolayer,
Since Iérge, granular, sometimes bi~ or tri-nucleate

cells were always present at the verivhery of normal GH
moﬁolayers, detection of the CPE in GH cultures inoculated
with high dilutions of virus was difficult unless the cells
were maintained for at least 17 days vnost inoculation.

In DK cultures, on the other hand, limiting dilutions

always produced a clearly recognisable CPE within 12 days.

Cytopathic changes developed more slowly in CE
monolayers than in cultures of DX cells thouzh, as with
the latter, syncytia were digtributed randomly throughout
individval monolayers. Limiting dilutions of virus
produced a CPE within 16 days of inosulation., Obvious
syncytia were not seen in cultures of alveolar macrovhages
but there was a steady loss of cells from those cultures
from about six days vost seeding onwards, The infectivity
titres of the virus suspension in various cultures were

as follows:




Cell type " Titre of virus, lﬁglOTCIDBO perr ml,
Secondary DK cells 5.5
GH calls le3
Sécondary CE cells 3.7
Alveolar macrophages €0,5 +

+ the lowest dilution used was 10~%

Thege resultys indicated that the DK celis were approx-
imately 15 times more sensitive then the GH cells and

u

about 60 times more susceptible than the CE cells,

g1



BEXPERTMENT 1.2

Some Factors Governing the Reproducibiliby of the Results

Obtained from the Aszsy System,

Before theo decision was made to adont DK cultures
for all subsequent titrations; it was felt that a brief
investigation snouid be made of several factors which
might possibly influence the susceptibility of the cells
and hence the sensitivity of the assay, The first of
these was the age and breed of the donor animal.and,
since the amounmt of time which could be allotted to this
investigation was Limited, it was decided to comnmare the
susceptibility of cells derived from two animals of
widely dissimilar age and breed, For this purrose,
10=f0ld dilutions of stock virus were prepared and each
dilution was inocuiated into DK cultures derived from
(a) an eight week 0ld unvaccinated collie and (b) an‘
eight year old greyhound which had received distemper
vacecine at two-yearly intervals throughout its life.
Seven tube cultures from each animal were used for each

dilution of virus, the results being as foliowsi=

Donor Titre of virus, loquTCIDKO ner ml,
Eight week old collie be)7
Bight year old greyhound L o2l

From thisg, it appesred that the age, breed =2rid immune
statug of the donor animali was unlikely to have any

marked effect on the sensitivity. of the assay,




The mnext parameter examined was the awe of the
monclayer, Ten-fold dilutions ol stock virus, each
gsufficient for ths incculation of 15 tubes, were made up
in Tarlie's BSS, 0,25% lactalbumin hydrclysate and 10%
cell serum and stored at méSOC, After one hour, 5 ml of
each dilution was thawed and inoculated into tubes of
primary DK ceils seaded four days previously, 1 wl into
each of five tubes., At this stage, the cultures were not
guite confluent, about 90% of the glass being covered,
At nine and 17 days after seeding of the cells, further
inoculations were made wlth the stored virus dilubions,

The results were ag follows e

Ago of Monolayer  Titre of virvs, 1og10TSID50 per ml,

in days
L hel
9 el
17 b3

From these results, 1t appeared that the age of the
menolayer was unlikely to have any marked effect on the

susceptibility of the cells,

Comparison was also made of the relative
susceptibllity of primasry and secondary DK cultures
derived from the same animal, five tube~cultures of sach
type being used per 10-fold dilution of virus., The

results were as folliows:tie

A
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Titre of virus, loglOTCIDSO ner mll
Virus stock
Primary Culture Secondary Culture
1 6.1 6oL
Primary Culture
2 5.1 5.1

From these, it seemed that ths two types of culiture were
of comparable sensitivity; chelce between the two wag

[ 4

therefore solely a matter of convenienco.

The 1last parameter briefly investigated was the
variation in plating qfficiency with different voiures of
Incculum, Ten~fold dilutions of a virus svsnension were
prevared and each inoculated into 10 tubes of nrimarﬁ DK
cells, flive of these receiving an invculum of 0,1 ml, and
the remainder the standard 1 ml, After flve hours at
3700, the inocula were replaced with fresh maintenance
medivm and incubation continued. The results were as

follows:=

Volume of inoculum  Titre of virus, loglOTCIDSO per ml,
0,1 ml, 1.3
190 m]. 207

Plating efficiency therefore seemed to be higher with the
larger inoculum, This may have been due to "ioss™" of virus
from the smaller Inoculum by adsorption onto the glass
abocve the monolayer, Accordingly, it was decided to
standardise on an inoculum of 1 ml in all sﬁﬁsequent

titrations,




In owrder to estimate the likely experimental ervor
when five tubes were used per dilution, duplicate
titrations of three aifferent batches of virus were
carried out in primary DK cuitureé, the first usineg

1.0 logy, dilution steps and the remainder OGSloglO

dilution steps, two semarate series of dilutions being
made up for each virus susrension., As the following
figures indicate, there was a difference of only one

positive tube within each pair of titrations.

Virus Dilution .
Titre of virus, 1ogloTCIDSO per ml,
suspension gteps ’
First titration Second titration
1 1.0 loglo 2,50 270
2 0.5 Log,, 3.65 3.75
- r' P

On the basis of all these results, it was concluded that
the standard method of assay employed nrovided a valtid
means of comparing the infectivity titres of different,.
svuspensions of virus, even when individual titrations were
pérformed with monolayers of different age and derived
from different animals, though variations of 0.2ioglo
could be accounted for by eknerimentai error and therefore

raegarded as statistically insignificant,



BXPERIMENYL 1,3

The Growth and Cyvopathogenicity of the Virus in GH Cells
"Secondary Dog Kidney Cellg and in a Strain of Canine Whnle

Embryo Cells,

\

Although the DK cells had been found to be more
susceptible than the other cells tested, it couid mobt be
aggsumed thalt they would support the growth of the virus to
a higher titre, In order, thersfore, to determine the most
suitable cell system for the growth of new virus stocks,
30 mm petri platesg of GH; secondary DK and secondary CE
colls were infected with the same stock viruvs as was used
in Experiment 1,1, 2 mi of undilute’ virus ner vnlate,

In addition, three 50 wm plates containing cbverslip
cultures of the three cell types were each infected with

L ml of the same undilute virus, Virus adsorption was
allowed to rroceed overnight, following which the inoculum

was removed and replaced with fresh maintenance medium, A%

daily intervals from the second day post infection (PI)
_onwardé, the fluid and cells were harvested separately
from one platé of each type, the c¢ells being removed from
the plastic substrate by a silicone rubber poliiceman, and
stored at =75%¢ pending assay of viral. intectivity., The
plates were examined by phase contrast microscopy at dally
intervais and coverslips removed every secoﬁﬁqday, fixed
in corrosive formol and stained with haematoxviin and

ecsin for the demonstraition of inclusion bhodies, The

46



Figure 1, Syneytia in a secondary DK culture stained
with haematoxylin and ecsini Note the random arrangement

of the nuclei and the ring of inclusions (arrow), X250

Pigure 2, Syncytia in a culiture of GH celLls, stained
with haematoxylin and eosin, The nuclei are arranged

in a ring. XILOO
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mediuvm in the remaining plates wag replaced on the

fourth, seventh and 10th days yost inoculation,

Uytopathic changes svread most rapridiy in the
cultures of DK cells. On the sscond day post incecuwlation,
the cytoplasmic inclusion bodies were found in 2 swmall
number of mononucleated cells and in cells with uvp to
five nuclei though such polykaryons were rars, Dy the
fourth day, syncytia were fairiy nuvmerous and were of
characteristic appearance, with the nuclei, usuvally 5-15%
in number, arranged randomly within a ratner larpe mass
of granular cytopiasm and with the inclusion bodies
forming a ring just inside the periphery of the cell
(Pigure 1). The number of ceslls with inclusions continued
to inercecase until, by the eighth day PT, virtually every

cell contained one, At this stage, approximately hait

the nuclei present wers inocrpofated within syneytia but,
by the tenth day PI, very few mononucleated cells remained
and retraétion of the cytopiasm during fusion had resuited
in the formation of many irregutar spaces, Some syncytia
contained as many as 50 nuclel but most possessed between
eight and 20, From tne sixth day PI onwards, retraction
and detachmenv of the syncytia was observed and,. as each
began to retract, it adopted a more three~dimensional
configuration and becuame highly refractile, Retraction
did nov alwaysg occur unliformly over the whole svrface in
contact with tne substrate) certain areas of the nissma

membrane seemed to remain firmly adherent to the



Figure 3. Syneytia in a culture of GH cells, unstained,
The syncytium in the centre: of the pieture is rounding
up. Uneven retraction of the cytoplasm has resulted in
the formation of "branches": (arrow). To the left is a

syneytium in which the process of retraction has been

completed (crossed arrow). X300

Figure li, Retracted syncytium with a large vesicle

appended (arrow), in a culture of GH cells,

unstained, X300
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substrate so that when the retraction of the remainder

took place, the volykaryon adopted a crab-lilke appearance,

In the GH cultures, the ZPE spread much more slowly,
Bvidence of infection was first seen on the secend day Tl
when moderate numbsrs of small syncytia were present, These
possessed lj~6 nuclei which were arranged in a circle below
the cell surface and enclosed an Iintensely eosinophilic
area of cytoplasm. Inclusions were rare in these cells
and were found only in a very small number of
mononuclested cells.g By the fourth day PI,;, however, many
of the syncytis contained inclusions sandwiched between
the cell surface and the ring of nuclei beneath it
(PFigure 2). At this stase, few syncytia contained more
than 6-8 nuclei, though, by the sixth day PI, syncytia
with up to 20 nucleil were common and inclusions were wore
numerovs in mononucleated cells, It was between the
seventh and the ninth days PI, however, that involvement
of the cell sheet became extensive; by the latter time,
some 70-80% of ‘the nuclei were incorporated within syneytis,
up to 30 being vresent in one cell, Also conspicuous atb
this time wag the retraction of syncytia to form bright,
refractile, balloon-like or crab~like structures
(Figure 3), Serial observation showsd that the latter
progress occupied 30 to 60 minutes but seldom preceded
detachment of the syneytium by less than two or three hours.
Large numbers of refractily syncytia were found flosting

in the cvlture medium and; from many of these, 2 larce,



Figure S# Syncytia

in a culture of whole canine embryo

cells, stained with haematoxylin and eosin. Note the

large number of cytoplasmic inclusions. XzSo,
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translucent, perfectly circular vesicle, presumably
containing fiuld and often ss Large as the synceytium
“itseif, was avpended (Figure L), Despite the detachment

Y

off s0o many syncytia, the wmonolayer did not annear disructed
and few svaces were fouvnd on the lith day PI when

observation was terminated,

Cytopathic changes develoved even more glowly in
culbures of CE cells than in those of the GH celis, On
the fourth day PI, inclusions were seen in the
mononuc leated cells but these were rare and syncytia
were totally abseunt. By the sixth day, inciusions were
common in mononucleated cells but only.very few syncytis,
generally with 8<10 nuclei, wefe foud. It was not uncil
the eighth day that syneytla were at all numerouns., These
generally contained 10«15 nuciei, often arranged in a
circle near the perivhery of the cell and with the
inclusions wedged between them and the cell surfece
(Migure 5), By the 10th day PI, syncytia were numerous
but the vast majority of the cells remained mononucleated

though virtvalily aii of them contasined inclusions,

The growth curves are shown in Figure &, from which
it will be seen that the greatest yields of viruvs were
obtained from the GH cells, Desgvite the ravid invoivewent
of the whodte monolayer, DK cultures produced 0.4 to
0.816%10 legs virus than the GH ceils during the Ijrst

seven days and 1.0 to 2.21loz.

X less during the succeeding
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few days when detachment of syncytia was taking placs,

The CHE cultures produced sbout the same amount of virus

ag the DK cells during the first three or four days PI

but, thereafter, the growth curve more clogely resembled
that secen with the GH cultuvres, virvs oroduction being held
constant over the six %o 10 day pveriod instead of declining

rapidly as it did in the DX cultures,.

In all three types of culture, cell-associated virus
generally exceeded extracellular virus by 1.5 tn 2.0 10@10
TCIDSO per ml (limits 1.0 to 20610g10) during the first
5-7 days PI, However, by the time the CPE had become
extensive, with few apparently normal cells remaining,
the difference in titre between the two fractions had
diminished to around o.sioglofmIDSO per ml (limits 0.0 to
1.210%10). In the case of the DK cultures, this was
lJargely due to a fall in the cell-assgociated virus. In
the GH cultures, on the other hand, the extracellular
virus titre rose as the vroportion of infected cells

approached unity.

Except in the case of the DK cultures, where virus
production gradually fell away ag disruntion of the cell
sheet took place, the growth curve was characterised by
periodic fluctuations, possibly related to the time
elapsing since changes of rwedium were made, for example,
except in the case of the CH cultures the yields were

always lower on the fourth day PI than on the third day.



Mereover, titres of extracelliular viruvs cenerally rose
by 0.6 to l“llogloTGIDSO within 2l hours of & chauge of
medium, Only in CE cultures did yields remain rvelatively

stationary.
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EXPERTVENT 1L,.h

The Growth and Cytovathoreniclity of the Virus in GH Cells

and Canine Alveolar Macrovhages,

The aim of the present exveriment was to compare the
yield of virus obtained Irom monolayers of GH cetls with
that produced by cultures of canine alveolar macrophages,
But since the proﬁortion of macrophages attaching to the
substrate was known %o vary markediy from animal to
animal, and the jinfluence of cell number on the vield of
virus was unknown, two lots of macrorhage cvltures; both
derived from_difrerent animals and varying considersbly
in ceill-number, were used, All cultures were maintained
in S0 mm plastic petri plates and cell counts were vrerformed
immediately vrior to inoculation., The remzining vlatesa
were each inoculated with L ml of VPl and samvles vere
harvested at daily intervals for titration., The GH
cultures remained normal in appearance during the I'ive
days following inoculation but, although no syncytia were
seen, there was a loss of macrophages from the fourth day
onwards and vhe experiment therefore was terminated after
harvests had been made on the fifth day., The infectivity
titres are recorded in Tabie 1 from which it will be seen
that, for approximately the same numbsr of cells, the GH
cultures broduced 3«5 timea as mueh wvirus as the
macrophage cultures over the two teo Tour day period.

Therealter tne difference increased substuntially as loas
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of macrophages occurred, It therefore seemed that, of

the four types of culture tested, the GH system was the
mosgt likely tﬁxprcvide the Ltarge amounty of virvs required
for stvdy. Accordingly, all future stocks of virus were

produced in this system., In the folLtowing experiments
; £ 7 )

optimai condivions for virus production were examined,
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EXPERTINT 1,5

The Plating Bfficiency and Virus Yield Obtained by

Infecting Cells in Monolayer and in Susvension,

The vrevious studies showed that when monolayers
of GH cells were intected at an input multivlicity of
approximately 1,0, four or five days incubation were
necessary beflore a CPE avveared and the maximum titre of
extradellular virus reached only 103‘5TGID60 per ﬁl,
Syncytia were most ﬁfominent near the vperiphery of.the
plates where the cells were less tightly packed than in
the centre, During adaption of the virus to GH cells,
however, syneytia were often seen within two days if the
cells were infected in suspension; the CPE then advanced
rapidly and evenly throughout the monolayer and titres of
up to 105‘5TCID50 per ml (e.g. VPl) were obtained. These
observations suggested that adsorption of virus to
mondlayers of GH cells micht be a rather ‘nefficient
prrocess and that an aprrecizsoly higher infection rate
rrobably occurred when the cells were infected in
suspension., Since the viral yields were vresumably
related to the nu%ber of infected cells, the yields
cbtained by each method of infection were commared, For
this purvose, 30 mm plates of GH cells were prepared and
designated "Group A", When monclayers were complete,

the cells were removed from one plate with trypsin—

o

versene and counted (result: 1,12 x 1.06 cells per plate),




6 G

Bach of the remaining plates was then inoceulated with

2 ml of virus, At the same time, & suspension of stock
Gl cells was prepared and the ¢ell-concentration was
adjusted so that, following infection of the cells in
suspension and their subseqguent inovculaiion into 30 mm
plates, sach of the latter (designated "Group B")
contained the same number of cetls and the same amount of
virus as the plates of Group A, This wag achieved by
adding 8 ml of virus to 1,8 ml of a cell=suspension
containing 2.5 x lOé cells per ml and, after thorough
mixing, distributing this between four plates, 2,45 ml
per plate, Each of the latter also received 0,25 ml of
FBS to promobte attachment and growth of the cells, Both
groups cf plates were incubated at 3700 and the medium was
repilaced after 2l hours and subsequently at three=daily
intervals, Cell-fractions were harvested by scraping at
355,7 and 9 days PI and the yields of virus titrated by

the standard method., The results were as follows -

?voup Infectivity Titre LogIOTuIDSO per mli
Days.,
3 5 7 9
A br.S LI-.B L}--? 1«]09

5.3 5.5 he5 3.7
The plating efficiency was much higher when the
colls were infected in susgpension. The CPE was detectable
three days PI and spread with such rapidity -that, by
seven days PI, the cell sheet was broken up by iarge clesar

spaces from which the syneytia had detached, Virus



productlion therefore reached 2 peak avound the {fifth day
PI and then declined, the titre falling avoroximately 60-
fold over the ensuing four days, By contrast, syncytisa
were not seen in the Group A nlates until the seventh day
PI, when they were present in small numbers ﬁowarﬁs the
periphery of the very tightly-packed monolayers, and it
was not until the ninth day that they were at all numerous.
In accordance with this, the viral titres increased only
slightly over the 3-~9 day period, However, although the
peak titre in Group B exceeded that in Group A by a
factor of approximately four«fold, the short duration of
the period over which it occurred suggested thau, in the
long run, more virus might be obtained by infecting
monolayers than by infecting cells in suspensiong the
lower plating efficiency in the former gystem permitted
multiviication of those cells which escaved infection at
the time of inoculation, the increased cell vwonulation

in turn allowing a greater amount of virus to be vroduceqd.
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EXPRRIHENT 1.6

The Relationship Zetween Virus Production and the

Frequency of Change of Culture~medium,

From the study of the growth curve of the virus in GH
cells (Figure A), it was found that, on two occasions out
of three, there was a marked rise in cell-associated virus
within one day of a change of medium, Conversely, titres
were always lower on the third day after a change of
medium than on the second, These findinrs sugrzested that

renewal of medium might potentiate virus production so
(9]

that daily changes of medium might have a cumulative affect

on the titres obtained. To investigate this, 30 mm plates
of GH cells were each infected with 2 ml of VP1l and
di&ided into two groups. In Group A, the medium wag
changed at daily intervals after infection, whereas in
Group B, i1t was changed only on the third and sixth days
after infection., ¥Fluid and cells were harvested
indivicdually from both groups at daily intervals and
their infpctivity titres assayed in the usval manner,
Syncytia were first seen on the sixth day PI andeere
numerous by the eightnh day PI, varticularly in Groun A.
The results of the infectivity titrations are recorded

in Figure 7 from which it will be seen that, contrery to
expecltations, there was no overall difference between the
groups., Thus on days 2, lj, 5 and 7 the titre of cell-
associated virus from Group 4 differed from that of Group

B by O.Qlogqo or less and the same applied to the titres
oA

o



S

&

of extracellular virus on days, 2, 3 and 7. On the eighth
day PI the titre of z2ell-associated virwvs in frour A was

0.h1log, . lower than in Group B but the titre of

10

axtracellulsr virus was O.Sloqjo hicher, It therefore

seemed that there was no sporeciable advantage in changing

the medium at dailv intervals,
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BXPERTMEUT 1,7

Virugs Prodvction in 2H Cells at the Time of "aximum CPE,

The results of Bxperiment 1,6 confirmed the earlier
observation that once the CPF had become extensive, the
titre of extracellular virvs closely anvroached that of
cell-associated virve., Indeed, on two occasions, it
exceeded the latter. These findings suggested that the
best method of obtaining a large volume of high titre virus,
relatively free of cell-debris, might be to collect the
culture~{fluid at daily intervals once the CPE had become
extensive, To investigate this possibility, 30 rm plates
of GH cells were infected with VPL and maintained wntil
the 1lth day PI, by which time syncytia were present in

large numbers,

The cell and fluid fractions were harvested
individually on days 11, 13, 15 and 17 and their
infectivity titres determined in the vsual manner. The
results were as follows :-

Infectivity titre, logloTﬁIDSO per ml

Day
11 13 15 ' 17
Cell-associated virus 5.3 6. . 5.7 5.1
Extracellular virus b7 5.7 Soi 5.1

Thus, although the cell~associated virus exceeded the

extracellular virvs by a factor of 2,5 to l~fold for most
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of the time, there was & period of at least five days

during wiich the fluid contained over 10bTCID of vipus

50
per ml, This meant that titres of that ordsr could
raadily be obtained by coliecting the culture {luid over
this periody there was no need to subject the cells to
ultrasonic waves or Lo cycles of ravid ffsezing~and«
thawing, procedures which misht conceivably damane sgome

of the virus aiready released,
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EXPERIVENT 1,8

Rate of Virus Accumulation in the - Culture Medium,

The next point considered was the rate at which
axtracellular virus accumulated fTollowing a change of
mediuvm, If a neriod of avproximately 2 hours was required
for the titre to regain the level which it had attained
prior to the change, then cleariy it would be iwpossible
to harvest at Less than daily intervals, If, on the other
hand, the titre regained its original level within a few
hours, it would be possible to harvest two or thres times
daily. The time required was obvicusly depéndent upon
several facltors, e€.Z., the number of cells still actively
producing virus, the intrinsic rate of virus maturation
and release and the rate of thermal inactivavion of
extracellular virus, If inactivation occurred very
rapidly, equilibriuvm was Likely to be reached guite soon
after a change of medium, The first noint investigated,
thevefora, was the rate of inectivation at 3700. Stoek
virus was divided into four aliquots, one of which was
titrated immediately and the remainder after two, four and
‘gix hours immersion in a watver-bath at 3700. In each
titration, eight tubes were used per 10-fold diiution of
virus, As will be seen from Figure %, the inactivation
curve obtained was slightly sigmoid in shape, the minor
shoulder near the origin being matched by a segment of

gimilar slope over the L-6 hour period. Taken overall,




however, the half-1ife was approximetely L7 minutes
(possible ranges L5 to 50 minutes), With such a rapid
rate of inactivation, it seemed unlikely that infectivity

would rise for long following a channre of meddum,

To investiqate the latter point, the medium wasg
removed from a Loz, bottle of cells showing an advanced
CPE, and its infectivity titre was determined. PFresh
medium was added and smald volumes of this removed for
titration after 1L, 2, L and 22 hours re-incubation. In
calculating the titres, allowance was made for the
reduction in the volume of fluid following sampling,
The results were as follows:-

Sample Time Infectivity titre Percentage original
1og10TCIDSO rer mi infectivity present

Before change 5.0 100
1 hour ho33 21.h
2 hours - L.58 38,0
li hours L.83 67.6
22 hours b5k 34,7

From these figures, it will be seen that although the
original titre was not completely regained in any of the
samples titrated, only four hours incubation were required
for the titre to reacn 8% of that originalliy present, On
thls basis, it seemed that fluvid could be collected twice
or even three times daily without significant lossz of

titre,




DISCUSSION,

Prior to the commencement of the above exveriments,
the inability of CDV to mgrow to a high titre in dor cell~-
cultﬁres meant that it was very difficult, iIf not
impossible, to obtain the quantities of virns required
for biochemical investigation, Howevery Dby adapting the
virus o GH cells, which were shown to be capable of
supporting viral replication for much longer than
primaﬁy DK cultures, and by making daily or twice-daily
collections of the culture medium, it was possible to
obtain large volumes of virus having an Iinfectivity

5

titre of approximately 10 TCIDSO per ml. The production
of a large volume was necessary because the titre of
celli~associated virus rarely exceeded IOS'STCIDEO per mlg
the rapid release of virus into the culture-redium meant
that more virus could be obtained by collectine thig over
a veriod than from the =gingle harvest of the cell=~
associated virus., This large volume of virus could then
be concentrated to nrovide the quantity of virus reaguired
for biochemical studies. Thus, as shown in Part Five,

it was possible to nroduce a concentrated virus
suspension containing as much as 220 ug of protein per
ml, a quantity sufficient for the demonstration of the

individual polypeptides. Witn the exception of the

Onderstepoort - AV-3 sygtem of Bussell and Karzon,

()



(1965b), no system has been shown to be more productive

than vhat described hsre.

When primary DK cells were infected with tne virus,
syncytia were formed and when these detached from the
glass, the spaces thus produced were notv readily
recolonised by the division or movement of adjacent cells,
This may have reflected the limited ability of these
‘cells to divide but it may also have been due to the
fact tnat they were senerally tess tightly mpacked than

the GH cells., Disintegration of the monolayer therefore

" occurred fairij ravidly, so that once this staze had been
reached, . the yield of virus rapidly fell to a low level,
This meant that these cultures were ideal for asssy but

unsatigfactory for virus production,

When GH cells were Infected with the virus,
detachment of infected celis was followed by multiplication
or spreading of adjacent cells so that spaces. were nov

formed until most of the cells were infected. WwWith hieh

input multipliciviss, this occurred within a week but,
with low multiplicities, it took much longer, e.z.,
four weeks or more. Moreover, after infection at low
maltiviicity, céll division continued, even when the

gserum concentration was as low ag 2%, so that the cells
b4

became increasingly tigntly packed, Under these

conditions it wag extremely difficult to deteect the CPE,
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From the results of Experiment L.b, it would seem it

is relatively adifficult to iufect GH cells when they arve
in a tightly-vacked monolayer, For these reasons, GH
cultures were unsuitsble for assay but were markedly
guperior to primary DK cultures for the production of a
large guantity of virué. Similar conclusions were
reached by Cornwell el al, (1L970) who compared the vaiue
of MDOK cells with that of primary DK cells Tor growing

and titrating the Glasgow 841 strain of CDV,

e

i

The earliest evidence of CPE was generally
provided by lLarge syncytis, of globobhd, refractile,
surface but aranular centre, floating in the culture
medivm, T'rom meny of these, a large, translvcent,
¢ircular vesicle protruded, Later; similar structursey
but with less protrusive vesicles were geen in gradually
ineressine numbers in the celi-sheet., These sometimes
possessed several refructile branches and, on occasion,
transitvional forms composed partly of flat, non«refractile
areas of cytoplasm and partiy of swollen, refractile
zones, were observed. These struvctures were clearly
derived from the .arge, flav, multinucieated magses
formed by cell fusion, A similar conclusion was reached
by Shaver et al, (196l) who compared the proportions of
morphologically different types of gyncytis in ferret

kidney cultures infected with the 4856 strain of virus,

The results of BExperirent 1.3 showed that the T




cells were unsultadble for assay and had no advantages
over T cells for virus produection, As far zas the autnor
is awasre, there are no published revorts of the compsrative
sensitivity of evitvnelial cells and fibroblasts to CHV,
Relatively low yields of virus were obtalned In culcvures
of alveclsr macrorhages and obvious syneytie ware not |
observed, The absence of cytopathogenicity may have been
related to the attenuation of the virus since virulent
virus is known to »roduce large syncytia in these
cultures (Appel and Jones, 1907; VWrignt et al,, 1974) .«

Oﬁ the other hand, Poste (1971) found that alveolar
macrophages wers as capable of supporting the growbih of
the atvtenuated BW strain as they were of supporting that
of two virulent strains. Thus, the BEW strain was found
to grow to a titre of 103‘“TCIDBO per ml in these cells
whereas the two virulent strains grew to titres of

103'8 and 102°7TGID§0 per ml resvectively., However, from
the results obtained in the vresent investigation,
alveolar macrovhages were cevidently unsuitable for either

production or assay of the Rockbrrn strain of virus,

The yield of virus seemed to be related to the
nunber of infected cells in the culture, Thus, even in

the absence of a ZPT (becsuse ths proportion of infected

cellis was low), the titres were reliatively high if the
abgsoclute number of infected celis was correspondingly
high., TFor example, a titre of lOu‘bTCIDSO per mi was

found in the celrl fraction on the fifth day PI




(Pxperiment 1.l}) though a 5PF was not detected, In
Exporiment 1,5, a much higher infection-rate was obtained
by infecting cells in suspension and this resulted in
higher yields during the first few days PI: Cells
infected in suspension produced 105'3TCIDSO per ml on

the third day, whereas the same number of cells infected
as a monolayer with the same amount of virus produced
only 1OM‘STCID50 per ml at this time, However, on the
ninth day PI, the amount of virus produced by the cells
infected in monolayer was areater than that nroduced by
.9

those infected in suspension (10 cf, 103‘7TCTD50 per ml)

and it is obvious that if the exmeriment had been
continued for a few more days, the total amount of virﬁs
produced by the former would have been sreater, Thig was
presumably duve to the greater nurber of cells escaning
‘infection at the start of the experiment and therefore
capable of division with resultant increase in the cell

population and in the total number of cells able to

“produce virus during the course of the infection.

The shape of the growth curves obtained in Fxperiment
1.3, sugeested that a change of medium stimulated the
production of virus, Harrison et al, (1948) found that
the titre of 2DV grown in ferret kidney cuvltures was
greater, and the CPE advanced more rapidly, when the
culturés were changed five times per week rather than
three times rer week. Detter results were likewise

obtained by three chanees ver week than by no changes at



all, In the present investigation, however, it wasg

found that a daily change of medium d3d not »roduce the
expected advantage, In this general countext, it should
be noted that although Bussell and Karzon (19A5a)
reported that the use of enriched medium potentiated the
CPE, they also stated that it did not sign?ficantly alter

the virus yilelds,

The half-life of the virus at 3?00 was found to be
approximately L7 minutes (Experiment 1,8). This compares
with figures of 38 minutes (Palm gnd Black, 1961) and one
hour (Bussell and Karzon, 1962) for CDV, 38 minutes
(Palm and Black, 1961), L2 minutes (Yeh and Twasaki, 1972),
1-2 hourg (Cascardo and Karzon, 1965) and apnroximately
two hours (Black, 1959) for measles virus and 165 minutes
for rinderpest virus (Plowright et al., 1949). The
shortness of the half-life at 37°C partly accounts for
the levelling of extracellular Qﬁrvs titres within
several hours of a change of wedium and indicate« that
little is probably gained bv vrolonzing the interval.
between successive collections of Tluvid t» more than four
or five hours. Working with rindervrest virus, Plowricht

et al, (19469) found that, in most instances, virus was

rapidly released after a change of medium and, within 10
minutes, thne titre of extracellular virus had reached

a level only 1OO‘STCID50 per ml less than that prrsent
before the change. OQver the subsequent 50 minutes the

titre continued to increase slowly 3o that by the end
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of one hour it was the same asz that rregsent hefovre the

change of medium,

In certain respects, the multister growth curve
prodvced with the Rockborn strain of 2DV in GH cells waé
similar to the curves published by Shishido et _al, (1967)
for the Lederle strain in Vero cellé, and by Confer
et . al, (1975a) for the Snyder-H3ill (SH), Onderstepcort
and RZ52 strains, also grown in Vero cells. 1In each
case, the titres of both cell~assocliated and extra-
cellular virus rose sharply within the first two days
and, except with the Onderstepcort strain, the titres of
extracellular virus were always lower than those of cell-
associated virus. (With the Onder=tercort strain there
was a loss of cells by the fourth dsy I and conseavently
the extracellular virus titres vere zreater than the
cell-associated titres from then until the termination »f
the exmeriment on the seventh day), Vériations were gseen,
however, in the nighest titre of virus obtained from each
system, and in the time and duration of veak nroduction,
e.g. Wwith the R252 and SH strains, cell-associated virus
reached a maximum titre of avproximately 10&.5 and 105'3
TCIDSO per ml respectively on the fifth day PI and these
titres were maintained until the termination of the
exneriment on the seventh day., On the other hand, with
the Lederle strain, cell~associated virug reachcd a

2
maximum titre of lOS‘JTCID rer m1 by the fourth day PI

50

and thereafter immediately decreased go that by the sixth
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day, it wasg onliy LO'°5TCIDQO per ml, In all systems
except the SH—ﬁero cell aystem, the total amount of

virus produced wag obviousiy lesg than that obtained in
the Rocxborn-GH system, Cowmparison with the SH-Vero cell

system is impossible since the experimentv involving

the latter system was terminated prematurely.



PART_TWO,

L e ——

INTRODUCTYON AND REVIEW OF THE LITWRATURE,

Before commencing an Iinvestigation of the components

of CDV, a detailed study of the growth and morphogenesis

of the virus under ons-step conditions was undertaken, By

so doing, it was hoped that the principal componenté of
the virus could be identified within the cell, their
perind of production relative to the growth curve
determined and a clearer understanding of particle

structure obtained.

The basic structure of the virion was first
investigated by Cruickshank et al, (1962) and Norrby
et al, (1963) who examined negatively-stained susmensions
of the virug in the'electron microscope. The virions
were found to be véry pleomorphic though many were almost
spherical, The latter varied in diameter from 110 to
550 nm although most fell into the 150~30Q nm range.
Intact particles possessed a conspicuous duter membrane
about 5 - 8.5 nm in thickness and from this arose a
fringe of fine projections 9 ~ 13 nm in lenzth, Where
the phosphotungstate had venetrated partially disrupted

particles, a helical nucleocapsid was revealed, The




latter, which was also seen free of particles, had s
width of 15 « 18 nm with 2 central hollow axis
anproximately Snm in diameter., Its helical structurs

was revealed by its serrated outline which had a veriod~

Fde

city of 5 ~ A um, In size and structure, therefore,

g -

the virus closely resembled the paramyxoviruses,

The earliest revorted ultrastructural studies of
CDVminfected cells were thnse of Lawn {(19270) who examined
the chorioallantolic membrane of chick embryos six days
af'ter inoculation with egg-adanted viruvs and Koestiner
and Long (1970) who described three partially overlanping
phases of infection in explant cultures of canine
cerebellum, Since the titre of virus used by the latter

3

vworkers was only 10 TCIDSO ner ml, multiple cycles of virus
replication must have occurred. The times 2t which the
various ultrastructural chances were first detected w

the =eventh day for cytoplasmic amereeates of virus
nucleocapsid and the 1hth day for buddins virus narticlesg w
therefore provide no information as to the ti~es st which
these events occur in the individuval infected cell, The
Qame criticism can be made of the work of Confer et al.
(1975b) who studied Vero cells infected at a multinlicity
of 0;03 with three different strains of CDV, C(Clearly,
cells must be infected at or near one-step conditions

if a proper sequential study i1s to be made, This

principle is nol easlily followed, since it 1is very

7



difficult to obtain the necessary concentrations of virus,

Cornwell ¢t al, (1971), however, managed to obtain an
infection-rate of 80% with the Glasgow 841 strain of
virus in cultures of MDCK by employing an input
multiplicity of 1.9, Tajima et al, (1971) studied the
morphogenesis of an avianised strain of CDV in chick
embryo fibroblaste and Vero cells but did not take
~advantace of the high input multivlicity used (up Lo 10)
to relate the ultrastructgral changes observed to the

stage of tha growth curve,

In the work of Cornwell et _al, (1971), electron
microscopic examination of cells harvested between 2L
and 96 hours PI showed that virus maturation occurred
throuzghout the whole of this period though infectivity
titrations proved the 1evel Qf virus production to be |
significantly greater (1.0~19710g10) at 2l hours PT than
at subsequent sampling times, Althoush well-developed
foel of nucleocapsid were present in the cytoplasm of
most cells by 2l hours PT cytoplasmic inclusionsg could
not be demonstrated by light microscony at this time, It
was not until U8 hours PT that characteristic eosinephilic
cytoplasmic inclusions were detected. Ultrastructural

examination at this time revegled the nresence of many

electron-dense bodies containing nucleocavsid aprarently
enmeshed within a finely granular matrix., In size and

shape as well as in time of appearance, these scomed




to correspond to the cytoplasmic inclusions revealed by
light microscopy. Since the development of inclusiong
occurred after the period of maximum virus prodretion,
It was suggested that this might reflect an active
atﬁempt on the part of thP cell to destroy or sequester
unvtilized nucleccapsid. Another vrocess commencing
about L8 hours PI was the accumvlation of inclusion
body~like material near the cellesurface, particularly
within microvilli which increased markedly in number

about this time,

No attempt was made in the above study to determine
the length of the latent period or to make &n
ultrastructural study of the events occurring during this
period. Furthermore, although the cells were shown to
be producing virus as late as 96 hours PI, studies were
not extended further and 1t is possible that changes
characteristic of the terminal stages of infection - such
as the development of intranuclear inclusion bodies -
were missed, The present investigation wes therefore
designed not only to cover the neriod studied by Cornwell
et_al, (1971) bdbut also to encompass the earlier and later

stages of infection,

From the Poisson digstribution, & multiplicity of
infection of 3 is required to ensure that 95% of the cells
are infected with_at least one virus particle, From

thia consideration as well as from the neceasity of




employing sufficient célls to permit electron microscopic
examination at s2ch of tne sampling times, it wag felt
that, rather than attempt a single composite exreriment,
it would be more convenient to carry oult several smaller
exveriments and from the results of these reconstrust the

entire growth cycle,




MATERTALS AND METIODS,

1) Preparation of Virus and Infection of Colls, Virus

was prepared by the method described in Part One, Cells
were infected in suspension with concentrated virus, as
described in detail in-the apvropriate marts of the

Exverimental Procedures and Results section,

2) Infectivity Titrations and

3) Staining Procedures for Light Microscony,

. These were carried out as rreviously describved in

Part One.

) Fixation, Embedding and Staining of Cells for Electron

Miceroscopy. Infected cells were grown in 50 mm petri

dishes, At selected times, the cells were scraped off the
plastic into a small volume of medium by means of a

rubber policeﬁan. They were then pelleted by 1ow~épeed
centrifugation and, after removal of the supernatant,
fixed in osmium tetroxide (1% osmic acid .- obtained from
BDH Chemicals Ltd, = in Millonie*s phosvhate buffer,

pH 7.2-7.4) for one hour, The fixed pellet was then
dehydrated in an ascending series of 70%, 90% and

absolute alcohol, followed by rinsing jin propylene oxide,
It was then soaked for one houe in a mizxture consistineg of

equal parts of propylene oxide and Araldite and left
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overnight in a mixture of 20% propylene oxide and 80%
Araidite. Tt was then embedded in Araldite within a
golatin capsule and the resin was allowed to polymerise
at 57°C for 48 hours, Ultrathin sections (approximateiy
SOCR in thickness) were cut on an LKB Mark 3
ultramicrotome, using glasgs knives, and mounted on
uncoated Athene L83 copper specimen mrids (obtained from
Sme thurst High-Light Ltd,, Bolten, Lancs.), Sections
were stained for 20 minutes with uranyl acetate (as
described by Watson, 1958), rinsed first in methanol and
then in 50% methyl alcohol in distilled water, and dried
on_filter paper, They were then stained for 10 minutes
with lead citrate (as‘described by Reynolds, 1963) and
finally rinsed with 0.02 N sodium hydroxide in distilled
water before dryine on filter paper, The sections were
examined using an AEI 6B electron microscope.at

instrumental magnifications of 10,000-L0,000,
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EXPERIMENTAL PROCEDURES AND RESULTS,

EXPERIMENT 2,1

One~step Growth Curve in GH Colls.,

The aim of the first experiment was to establish

~the shape of the growth curve so as to provide a

framework on which subsequent ultrastructural studies,
perhaps of necessity carried'out at a lower multiplicity
of infection, might be based, In order to prevent serious
distortion 6f the curve by second and third gtep infection,
it was considered essential to achieve an initial
infection-rate of at least 70%., A preliminary attemmt
(1971) proved unsuccessful, as did two further experiments
in which cells were infected Witﬁ virus concentrated in
the ultracentrifuee. However, by further increasing the
concentration of virus employed and by reducine the
number of cells, a satisfactory infection rate was

Tinally achieved,

Virus was rrepared by the method described in the
previous sectioni fluid was collected twice daily from
cultures with a good CPE and stored at ~70°C, When 1500

ml had been obtained; it wasg thawed, clarified by lowe



speed centrifugation and then spun at 18,500 rpm for 3%
hours in the Type 19 rotor ol a Beckman L2 - G5B
ultracentrifuge. The resultant rellet was resusmended

in 15. ml of medium which had been removed Crom two Roux
flasks of infected cells after five hours of incubation.
The final volume of the susvension was 15,2 ml andAwhem
0.2 ml was assayed for infectivity, its titre wag found

to be 1OA'9TCIDSO per mi, The virus was mixed with

1.08 X 10’ 4H cells in a volume of 3 wl, inprt multivlicity
therefore being aovroximnately 7(A.96), In the

preparation of the gell sugpension, an effort was made

to disaggregate the monolayer more fully than bhefore in
order to reduce the size and numbver of cell-clusters, this
being done by increasing the period of exposure to trypsin
and by vigorous pipetting. However, when the cells were
counted, it was found that many clumps were atill present.
It trerefore seemed vprobable that, despite the high

input multiplicity employed, some cells near the centre

of the clumps might escape infection,

The cell-virus suspension was agitated on a masnetic
stirrer for 90 minutes at room temverasture, following
which the cells were sedimented by low-sveed
centrifugation, resuspended in fresh growth medium and
inoculated into 18 tubes — two with coverslivs — so that
each tube received 6 x 105 cells, The tubes were
incubated at 37°C and at B8, 12, 15, 18, 2L, 236, I8, 72

and 95 hours PI, two of them (only one at 8 and 12 hours
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Figure 9, Growth of CDV under one-step, or nearly one-stev,

conditions,
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PI) were harvested for infectivity asgsay, the fluid being
collected sepsrately for titration of the sxtraceliular
virus content, At 18 hours PI, the voverslips were
stained with haematoxylin and sosin to provide an
indication of the infection rate.. Inclusions were found
in 72.5% of the cells exawined under the x L0 objective
(310 of 428 cells examined) but, as some were very small,
a further count was carried out with the oil-immersion
oﬁjective. This showed that anproximately 80% of the

éells contained inclusions,

The results of the infectivity titrations are shown
in Figure 9, from which it will be seen that cell-
associated virus first appeared at about 15 hours PI
and then rose logarithmically until 24 hours PI, the
titre at the latter tims being 2,uloglo higher than at
the former, Virus production continued at & constant
rate for the next 12-2}; hours though there was a slight
increase during the later part of this period, perhaps
due to infection of the 20% of cells which had escaved
infection at the start ©of the experiment. Between |8
eand 96 hours PI the titre of the cell-associated virus
fell by 2.Olog10, indicating that the end of the cycle
was anproaching., Nevertheless, although some syncytisa
were found at 8 hours PI, further advance of cytovathic
change was slow and most of the cells still appeared
healthy at the termination of the experiment, 96 hours PI,

Little virus was released before 18 hours PI but over




the ensuing six hours, the titre of extracellular virus
rose by 1.h10g10. Release occurred at a falrly uniform
rate over the 2lj-94 hour period thoueh the rrovertion
ef virus released wvas gmall, cell-agsociated viruvs

exceeding extracellular virus by 1,2-1,81loq A over the

1
2l =48 hour veriod.



BEXPERIMENT 2,2,

Ultrastruotural Examination ouf Infected Cells at Different

Stages of the Growth Cycle,

The sims of the present experiment were to examine
the main ultrastructural events occurring during CDV
infection, and to see how these events could be related
td the .growth curve already established (Experiment 2,1)
Since, in Experiment, 2.1, the presence of cellular
aggregates during infection had apparently limited the
infection~rate to around 80%, even when the input
multiplicity was ag high as 7, it was considered that a
.similar infTection rate could be obtained with an input
multiplicity of only 2-«.2,5, Moreover, since the number
of cells‘required for the present exveriment was at

least several fold greater than that needed for Txperiment

2.1; it would have been difficult to carry out the

experiment at the higher multiplicity,

By the same methods as were employed in Experiment

2.1, 2.1 x 107

GH cells were infected in suspension with
a total of I x 1O?TCID50 of virus and, following
sedimentation and resuspension in fresh growth medium,
were inoculated into seven 50 mm vetri plates at a
concentration of 3 x lO6 cells per plate, After 8, 12,
18, 24, L8, 72 and 96 hours incubation at 3700, one plate

was removed from the incubator and the cells were

9
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Figure 11. High power uhotograuh of focus of nucleocapsid.
Several cross-sections of nucleocansid are visible (arrows)
and short lengths are seen in longitudinal section

(crossed arrows). The surface of tne nucleocapsid is

obscured by granular material, X80,00u
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harvested for electron microscony.

No ultrastructuval‘abnormalities were detected at
8 hours PI but, by 12 hours PI, small Toci of
nucleocapsid, most frequently in a verinuclear vosgition,
were readily found (Figure 10). The individual
nucleocapsids in each focus appeared as flexible
filaments, loosely interwoven so that only short lengths
of each were visible in longlitudinal section. When cut
transversly, they appeared as sharply delineated
¢ylindrical structures composed of an electron~dense
membrane approximately 15 nm in diameter surrounding an
~electron-~transparent axial space, Lonzitudinal and
trangverse sections merged with each other when the wlane
of section cut across an abrupt (right angle) change in
the orientation of a filament., Desvite the loose=-knit
appearance of the foci, with spaces of between 30 and 70
nm between filaments, the surface of the latter was often
obscured by the adherence of fine granular material
(Figure 11), No abnormalities were detected at or near

the céll-surface.

At 18 hours PI, one or more foci of nucleocapsid was
observed in most of the cells examined, Although larger
than those present earlier, they appeared otherwise
identical to them and again occupied mainly a verinuclear

position, A few strands of nucleoccapsid were
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Figure 12. Budding of virus from the cell surface.
Cross-sections of nucleocapsid can be seen spaced at
regular intervals beiow the envelope of buds sectioned
transversely (arrows). Tufts of fine projections can be
seen on the surface of one of the buds (crossed arrow).
Ribosome are present in another of the buds (double-

crossed arrow), XbO,UOU
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Figure 13.

microvillus.

Virus budding from a tangentlally-sectloned

Parallel bands of nucleocansid can be seen

crossing tne surface of the microvillus (arrow).

Ribosomes are acrain present in the develoning virion,

Xb0O.000
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PIRure II;, Transversely sectioned viral buds. The
nuoleocapsid can be seen In cross and longitudinal section
and the fringe of surface projections (arrow) contrasts
with the '"clean'' appearance of other parts of the plasma

membrane (crossed arrow), Xb0,000
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occasionally found near the cell-surface but the most
gignificant development seen was the formation of virus
buds (Figure 12). These were relatively few in number
and arose from miecrovilli at least as frequently as from
regions of normal contour, Budding was preceded by the
alignment of nucleocapsid below the plasma membrane so as
to form a symmetrical quasi-gymmetrical configuration,
Thus, parallel bands of nucleocapsid, 45-75 nm apart,
were observed in tangentially~sectioned microvilli
(Figure 13) while a row of qr053wsections spaced at the
gsame interval was found immediately benedbh portions of
transversely-sectioned plasma membrane (Fipgure 12)., Very
occasionally, several rows of cross-sections were seen,
one below the other and all spaced at the same Interval,
but generally only a single row was visible, In these
areas, a fringe of fine vrojections, often in tufts and
15 to 20 nm in depth, could be obssrved on the outer
surface of the membrane, directly opposite the nucleocapsid
(Figures 12 & 1li). Virus maturation occurred by a

protrusion and pinching-eff of these areas,

At 2l hours PI, most cells examined contained
several large foci of cytoplasmic nucleocapsid and virus
maturation was considerably more advanced than at 18
hours PI. Numerous virus particles were seen budding from
the cell-surface or lying free outside but c¢clo=ze to the
membrane, Circular, elliptical or dumb-bell 1like in

gutline and varying from 180 nm to 380 nm in diameter,




Figure 1%,

Yo

Composite of three tangentially-sectioned

virus buds showing reversed loops of nuoleocapsid

(arrows),

X70,000
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Figure 16.

microvillus,

Three virions
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they could readily be identified by their envelove, with
its fringe of fine projections 15 to 20 nm in dspth,

and by the nucleocapsid arranged in loops rovnd the inner
surface of the envelope. Thus, in rvarticles sectioned
tangentially, the nucleocapsid appeared as a number of
parzllel bands crossing the surface of the particle,
though, in some particles, the filament was seen to form
reverse loops (Figure 15); those cut transversely had a
ciocknfaced appearance, the circular cross-—sections of the
nucleocapsid being spaced at regular intervals rowid

the inside of the envelopec In both planes, adjacent
filaments were 45 to 75 nm apart., The "core" of the
particles consisted of normal cytoplasmic constituents,
although strands of nucleocapsid could sometimes be
identified therein., Thus, ribosomes and microvesicles
were occasionally found inside the virions (Figures 12 &

13)»

Virus budding was seen in each of the later samples
examined though less was found in thée 96 hour sample than
in those taken at 24, 48 and 72 hours PI. The process
was often limited to certain parts of the cell-surface,
particularly those with mierovilli, large parts of the

remainder apparently being free of viral activity, As

many as five virions could occasionally be seen budding
from a single microvillus (Figure 16), yet, despite the
presence of many buds in one small ares,nucleocansid was

often completely absent from tte ceytovlasm vnderlyving




Figure 17, Early stage in the development of the
cytoplasmic inclusion body. The segregate of

nuoleocapsid appears compact and distinct from the

surrounding cytoplasm, X1;0,000
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Figure 18. A cytopiasmic inclusion body. Despite the
large amount of granular material present, the
nuoleocapsid is still distinguishable. Several small

empty pocKets are visible,(arrows). X30,000
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bodies

19. Small cytoplasmic inclusion body. Secular

are present within an electron-lucent pocket,

(arrows), X32,000
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Figure 20, Detail of a cytoplasmic inclusion body
showing electron-lucent pockets containing microvesicles

(arrows). X60,000



Figure 21.
surface.

material.

i Us

Nucleocapsid-like filaments beneath the oeil-
The filaments appear coated with electron-dense

There is no alignment or brush border, X80,000
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that area,

At 148 hours PI, the focl of cyteplasmic nucleocapsid
were much more compact than tlhiose observed earlier snd
this was at least partly due to a deposition of fine,
electron-denss granular material around and bhetween the
filaments (Figures 17 & 18), In some instances, the
deposit was sufficiently heavy to almost completely
occlude the filaments, In many.cases, deposition of
electron-dense materiasr was accompanied by the appearance
of several electron-lucent pockets within the inclusion
{(Figures 18 & 19), Mainly lying within these vockets
but also found round the edge of the inclusion were a
number of short tubular or sac-like structures 25 to L0
nm in diameter (Figure 20)., Similar inclusions were found
at 72 and 9% hours PI, though with increasing time, the

density of the granular material tended to become greater,

From 18 hours PI onwards, the surface of the celis
became increasingly villous, At the same time, compact

magses of electron-dense filaments, approximately 25 nm

in diameter, appeared near the cell-surface and wifhin
the numerous microvilli present, However, in no instance
was a brush border seen on the overlying nlasma membrane,
nor was there any evidence of alignment (Figure 21),
Small knots of filamentscontaining much electron-dense
granular material and surrouvided by plasma-membrane wers

frequently found beyond the cell-surface in these arees
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Figure 22, Small knots of nucieocapsld-llke filaments

within microviiii at the ceii-surface (arrows), A

single virus narticie is also present (crossed arrow),

X25,00U
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(Figure 22) but whether these were attached to the cell
beyond the plane of section or actually pinched off from

the c¢ell could not be ascertained,
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An Ultrastructural 3tudy of Cells in the Tevrminal Staces

of Infection,

As far as the author is aware, no studies have been
published on the ultrastructural appearance of cells in
the terminal stages of CDV infection. As descrited in
Part One, older syncytia are recognised by their
refractile character, end by their "contrscted" or three-
dimensional shape, sometimes with branches, and often
bearing a larce, transparent vesicle, Since these changes
oceur as a onrelude to detachment from the suvbstrate, it
was thought that, for study of the terminal stages of
infection, sufficient of these de~enerate syncytia could be

obtained from the fluid of cultures showineg an advanced CPE,

Four Boz. bottles of infected GH cells were prepared.
By the sixth day PI, an advanced CPE was present. The
medium was discarded, and the cell sheet washed three times
with PB5 to remove any syncytia already detached, Fresh
maintenance medium was added to each of the cultures which
were then reincubated for three hours, During this time, a
considerable number of synceytia detached, The medium wasg
therefore collected and pooled, By this method, only those
syncytia detaching during the nrevious three hnurs were
harvested for study. The pooled medium wes transferred to
four centrifuge tubes and the syncytig were velleted by

centrifugation at 1,002 rrm for S minutes, One of the four
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Figure 23. A degenerate syncytium with destruction of
the nuclear and cytoplasmic membranes and bulbous
Ingrowths of the nuclear membranes. The large nuclear

"Inclusions'* seem to be nucleoli, X10,00U
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pellets was processed Tor electron microscony as vnreviously
described, The other three were washed once, then
resvspended in 15 ml of maintenance medium and divided

into three aliquots, each of which was then incubated at
3700. After 1, 5 and 15 hours, an a2liquot was harvested for
assay of its infectivity. The most outstanding ultra-
structure features of these cells were nuclear damage,
intracytorlasmic vacuoiatjon, duplication of'cytoplaSmic
membranes and alignment of nucleocapsid beneath membranes
both at the cell-surface and round the intracytovlasmiec

vesicles,

Considerable variation existed in the sevevrity of
the nuclear chanzes, even between nuclei of the same cell,
In some instances, abnormality was limited to a sevaration
of the'two layers of the nuclear membrane but, in most
cagses, the perivheral zone of the nucleus was occurnied by a
number of sac~like structures apparently formed by
infoldings of the nuclear membrane (Figure 23), Larpe gaps
were present in the membrane of some nuclei and in these
regions a graduzal merger of the cytoplazsm and of the more
finely granular and markedly denser nucleoplasm conld
sometimes be seen. In extreme cases, portions of nuclear
membrane, identi”iaﬁle as such by their bulbous ingrowths,
appeared free in the cytonlasm, Most nueleil contained an
amorvhoug, finely -~ranular, electron-dense inclusion}which

ften lay against one nole of the nucleus (Figure 23),
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Figure 2”. A degenerate syncytium containing many
vesicles, some of which are lined with a double membrane
(arrows). Cross-sections of nucleocansid are present
between the two layers of double membrane. Numerous
eiectron-dense, granular bodies are also present

(crossed arrow). X20,000
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Figure 25. A degenerate syncytium containing many
vesicles. Alignment of nuoleocapsid can be seen beneath
the membranes of tangentially-sectioned vesicles (arrow).
Numerous electron-dense granular bodies are present and

some of these are being incorporated into virions budding

inuo the vesicles. XIlh,000
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Figure <%6. An aggregate of nuoleocapsid within a

double membrane-lined cavity. The nuoleocapsid is not

obscured by granular material and appears more rigid

than that found free in tne cytoplasm. Abrupt changes

of orientation are seen (arrows), X80,000
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The syncytia were generally very regular in outline
with Llittle or no villug formation. In wost instances, the
density of the cytoriasm, i.e, the concentration of the

granulsr matrix snd the sypacing

g of organelless, seemed

normal and no structures corresponding to the larme vesicles
seen with the light microscope were observed. The absence

of the latter structures was presumably related to their
suscentibility to disruption during centrifugation ete. The
most outstanding feature observed at the lower magnifications
used was the rresence of large numbers of membrane-bound
vesicles eswmecially in the more peripheral areas of the
cytorplasm, (Figures 2L & 25). These were particularly
consvicuous beneath the cell-membrane and were sometiwes
orientated varallel to it. Tn some cells, they were bound

by double or even trivnle membranes,

Nvmerous loose-knit agaregates of nucleocapsid,
similar to those described previously, were present
throughout the cytoplasm but no evidence was found of
cytoplasmic inclusion bodies, However, in a very small
proportion of cells, a large ageregate of nucieocapsid was
found segregated from the cytoplasm by double membranes
(Figure 26), Unlike that rreviously described, this
nucleocapsid consisted of long rigid filaments, whose'out~

-1ine was rendered unusually distinect by virtue of the

absence of surroumnding granular material,

Alignment of nuslcocansid beneath cytoplasmic

membranes was extensive an? occurred not only at the outer
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Figure 27. Duplication of cytoplasmic membranes in a
degenerate syncytium. Gross-sections of aligned

nuoleocapsid can be seen between the concentric bi- or
tri-iaminar membranes but no brush border is visible,

X60,000
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Figure 28. A filamentous viral bud containing two
eiectron-dense granular bodies similar to those in the

cytoplasm of degenerate syncytia. X70,000



plasma membrane but also at the membranes lining the
intracytoplasmic vesicles, However, the characteristic
virvs-induced transformation of the membrane, i.e, the
formation of a bréash border, was genesrally absent, Figurs
27 shows a striking, but by no means vnigue, sxample of
this, As can be seen, several membranesg are wnresent and in
many areag, fTusion of two adjacent membranes has resulted
in the formation of tri-laminar structures. Mucleocavnsid
hag aliened in the cytonlasm enclosed by, and on either
side of , these membranes, none of which have a brush border,

Budding of virus was rare in comparison to the degree
of alignment present, this observation being supported by
the resulté of the infectivity titrations, shown in the

table below,.

Sample Titre in 1ogloTCIDSO per ml,
1 hour 2.5

5 hours 2.9
15 hours 0.7

These figures show that only a small amount of virus was
produced by these cells, and that this rroduction was only
maintained for a short time, With the electron microscowne,
it wvas found that some of these virus varticles contzined a
membrane-bound vesicle while others contained a discrete,
round, electron~dense granular body (Fizure 28). Similsr
dense beodies were sometimes seen in the cytovlasm of the

cells adJacent to the budding virus particles,.




DISCUSSION,

Despite the use of an input multiplicity of 7,

only 70-80% of the cells were initially infected, as

judged by the development of inclusion bodies at I8 hours

PI, This may have been becauvse, despite attempts to
eliminate them, clumpsg of cells were vresent in the cell
suspension at the time of infection, the cells in the
‘'middle of the clumps being less accessible to the virus.
If this was the case, it is clearly impossible to obtain
a dneastep growbth curve in this manner. Infection of
cells already in a monolayer might be expected to
eliminate this problem, but from the resuits of
Experiment 1,6, cells in a monolayer seem more resistant
to infection., The growth curve obtained in the vnresent

investigation may therefore have to be accepted as the

closest to the one~step curve that can be attained., 1In
any case, had.loo% of the cells been infected, the titre
at 2l hours PI would have been ?g%~ times higher, i.e,
only 0.1 logloTCIDSO per ml higher than the titre
actvally reached., The shape of the curve obtained was

therefore very similar to that which would have been

produced with an initial infectiom=-rate of 100%,

The results of Experiment 2,1 and 2.2 showed that

t1o



the eclipse phase lasted for between 15 and 18 hours,
Gell~associated virus detected prior to 15 hours
presumably represented virus from the inocvlum, Between
15 and 24 hoﬁrs PI, the cell-asgsociated wirus incrsased
approximately 250-fold, The titre remzined constant
between 2l and 36 hours PI but rose slightly (2°Swfolﬁ)'
between 36 and 48 hours PI., Thereafter, production waned,
a8 100=fo0ld reduction occurring during the succeeding L8
hours, The shoulder at L8 hours ﬁay have been the

result of a second cycle of infection occurring in the

20 to 30% of cells which had escaped initial infection,
However, since the increase in titre wss greater than
expected from the number of cells available for a second
cycle of infection, it would seem that the cells infected
at the outset must still have been producing virus aﬁ
their maximum rate at U8 hours PI, On this basis it was
concluded that virus production occurs at a constant rate

between 2l and at least I8 hours PI, The titre of

extra~-cellular virus increased by only 2.5-fold between

15 and 18 hours PI, but then rose 25-fo0ld durineg the
succeeding six hours, a finding which correlated well with
the electron microscopic observations., After a further
slight increase (2.5~fold) at 36 hours PI, the titre of

extracellular virus remained constant,

Growth curves obtained by infecting cells with CDV
under one-step conditions or nearly one-step conditions

have been published by Bussell and Karzon (1962) and




Cornwell et al, (1971), That revnorted by Bussell and
Karzon (1.962) for the growth of the Ondewrstepoort strain
of virus in chick embryo fibroblast cells had an eclinse
phasae of only eight to 10 hours and extracellular virus
was present from between 10 and 13 hours, The titres then
increased until 18 hours PI and then remained constant
until 2l hours PI. A further increase produced a peak
between 30 and 60 hours PI, probably due to a second

cycle of infection, Cell-associated virus exceeded

extracellular virus by 1.5 lo PFU vper ml at the peak,

., 10
The eight to 10 hour eclinse phase contrasts with the

15 to 18 hour eclipse nhase found in the vresent
investigation, In their studies of the Glasgow 81
strain in MDCK cells, Cornwell et al. (1971) @&id not
determine the length of the eclipse phase but found that
the titre of cell-associated virus fell by 1,0 loglo
between 2l and 18 hours PT. Extraceliular virus reached
a maximum titre at U8 hours PI and thereafter closely
paralleled the cell-~associated virus, In terms of

TCIDSO per infected cell, the yield of cell-associated
virus varied from approximately 7 at 24 hours PI to 0,6
at 48 hours PI, whereas, in the present ihvestigation, it
ranged from 2,5 to 5.3 over the same period, Since
electron microscopy usually revealed more than five virus
varticles in a single ultrathin section of an infected
cell, it is obvious that the actual number of virions at

the cell-surface was much higher than the yield of

infectious virus might suegest,

[




In the ultrastructural study (Exmeriment 2,2), the
first evidence of viral infection was the develoovpment
of agaregates of nucleocansid in the cytoplaen, These
aggregates, which occurred mainly in a nerinuclear

ed in

1))

rosition, were present by 12 hours PI and increa
number and size during the following 12 hovrs and
persisted throughout'tze growth cycle, The nucleocavsids
in these appeared to be flexible and loosely interwoven
and were intermixed with fine granular material which
made thelr outline somewhat indistinct, Due to this
latter feature, such nucleocsnsids have been termed
"fugzy" nuclsocapsids by Duboismﬁalq et _al, (197) as
orposed to "smooth" nucleocapsids which lack suveh srrface

material,

In the 18 hour sample, elienment of the "fuzzy"
nucleocarsid was seen beneath portions of the cell
membrane vossessing a characteristic brush border of
fine surface projections., As fhe brush border and the
aligned nucleocapsid always accompantied each other at
this stage, it was impossible to determine whether the
aligned nucleocapsid initiated the development of the

brush border of vice versa, Virions were formed by

protrusion and pinching-off of these areas, the resultant

particles consisting of an envelope with fine surfacze

projections and nucleocanpsid round the inner surface,

Moat of the above ultrestructural feativres have
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been described by several other workers, including Koestner
and Long (1970), Lawn (1970), Cornwell et al., (1971),
Tajimi et al. (1971) and Confer et al, (1975b} for CDV and

by Nakal and Imagawa (1969), Nakai et al, (1969) and

Raine et al, (1969) for measles virus infection,

From study of the tangentisl sections of virus
varticles (7igure 15), it apreared that the nucleocansid
wag arranzed not as a true helix bvt as a series of
reverse loons, This would exrlain why only a single row
ol' nucleocapsid cross-sections was seen aligned below
the plasma membrane, i.e., if' the nucleocapsid had been
wound in a helix, it would have been seen at different

levels below the cell surface, Moreover, in the detached
syncytia, cross-sections of nucleocapsid were seen

aligned between membranes whose close aprosition would
have precluvded the formation of a helix, From examination
of transversely-sectioned varticles, it was clezr that

the space internal to the nucleocapsid was composed of
material which wag very similar to that of the cytonlasm
of the adjacent cell, and structures such as ribozomes
were sometimes present therein, This was to be exrected
from the method of virus maturation. In some of the
particles »udding from detached syncytia, membrane-

bound vacucles were found while others contained electron=-
dense bodies. These differences in the internal
constituents of the virvs pariticles would prééumably

result in variation in their buoyant density., Also,




as the particles wers seen to be very pleomorphic, it
was obviocus that the ratios of envelope to nucleocapsid
and internal material could not have been constant, a
variation also likely to affect their density, Thus a
degree of heteroweneity with resvect to density could be
exvected in any virus population., The significance of
this will become apparent in Part Four, No particles
consisting of an outer membrane with the characteristic
sﬁrface projections but lacking recognisable internal
nucleocapsld, were seen in the present investigation.
These latter structures have been found in measles virus
preparations by several workers including Nakail et al.
(1969) and Raine et al, (1969), who considered them to

be defective particles.

By 48 hours PI, deposition of more granular material
round and between the nucleocapsids in many of the
cytoplasmic aggregates had resulted in the formation of
foeil of increased electron-density, In size, shane,
position and time of avvearance, these électron-dense
bodies seemsd to correspond to the inclusion bodies seen
in stained preparations examined in the light microscove,
Ultrastructurally, so much granular material was present
in some of these bodies that the nucleocapsid filaments
were glmogt indistinguishable, Electron~lucent pockets
were present in many, and round the edges of.the dense
grea and within the pockets, short tubular or sac-like

gstructures were found., Similar bodies were identified
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in the 72 and 96 hour samples, The devosition of the
granvilar material and the develovmment of the sac-like
structures round the nucleoccaprsids may have revnresented a
defence mechanism by which the cell was trying to
breakdown or alter the foreign wmaterisl, This theory

was given further support by tne finding, from L& hours
onwards, of some of the electron-dense material near the
cell~surface and within microvilll which seemed to become
mdre numerous at this stare, This material which appeared
to encase filamentous gbtructures, probably nucleocapsid,
was also found in "envelopes" of plasma membrane which

may either have been detached from the cell or conjoined
to the cell beyond the plane of section. Moreover, none
of it was seen in the detached syneytia. It therefors
gseemed ag if it was being extruded from the cell,
Extrusion of nucleocapsid in a wranping of vlssma membrane
might have repercussions in studies of virasl buoyant
density,.dependent on the detection of isoctovpically
labelled virus RNA, A brush border wag never seen on

the outer surface of pieces of plasma membrane enclosing

the electron-dense filamentous material,

Although the author's conclusions were similar to
those of Cornwell et al, (1971) in respect of inclusion

bodies, other workers have concluded differently.

Richter and Moize (1970); Tajima et al, (1971); Watson
and Wright (197L) and Confer et al, (1975b) were of the

opinion that it was the loose~knit aggregates of




nucleoccapsids which represented the inclusion bodies,
Kallman et al, (1959) found that the loose-knit apgregates
corregponded to cytoplasmic inclusions detected in living
cells by phase-~contrast microscopy. The compact

aggregates containing electron-dense granular material and
regarded by the author as the true inclusions have also

been described by Raine et al, (1969) and Confer of al.

{(1975b). The former workers reported that the nucleocapsid
fréquently became sequestered by smooth endoplasmic
reticulum and underwent a structural change leading to
disintegration, They suggested that these changes were
gsimilar to those occurring at an early stage in

aubophagie vacuole formation and may have represented a
cellular mechanism to isolate and digest the nucleocansid,
Confer et al, (1975b) concluded that the loose-knit
aggregates of nucleocapsid represented the earliest
ultrastructural countervart of the cytoplasmic inclusions
and that compaction occurring during the subsequent 2l
hours led to the formation of the electron~dense,

granular inclusions, They sugpeested that the latter

structures may represent the effect of lysosomal enzymes

and other cellular digestive processes on the aggregates
of nucleocapsid, There is therefore some body of opinion
that the cell attempts in some way %o eliminate
nucleccapsid., Whether or not, the system of vacuoles and
tubules which the author found within the inclusions
repregsented the means by which this was executed or was

merely part of a normal vacuolar system, such as the




Golgl avmparatus which inadvertently had become trsovred in
the aggregates of nucleoccapsid is unknown, Similar
structures have been illustrated by Confer et al, (1975b)

but not mentioned in their text,

The outstanding features of the detached syncytia
were the presence of numerous intracytcplasmic vacuoles
and membranes, and ﬁhe extengive alignment of nucleocapsid
both at the cell-surface and at the intracvboplasmic
membranes, often in the absenca of vrush borders, These
vacuoles and membranes presumably arose at the time of
formation of the syncytium from the fusion of the numerous
microvilli which are so characteristic of the eells
between L8 and 94 hours PT,. The slianment of nucleocanszid
beneath these mermbranes is therefore understandable,

The lack of brush border may indicate that,; in the

earlier stages of infection, alignment may precede and

be a factor responsible for the formation of the bhrush
border, and that in the detached syncytia sowme block in

the mechanisms_involved has prevented the final stage being
completed, Dubois-Dalq et al, (1974) reported that in Vero
cells infected with a latent 5SPE-meagles virus, viral
antizen could be detected over almost the whole of the
cell-membrane despite the absence of any ultrastruvctural
changes, It was postulated that this antigen nlayed a

part in cell fuzion, It g vossible, therefore, that a
similar antigen may have been present on the plasma

membranes of the Adetached syncytia seen in the present
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investigation, despite the absence of the brush border,
The tendency of these membranes to fuse and form tri-
laminar structures would support this. Nucleocapsid
cross=gections often appeared directly opposite each other
on either side of the membrane, Raine et al, (1969)
observed this where the microvilli of non-detachesd
syneytia were in avposition and sugegested that it could

be accounted for by transfer of nucleoprotein across

the membranes,

In a very small number of detacheé syncytia,
"smooth" nucleocapsids were seen. Because they occurred
in a double~membrane lined cavity relatively free of
granular material, their outlines were very distinct.
They also appeared to be less flexible structures than
the "fuzzy'" nucleocapsids, The double membranes enclosing
them were indistiunguishable from nuclear membrenes and
although the diameter of the membrane-bound aggregates
was less than that of a nucleuvs, they may have
represented intranuclear inclusions sectioned near one

pole of the nucleus,

Wide variations seem to exist in the frequency with
which CDV intranuclear inclusions occur in different
systems and in their ultrastructural comvosition,
Cornwell et 2l,(1971) and Watson and Wright (1974) found

neither intranuclear inclusions with the light microscope



nor ultrastructural evidence of viral material in the
nuclei of infected cells, Poste (1972) and Confer et al,
(L975b) found nuclear inclusions in stained preparations
but failed o find obvicus viral components by electron
microscopy and concluded that the stained material was an
accumulation of viral protein., Xoestner and Long (1970)
and Tajima et al. (1971), on the other hand, not only
found intranuclear inclusions by staining but also
oﬁserved ageregates of nucleocansid in the nuclei, In
both of these instances, the nucleocansid was of the
"smooth" variety, paracrystalline arrays being found

in the former study. In the cese of measles virus
infection, the intranuclear inclusions are recognised to
consist of "smooth" nucleoccapsid, often arranged in
paracrystalline arrays (Kallmen et al., 1959; Raine

et al., 1969)., Since these structures mainly occur late
on in the infectious c¢ycle, at a time when the cell is
producing little infectious virus, it has been suggested
that they may provide & mechanism by which the viral

genome is maintained in the cell (Raine et al,, 1969),

At all stages of infection, the amount of
intracytorlasmic nucleocapsid was in excess of that beiﬁg
incorporated into virus varticles, Thus, if the
intracytoplasmic nucleocansid could be satisfactorily
extracted, the infected cells would vrovide "dn excellent

source of viral nucleocawnsid for detailed study, The

1.2




following section compares the results of different

methods of extraction,

and describes some of the proverties

of the extracted nucleocapsid.




PART THR",

TNTRODUCTION ANT RWVIEW OF THEY® LTTRRATURE,

The ultrastruvctural studies just described had

shown that the infected cell contained large amounts of
nucleoccapsid, only part of which bécame incorporated into
new virus particles, On this basis, it seomed probable
that the cell would prove to be a richer source of
nucleocapsid than the virus itself, Hence, before
commencing study of the fine structure of the virus,
attempts were made to find a suitable method for the
extraction of nucleocavnsid from infected cultures and for

its isolstion from cellular material,

At the start of the present investigation, nothing

had been published on the extraction 2nd purification of
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CDV nucleocapsid, though a number of vapers on the extraction

of measles and parsmyxovirus nucleocapsids had apreared.
The earliest work was mainly concerned with determining
the buoyant deansity of the nucleocapsid released

from cells by freezing and thawing, determinations being

carried out by centrifuging the preparations to equilibrium

in density gradients of caesium chloride solution,
collecting fractions from these gradients and testing

them by complement fixation. The swecificity of the




132

latter test allowed the detection of nucleocarsid in crude
cellular extracts, though anomalous re«ults were gomeitimes
obtained, Thusg, Neorrby (195L) revorted that the buoyant
density of measles virus nucleccavnsid was 1,32 z/cc

whereas Numazaki and Karzon (1964) found that it lay between
1.29 and 1,30 g/ce. As sugeested by Watersen (1965), such
variation may have resulted from the use of different

methods of measuring the density of the fractions,

With advances in the technique of radiocassay, a more
sensitive method ofqdetecting viral components became
available. By the addition of the radicnucleotide tritiated
uridine (BHmuridina) to infected cultures, it was possible
to label virus RNA and hence the nucleocanszid of
peramyxoviruses. However, since uridine is incornorated
into cellular as well as into viral RNA, snecificity can
only be assvred if celtluvlar RNA synthesig is first blocked
by the addition of an inhibitor or if the nucleccansid is
separated from cellular RNA by a suitable technique., The
inhibitor which is most specifically directed against
cellular RNA synthesis is Actinomycin D which vrevents
transcription from DNA to RNA; since paramyxoviruses do
not require DNA for replication,; they are not Inhibited by
this antibiotic, However, althouvgh Actinomycin has proved
to be of value in the study of Sendai (Blair, 1970
Bukrinskaya, 1973) and measles=-3SPE nucleccavsins (Yeh and
Twa=zaki, 1972), its toxicity senerally restricts its use
to very short-term experiments, Th most instances,

therefore, nucleocarsid has been lavelled in the absence of




Actinomycin and this has necessiltated the use of density
gradient centrifugation for its separation from cellular

material,

An important advance in the study of raramyxovirus
nucleocapsid was the description by Compans and Choprin
(19A7b) of a technique whereby cells infected with the
parainfluenza virus SV5 were disrupted by osmotic shock
and the nucleccapsid thus released was purified by three
eycles of centrifugation throusgh discontinuous eradients
of caesium chloride, DNucleocansid banded once in this
manner showed a length distribution similer to that
observed immediately after release from cells, with s
sharp peak at around 1 1, and no contaminating cellular
material was found by electron microscopy. However, there
is evidence that two or more bandings in caesium chloride
solution may result in some degree of fragmentation of
paramyxovirus nucleocapsids (Hosaka, 19483 Yeh and Iwasaki,
1972; Waters et al,, 1972), Norrby and IHammarskjold (1972)
compared the relative efficiency of caegium chloride and
sucrose for the purification of measles virus nucleocapsid,
They found that fragmentation occurred more readily in
caesium chloride but that, dvue to the dissociating effects
of high salt concentration, contamination with viral
haemagrlutinin was less, However, Yeh and Iwasaki (1972)
found that the addition of 1% bovine serum albumin (BSA)
to the prevaration vrior to centrifugation in caesium

chloride considerably increased its stability.
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In addition to freezing and thawing and oemotic shock,
several methods have bern used to extract paramyxovirus
components from infected cells, These include mechanical

homogenisation (Waters et al,, 1972:; Waters and “ussell,

- —— e e,

1970) and tﬁe use of ionic (vrincinally sodium deoxycholate)
and non-ionic detergents (Blair, 1970: Norrby and
Hawmarskjold, 1972). SComvarison of these for the relesse

of meagles virus antieens was made by Yorrby and HammarsWjold,
(1972). -However, although Cutscum and sodium decxycholate
were found to he the most effective for releasinz the
complement~fixing antigen of the nucleocansid, this does

not necessarily imrly efficient release of intact nucleocapsid,

The principal aim of the present section was to Tind
a sultable method for the extraction of CDV nucleocapsid
from infected cells and for its identification by radioassay
and electron microscopy after centrifuvgation to
equilibrium in denaity gradients, DBy so doing, it was
hoped that the information obtained wonld »rovide 2 method
for the purifiéation of.the nucleocansid for subsequent

biochemical analysis,
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MAT=RIALS AND METHODS,

1. Incorporation of radioisctones. Nucleocansid was

labelled by incorvorating 3H—uridine into its RNA, The
isotone was fed to infected cultvres 2t a concentration

of 20 uCi/ml of tissve culture fluid., In later
experiments, an attemnt was made to infect the cultures
with undilute virus of fairly high titre (IOSTCIDSO per ml)
and to incorporate the isobtope intc the wmedium within

2l hovrs of infection., In these instances, therefore,

the isotope was in contact with the cells for several

days before nucleocavsid was extracted for study.
3H~uridine was obtained from the Radiochemical Centre,

Amersham,

In certain exveriments, Actinomycin D wasg fed to
the cultures before the addition of the isotobe in
order to ensure that any labelled RNA was viral and not
cellular in origin, Tt was obtained from Siema Chemical

Co.Ltd., and was vsed at a concentration of 2 pg/ml.

2. Extraction of nucleocarsid, During the course of the

investigation, several methods of disrupting the infected
cells were used, These will be described in debtail under
the aporopriate exreriment. The emnloyment of the

non-ionic detergent Sterox SL was suggested by the work




of Stromberg (1972) who found it to be of srecial value
for the isolation of avdan myeloblastosis virus cores,.
A gsample was kindly suoplied by the Monsanta Co,,

3t, Louis, Missouri.

3. Density gradient centrifugation. Densit radients
=2, >

were prerared by mixing equal volumes of a concentrated
and a diluvte solution of the avpprooriate material in a
Buéhlsr gradient mixer coupled to a Buchler rolystaltic
pump., Centrifugation was carried ouvt in a Recknman
L2-~65B ultracentrifuge as described in detail vnder the
arprorriate exneriment, The sclvtions were made up in
Tris saline (TS) (0,1 M NaCl + 0,01 ™ Tris + 0.001 M EDTA),
unless otherwise stated, In most instances, a layer of
the dilute solution was avnnlied to the top of the
gradient in order to ~revent disturbance of the gradient
when the sample was added, and this layer is referred to

a2s the buffer layer,

After centrifugation the tubes were transferred to a
Buchler universal piercing unit coupled to an LKB
peristaltic pump and the gradient was collected -Adropwige
into a series of flat-bottomed vials, The refractive
index of alternate f{ractions was read by means of a
Bellingham and Stanley refractometer and for caesiunm
chloricde an? sucrose gradients, the density of each was

determined from published tables (Weast, 1972), Tables



Table 2 Calibration of Potassium Tartrate Solutions.

Density,.

——————

Concentration Refractive O,k ml 100 ml

N

o
.\‘!

index volumes volumes
10% 1,3u58 1.0Lk 1,062
20% 1.3570 1,105 1.120
30% 1.3685 1.167 1.181
Loy 1.3%03 1.233 1..229
504 1.3909 1.291 1.280

60% 1.4011 1.346 1.332




of refractive index versus deusity were not available for
potagsium tartrate and calibration was carried cut by

the two methods described below,.

1) Six solutions of different concentration, ranging
from 10 to A0 %, were prevared and from these 0,1 ml
volumes in Lang Levi Auto Zero pipettes were weighed on
a Sartorius balance to four decimal places, and the
refiractive indices measured as above,

2)‘With the same six solvtions, 100 ml volumes in
volumetric "A" flasks were weighed on the micro~balance
and the refractive indices measured as before,

Both methods of calibration gave essentislly the same

result, the relevent details being shown in Table 2.

li,” Radioassay, To eliminate unincorvorated 3Hevridine

and other acid-soluble molecules, each fraction was mixed
with 0.5 ml of 10% trichloroacetic zcid (TCA) and 0.5

ml of bovine serum albumin (BSA). The precipitates were
then separated from the acid-solubls material by
filtration through Whatman GF/C glass-Tibre filter disecs
inserted into a Millipore 3025 sampling manifold, to
which was attached a2 vacuum pump, Before rermoval from
the manifold, the filters were washed with ethanol to

aid drying and, following removal, dried in a hot air
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oven, “ach filter was then transferred to an Intertechnique

polyethylene vial containing 5 ml of scintillation fluiqd,
the latter consisting of 0.L¥ 2,5~Adiphenyloxazcle (PP0)

and 0,.0L7 1,Li~di~2~(Sphenyloxazoly)-tenzene (POPOP) in




sulphur~free toluene. The radicactivity in each was
measured in an ABAC SLLO Intertechnique liquid scintillation

spectrometer over a period of 10 minutes,

5. Blectron microscopy. Electron microscopical examination

of negatively stained somples of certain fractions was
carried out as described in the subsecuent exveriments,

A collodian costed coprer grid was placed on a drov of
tﬁe aporonriate sample and, following absorntion of the
excess with filter paver, btransferred to a drop of 0,15 M
ammonium acetate to remove the caesiuvm chloride,

potassium tartrate, or sucrose, The excess was then

absorbed and the grid placed on top of a drop of 2%
phosphotungstic acid (pH 7.2). After 30 seconds, the
excegs fluid was removed and thé grid was examined in
an AEI/EB electron microscope at an instrumental

magnification of 30,000-40,000,

A1l eléctron microscopical examination of samples
was carried out on the same day as the gradient was
fractionated in order to ensure that falsely negative
regsults, or abnormal morvhology due to a time lanse,

‘were not obtained,




EXPRRIMENTAL PROCENURES AND RESULTS,

BXPERIMENT 3,1

Electron Microscopical Examination of Nucleocapsid

Extracted from Infected Cells by Osmotic Shock.

The purpose of this experiment was to establish the
morphology of nucleocapsid extracted from infected cells
in such a way ag to minimise damage to it. By so doing,

it was howed that a standard could be obtained, against

which the effect of various procedures on the morphology
of nucleocapsid could be assessed,

Procedure. A loz,bottle of GH cells was infected with

the virus and the cells subjected to osmotic shock on the
fourth day PI when a CPE was present. The cell shest was
washed several times with distilled water (DW) to remove
salts, 2 ml of DW was added and the culture refrigevated
for 15 minutes., At the end of this time, the cellular

and nvuclear outlines stood out clearly, as though swollen,
but no marked disruption of cells was evident, The DW
was removed and apnlied directly to collodian coated
copper grids which were negatively s'tained, as described

above,

{40
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Figure 29. Negatively stained nucleooapsid, extracted

by osmotic shock. The insert shows, in detail, a
straight section (arrow) and a section which has become
rotated on its long axis (crossed arrow), X25,000;

insert, X80,000
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Results, Few nucleocapsids vere found in the vrevaration
but, as can be seen in Figure 29, those seen had the
characteristic herring-bone structure, tyvical of
paramyxovirus nucleocapsid., They appeared to be llexible
structures with a diameter of 250 R, an axial hollow
approximately 5 E in diameter and a subunit periodicity of
T R, though, in places, the filament seemed to be

twisted by rotation on its long axis (Figure 29, insert).
Ffom 38 nucleocapsids measured by means of a map

measuring device, the mean length was 1,10 n, The length

distribution is shown in. Figure 30,

Conclusions and Discussion, Distilled water treatwrent of

infected cells released nucleocansid morvhologically
identical to that described for other waramyxovirus
nuc Lleocapsids (Compans and Choppin, 19~7a; Kingsbury and
Darlington, 1968; Hosaka, 1968; Finch and Gibbs, 1970
Yeh and Iwasaki, 1972; Hall and Martin, 1973; Waters

and Bussell, 1974).

Since the characterisation of nucleocapsid by rate
zonal ceﬁtrifugation is dependent upon the maintenance
of its complete structure, the recognition of fragmentation
is obviously imvortant for it has been shown that in
defective measles virus infection, only short lengths of
nucleocapsid are ovroduced (Kiley and Payne, 19?&; Hall
and Martin, 197ha), From the resuvlts of the present

experiment, it is clear that most, if not all, of the




nucleocapsid produced was complete. The significance

of this will be discussed in Part Six,




BEXPERIMENT 3,2

To Determine the Buoyant Density of Nucleocapsid in a

Sucrose Gradient,

This and the following experiments were designed to
determine the buoyant density of the nucleocpasid with a
view to using equilibrium density gradient centrifugation
ags a method of purifying the nucleovcapsid. An initial .
attempt was made to do this by the centrifugation of
nucleocapsid labelled with -H-uridine and extracted by
a combination of osmotic shock, freezing and thawing,
and mechanical homogenisafion of the infected cells,
Waters et al, (1972) had sucessfully used this for the
extraction of large guantities of CDV nucleocansid from
infected cells but, in the vresent investigation, little
radiocactive material was recovered from the density
gredients, It was decided therefore to determine whether
or not larger amounts of radioactive material could be
obtained by disrupting infected cells with sodium
deoxycholate (DOC).

Proceduré. A hoz. bottle of infected cells and a loz.

bottle of normal GH cells were prepared., Twenty=-four
hours later, they were fed 10 ml of medium containing
Actinomycin D, This in turn was replaced after 90

minutes with medium containing Actinomycin and BH-uridine‘
Twenty~four-hours later, both cultures apveared very

degenerate and many cells were floating in the medium;
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this was due to the action of the Actinomycin, Glass
beads were added to both bottles and the remaining cells
removed from the glass by shaking. Both lots of cells
were sedimented from the fluid and each of the pellets
was resuspended in L ml of 0.2% DOC. The suspensions
were left at MOC for 15 minutes and then clarified by
centrifugation at 3,500 rpm for 15 minutes. The
supernatants were layered on top of two 7 ml 20-60%
sucrose gradients in SW L0 tubes, with a 2 ml buffer
layer on top of each gradisnt, and centrifuged at 30,000
rpm for 20 hours, &wenty twelve-drop fractions were
collected from each, and the fractions assayed for

radiocactivity as described previously,

Results, The distribubtion of radiocactivity in each
gradient is shown in Figure 31, As can be seen, a
moderate amount of radioactive ﬁaterial was released by
the DOC treatment of the infected cells, This was
evidently viral, as there was very little radiocactivity

in the normal cell control.

Conclusion and Discussion. Since more radioactive

material was recovered from this than from the previous
experiment, it was concluded that DOC was more efficient
than the combination of osmotic shock, freezing and'
thawing and mechanical homogenisation previovsly employed,

However, the amount of radiosctivity recovered from the

i



gradient was still relatively low. This may have been
due to the fact that the label was in contact with the
cells for only 2l hours, Tdeally, label should be red

to the cells soon after infectlion and meintained there
until a CPE 1is present. Unfortunately, however, this
could not be carried out in the vresence of Actinomycin, .
since the high cytotoxicity of the latter produced
irreversible damage within about 8 hours. Accordinely,
it was decided that, for future work, Actinomycin should
be omitted and the label aprlied for a much longer veriod
of time, the nroblem of distinguishing viral from

cellular R[NA being approached in another way,

The heterogeneity of the radicactive material did
not vermit determination of the buvoyant density of the
nucleocapsid, This may have been dve to the adherence
of membranous material to nucleocapsid in varying ariounts,
as described by Norrby and Harmarskjold, (1972). Since
such binding i3 diminished in high salt concentrations,
it was decided. to investigate whether or not sharper
banding of nucleocapsid could be obtained by using

gradients of caesium chloride in place of those of sucrose,

Before continuing with studies of radiocactively
labelled material, it was thought advisable to examine
the effect of extraction with DOC and centrifugation
through caesium chloride (%8C1) on the mornholosy of the

nucleocapsid,
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Figure 32 (a). DOC-extracted nucleocapsid,

negatively
stained. Note the comparative shortness, and rigidity
of this nucleocapsid compared to the Sterox-extracted

nucleocapsid, X60,000

Figure 32 (b), Sterox-extracted nucleocapsid, negatively

stained. Due to the flexible nature of the filaments,

they are intertwined, and determination of their exact

length is therefore impossible, X80,000
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EXPERIMENT 3,3

The Morphology of DOC«extracted Nucleocapsid Banded in

Caesium Chloride Gradients,

Procedure., An foz, bottle of infected cells showing a

marked CPE was washed once with PBI and refrigerated at

4°C for 45 minutes following the addition of 5 ml of

DOC solution, At the end of this time, no intact cells
were recognisable, - The DOC solution was then clarified
by centrifugation at 2,750 rpm for 15 minutes, Five ml
of the supernatant was wixed with sufficient CsCl to
provide a final density of 1.3 g/ce, This was then
transferred to SW 50,1 tubes and centrifuged at 30,000
rpm for 37 hours. At the end of this time, 10 drop
fractions were collected, the refractive indices determined
énd the density of each fraction calculated from these,.
Samples from selected fractions were then examined in the

electron microscone,

Results, A small number of nucleocavsid were seen in
fractions from the density range 1.272 to 1,308 g/cec,
most being found in the sample of density 1.?81 g/cc,
They were relatively short and seemed to be fairly

rigid (Figure 32a),
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Conclusions and Discussion, The morphology of the

DOC~extracted nucleocapsid differed from that of the
nucleocapsid obtained by osmotic shock (Experiment 3,1).
The presence of relativély short and apparently rigid
nucleocapsids indicated that fragmentation had occurred,
aither on exposure to DOC or as a regult of centrifugation
through Cs€l, It is clear, therefore, that this method
of extraction and purification would not be satisfactory
Tor studies requiring maintenance of the comnlete
nucleocapsid, Accordingly, the decision was made to
investigate the effect of other detergents on the
morphology of the nucleocapsid, If all samples obtained
after extraction with different deterpents and
centrifugétion through CsCl contained cnly short rigid
pieces, then it would seem that such alterations in
structure occurred as a result of centrifugation

through CsCl, It was alzso decided to investigate the

use of preformed CsCl gradients as this would permit
redvction in the time required for centrifugation and
possibly, therefore, aid the recovery of nucleoccapsid,

A further improvement was suggested by the work of Yeh
and Iwasaki (1972) who found that 1% BSA had & stabilising
effect on measles-SSPE nucleocapsid, The next exweriment
was therefore desipgned to compare the mornhology of
nucleocapsid extracted from cells with several non-~ionic
detergents, with and without BSA, and centrifuged thfough

preformed gradients of CsCl, again with and withouvt BSA,




BXPERIMENT 3.k

The Morphology of Nucleocapsid Extracted by Non-ioniec

Detergents.

Procedure, 0.,5% Nonidet P-l0 (NP LO) and 1% Sterox SL

were prevared in 1/5%th TE buffer (0,05 M Tris, 0,005 M
EDTA, HCL to pH 8,0)., In addition, 0,5% Triton X-100
wag made up without B3SA, CsCl solutions of density 1.3l
g/cc and 1,25 g/co.were prepared using 1/5th TE buffer,

again with and without 1% BSA,

Five 8oz, bottles of infected GH cells with a good
CPE were employed, All were washed once with PBS, given

5 ml of the appropriate detergent and left for an hour at

room temperature, viz.

Bottle A NP LO

Bottle B WP L0 + BSA
Bottle C Sterox SL
Bottle D Sterox SL + BSA
Bottle E Triton X~-100

NP L0 appeared to disrupt the cells the most ranidly,

" Disruption occurred more slowly in the presence of BSA but,

at the end of the hour, all of the monolayers had been
reduced to a fine suspension in which only nuclei were
recognisable, The extracts were then clarified and L ml
cf the supernatant from each was layered on top of an

SW LO tube containing a 7 ml gradient of CsCl, deunsity




1,25 to 1.3 g/cec, with a 1% ml buffer layer of 1.25

g/ac CsCl, The extracts with BSA were put on top of the
gradients which contained BSA and the extracts withoutb
BSA were placed on top of gradients wilthout BSA, The
tubes were centrifuged at 38,000 zpm for 22 hours.
Twelve~drop fractions were collected from each gradient
and samples of selected fractions from each were examined

in the electron microscope ss before,

Results,
1), Sterox SL alone, On examination of 2 sample from the
fraction with density 1.292 g/cc; g ome clumpé of flexible
nucleocapsid were seen (Figure 32b), Short pieces and
occasionally some longer lengths of nucleocapsid were

also seen lying free. The range over which nucleocapsid

could be found was not established for this gradient.

2). Sterox SL plus BSA, Nucleocapsid was seen in samples

from five fractions within the density range 1.277 to
1.317 g/cc. Most of these five fractions contained =a
moderate amount of nucleoccapsid, most being seen in the
sample of density 1.286 g/ce and again a large proportion
was in clumps. No nucleocapsid wag seen in either of the

fractions immediately beyond this density range,

3). NP 40 alone, No nucleocapsid was seen in any fraction

from this gradient,

»
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)¢ NP 4O plus BSA, Nucleocapsid was seen in samples
from four fractions, covering the density range 1.273 to
1,31 g/cec., Most wag found in the fraction of density

1,296 g/ce,

5)., Triton X~100 alone, Small amounts of nuzleocensid
were present in two fractions of density 1.286 and 1,292

g/cc regvectively,

Since a large vrorortion of the nucleocansid
seen was present in clumps, its mean length could not
be established., Nevertheless, it was obviously larger
than that obtained by DOC extraction and appeared much

more flexible.

Conclusions and Discussion. The use of non-ionic

detergents, particularly Sterox SL, resulted in the
release of nucleocapsid similar in flexibility an?,
perhaps, also in length to that released by osmotic shock
It therefore seemed that the apparent fragmentation seen

in the vorevious experiment was duve to the action of DOC,

The use of BSA had a marked effect on the quantity
of nucleocapsid recoverable at the end of cenﬁrifugation.
However, as BSA is used as a spreading agent for negative
staining, the apparent difference in the amounts of

nuc leocapaid surviving centrifugation may merely have




been related to this., With this reservation in wmind,
the results of the present experiment indicated that the
use of BSA was advantageous and that, of the three
detergents tested, Sterox SL vprovided the highest yield

of nucleocapsid.

The results of the last two experiments susmested
that the buoyant dengity of CDV nucleocavnsid in CaCl
gradients lies within the range 1.27 to 1.31 a/cc with
a few particles probably lying slightly outside this,
Since a better method of extraction than that used
earlier was now available it was felt that the radiocactive
profile obtained from equilibriwm density centrifugation
of 3H—uridine labelled nucleocapsid might now give a more
accurate indication of the density spread, However, with
the exclusion of Actinomycin, the prcblem of
identifiéation of viral.specific radiosctive material
arose, Other paramyxovirus nucleocapsids have been shown
to be resistant to the effect of RNase (Cowmpans and

Choppin, 1968 ; Hosaka, 1968; Hall and Martin, 1973;

Waters and Bussell, 197)) and, before vproceeding to label

infected cells, it was decided to investigate the possible

use of this as a means of eliminating cellular RNA,
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EXPERIMENT 3,5

The Radioactive Profile of Cellular RNA, with and without

Ribonuclease Trestment, in CsCl Density Gradients,

Procedure, An Boz, bottle of normal GH cells was

prepared., When the cells had monolaysred, the growth
medium was replaced with maintenance medium containing 20
péi/ml of 3H-uridine, and the cells were incubated at
37°c.,

After five days, the éulture was washed once with
PBS and 7 ml of Sterox with 1% BSA added., After an hour
af room temperature, the extract was removed and
clarified, Half of the supernatant was mixed with
ribonuclease (RNase) stock solution to give a final
concentration of 50 mg/ml of RNase and incubated at room
temperature for one hour., This was then layered on top
of a 7 ml gradient of CsCl plus RBSA, density 1.25 to 1,34
g/cc, with a 14 ml buffer layer in an SW 4O tube, The
other half of the supernatant was layered onto an
identical gradient. Both tubes were centrifuged at
38,000 rpm for 20 hours, Seven-drop fractions were
collected from each gradient, the refractive indices of
alternate fractions measured and radioassay carried out

as previously described,
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Results. As can be seen from Figure 33, the RNass
treatment considerably reduced the acid-precipitable
radioactivity, In the gradient with the noun-treated
sample, the total radiocactivity over the density range
1,20 1,39 was 393,567 CPM wheress, in the other sradient,
it was only 20,189 CPM, The profile from the untrested

sample was very irregulsr, while that from the RNase

treated sample was almost flat,

Conclusions and Discussion. RN¥Nase treatment of cell

extracts was successful in breaking up a largze propertion
of the cellular RNA molecules so as to render thewm acid
soluble. The 'background' radlocactivity in the fractions
from the RNase treated sample was sbout 800 CPM, This was
obtained from the equivalent of half of an 8oz, bottle
which contained many more cells than are present in an
8oz, culture with a marked CPE, The 'background!
radiocactivity in the latter would therefore be expected

to be much lower than 800 CPM, After RWVase treatment,
there was no obviowvs peak of radioacfivity at a density of
around 1.29 g/cc —— where previous experiments sugeested
nucleoéapsid to be., It was therefore exnected that this
method of distinguishing vifal RNA from cellular RNA

would prove satisfactory.

i

o2
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EXPWRIMENT 3,6

To Establish the Buoyant Density of CDV Nucleocapsid by

Radioisotovic Labelling and Electron Microscovny.

The present experiment was intended to reveal whether
or not RNase treatment reduced the cellular backgroﬁnd to a
sufficiently low level to vermit the detection of banded
radioactive nucleocapsid; by so dolng it was hoped that the
buoyant density of the latter would he determined. The
exveriment was alsovintended to correlate the presence of
radicactivity with the presence of nucleocapsid, as
revealed by electron microscopy, and to examine the
effects of the RNage on the morphology of the nucleoccarsid,

Procedure, Two 8079 bottles of infected AH cells were

prepared by .infecting the cells in susvension. At 2L hovurs
PI maintenance medium containing 20 uCi/ml of 3H—uriéine was
added to one, 2nd fresh medium without label amiven té the
other, On the fifth day PI when a good CPE was vresent

in both cultures, the medium was removed, both cell sheets
were washed once with PBS, and 5 ml of 3terox plus BSA
were added to each, The bottles were incubated at room
temperature for one hour, The resultant extracts were

then clarified, the supernatants treéted with RNase and
layered on top of gradients identical to those used in

the last experiment. The tubes were spun at 37,000 rpm
for 16 hours. At the end of this time, there were two

bands present in each tube; the lower one consiated of
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white flocculent materisl, while the upver was finely
opalescent. The two bands were separated by s translucent
zone about 2 mm in denth., Seven-drop fractions were
collected from each gradient and the refractive indices
determined as before. The radiocactivity of the fractions
from the radiocactive sample was measured and samples were

taken from selected fractions from the other gradient for

electron microscopy.

Results, In the radioactive gradient, the band of
flocculent material lay in the density range 1,302 to 1.318
g/cc, and the finer opalescent band was of a density

around 1.278 g/cc., In the non-radicactive gradient, the
flocculent material was in the density range 1.302 to 1.324

g/cc, with the finer material around 1,292 g/cc.

1l). Radioactivity. The radioasctive vrofile obtained is
shown 1in PFigure 3L, from which it will be seen that there
was a small, glightly biphasic veak of radiocactivity
covering the density range 1.29% to 1.315 g/cc, This
corresponded roughly with the density range in which the
flocculent material was found, A second peak of
radiocactivity occurred in the density rancge 1,26 to 1,295
g/cs, with most counts being in the fraction of density
1.278 g/cec, which was the one containing most of the

opalescent material,

2). Blectron Microscony. WNo nucleocapsid was seen in the




fraction of density 1.319 g/cc which was from the middle

of the flocculent band. In the fraction of density 1.31hL
g/oc, only one small piece of nucleocapsid was seen. In
fractions of density 1.309 to 1.279 g/ce, the amount of
nucleocapsid geen increased with decreasing density. Thoere
were many pieces of nucleocapsid free and in clumps,
especially in the fraction of density 1.279 g/oco In
fractions of density 1.275 to 1.26 g/cc, the amount of
nucleocapsid decreased again, with only a few gmall clumps
being seen in the last one. No nucleocapsid was seen in

the fraction of density 1,245 g/ce,

Conclusions and Discussion, The two visible bands found in

the gradients following centrifugation of infected cell
extracts were not present in grasdients through which
extracts of normal cells had been centrifuged., It therefore
seemed that these bands were viral, not cellular, in
origin., ZEach visible band corresponded to a peak of
radiocactivity which again was peculiar to the extracts

of infected cultures, These peaks of radiocactivity
therefore would also seem to have been viral, not cellular,
in origin. On this basis, it was concluded that the RNase
treatment had reduced the cell background sufficiently to

reveal the radioactive virsl material,

The position of the nucleocavsid in the eradient, as

determined bty electron microscopny, corresponded to the
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position of the second main peak of radiocactivity i.e.
covering a density range 1.26 1o 1.295 o/ce with moat at
density 1.279 a/cc. This compares with a range of 1.29 =
1.30 g/cc reported by Waters and Bussell (197L). RNase had
no effect on the morphology of the nucleocapsid; the pieces
seen were flexible and appeared to be of moderate 1ength.
though, due to aggregation, their precise lengths could

not be determined. TUnfortunately, due to this aggregation,
it seems unlikely that the nucleocapsid in this band could

be used for rste sedimentation studies.

It is difficult to determine the natﬁre of the
material giving rise to the denser bhand and peak of
radiocactivity, t was RNase resistant but no nucleocansid
was seen on electron microscopical examination of fractions

from this region. Possible explanations for this will be

discussed later,
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EXPERIMENT 3,7

Buoyant Density of CDV Nucleocapsid in a Potassium Tartrate

Gradient.

Since potassium tartrate has been found by some
workers to give sharper bandins of virus (McCrea et alg,
1961), it was decided to investigate whether or not this
would give sharper banding of nucleocapsid, and prevent

overlap with the denser radicactive material,

Procedure., Two 8oz. cultures of infected GH cells were

prepared, At 2l hours PI fresh growth medium with 20 uCi/ml
of 3H—uridine was added to one and fresh medium without
label to the other, On the third day PI, when a good CPE
was present, the nucleocapsid wasg extracted with Sterox

plus BSA, the extraction process and RNase treatment being
carried out as previously described. The extracts were
layered on top of 10 ml potessium tertrate (KT) gradients

of density 1.2 to 1:35 g/cc.

Since a precipitate asppeared when the potassium
tartrate was added to the TS containing 1% BSA, the
concentration of the BSA was reduced to 0.2% for the 1.2

g/cc solution and omitted altogether from the 1.35 g/cc

solution, The samples were centrifuged at 24,000 rpm for
18 hours. At the end of this time, two bands were again

present in the gradients, The broader band consisted of
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finely flocculent material while the less dense band was
made up of coarser, flocculent material the two being
separated by a very narrvow translucent zone abeout 1 mm in
depth, Ten-drop fractions were collected from esch zradient
and the refractive indices measuvred, Due to the closeness
of the two bands, it was not rogsible to vrevent some

mixing during fractionation. In the radioactive ¢radient,

the flocculent material was found to cccuny the density
range 1.23 to 1.258 g/cc, most being vresent at a density
of 1.215 g/cc, In the other gradient, it occurred in the
density range 1,232 to 1.255 g/cc. Radioactive analysis
and electron microscopy was carried out as already

described,

Results.,

1). Radioactivity. As can be seen from Figure 35, a
single sharp peak of radiocactivity was obtained at a
density of 1,245 g/cc. The distribution of radioactivity

corresvonded to that of the flocculent material,

2). Electron Microscovy., In none of the fractions

examined was nucleocansid identified,

Conclusions and Discussion, With the steevness of gradient

used, potassivm tartrate failed to resolve the two bhends of
viral material in the extract. A single sharp psak of

radiocactivity was obtained bscause the bands were

¢
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sufficiently close together to be distributed between two

consecutive fractions,

Though nucleoccapsid was not foﬁnd with the electron
microscope, it was pregumed that the two bands corresponded
to those seen in the CsCl gradients. In the potassium
tartrate gradient, however, the region containing the
radioactive material was at a much lower density and the
overall spread of the latter was less, i.e, the bands were
narrower, and the difference between their respective
densities was less., It is possible that a shorter,
shallower gradient might have asided geparation of the two

bands,

It is difficult to understend why nucleocansid was

not seen with the electron microscope, It may have been
that, with the necessarily low concentration of B3A
employed, denaturation of the nucleocapsid had taken place,
or that the potassium tartrate salt resulted in poor
resolution of particles. To ensure that this result was
not merely due to some gross error of preparation, another
nucleocapsid extraction, banding in potassium tartrate, and
electron microscopical examination was carried out, and the

same negative result was obtained,




DISCUSSION,

The experiments just described encowpassed several
different techniques but collectively vnrovided data on
which a regimen for the extraction and vurification of

nucleocapsid from infected cells could be based,

Electron microscopy of a DW extract of infected cells
revealed nucleocapsid having a mbrphology typical of the
paramyxovi?us group., Measurement showéd that 1t occurred
in unit lengths of approximately 1lum and this was jwmportant

since it indicated that the virus/cell system employed was

capable of producing complete nucleocapsid; it is generally

¥
accepted that the full genome of a paramyxovirus is contained
within a unit length of 1n (Hosaka et al,, 1966; Compans

and Choppin, 1967a; Hosaka and Shimizu, 1948)

The next step was to determine the buoyant density of
the extracted CDV nucleocarnsid with a view to using thisg
information in tne formulation of a method of purlifying the
nucleocapsid, It was considered that the best way of
identifying the lattef in the density «gradient would be
by labelling it with 3H--uridine. Unfortunately, however,
it was found that.DW extraction was an inefficient process,
insufficient nucleocapsid Leing released to enable it to

be identified in the gradient, An attempt was therelore




made to extract it with DOC but, although this procedure
released more radiozctive viral material, centrifugation of
the extract through a sucrose density gradient showed that
the materiasl covered a wide density range. This method was
therefore of little velue for the purification of
nucleoccapsid. The heterogeneity of the latter in sucrose
density gradients was considered as possibly due to the
adherence of cellular material to it, It wasg therefore
decided to substitute caesium chloride for the sucrose
gince high ionic strength is known to facilitaste the .
purification of nucleccapsid (Norrby and Hammarskjold,
1972), However, DOC extracted nucleocapsid centrifuged
though cassium chloride was found, by electron microscopy,
to be broken up into relatively small pieces, An attempt
was therefore made to determine whether this fragmentation
was due to the DOC or to the caesium chloride, It was
found that nlicleocapsid relsased from cells by non-ionic
detergents and centrifuged throuvgh caesium chloride did
not show the same degree of fragmentation. It therefore
seemed that the fragmentation was due to the-DOC, though
Hall and Martin (1973) and Blair (1970) have found this
satisfactory for the extraction of nucleocapsid from
measles and Sendai virus particles resvectively, As judeed
by the amount of nucleocapsid observed with the electron
microscope, Sterox SL was the most efficient of the three
non—ipnic detergents tested, This work also showed thet
CDV nucledcapsid was rather unstable dbut the‘édditiom of

BSA both to the detergents and to the gradients increased



the amounts to be seen with the electron microscope.

In order to ensure that the labelled material was
viral not cellular in origin, Actinomyein D had been
incorporated into the medium in the esrlier work, The
cytotoxicity of this antibiotic, howéver, limited the
length of labelling to about eight hours and thls meant
that the total amount of label incorporated into the
nucleocapsid was low. In order to increasse the amount of
radiocactiviby in the preparation, label had to be left in
contact with the cells for a longer veriod and this
precluded further use of Actinomycin. A method of
distinguishing viral RNA~containing structures from
cellular RNA had therefore to be found and this was
sucecessfully accomplished by treating the cellular

extract with RNase,

Electron microscopic examination of caesium chloride
gradients through which non-ionic determgent extracted
material had been centrifuged revealed nucleocansid in the
density region 1,27 to 1,31 g/ce, This was confirmed when
radiqactively labelled nucleocapsid extracted with Sterox
SL was centrifuged to its position of isoryenic density in
a preformed caesium chloride gradient, A pesak of
radioactivity was obtained at density 1.278 g/cc which
corresponded very closely to the position of nucleocapsid;
ags determined by electron microscopy. When éfadients of

potassium tartrate were substituted for those of caesium.

T 70
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chloride, & sharp neak of radiocactivity occurred at a
density of 1.245 ¢/ce, but no nucleccapsid could be found
with the electron microscopre when samples of an identical
gradient were examined. The same result was obtained when
the experiment was repeated. It therefore seemed probable
that breakdown of nucleocapsid had occurred in the notaséium
tartrate. This may have been at least vartly due to the
necessity of reducing the concentration of BSA to avoid
precipitation. De Thé and O'Connor (1966) revorted that
the buoyant density‘pf NDV nucleocapsid lay in the range
1.2 to 1.26 g/cc, a finding which sunports the belief
that the peak of radioactivity at 1.2L5 o/ce wa= due to
CDV nucleocapsid,

From these resulits, a reasonsbly efficient method for
the extraction and preliminary vurification of nucleocavnsid
wag obtained., Time did not permit determination of the
degree of purification reached by the one banding in caegium
chloride but it is likely that the lability of the
nucleocapsid would preclude more than one additional
banding. Thus, as Judged from the recovery of labelled
RNA, Hosaka (1968) found that after two bandings,
approximately two-thirds of the nucleocapsid released from
the parainfluenza virus HVJS by Fmasolealkali treatment was
lost,. By means of a dual-labelling techtinique, i.e., one

3

in which meagles=-SSPE virus nucleocansid labelled with “H
. was mixed with & normal cell extract labelled with luC, Yeh
and Twasaki (1972) found that only two bandings wvere

required to attain waximum ovurification. It is orobable,



therefore, that thé one banding used in the nresent

investigation produced a substantial degree of purification,

One disappointing feature of the resgults obteined in
the present investigation was the aggragation of
nucleocapsid in caesium chloride gradients., This occurred
in the presence of BSA although Yeh and Iwasaki (1972)
claimed tnat such aggregation was decreased by the addition
of BSA prior Lo centrifugation, Clumping of MNDV, SVS
and measles virus nucleocapsids in caesium chloride was
reported by Hosaka and Shimizu (1968), Commans and Chopnin
(1968 ) and by Norrby and Hammarskiold (1972) resvectively,
If most of the nucleocapsid obtained by banding in caasium
chloride is present in ageregates, then this wethod of
purification is unsuited to rate zonal studies which
depend upon the sedimentation characteristics of individual
nucleocapsids, The importance of rate zonal centrifugation
lies in its applicability to the study of defective infection
in which only short lengths of nucleovcapsid are formed

(Hall and Martin, 197ha; Kiley and Payne, 197L),.

Another problem encountered was the presence of two
bands and two peaks of radioactivity in caesium chloride
gradients, Two bands have also been found in studies of
SV5 (Compans and Chopvin, 1947b) and HVJ (Hosala, 1968)
nucleocapsids, but, in both cases, the nuclegcsﬁsid in the
two bands was morphologically indistinguishahle, In the
present investigation, however, nucleocansid wags found

only in the repgion of the less dense band, The radioactive
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Table 3 Reported Buoyant Densities of Nucleocapsids in

CsCl Gradients.,

Virus ngZ§E; Reference,

Measles 1,286 Waters et al., (1972)
Measles 1.29-1,30 Humazakl and Karzon (1944)
Measles 1.29~1,30 Phillips 2nd Bussell (1973)
Measles 1030. Hall and Martin (1073)
Measles 1.30 Waters and 2ussell (1974)
Measles 1.305 Norrby and Hammarskjold (1972)
Measles 1.32 Norrby (196L)

Measles/SSPT 1,31 Yeh ond Iwvasaki (1972)

NDV 1.30 Haslam et al. (1969)

SVS 1,297 Compansg and Choppin (19467b)
AU 1.30 Waters and Bussell (1L97))
HVJ 1.31 Hosaka (1948)

Sendai 1,31 Bukrinskaya {(1973)




material in the other band was RNase resistant and may have
been altered nucleocapsid, extracted from the inclusion
bodies. Because of the closeness of the two bands and
because the density of the nucleocapsid varied slightly
from one experiment to another, it was felt that complete

geparation of the two would be difficult,.

From the radiocactive profile egtablished in “xperiment
3.6 the buoyant density of the nucleocansid was 1,278
g/cc, but, in some of the earlier eliectron microsconic
studies,'it anveared that most of the nucleocaoaid was in a
region nearer 1,29 g/cc, These results sugcested that a
degree of heterogeneity exists. Waters and Bussell (197L)
reported the buoyant density of the nucleocapsid of the
Onderatepoort strain of 2DV as being in the density range
1.29 to 1.30 g/cc. Some of the reported buoyant densities
of measles and paramyxovirus nucleocapsids are summarised

in Table 3.

It was thought that a study of the nucleocansid from
purified virus varticles would perhaps help elucidate some
of tﬁe above problems and micht perwit egtimation of the
size of the nucleocapsid. Moreover, purified virus was
required before determination of the number and size of the
polypeptides of the virion could be undertaken., For these
Peasoﬁs, the next sten planned wasgs the formulation of a

system for the purification of the virion,

x4
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PART FOUR,

INTRODUCTTON AND R=YIWYW OF THW LITERATURE,

A simple method of virus purification is provided by
equilibrium density eradient centrifugation, The zim of
the following experiments was to establish the buoyant
density of CDV in different types of deunsity gradients and,
by commaring the tigbhtness of banding and rreservation of
infectivity in each of these, to determine the optimum

centrifuvsal conditions for purification.

At the commencement of the present investigstion, only
one publication had appeared on the buoyant density of CDV,
- This was the revort by Elliot and Ryan (1970) that, during
continuous flow ultracentrifugation in sucrose gradients,
the virus banded in‘the region of the gradient composed of
between 32 and L8% sucrose, the density of which ranged from
1,139 to 1.22 g/ce. In 1973, Phillips and Bussell
published data on the bucyant density of Bussell's
Onderstepoort variant grown in both avian and human cells,
From 10 experiments involving centrifuesation of the virus
through Csll gradients, they found that the veak of iunfect-
jvity lay between 1,226 and 1,242 g/ce, with a mean of

1.231 g/ce., These results were indenendent of the tyve of




cell in which the virus was grown. In the only experiment
in which potassium tartrate was used, the peak of
infectivity occurred at about the same density, namely 1.233
g/ce, with virus found in the density region 1.210 to 1.233

g/cc,

Since the infectivity assay emnloyed in the wnresent
investigation is time-consuming snd of relatively low
precisicn, it would obviously be advantaseous to have 2
simpler bubt more vrecise method of quantitating the virus,
With other vparamyxoviruvses, virions can be detected by
reason of their haemagglutinating and haemolytic properties,
With CDV, however, no such biolorical markers have eover
been demonstrated. Since radioassay provides a rapid and
precise method of comparing the amounts of virus in
different fractions, the most obvious course was to attempt
to label the virus with radioisotopes and hence obtain a
profile of the distribution of radiocactivity in the
gradient, As far as the avthor is aware; noc such
information has yet been published for any varamyxovirus,
though profiles of infectivity in 7s%1 density eradients
have been published for measles virus by Norrby (19AL) and
Norrby et al, (196Li) and Phillips and Bussell (1973) and for
CDV and respiratory syncytial virus, by Phillips and
Bussell (1973), and also for CDV in potassium tartrate

gradients by Phillips and Bussell (1973).




Most of the reported buoyant densities of para-
myxoviruses are those in density gradients of CsCl, The
use of the latter material seems to have followed from the
statement of Schluederberg and Roizman (1962) that better
separation was achieved in that material than in sucrose,
However, from the manner in which that statement is '
constructed, it is not clear whether it refers to the
separation Sf mesgles virug components or to the sevnaration
of non-viral macromolecules by Meselson et al. (1957) to
whom reference is made, MeSrea et al, (1941) found that
sharp banding of influenza and NDV was obtained in
gradients of potasgsium tartrate, and suggested that this
material was highly suited to the purification of
animal viruses, The only published direct comparison of
the profile of any paramyxovirus in the two types of
gradientg is that of Phillips and Bussell (1973), described
above, which was based on infectivity studies., The two
profiles were similar in shape though that in pbtassium
tartrate was more broadly based, However, since more
fractions were titrated from the caesiur chloride gradient
than from the potassium tartrate gradient, exact comparison

isg difficult,

The buocyant densities reported for measles virus
vary from 1,224 ¢/ce (Phillips and Bussell, 1973) to 1.29
g/cc (Schluederberg and Roizman, 1962), This variation
may be due to differences both in the virus preparstion and

in the cell system employed; Stenback and Durand (1963)




found that NDV grown in svian cells had a density of 1.22
g/cc whereas that prepared in mammalian cell cultures had

a density of 1,236 to 1.242 g/ce. In the work of Phillips
and Bussell (1973), the density of the infectivity neak
varied slightly from one virus prevnaration to another, 1In
the present investigation, therefore, a gingle stock of
virusg was produced for compnarison of its vrofile in sucrose,
caegium chloride, and wotassium tartrate gradients. In

this way, varistion resultine from the use of different

virus prevarations was eliminated,
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MATERTALS AND METHODS,

1, Production of radioactively~labelled virus, Unless

otherwise stated, radiocactive virus was wrepared by the
following method., Cells were infected in suspension-and
inocculated into 8oz. bottles or Roux flasks, After 18-2L
hours incubation, 3kuridine was fed to the cells at a
concentration of 20 uCi/ml, As soon as syncytia appeared,
the tissuve culture fluid was harvested and further
collections were made twice-daily until major disruption of
the cell-sheet had occurred, During this time, the
radiciostope was only incorporated into alternate changes

of medium,

2. Virus Concentration. Unconcentrated medium from an

infected culture was used in Experiment l.1 but in all

subsequent work, concentrated virus was employed,

As far as possible, all steps were carried out at
4°C, Virus-containing tissue culture fluid, collected as
described above, was vooled and clarified by low-speed
centrifugation, The supernatant was mixed with an equal
volume of saturated ammonium svliphate solution (SAS),
After one hour, the precipitate which formed wes sedimented
by centrifugation at 6,000 rpm for 5 minutes in a Beckman

J=21B ultracentrifuge. The supernatant wasg discarded and



the precipitate was redissolved in TS, The volume of T3
required was approximately a tenth of the volume of the
original pool. The resultant virus suspension was layered
on top of discontinuous 20-60% sucrose gradients in SW 27
ultracentrifuge tubes; and spun at 25,000 rpm for 2.5 hours,
At the end of this time, an opaque band was present at the
interface between the two layers of sucrose and this was
collected by the technique of fractionation described in
Part Three, A volume of stock RNase golution was added to
this banded material to give aifjnal concentration of 100
‘pg/ml of RNase and the preparation was then dialysed

against PBS for 30 minutes. The resultant dialysed sample,
which usually had aboubt a sixtieth of the volume of the
orliginal pool, was dispensed into aliquots which were stored

at -70°C.

3. Density Gradient Centrifugation and

li. Radiocassay. These were carried out :as previously

described under these headings in the Materials and Methods

section of Part Three,

S. Infectivity Assays. Following determination of their

refractive indices, selected fractions from gradients
containing non~radioactive virus were diluted 1 in 10 with
.5 ml of Farlé's solution and then dialysed for one hour
againgt cold Tarle's solution., The infectivity titre of

each was determined by the method deszcribed in Part One,




6, Blectron Mieroscopy.

in Part Thres.

This was carried ovt as

described
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BYPERIMENTAL, PROCEDUR®ES AND RESULTS,

EXPERIMENT ) ,1

To Determine the Buoyant Density of CDV Virions.

The aim of the first experiment was to determine
whether or not sufficient radioisotope could be incorporated
into virus to permit its detection following centrifugation
of unconcentrated culture fluld through a sucrose density
gradient.

Procedure. An 8oz, bottle of cells infected in

suspension with the virus was fed medium contalning 3H~
uridine at 2l hours PI, Three days later, the medium was
collected, TFollowing clarification, 7.5 ml was layered on
top of a 10 ml gradient of 20-A0% sucrose in an SW 27 tube,
The tube was then centrifuged at 25,000 rom for 17 hours,
Ten-drop fractions were collected and radioassay carried

out as previously described..

Results., No clear cut peak of radioactivity indicative

of banded labelled virus was‘obtained and the tobtal amount

of radioactivity recovered was small,

A



"Conclusions and Discussion, The relatively low counts

(maximum of 300 CPM) obtained and the lack of 2 clear~cnui
peak sugmested that unconcentrated tissue culture fluid
does not contain sufficient virus narticles to nermit
resolution of the latter from cellulsr radiocactive material

of similar density.




EXPERIMENT L .2

To Determine the Effect on the Virus Infectivity of
Precipitation with Saturated Ammonium Sulphate Solution

and Centrifugation through Sucrose.

The results of the previous exveriment indicated that
it would bs necessary to concentrate the virus before
attempting to deteriine its buoyant density. A convenient
way of doing this might be to rrecivitate the virus with
saturated ammonium éulphate solutjon (SAS) and then
centrifuge . it through 20% sucrose onto a pad of AOE
sucrose, The effects on the viral infectivity of the two
steps in this procedure were first investigated,

Procedure, A pool of virus was prepared from 272 ml of

flvuid from infected cultures. Two ml was removed and
stored at w?Ooc for subsequent titration. The remaining
270 ml were clarified, mixed with an equal volume of SAS
and left in an ice bath for 1 hour. The precipitate which
formed was pelleted by centrifugation at 6,000 rpm for 5
minutes and was redissolved in 28.5 ml of TS, Following
the removal of 1 ml for titration, the remaining 27.5 ml’
were layered on top of a discontinuous eradient of 20-40%
sucrose (5 ml of 20% and 3 ml of A0%) in an SW 27 tube, The
tube was centrifuged at 24,000 rom for 2.5 hours, At the
end of this time, an opaque band wag found at the interface
between the 20 and 60% sucrose solutions, This band was
collected and dialysed at L°C against PBS for L5 minutes,

The resultant volume was 3.8 ml and this also wag stored.
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at n7OOC for titration. As far as possible, all steps

were carried out at uoca

Since the above procedures required avproximately 6
hours for completion, the stability of the virus at 4°C
was investigated, A vwool of virus was prepared and divided
into five aliquots, One was used imrediately for |
infectivity titration and the remainder stored at hOCO
After 7, 1b, 21 and 28 hours at that bemmerature, one

aliquot was removed and its infectivity determined.

Since.a common stock of virus was required for
subseduent experiments and the latter could not be carried
out on the ssme day, storage of radioactivexvirus at -70°¢C
was considered essential. The effect on the viral
infectivity of one cycle of freezing and thawing was
therefore determined. A sample of viruvs was dividéd into
two aliquots. One was titrated immediately and the other

after overnight storase at -7000,

Resultsa, The results of the above investications are shown
in the tables below, from which it will be seen that the
only procedvre resulting in loss of infectivity was the

centrifugation through sucrose,
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a) Coricentration Bxperiment,

LESE SR Ly v . . , . R
Volume Concens Titre in 10%10 Total infectivity

Stage in mls tration TCID.. per ml in log
50 10

Initial 270 oo Lol 6,54

SAS ppt 28,5  x9,5 5,1 (.55

Suerosse ) - RN

pad 3.8 xhH8.4 Lh.7 5.28

Recovery of infectivity from vad - 5,5%

b) Temperature Sensitivity

Sample . Titre in logloTCIDSO per ml
Initial sample ' lL.7
7 hour U.7
1L hour b9
21 hour L.7
28 hour L.9

¢) Freezing and thawing,

Sample Titre in 10%10TCIU90 per ml
Tnitial sample h.9
After 1 cycle of .7
freezing and. thawing ¢

Conclusions and Discussion., The use of SAS permitted a
concentration of approximately iOufold without lcss of
infectivity. By combining this with centrifugation onto
a dense sucrose.pad, a 68-fold concentration was obtained,
though this resulted in a substantial less of infectivity,
However, despite the latter drawback, centrifugation was

considered useful, since only fast sedimenting structures




e

such as medium-sized or large virus particles would be
expected to rsach the bobttom of the 20% sucrose solution
during the relatively short period of centrifugation
employed., The elimination of cellular material such ag
rivozomes from the concentreted viruvs susnmension would
facilitate the detection of a vneak of radioactivity due fo
banded virus, Also, it was hoved that the number of viral
rarticles might not have heen vreduced to the same extent as

the infectivity.

Storage of virus samples at L°C for 28 hours apvears
to have had no effect on the titre of the virus and
similarly one cycle of freezing and thawing had no

deleterious effect.

The method described in this experiment was therefore
used to prepare aliquots of concentrated labelled and

unlabelled virus for subsequent studies,
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EXPERTIVENT L,3

To Determine the Buoyant Density of CDV in Three Types of

Density Gradients,

The primary aim of the present experiment wasg to
egstablish the buoyant density of the viruvs in density
gradients of potassium tartrate, sucrose and CsCl.' By
comparing the distribution of infectivity and radjoactivity
in each tyve of gradient, it was honed that the most
suitable gradient for the purification of the virus would

be found,

As it was impossible to centrifuee virus through all
three types of gradients at the same time, a pool of virus

was prepared and divided into aliquots as already described.

Procedure, A pool of 400 ml of tissue culture fluid

containing approximately IOSTCIDSO per ml of 3H~uridine-
labelled virus was vrepared and clarified, The virus was
precipitated with SAS and then centrifuged onto 60% gucrose
as described in the previous experiment. The opague band on
top of the 60% sucrose was collected, 300 pg of RNase was
added and dialysis was then carried out, The volume at the
end of the period of dialysis was 6 ml, This was divided

into L aliquots which were storéd at -70°C,

A pool of non~radiocactive virus was prerared and

concentrated by the same method as for the radioactive virus,




Table L. Distribution of Radioactivity in Density Gradients,

Buoyant Density radigigiiggiierggoveredu
Gradients Range” At Peak At Peak.
K, Tartrste 1,210-1,185 1,197 27
Sucrose 1.218-1,180 1,206 2l
Cs01 1,262-1,229 1,240 13

a - Density of fractions containing 10% or ecreater of the

recovered radioactivity,
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Eight ml gradients of 1.1 to 1.3 g/cec of potassium
tartrate, 20-60% sucrose, and 1.1 to 1.3 g/cc of CsCl with
a 1.5 ml buffer layer of the appropriate solution, were
prepared in SW [0 tubes. 4An aliguot of radioactive virus
was ceuntrifuged through one of each tyve of gradient to
determine the distribution of radigactivity in each.
Similarly, aliquots of unlabelled virus were centrifuged
through two of each tjpe of gradient to establish the
pogition of visible and infectious virus in the gradients
by electron microscopy and infectivity assay resnectively,
The tubes were centrifuged at 37,000 rpm for 16 hours,
Ten<drop fractions were then collected from each; the
refractive indices of alternate fractions were measured,
and radioassay, infectivity titrations and electron
microscopic examination were carried out as previously

described.

Results, The results of the radicassay and infectivity
assays are shown in Tables l and 5., From thege it can be
seen that, whereas the distribution of radiocactivity and
infectious virus in the potassium tartrate gradients
closely corresvond to each other and to those in the suverose
gradients, they differed markedly from the patterns seen

in the gradients of caesium chloride,

a) Potassium tartrate. As can be seen Irom Figure 36, the

radioactive profile in gradients of potassium tartrate was
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Radiocactive profile showing the buoyant density

of CDV in a sucrose gradient,




Figure 38> Negatively-stained C(DV particle,
sucrose density gradient, X80,000

from a
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characterised by a sharp peak at a density of around 1,195
g/cc, the amount of radiocactivity present at this point
being some 12-fold greater than at the bass of the pesk,
The results of the infectivity titrations avre recorded in
Table 5. The distribution of infectivity closely matched
that of radiocactivity. In reading these titrations, a
prozoune phenomenon was observed, CPT bheing absent or
delayed in tubes inoculated with the lower (10’”1 to 10"2)
dilutions of fractions corresvonding in density to those
containins the greatest amounts of radivactivity, With
the electron microééope, virus particles were obhserved in
fractions having a density range of 1,176 to 1.237 g/ce,

the greatest number being found in the range 1.190 to 1,214

g/cc.

b) Suvcrose, The radicactive profile in sucrose density

gradients (Figure 37) was very similar to that in potassium
tartrate, though, as Table I} reveals, the peak tended to
have a broader bise, The infectivity titres are recorded
in Table 5, which shows that slthovgh the peak ovccurred at
the same density as in potassium tartrate, the amount of
infectious virus recovered was 0,5 to 1.5 1oq10 lower,
Electron microscopny revealed the presence of typical

virus particles in fractions having a density rance of

1,158 to 1,216 g/cc, the greatest number being found in

the two fractions of density 1.1%0 and 1.197 g/cc. A

virus particle from this gradient is shown in Figure 38,

¢) Taesium Chloride, Ag shown in Figure 39, the radioactive
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profile in the caesium chloride gradient was charactericed
by a plateau covering the density range 1.238 to L.262
g/ce, The infectivity titres of the non-radioactive virus
from the gradient are shown in Table 5. Cowparison of
these with Figure 39 will show that the correlation between
the radiocactivity and the infectivity at densitieg of
greater than 1,245 g/cc was poor, With the electron
microscope, typical virus particles were dewmonstrated in
fractions having a density range of 1,193 to 1,275 o¢/cc,
the greatest number being found in two fractions of density

1.219 and 1.23l g/cc resrectively,

Conclusions and Discussion. The radiocactive profiles

obtained from the potassium tartrate and sucrose gradients
were very similar, both having nesks of radiocactivity at
around 1.2 g/cc. This was also where most of the infectious
virus was found and where the greatest number of viral
prarticles were seen with the electron microscope., This
correlation, counled with the fact that the material was
RNase treated to eliminate asgs much celluvlar RNA as possible,
svggests that the peaks of radiocactivity were due to banded
labelled virus., The neak in the potassium tartrate gradient
differed from that in sucrose in being hicher but less
broadly based,.indicating that the virus had been concen=
trated inte a narrower band. The amount of infectious virus
in the fraction of density 1.2 z/cc was also greater in

potassivm tartrate than in suverose, The wrogone nhenomennsn

observed in the titrations of the fractions from the




potassium tartrate gradient will be discussed at the end

of this section.

The radioactive profile obtained from the Call
cradient differed considerably from those seen in the other
two gradients, the highest CPM being in the density region
1.2 to 1,26 g/co., Also, as noted earlier, the region of
greatest radiocactivity did not correspond either to the
reéion where most of the infectivity was found or to that
where most virus was seen with the electron microscope,
Since the samples were partially purified and treated with
RNase, and there was a close correlation between radio-
activity and infectivity in the sucrose and potassium
tartrate gradients, the radiosctivity in the CsCl gradient
must therefore have been due to viral material, The
difference in the density ot the radiocactivity and
infectivity in the CsCl is therefore difficult to understand.
One mossibliity is that the virus was vartially broken un
and the radioactive meak was dve to banded nucleocapsid
with pieces of envelove attached, On investigation, it
was found that the pH of the CsCl solutions was only 5.L,
whereas that of the sucrose and votassium tartrate solutions
was T.lh. Though it was obviocua from the infectivity
results that infectious virus was still vresent in the
gradients after 16 hours at pH 5.5, it was thought that some
break.up of the virus might have occurred and hence produced
the discrepancy between the radioactive and infectivity

results.
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EXPERIVENT ),

To Petermine the Effect of vH on the Radiocactive Profile of
CDV in CsCl Gradients and Confirm the Results of the Suerose

and Potasgium Tartrate Centrifugation in the Last Fxperiment,
) !

The present experiment was designed to determine
whether or not the radioactive profile obtained iﬁ CsCl
was due to break up of the virus by the low pH. It also
had the aims of confirming the radioactive profiles
obtained from the sucrose and potassium tartrate gradients,

Procedure, CsCl solutions of density 1,1 and 1.3 g/cc were

prepared in T3S, TE buffer, and a mixture of TS and TE, to
give solutions of pH S.L, 7. and 8,1, These solutions
were then used to make three gradients of density 1.1 to

1,3 g/ce, with pH 5,4, 7.4 and 8,1,

Five ampoules of radioactive virus were preparcd from
a pool as described in the previous experiment. Three of
these were layered on top of the CsCl gradients, one ner
gradient, The fourth and fifth were layered onto gradients
of potassium tartrate and sucrose respectively, these
being identical to those used in the previous experiment,
Centrifugation and fractionation of zradients and

radiocassay were carried out as described previously.

Resvlts, The profiles obtained with potassium tartrate

and sucrose were identical to those obbtained in the
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previous experiment, the potassium tartrate again vnroducing
tighter banding of the virus. The peaks cccurred at much
the same density as before, namely 1.193 g/cc in potassium
tartrate and 1.196 g/cc in suerose, The distribution of

radioactivity in each gradient is shown in the following

table,
. > of recovered
. Buoyant Density % ?. s
Gradient pH Range? At veak radicactivity
At pesk,
X.T, 7.4  1,205-1,182 1,193 35
Sucrose 7.0 1,201-1.182 1.195 21
CsClL 5.l 1.286=1,22l 1,2iL2 22
CsCl 7.1 1.282-1,202 1,239 21
CsCl 8.1 1,250-1,23} 1.250 12

a = Density of fractions containing 10% or sreater of the

recovered radioactivity.

The results obtained with CsCl are shown in Figure LO.
As can be seen, the pH value had little influence on the
profile, although the total amount recovered was about 60%

higher at pH 7.4 than at pH S5.l.

Conclusions and Discussion., The results desceribed above

confirmed that the radiocactive oro“ile of the virus in

CsZ1 density ogradients was quite distinct from that observed
in potassium tartrate and sucrose gradients, Since the

same profile was obtained at different pH values, it was
clearly not the rnsult'of break-un dve to low nH, as

suggested by the results of the last exneriment, Of the




three gradients tested, the tightest banding was amain

obtained with pobtagsium tartrate,




BXPERTMENT |}, 6

To Compare the Degree of Separation of Virus from Myconlasmsa
obtained by Centrifugation through Potassium Tartrate and

Sucrose Gradients.,

The results of the previous two exveriments showed
that sharper banding of virus was cbtained in potassium
tartrate than in sucrose., It seemed wossible that this
might have been due to the inability of votassium tartrate
to resolve small differences in density. If this was true,
separation of virions from non-~viral particles of similar
density would probably prove difficult; the wvalue of
vrotassium tartrate for the purification of the virus would
therefore be limited, In order to compare the aefficacy
of potassium tartrate and sucrose for the separation of CDV
viriong from particles of similear sive, structure and
density, the decision was made to compare the distribubtion

of the mycovnlasma, Acholeplasma laidlawii in the two tyves

of gradients, . By so doing, it was hoved that tichter
banding would again be obtained in potesssium tartrate but at
a density quite distinct from that of the virus., The
buoyant density of mycoplasmata in sucrose gradients has
been reported to lie in the range of 1.20 to 1.2 g/cc
(Todaro et al,, 1971).

Procedure. Some mycoplasma broth containing Acholeplasma

lajidlawii was mixed with tissue culture growth medium

3

containing sufficient “H-uridine to give a final concentration

of 20 uCi/ml, and the sample was incubsted at 37°C for
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Figure 41,

Denasity

Radioactive profiles obtained from the

centrifugation of Acholenlagma lajdlawii in a sverose and a

potassium tartrate density gradient,
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two days. Half of the sample was then layered on top of
an 8 ml gradient of 20~A0% sucrose, with a 1.5 w1l buffer
layer, in an SW 4O tube, and the other half wag layered on
top of an 8 ml gradient of 1,1 to 1.3 g/cc of potassium
tartrate, with a 1.5 ml buffer layer, again‘ﬁn an SW L0
tube. The tubes were centrifuzed at 37,000 for 16 hours.,
The gradients were then fractionated and radioassay

carried out as described for the virus,

Results. The results are shown in Pigure L1 from which it
will be seen that tighter bandiﬁg was again obtained in
potassium tartrate. In both gradients, the mycovlasmas
banded at a density of around 1.2h g/c¢c — considerably
greater thsn that of the viruvs — but whereas the tight
bandine in potagsium tartrate meant that few, if any,
orzanisms were present at a density of less than 1,22 g/ce,
the radioactive nrofile in sucrose indicated that they were

still numerous at a density of 1.19 to 1.20 z/cc.

Conclusions and Discussion., Pobassium tartrate vermitted

sharper banding of both virus and mycoplasma than did
sucfose though in both types of gradient there was a
difference of 0,0l g/cc in the density of the two peaks,

The sharper banding in potsssium tartrate thus nrovided
better conditions for the separation of the two wopulations.
In suecrose, on the Othef hand, the spread of each band was

suvch as to produce overlap and hence vnreclude sny nossibility




M
50~

g = [Wiyeoplasima
o “
n “ CINTEATNEYE ‘.‘%, ;{77 E E’&Eﬁ
[
N 1y
45 f
25 Y
g\
p8
ﬁ x
i
E
B J i
e W E
20 [
; |
i
fl
fi
fi
f
{l
g ;
i
5] i
f
fi
@

=3
&)

mmmmmwmmmmmwnmmmm

5
z ,
& & &
Ry .
& g Y
t’@& 4@"’/ a- \1’1‘-‘?.
@ sl 1 s s v
| G e Q/ Qe wuf s e A
{ Cprrmer NS _
e gy [ i o4 * Prferias
(3 (25 e i

Ficure L2, Comparison of the profiles obtained from the

centrifugation of mycoplasma and CDV in potassium tartrate

gradients,



207

2
umrs ‘,-g,
10

== e i\ lyooplasimna

12)’ 5’5’ ROTEVRINEATRY v\:\a\d‘y H ﬁ! ilﬂ 3

20

10

13

Density

Figure L3, Comparison of the nrofiles obtained from the

(PRI T

centrifugation of mycoplasma and CDV in sucrose gradients,




of achieving comvlete separation without sacrificing some
of the virus., This is illustrated in Figures L2 & L3,
drawn from the results of BExperiment L.3 and .5, On
this basis, it was concluded that potassium tartrate
provides better resolution of different populations and

hence is more ideal for the purification of the virus.




DISCUSSTON,

From the results of these four eXperiments, a system
was evolved for the preparation of virus for biochemical

studies.

Unconcentrated tissue culture fluid contained
insufficient labelled virus to allow its detection in
density gradients so a system of concentration and partial
purification was introduced, This involved the vrodvetion
of a large pool of virus, vprecinitation of the virus with
SAS, and its sedimentation throush 207 sucrose onto a nad of
609 suerose, a ALh-fold concentration being achieved,
Precipitation d4id not affect the virus adveraely, but
centrifugation throush 20% sucrose resulted in a substantial
loss of infectivity. It was not surprisiang, therefore, that
when virus concentrated in this manner was centrifuged
through linear density gradients, the infectivity titres
of fractions ffom these gradients were relatively low,

This loss of infectivity in sucrose may have been due to
the high osmotic pressure exerted by the solution; since
the viral envelopre is derived from cellular membrane and
cells can be disrupted by osmotic shock, it was likely that
envelopedviruses can be similarly affected, There was

no evidence, however, that the loss of infectivity was

matched by a loss of particles; althoush particle morrhology
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was poor (again verhaps due to %uofose), the very fact

that virions were found with the electron micrcescone
indicat~d that & substantial number were mregenty Yaterson
(196k) stated that a concentration of 1OQ particles rer ml
is required for visualisation in the slectron microscope,
One other piece of evidence sugeested that the narticle/.
infectivity ratio was high. This was the prozone
phenomenon which occurred when fractions from the potassium
tartrate gradient were titrated for infectivity. The Tact
that this occurred mainly with fractions of the same
density as those fo;ming the radioactive peak sugrests that

blockade of cell receptors by non-infectious virus may have

been largely responsible for the rhenomenon.

When samples of labelled virus were centrifireed
through votassium tartrate gradients, neaks of radioactivity
were obtained at a density of approximately 1.20 ¢/cc. Vhen
unlabelled virus was centrifuged throuch identical grafients,
it was found that infectious virus and virug rarticles were
likewise vresent in greatest amount at this density. Since
the virus had veen treated with RNase, i1t was concluded that
the radicactive veak revresented banded labelled virus and
that the buoyant density of the virus was therefore 1.20
g/cc., The peak in potassium tartrate was higher than that
in suvcrose, with a radioactive content of u?;OOO crM
compared to 32,007 CPM, but had a narrower bsse, The

titres of infectious virus recovered from the potassium

tartrate were likewise ereater than those obtained from ths




sucrose, These results showed that tichter banding o~curred
in potassium tartrate, l.e., the virus was concentrated into
a narrower density range. As mentioned rreviously, "McCrea
et al,, (1961) found that votassium tartrate vermitted

tight banding of influenza and WDV virions, while Blliot and
Ryan (1970) reported that, in sucrose, CDV occupied a

fairly wide density range, namely 1.l to 1.22 g/cc.

Centrifugation of sanples through caesium chloride
produced distributions of radiocactivity and infectivity
which differed not only from those in potassium tartrate
and sucrose, bubt also from each other, The radioaotive‘
profile obtained was a plateau covering the density range
1.24 to 1.26 g/ce, whereas the results of the infectivity
assay and electron microscony indicated that infectious
virus narticles occurred at s lover density range, with
most around 1.23 g/ce, Although the pH of the cacsiﬁm
chloride gradients was only ©5.l, infectious virus was
recovered from them, and when neuvtral and slightly alkaline
gradients were.used, the radiocactive profile remained the
same, indicating that the acid pH had not broken up some
of the virus and hence had not been responsible for the
differsnce between the profiles of radioactivity and
infectivity. The recovery of infectious virus after 16
hours at pH 5.4 is in agreement with the report by Zeliker
and Gillespie (1954) that viability for CDV ias retained
between pH values of L,li and 10.). The difference between

the two profiles is difficuvlt to internret, Since all ol
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the radiocactivity in the other two tyves of gradients was
agsociated with virus particles, the radiocactive material
in the caesium chloride gradients must also therefore have
been viral in nature, Although the acid pH did not
apparently cause break-up of the virus, it is possible that
some other factor had produced partial break-up, resultiﬁg
in a band of density 1.2 to 1.26 g/cc, consisting of

nucleocapsid with pieces of envelope attached,

From the results of the infectivity tests and electron
microscopy, the buo}ant dengity of CDV in caesium chloride
was 1l.23 g/cc. This is in accordance with the findings of
Phillins and Bussell (1973) who revorted that the reak of
infectivity in casesium chloride ¢radients oscurred at =a
density of 1,233 =z/c¢cc. However, the latter workers found
that infectious virus banded at the same density in
potassium tartrate as in caesium chloride, whereas in the
present investigation, virus was found to band at a lower
density in potassium tartrate and sucrose than in caesium
chloride. This difference in density may have been due to
the binding of caesium ions to the virions. However, if
this did in fact occur, it might have been expected that
potassium ions would have done likewise but, as the buoyant
density of the virus was the same in votassium tartrate as
in sucrose, this geems unlikely. The difference between
the two gradients might have been dve to the difference in
the anions vresent, as it has been shown hy Rowlands et al,,

(1971) that the buoyant densities o0° certain nicornaviruses

[
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are much lower in caesium sulvhate than in caesium chloride,
Dependence of buoyant density on gradient composition has
been discussed by Manning et al., (1970) who found that
mouse mammary tumour virus banded at the same density in
potassium tartrate as in sucrose., but at a greater density
in caesium chloride. Without making similar comparisons,
other workers, however, have reported a buoyant density of
1,23 g/cc for both measles (Hall and Martin, 1973) and SV5
viruses (Klensk and Choppin, 1959), a figure very similar to
that for their buoyant density in caesium chloride

(Phillivs and Bussell, 1973). On the other hand, MeNulty
(personal communication) found that the buoyant density of
egg-grown NDV in votassium tartrate was 1,20 g/ce,

Variation in the revorted buoyant densities of viruges in
potassium tartrate may be related to the absence of
puvblished tables giving refractive indices for a range of
densities., Each laboratory must therefore prcduce its own
set of figures and calibration curve., Standardisation of

this would permit easier comparison of results,

From the work of Phillips and Bussell (1973), it is
clear that the variation in the density of virions within
a single gradient is due to real variation in their density;
virions from a particular zone of the band were shown to
sediment to the same vosition on recentrifugation, This
variation in density is easy to understand since electron
microscony has shown variation in narticle sgée, with
resultant differences in the ratio of nucleocansid to

envelove., From the results of FExperiments 4.3 3nd L.k,




judgement could not be made as to which of the gradients
tested had the greatest ability to resolve small differences
in density. However, from the results of Experiment L.5,

it appeared that much better separation of viral and
non-viral material could be achieved in potassium tartrate

than in sucrose,
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PART FIVH,

INTRODUCTION AND R®WVI®W OF THE LITERATURE,

Until 1973, no estimationg of the nurber or size of
the polypentides of CDV or measles virus had bvesn reported
but, in that year, two napers were published on this subject,.
The first was by Hall snd Martin who revorted the finding
of six polypevtides from sodium dodecyl sulphate (SDS)-
polyacrylamide gel electrovhoresis of measgles virus, the

molecular weights of these being 75,6003 69,000; 60,000;

53,000; 51,000 and }5,700, The second was by Waters and
Bussell who also obtained six polypeptides from both
measles and CDV virions and revorted the molecular weights
of these to be 78,000; 71,000; 61,000; 53,000; 45,000 and
37,000, in both cases, As can be seen, there is some
variation between these two sets of figures, especially

with regard to the two smallest polypentides,

Although fuller documentation exists for the
polypentides of certain other paramyxoviruvses, not only are
there variations in the revorted size of these but also in
the number vresent. For exanrle, six polypentides were
separated from NDV by Scheid and Choppin, (1973) whereas
Moore and Burke, (197L) found ten. It is generally

accepted, however, that paramyxoviruvses contain at least
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8ix polypeptides., TIn the case of XDV, three major
polyrevtides are always found, though again, the estimations
of the molecular weishts of these vary. For sxample, the
estimated molecular weights for the haswagglutinin rancge
from 90,000 (Hvans and Kingsbury, 1969) to 74,000
(Mountcastle et al,, 1970). Some of the variation may be
due to differences between the viral strains studied,
Shapiro and Bratt (1971) reported that among the vpolypep=-
tides obteined from four strains of NDV, the three major
classes were always nresent but vsriation was seen in the

proportion, and possibly the number, of other classes,

The different resuvlts obtained in the above
investigations may also have been due to the differing
technigues emvloyed, e.g., the method of solubilising the
viral protein, the composition and concentration of the gels,
the time allowed for electrophoresis and the current passed,.
It is possible that variation may also be related to the
different methods of calculating fhe molecular weights
from the marker polypeptides, Some workers, ({(e,g. Haslan
et al.,, 1959; Hall and Yartin, 1973), have compared the
distances migrated (DM) by the test and marker polypeptides
while others (e.g. Evans and Kingsbury, 1949; and Waters
and Bussell, 1973) have comrared the relative migration (RM)
values, these being the ratios of the distances migrated by
the polyrentides to the distance miesrated by the tracker
dye, As will be seen from the results of the vresent

investigation, the system has an inherent degree of



inaccuracy, variation occurring in the results obtained in

a single experiment with a single virus preparation.

The aim of the subsequent exreriments was to determine
the number and size of the polynevtides obtained from
purified CDV, to compare these with the polypeptides
described by Waters and Bussell (1973) for the Onderstevoort
strain of CDV and to investirate some of the technical

factors governing the results obtained,




MAT®RTALS AND METHONS,

. s . . 0
1, Purification of viruvs, DBefore storage at -707°C, all

virus-infected tissue culture Tluid used for this work was
clarified by low-speed centrifugation at the time of
harvesting in order to remove flpating syncytia and cell
debris, and thus reduce the amount of cellular protein

to a minimum, A pool of 1,200 ml of virus-containing
tissue culture fluid was prepared. Fellowing clarification
by centrifugation, the virus was precipitated with SAS,
centrifuged through 20% sucrose onto a pad of 60% sucrose,
and svbjected to two consecutive bandings in potassium
tartrate density gradients, the time and sveed being as
reported in Part Four, After the second banding, the virus
was dialysed against PBS at MDC for several hours and then
pelleted in a siliconised SW 50,1 tube by centrifugation at
35,000 rpm for ohe hour, It was then resusverded in 3 ml
PB3 and disnenéed in 0.5 ml volumes which were stored at
~70°C. Egstimation of the proftein content of this vrepar-
ation by the method described by Lowry et al, (1951) showed
it to be 220 ng/ml.

2. Marker polypeptides, Rather than employ non-viral

polypeptides as markers, it was decided to use the
polypeptides of NDV since it was expected that these would

be similar to those of CDV, The egz«~crown virus vreparation
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was kindly supplied by Dr, M,S, McNulty. The protein content
of this was 300 ng/ml. The three major polypeptides were
used as the markers, The molecular weights of these were
taken as 78,000; 59,0003 and [j2,000 by averaging the figures
published by Evans and Kingsbury (1969), Haslam et al,
(1969), Mountcastle ot al., (1970) and Scheld and Choppin

(1973), abnormally high or low estimations being ignored,

3. .Solubilisation of polypeptides, The solutions used were ;-
(a) Reduocing solubiliser = 6 M urea, 1% SDS, 1% 2-mercapto=
ethanol, 10% sucrose, a few grains of bromophenol blue (to
colour, and form a tracker dye), in PBS,

(b) Non-reducing solubiliser - as for (a) but without
mercaptoethanol,

The virus was thoroughly mixed with the solubiliser,
incubated at 70°C for 30 minutes, followed by 100°C for

1 minute, and left to cool before being layered on top of

the gels.

. Preparation of gels, The tubes used for the gels wers

70 mm long, 6.5 mm wide, and made of glass, They wereo
stored in chromic acid until required, then boiled in
detergent, left to cool, rinsed several times in waten,
rinsed in acetone to aid drying, and left to dry. Parafilm
was placed over the bottom of the tubes, and they were then

rlaced upright in the elecirophoresis avparatus,.

The solutions used for the preparstion of the gels were:-
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Solution 1 « 0 g acrylamide, 1,2 g N,N,methylenebisacry-
lamide, DW to 100 ml,

Solution 2 = 25y ml 1 N HO1l, 18,15 g Tris, 0.3 ml TEMED,

DW to 100 ml, “

Solution 3 - 0.3 g ammonium persulvhate, 60,06 g ureas,

DW to 100 ml,

Solutions 1 and 2 were stored in dark bottles at uOC.
Solution 3 Yas freshly prepared. Solutions 1, 2 and 3

were mixed in the provortions 1:1:2 and the gel tubes
filled immediately with this mixture to within 20 mm of

the top. Water was immediately layered on top of the gel
mizxture. The gels polymerised in approximately 15 minutes
but for saftey were left undisturbed for at least 30 minutes.
The parafilm was then removed and the tubes rolled to check

that the top surface of the gel was completely flat,

5. Blectrorhoresis. The two solutions recuired for the

apraratus were :-
a) "Upper tray buffer" — 3,16 g Tris, 1.97 = glycine,

0.5 g SDS, DW to 500 ml., The pH was adjusted to 8.9.

b) “"Lower tray buffer" — 6,05 g Tris, 25 ml 1 N HCIL,

0.5 g SDS, DW to 500 ml, The pH was adjusted to 8,1.

When the polypeptide ' preparation wag ready, the lJower tray
of the electrophoresis apparatus was filled with "lower
tray buffer”, and the positive electrode was connected, The
tops of the gels were rinsed with water, followed by
"upper tray buffer", The gels were then set in position,

and 200-300 ul of the polypeptide preparation was placed on
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top of the gels in the %ubes., "Tpoer tray buffer”" was
layered carefully on ton of the samnles to fill the tubes
and the uover reservoir of the arvaratus filled with this
buffer., The negative electrode was connected un and a
current of 2 mA per gel was avplied, the voltage being
conatant, The current was passed through the system for
approximately 2 hours, until the bromophenol blue tracker
dye was near the base of the gels, The latter were then
removed from the tubes by carefully introducing water into
the bottom of the tube, between the glass and the gel, by

meansg of a syringe and needle,

6. Slab gel electrovhoresis, The anraratus vsed was the

same as that desecribed by Akroyd (1947), It consisted of
two rectanpgular sheets of glass, arvnroximately 19 by 15 ecm,
and two strios of glass (smacers) the thidkness of the gel
and 15 cm long. These two strips were vlaced between the
two shegts of glass so as to form the side walls of a
chamber and the glass sheets were held close to them by

two strong clips. The bottom of the chamber thus formed
was tewporarily sealed with plasticine. The gel was
prepared by filling the chamber with gel solution, prevared
as described above, to about two-thirds of its depth, The
DW was immediately added to the top of the solution and,
when the Ltatter had polymerised, the top mart of the cel was
rinsed with water, followed by "upper tray buffer"., The
chamber, above the gel, was then divided into the requisite

number of compertments for the samnies by jnserting some




pieces of plastic tubing., The lower ends of the tubes
touched the gel and the tops were 1 cm below the top of the
glass sides, The plasticine was then removed and the lower
end of the anraratus was placed in & tray containing "lower
tray buffer", The samples were layered into the compart-
ments and "upper tray buffer" was placed on top of these.

A wick of filter paper soaked in "upper tray buffer" was

set with one end in the "upper tray buffer" above the samples
and the other in a separate tray containing "upper tray
buffer", Electrodes of platinum wike were placed in the

two trays and a curfent of 8 mA was passed vntil the

samples had entered the top of the gel, The current was

then switched off, the compartment dividers were removed

and fresh "upper tray buffer" was vlaced above the gel, With
voltage constant, a current of 15-20 mA was passed until

the tracker dye reached the bottom of the gel,

The gel was taken out of the apparatus by removing
the clips and the gpacer strips of glass and svbmerging the

gel and glass sheets in water, the glass then being eased

off the surface of the gel.

7+« Processing of the gels, Solutions required were:-

Stain solution — 0,25% Coomassie blue dissolved in 5 parts
methanol: 1 part glacial acetic acid: & vartg DV,

Destain solution ~ 5 parts methanol: 1 nart glacial acetic

acid: 5 parts DW,
Following electrovhoresis, the cels were submersed in the

stain solution for at least one hour. ‘The rod sels were
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then destained by pubing them into tesat tubes fiiled with
destain solution and rotating them for avnroximately 24
hours, the destain solubtion being changed at leasgt once
during this time, The gels were then pubt in water over-
night and finally scammed at-580>\in a pgel ascanner
attached to a pen~recorder. The trace thus produced wags
used to measure the distances migrated by the polyveptides.
The slab gels were placed in a dish with destain solution
which was changed twice during the succeeding 2l hours,
After hydration, the gel was photographed and this was
usad for the measurement of the distances migrated by the

polypeptides,

L
N
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Figure lLl, Trace from a gel containing the CDV

polypeptides, Note the six peaks, corresponding to the
8ix polypeptides. The origin is on the left hand side,

and the tracker dye mark is on the end, on the right,




BAPERIMENTAL, PROCTDURTS AND RESTTLTS,

EXPERIVENT &1,

To Determine the Number and Size of the Polypentides in

the Canine Distemper Virion.

Procedure, Two samples of 100 ul of NDV, two sampleg of

100 ul of CDV and two samples of 150 ul of CDV were treated
with the reducing solubiliser, The six samples were
layered on top of the gels, and the current passed as

deseribed in the Materials and Methods section,

Results, The patterns obtained from the gel scanner for

each of the four CDV samples were very similar and one of
these is shown in Figure Lli. As can be seen, six

polypeptides were found,

From each of the two traces of the NDV polypeptides, a
graph was prepared by plotting the distances migrated by
the three major polypeptides against the logarithms of the
molecular weights, Two additional graphs were prepared by
plotting the logarithm of the molecular weight againgt the
RM values for each of the three polypeptides, 1In this way,
four reference graphs were obtained, The distances migrated

by the six polypeptides {rom eaclhi of the founr OGNV fraces
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were measured and the RM values calculatesd, In this way,
16 estimations of each of the six CDV polyneviides were

obtained. These are summarised in Table 6.

Conclusions and Discussion. The pattern of the gel scan

wag very similar to that obtained by Hall and Martin (1973)
for measles virus, and resembled less closely the trace
published by Waters and Bussell (1973) for distemper virus,
In general; the estimated molecumlar weights of the six
polypeptides were greater than those revorted by Waters

and Bussell (1973) for CDV,

The molecular weights were calculated from the DM
and RM values, By using both methods, it was hovned to
ascertain which Ufoduced the greater uniformity, 7Tt was
found that less variation was nresent amongst the results
from different gels when the estimations were based on the

RM values.

Although all factors appeared to be the same in.each
gel, the distance travelled by the tracker dye varied, 1In
three of the CDV traces, the distance wmigrated by the dye
was 219 mm whereas, in the fourth,; the dye travelled 226 mm,
In one of the two NDV gels, the dye moved 193 mm whereas in
the other one it reached 208 mm, The factors affecting
the distance travelled by the dye nresumably also affected
the distance travelled by the nolypevntides, thonech not

necessarily to the same extent., The calculations of
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molecular weicht based on RM values might therefore he
expected to give a more accurate result, The results

presented above would appesar Lo support that theory.

The question then arises as to what causes the
variation observed from one gel to another, In discussing
the advantaces and disadvantages of rod and glab gel
systems, Akroyd (1967) drew attention to the existence of
slight differences in the DM value of a warticular
polype@tide in rods .and guegeested that this might be dve to
slight variation in the lengths of the gels, It is
technically impossible to produce them all to exactly the
same length, Akroyd also sucsested that another cause of
variation in the length migrated may be the existence of
slight differences in composition at the top of the gel due
to disturbances produced by overlaying with DW in the
preparatory stages., Two of the samples of solubilisged CDV
were of larger volume than the other samples and the
resultant difference in the number and concentration of

iong may have altered the electrical conditions.

It seems unlikely that any of the above variations
would cauge more than marginal differences in the actual
distances migrated but when the gels were hydrated and
s¢anned and the results converted to a commaratively larae

scale on paver, such differences wouvld become maenified,
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BXPRERMENT 5,2

To Determine the Effect of Varying the Lensth o ths el and

the Sample Voliume,

Since the distances migrated by the tracker dye varied
somewhat, it was decided to conduct a short investigation
into the effect of varying gel length and starting volume
on.the distance migrated by the dye.

Procedure, Two long gels {(approximately 60 mm) two medium

length gels (approximately 55 mm) and two short gels
(approximately 50 mm) were prepared and placed in the
électrophoresis apraratus., Reducing solubiliser was

layered on top of each, the two long gels receiving 100 ul -~
the maximum volume which could be nut on top of these, One
of the medium lenéth and one of the shorter gels also
received 100 ul of’solubiliser and the other tvo cels ISO,ul
of solubiliser each, The current was vassed until the dye
was close to the bottom of the gels, With the <els still in
the glass tubes, the distances migrated by the dye were

meagured ,

Results, These were as follows:tw

Distance travelled by

Gel, the dye in mm,
Long gel with 100 ul 56
Long gel with 100 ul 55.5
Medium gel with 100 ul 53
Medium gel with 150 ul 50
Short gel with 100 nl L7.5

Short gel with 150 ul Lht.5
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Conclusions and Discussion, ‘A3z can be seen, an incre2se in

the length of the gel resulted in avn increase in the
distance migrated by the dye, In the vnrevious exceriment,
the latter varied from 193 mm to 226 mm (& diffevrence of

33 mm) for what were, presurably, very small differences in
the lengths of the gels., In the present exnmeriments,
measurements made while the gels were still in the tubes
showed a variation in the distance travelled by the dye of
up to 8,5 mm for major differences in the lengths of the
gels, This would be equivalent to a variation of
approximately 34 mmwin the traces produced by the scanner,
It is clear, therefore, that the differences in the distance
migrated by the dye in the vrevious exveriment were not

s0lely due to variation in the lengths of the mels,

The effect of differences in the samole volume was
much less marked, In the previouvs exveriment, &n increase
in sample volume apvarently led to an increase in the
length travelled by the dye. In the present experiment,
however, an increase in volume actually led to a decrease
in the distance travelled, It is therefore impossible to

assess the likely effect of varying the sample volume,




NDV CDV  NDV

Figure . Stained slab gel showing the bands due to

the six DV polypeptides, the three major NDV

polypeptides,

and the tracker dye at the bottom (arrow).
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EXPRRTMENT 5,3

To Determine the Molecular Weights of the CDV Polypeptides

by means of a Slab Gel System,

One solution to the probieswm of variation in the
conditions occurring in rod gels is to use slab gels, In
the latter system, both the test sample and the marker
polypeptides travel through the same gel, hence any
variation within the one gel must reflect true differences
in the samples., The present exveriment describes the
results obtained using this technigue,.

Procedure, The anparatus used was described in the

Materials and Methods section, Three compartrents were set
up in the slab gel apparatus, 150 ul of NDV, which had been
treated with 150 ul of reducing solubiliser, was placed in
gach of the two puber compartments while the middle one
received 150 nl of CDV, treated with 150 nl of reducing
solubiliser, Electrorhoresis was carried out as previously

described,

Results, Pigure 45 shows the slab gel after staining,
destainin~ and hydration. From this it will be seen that
the tracker dye in each samnle had miocrated at a2 uniform
rate so as to form a straight line scross the bottom of the
gel, The distances migrated by the three major NDV
polypeptides and the six CDV polyrevntides were messured,

From these figures, the molecular weights of the six CDV




ot

polypeptides were estimated to be 86,000; 73,0005 465,0M0;

H

51,0003 48,000 and 39,000,

Conclusions snd Discussion., Six polypeptides were again

obtained from solubilised CDV., The estimated molecular
weﬁghts from the slab gel system were lower than those
obtained from the rod gels and were closer to the figures.
reported by Waters and Bussell (1973) for 2DV, and those
reported for measles by both Waters and Bus=ell (1973) and

fall and Martin (1973).

In the.slab gel system, the tracker dye micrated at a
uniform rate from all samples, thus indicating that the
conditions were the same in each sample., This therefore
would seem to be a much better system for estimating
unknown molecular weighta than the rod gel system. The

results obtained in the present experiment are therefore

probably more accurate than those obtained in Experiment 5,1,

Unfortunately, however, it is wmore awkward to set up and
operate the slab gel system and, should breakage of the gel
occur during its rewmoval from the avvaratus, or mishap
occur during staining, no results may te obtained at all,
With rod gels on the other hand, it is hiehly imnrobable
that all zels would be lost, For these reasons, the
remainder of the work was carried out in rods, attemvts
being made to keer the conditions in the geléxas uniform

as possible,




Figure U6, Trace from a gel containing the CDV
polypeptides, solubilised under non-reducing conditions,
Note the broad vpeak due to the high molecular weight
material, close to the origin on the left, and the two
peaks due to the two polypentides of molecular weight

less than 100,000,
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EXPRRIMVENT & 1

Gel Blectrophorsais of CDV Treated with Non~Reducing

Splubiliser,

In the previous experiments, complete disruption of
viral protein into polypeptides was carried out by means of
reduvcing solubiliser containing 3DS, urea and mercaptoethanol.
However, by solubilisation of the polypeptides in the
absence of mercaptoethanol, Moore and Burke (197l)
demonstrated that, in their natuvral state some of the
polypveptides of NDV were linked by disulphide bridees, " The
present experiment was designed to investigate this for CDV,

Procedure., Apart from the absence of mercartoethanol in

the two gels with non~reducing solubiliser, the method of
solubiligation was the same as before, The following
five samples of solubilised virus were run throusgh rels:=
two samples of 100 pl of NDV, one sample of 100 pl of
CDV, all with redvecing solubiliser, and two samnles of

100 1l of CDV with non=-reducing solubiliser,

Results, The two traces from the CDV treated with non-
reducing solubiliser were identical to each other but
completely different from the other CDV traces. One of
these two trsces is shown in Figure /6. Prom this it will
be seen that a fairiy large amount of high molecuvlar weight
material was present and there were only two reaks

indicative of polyveptidss having molecular weiphts of less



than 100,000, By taking the DM and the RM values for both
gels, the average molecular weights of the two polypeptides

were found to be 71,700 and Al ,100.

Conclusions and Discussion., The above results indicatéd

that four of the volypevtides obtained from the
solubilisation of the virus under reducine conditions were
-produced by the dissociation of disulvhide bonds in vrotein:
units having a molecular weight of over 100,000, The two
polypeptides of molecvlar weicht less than 100,000 obtained
with the non-reducing solubiliser may have been vresent, in
this form in the virus or they may have been nroduced by the
dissociation of larger molecules under the influence of the
SD3 and urea, Their molecular weights wers similar to

those of polypentides 2 and 3 ag determined in the slab gel

experiment,




EXPWRIMENT 5,5

To Determine the Molecular Weight of the Polypertides from

the Nuecleocansid,

Nucleocapsid extracted from the cytoplasm of cells
infected with tne Onderstevoort strain of CDV hag been
utilised for determination of the molecular weight of the
nuqleoprotein by Waters and Bussell (197L) but no studies of
the nucleocavsid obtained from virions have been published.
However, Mountcastle et al, (1970) found no differences
between the molecular weights of NDV, Sendai, and SV5
nucleoproteins from nucleocapsids extracted from virions,
and those extracted from infected cells which had not béen
dispersed with trypsin. The alm of the present experiment
was to determine which of the six CDV polypeptides obtained
by solubilising the whole virus was derived from the
nucleocapsid, The method used for the rrenaration of the
nucleocapsid was that described by “Mountcastle et _al,, (1970).

Procedure, The contents of one ammoule of the purified

CDV were dialysed overnight in the cold =sgainst T3 at

PH 7.2, The resultant O,6 ml was mixed with 0.2 ml of 5%
Triton X-100, This was then incubated at 3700 for 20
minutes and 50 nl of 10% DOC were added. This mixture was
-then layered on top of a non-%tinear gradient consisting

of 0,5 ml of 0%, 1 ml of 30% and 1 ml of 25% CsCl with a

buffer zone of 0.8 ml of 5% sucrose between the gradient

and the sample, the whole being contained in a 5 ml
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Pigure U7, Trace from the gel containing the solubilised

nucleocapsid, showing two peaks, indicative of the

presence of two polypeptides,




ultracentrifuge tube. A11 solutioneg were vprepared in TS,
The tube was then centrifuged at 30,000 rpm for 90 minutes.
At the end of this time, a faintly visible band was found
in the 30% CgCl., This was collected and follewing
determination of its refractive index, it was dialvsed
acainst cold DW for three hours, The volume was then
reduced to about 150 ul by dialysis against sucrose wowder,
From the refractive index, the density of the band was
found to be approximately 1,29 g/cc, which corresvonds to
the density of nucleocapsid (Experiment 3.6).

100 uil of NDV, 100 ul of CDV and the nucleocapsid
preparation were treated with reducing solubiliser and

placed on top of three rod gels for slectrophoresis,

Results, The trace obtalned from the nucleocapsid nrepar-
ation is shown in Tigure L7 from which it will be seen
that two neaks were nresent, The distance wmicrated by the
tracker dye in this gel was 11 mm less than that in the
NDV gel, The molecular weights of the two vrolyveptides

were therefore estimated from the RM values to be 73,070 and

66,000 resnectively.

Six peaks were again obtained in the trace of wholo
CDV, In this experiment, the distances migrated by the
tracker dye in the CDV and NDV gels were very similar and
the estimates of the molecular weights from the DV and RM

values were likewise very sgimilar. These molecular weights
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were 89,000: 75,000: A7,000;: 52,000 50,000: and 27,001,

Conclusions and Discussion, From the above results, 1t

would seem that two mdlypeptides were prezent in the
nucleocarsid~containing rnreparation. These were of
approximately the same molecular weights as polypeptides 2
and 3 in the slab gel experiment, polypeptides 2 and 3 in
the present exneriment, and the two polypeptides of
molecular weight less than 100,000 nresent under none

reducing conditionsg,

The discovery of two volypentides in the nucleocapsid
preparation was unexrected since, in studies of other
varamyroviruses, only one polyveptide — of moleculsr weiéht
around 69,000 -~ has been found in the nucleocapsia
(Haslam et al,, 1959; Bikel and Duesbereg, 19493 Tvang and
1973; Waters and RBussell, 197l)., Because of this, it was
decided to repeat the eﬁperiment, but with nucleocapsid
prepared in a different manner. By so doing, it was hoped
that any adherence of envelope proteins to nucleocapsid
which might have occurred in the present experiment would

be eliminated.
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EXPRRIMENT & A

To Determine the Molecular Weiecht of the Tolymentide from
the Nucleorrotein after Potassium Tartrate Bandine of the

Nucleocapsid,

In studies cof the buoyant density of the nucleocapsid
in potassium tartrate (Part Three), attempts to demonstrate
nucleocapsid with the electron microscope had been
unsuccessful and it was concluded that this may have been
due to fragmentation. Tt was felt that small pieces of
nucleocapsid would be less 1ikely to remain adherent to
viral envelone than large pieces which could, presumably,
attach at numerous points. Hence, for studies of the
nucleocarsid volynevtide, it seemed vossible that
centrifuvgation through potassium tartrate might =rovide a
product containing less membranovs material, The decision
wvas therefore made to substitvte votagsium tartrate for

caesium chloride in the vrevaration of the nusleocsvsid,

Procedurg. One ml of the purified virus was mixed with
Sterox SL to give a final concentration of 1% and left in
the dark, at room temperature, for LS minutes, The sample
was then layered on top of an 8 ml gradient of votassium
tartrate, density 1.1 to 1.3 g/cc, in an SW L0 centrifuse
tube, with a 3 ml buffer layer of 1.1 g/cc votassium
tartrate between the sample and the gradienﬁ. Thig was
then centrifuged at 37,000 rpm for 16 hours., The density
region 1.235 to 1.255 g/cc was collected since the results

of Dxperiment 3.7 had svupgested that nucleocansid wonld



be present in this range, The fractions were pooled and
dialysed against PBS for four hours, The volume was made

up to S‘ml and the nucleocarsid in the sample nelleted

by centrifugation at 10,070 rom for 1% hours in 2 siliconised
SW 50,1 centrifuge tube, The pelleted waterial was left

overnight at L°C to resusvend in 100 ml of PRS.

Two samples of 100 pl of CDV, and the nucleocavnsid
prenafation were each treated with 100 ul of the reducing

solubiliser and avpplied to gels as before,

Results, Two polypeptides were again obtained from the
nucleocapsid preparation. Their estimated molecular weights

were 76,000 and 648,000,

Conclusions and Discussion., The above regults corfesponded

fairly closely to those of the previous experiment. Thus,
with the system employed, it would seem that two
polypevtides may be vresent in or be associated with the

nucleocapsid,




DISCUSSTION,

From the results of the above experimentsg, it was
‘established that the CDV used in these studies contained
six polypeptides of approximately the same molecular weights
ags those reported by other workers for measles and distemper
viruses (Hell and Martin, 1973; Waters and Russell, 1973),
However, sinée two polyventides of identical molecular
weight may form one band in the gels, it is nossible that
more than six were actually nresent; it has been shown by
Moore and Burke (197l) that one band obtained from NDV
virions was composed of two polypentides, The system
formulated in the vrevious section for the purification
and concentration of the virus efficiently removed
contaminating host cell material from the virus, and
produced a preparation that wag sufficiently concentrated

for this work,

A degree of variation in the estimated molecular
weights of each polyvepntide was obtained, less variation
being present when RM values were employed than when DM
valves were used, On investigation, it was founA that the
distance travelled by the tracker dye was influenced by the
length of the gel and, to a lesser extent, by the volume
of the sample, As judged by the uwniform migration both of

the tracker dye and of the three major NDV nolynentides,

(&



Tavle 7 Moliecular Weights of the polypeptides

and Measles Virions,

off CDV

Pely-~ From lods, Slab Watersk Hall -&
peptide, Range Average gel Rugsel’l Martin
1 95,000~7,,000 89,650 84,000 78,000 75,600
2 82,000~59,000 75,090 73,000 71,000 9,070
3 71.,000-51,000 65,750 65,000 41,000 60,000
ly 58,000-34,070 50,790 51,070 53,000 33,000
5 56,000-29,000 L8,910 LP,000 45,000 51,000
6 13,750-2l,500 39,050 39,000 37,000 15,700
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electrophoresis of NDV and CDV polypeptides in a slab gel
system apparently provided more wniform conditionsg than

occurred in rod gels.

Altogether 22 estimations of the molecular weights of
the polypeptides were made from rod gels and one from the
slab gel, The results of these, together with the figuvres
published by Waters and Bussell (1973) for CDV and measles,
and by Hall and Martin (1973) for weasles are shown in
Table 7., From this it will be seen that the averace
figures obtained bybrod el electrovhoresis comnare closely

with the figures from the single slab gel experiment.

The traces obtained by treating the virus with the
non~-reducing solubiliser was completely different from that
obtained in the presence of mercaptoethanol, Polypevtides
of molecular weight greater than 100,000 were vpresent dbut
the system did not allow exact determination of their
molecular weights, Only two polypeptides with molecular
weights less than 100,000 were present., This indicated
that the other four polypeptides found under reducing
conditions were normally component parts of larger vrotein
molecules in the virion, Moore snd Burke (197L) found that,
under non-~reducing conditions, the molecular weight of the
smaller glycoorotein of NDV wag greater than under reducing
conditions, In the present investigation, it is therefore
irmi.ossible to conclude that the two polypentides of less

than 100,000 molecular weieht found under non-reducing



conditions were identical to polypeptides 2 and 3 oresent
under reducing conditions, though their molecular weights

were similar,

When nucleocapsid was extracted from purified virus by
the method of Mountcastle et al., (1970), wolypewntides with
moplecular weights similar to those of polycentides 2 and 3
were Tound., A similar result was obtained when a different
method of extraction, based on the author's esrlier gtudies,
wasg employed, All published work on the molecular weight

of the nucleoprotein extracted Trom virus particles hag

indicated that this corresmonds to a single volynentide,

of molecular weight around 60,000, Waters and Bussell, (197})
reported that the molecular weight of the nucleoprotein of
the Onderstepoort strain of CDV was 51,000 and that of
measles was 61,000, the nucleocapsids for this study

having been extracted from infected cells, If trypsin was
employed to disperse the cells prior to extraction, two
polypeptides were obtained from each of the nucleoccapsid
preparations, " The wolecular weights of those from the CDV
infected cells were 27,000 and 22,500 whereas those from
cells infected with weasles virus were 38,070 and 24,000,
Mounteastle et al, (1970) revorted similar findings for

the nucleocangids of SV5, Sendai and NDV viruses, When
nucleocavrsid was extracted from the virions or cells not
treated with tryrsin, the wmolecular weights of these were
61,0003 60,000; and 56,000 resvectively. When the molecular

weights of the nucleoprotein from nucleocansids extracted




from teypsin dispersed cells were determined, the results
were 13,0003 46,000: and 47,000, Both Waters and Bussell
(1974.) and Mountcastle et al. (1970) concluded that the

trypsin had triggered an intracellular enzymatlc reaction

which hed resulted in cleavage of nucleoprotein.

In the present investigation, the nucleocarsid was
extracted from virions and exposure to trynsin was not
involved. The fact that molypeptide 3 was nresent along
with polypeptide 2 cannot therefore be due to the same

mechanism,

Stone et sal., (1972), and Zaides et al,, (1974 and
1975) have shown that nucleccapsids isolated from Sendai
virus infected cells are capable of carrying out
transcription, Determination of the number and size of the
polypeptides in these structures revealed that two main
polypeptides were present, The molecular weight of the
first - S0,000 — corresponded to that of the polypoeptide
from the nucleocapsid of virions whereas that of the second -
71,000n7§,000 — corresponded to that of the largest major
polypentide present in the envelore. Stone et al. (1972)
suggested that the polypeptide of molecular weight 75,000
might be from a transcriptase enzyme, but also pointed out
that the supersbundance of the polypeptide both in the
virion snd in the cytoplasmic nucleoccaprsid would seem to

make this unlikely.



In the present study, the nucleocapsid preparations
which contained the two polyveptides were vprevared from
virions rather than from cytoplasmic extracts of infected
cells but it has been shown conclusively that transcription
in vitro can be carried out using disrupted Sendai virions
and that cellular material is not required (Stone et al.,
1971; Robinson, 1971). Robingon (1971) further showed that
nucleocapsid extracted from virions snd banded in sucrose
wasg capable of carrying out transcription, TFurthermore,
Stone et al., (1.972) found that DOC and CsCl both
eliminated the transcriptase function of their cytoplasmic
nucleocapsid and speculated that the widespread use of
these two compounds for the isolation of nucleocansids may
have accounted for the findings of only one polypeptide in
nucleocapsid extracted from virions, However, in the
present séudy, one of the methods emplbyed for the orepsr-
ation of the nucleoccapsid involved the use of both DOC and

caesium chloride though in the other, neither were used,

Another indication of linkage of nucleoprotein to
another polypeptide was obtained by Moore and Burke (197.L).
In a study of 1 strains of NDV, these workers found that a
large polypeptide was obtained when solubilisation of the
virion proteins was carried out under non-reducing
conditions, but only in eight of the strains, When this
polypeptide was isolated and subjected to reducing condit-

ions, it was found to consist mainly of the polypeptide

from the haemagglutinin (molecular weight 75,000) but it

g
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also contained a substantial amount of the »olypentide from
the nvcleocapsid, together with traces of fouvr of the minor
polypertides. This indicated that, in the virions of these
elght strains, these nolvpevtides were linked by disulnhide

bridges, -

Though 1t is not clear why the isolated aucleocapsidsin
the present investigation contained two polyveptides, it
would seem possible from the above mentioned work that the
results obtained were not simply due to contamination of the
preparations by envelope proteins, but reflected a stero-
chemical relationship between the polypeptide of the

nucleocansid and one of the polypeptides from the envelope,
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PART SIX.

INTRODUCTION AND REVIEW OF THE LITERATURE,

If "old«dog~encephalltis" is caused by a defective CDV
infection analagouy to that oécurring in SSPE in man, it 1is
possible that most of the virus RNA produced is of sube-
genomic length., The subgenomic RNA wouvld then be
encapsidated in nucleocapsids which are smaller than those
containing the complete genome, In order, therefore, to
demonsbtrate that a given nucleocapsid RNA is indeed sub-
genomic, knowledge of the size of the complete nucleocapsid
and genome Is obviously necessary. Since the size of these
structures is most easily determined by measurement of
their sedimentation coefficients (or 3 values), the aim of
the following experiments was to determine these S values

for the CDV used throughout this investigation.

As far as the author is aware, only one paper giving
information on the S value of the CDV nucleocapsid and one
paper on the S value of CDV RNA has so far been published,
That concerning the nucleocapsid was by Waters and Bussell
(197)) who estimated from sedimentation of 32P-labelled
CDV that the S value of the nucleocapsid wasg 276 S, From
studies with an analytical ultracentrifuge, the S value was

estimated as 300 S, bhut the nucleocapsid sometimesg hed a



Table 8 TNeported 3 Value of the Nucleocapsid and the

a) Nucleocapsid

Meagles
Measles
Measgles
NDV
NDV
HVJ
Sendai
A

b) RNA

Virus

Measles
Measles
Measles
NDV
NDV
NDV
NDV
Ny
NDV
NDV
NDV
Sendai
Sendai
Sendai
Sendai
SV5

5_Value

220-265
195
280
200
225
250
280
300

b ot i A bt

52-5)
52
52
57

L5~50
9.2
55
57
50
57
Sl
57
57
57
50
50

Viral RBNA of some Paramyxoviruses.,

Reference
Norrby and Harmmarskjold (1972)
Waters et al, (1972)
Hall and Martin (1973)
Kingsbury and Darlington (1968)
Bikel and Duesberg (19AQ9)
Hoseka (196%)
Blajir (1970)
Compans and Chowrin (1L29683)
Reference
Ha11l end Martin (1973)
Carter et al, (1973)
Hammarskjold and Norrby (1974)
Duesberg and Robinson (1965)
Adams (19565)
Kingsbury (1966)
Nakajima and Obara (1.947)
Bratt and Robinson (19A7)
Kingsbury and Darlington (1968)
Blair and Robinson (1948)
Duesberg (194°)
Blair and Robinson (194R7)
Barry and Bukrinskaya (1949)
Blair (1970)
Kingsbury et al, (1970)
Compans and Chovppin (1948)
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bimodal distribution indicating the vresence of 210 & 273
S nucleocapsids, The publication on the 72NV RVA was by
Hammarskjold and Norrby (1974), who estimated its S value to

be 50 S,

A laree number of estimations of the S values of the
nucleoccarsids and RNA's from other paramyxoviruses have
been published and some of these are summarised in Table 8,
from.which it will be seen that those for the nucleocapsids
lie in the range 200 to 300 S, and those for the RNA's are
in the range 50-57 S, The existence of defective paramyxo-
virus particles with gub-genomic RNA has also been
documented., These particles, which contain RNA molecules
of less than 50 S, have been found in vrevarations of Sendal
virions (Kingsbury et al., 1970).and measles virions
(Schluederbere, 1971; Carter et al,, 19733 Hall and Vartin,
1974a), Tn addition, nucleocansids of 130-150 S, and
containing 18 S RVA have been isolated from defective measles

particles (Hall and Martin, 197ha).
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MATWRTALS AMD MISTHODS,

1, Virus Preparation, Amooules of purified virus, labelled

with 3H~uridine, were prepared by the same method as was
used in the study of the viral polypeptides. Following the
final pelleting, the virus was resuspended in TS saturated
with diethylpyrocarbonate. The ampoules were then stored

at -70%¢,

2 Markers,

a) For the nucleocansid., A comrercial vrenaration of MS2
bacteriorhage was used, The S value of this is 80 S, The
prevaration had an optical density 70OD) of 56 units per ml

and was obtained from Milegs Lahoratories Tne,

b) For the RYA, This marker was nrovided by a commercial
preparation of a mixture of 70% 23 S and 30% 16 S E,coli

ribosomal RNA, having an 0D of 200 units per ml, This was

obtained from Miles Laboratories Inec,

3. Extraction of Nucleocapsid, ‘This was done by mixing a

sample of the virus with sufficient 109 Sterox SL in TS to
give a final concentration of 1%, This was then left at
room temperature for 5 minutes prior to rate-zonal

centrifugation,




i, Extraction of the =IA, Solutions used were -

a) Stock solution of 10% sarkesyl in TS. This detergent is
similar to SDS and was uvsed in preference to 3DS as it does

not precipitate in the cold.

b) Phenol/Chloroform. This was prepared by thorsoughly
mixing rhenol with an equal volume of T3 and 1/5th volume
of ¢hloroform, This was left to settle, and the bottom

layer (phenol) then collected,

Su“ficient sarkosyl was added to the virus to =zive a
final concentration of 1%. An équal voluvme of »henol was
then added and the mixture shaken at room temmerature for
5-10 minutes, The phases were then separated by centrifusz-
ation at 1,000 rpm for 5 minutes, and the top agueous
layer was collected, This was then treated with a volume
of ether slightly greater than the sarple volume in order
to remove traces of phenol, After thorough shaking, this
mixture was spun at 1,000 rpm for about 30 seconds and the
ether was then removed from the top. Following a second
treatment with ether, traces of the latter were then

removed from the sample by bubblinz nitrogen through it,

5. #radient nrevnaration and ultracentrifueation.

a) For the nucleocapsid, The gradients vere wnremnared using
the gradient mixer, as describved in the "laterials and MMethods
gection of Part Three, They were vrepared in‘l% ml SY 27
ultracentrifuge tubes and consisted of an 0,5 ml nad of

6£0% sucrose in the hottom of the tube and a 16,6 ml



gradient of 15-30% suerose with 0,59 Sterox in 79 on tovn of

this,

b) For ths RNA, The gradients weré premared in SU 50,1
vltracentrifuce tubes which had been rinsed with DW
containineg 0.1% sarkosyl and dried in a8 hot air oven, The
'gradients were ovrevared by carefully layering 1.2 nl
volumes of 20%, 15%, 10% and 5% sucrose plus 1% sarkosyl in
TS.on top of each other in the tirbes; and leaving these
overnight at AOC. The speed and length of ultracentri-
fugation emrloyed is described in the hroéedure section of

the individual experiments,

6, Fractionation of Gradients., This waz carried ocut as

deseribed in the Materials and Methods section of Part Three,

7. Optical density measurements, Tractions from each

pradient were diluted with 0,5 ml of DW and their optical
densities at 260k measured and recordéd using a Unicam

4

Spectrophotometer,

€. Radioaszsay, This was varried out as described in Part

Three except that 1 ml volumes of B3SA and 10% TCA was added

to the fractions instead of 0.5 ml volumes,

9. Calculation of S values, The S valuse were calculated

from the position of the peak in the gradient by means of

the formula =



Digtance miwurated by the wmarker
Distance migrated by the unknown

(Martin and Ames, (1941),.

5 value of marker

S value of umknown,

Z56
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ne labelled 0DV nucleocapsids,
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EXPERIMENTAL PROSYNURTES AND RTSULTS,

EXPRRIMENT 6,1

To Determine the Sedimentation Cosfficient of the

Nucleocapsid of CDV,

Procedure, 0,2 ml of the concentrated virus was mwixzed with

20 N of 109 Sterox =and left for IS5 winutes at room temperature.
SOA of the MS2 bacteriovhame vifus sugsnension was then added
and the samnle was layer<d on ton of a 15-30% sucrose
gradient. The tube was centrifuged at 2L ,000 rvm for 1 hour
S5 minutes, 98 six~drop fractions were then collected. The

0D and radioactivity of each fraction were measured as

previously described,

Results, These are shown in Figure 48, from which it can
be seen that several peaks of radioactivity were obtained,
Two major ones were present at 221 and 105 S and smaller

but nevertheless distinct ones at 252, 178 and 115 S,

Conclusions gnd Discussion, From the above results, it

secemed that wmost of the nucleocapsid existed in two
different sizes, namely 221 S and 105 S, thoueh smaller
populations of the other sizes vere also vresent, Tt

seemed probable that the 221 3 structure renresented the



complete nucleocapsid with intact genome. The small peak
at 252 S may have been analagous to the 273 S part of the

bimodal peak described by Waters and Bussell (197L),

The 105 S peak may have been due either to fragmentation
of nucleocapsid at a specific site or to the nresencs of-
short nucleocapsids in virus particles, TIn the latter
instance, the short nucleocansid may have been vresent
along withh the full nucleocapsid or alone, Kilevy et al,
(197)L) obtained 110 and 200 S and occasionally 170 S
nucleoccarsids from the cytorlasm of measles virus infected
cells, Kiley and Payne (197L) fﬁrther showed that, in cells
infected with measles virus containine a larase number of
defective particles, 110 S nucleocapsids were present in
greater numbers than the 200 S nucleocapsids, whereas, when
the cells were infected with virus containing few defective
particles, 200 8 nucleocapsids predominated, Nucleocapsids
of 130~150 S have been isoclated from defective measles
virus particles (Hall and Martin, 1974a). In the wresent
investigation, therefore, the 105 S and 170 S peaks of
radioactivity may have been duvue to the banding of'smaller

nucleocavnsids containing subgenomnic RNA molecules.

The discovery of two main populations of nucleocapsids
surcested that rate sedimentation studies of the extracted
RNA world reveal the nresense of two distincet pomulations
of RNA molecules, Tn the present experiment, small peaks
of radioactivity.occurred at 50 S and 11 S and these may

have been due to barding of free viral RNA,
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EXPERIMENT 6,2

To Determine the 8 value of the CDV RNA Extracted with

Sarkosyl and Phenol,

Procedure, 0,2 ml of stock virus was mixed with 20\ of the

F.coli ribosome preparation and treated with phenol as
described oreviously. The sample was lavered on top of a &
to 20% sucrose gradient and centrifuged at 50,007 »pm for

1l houvr, Due to the low surface tension and small droo size
resulting from the vpresence of deterzent in the gradient,
twenty~drop fractions were collected, The ontical density

and the radiocactivity of each were measured as previously

described,

Results, The results are shown in Figure L9, from which
it will be seen that most of the radioastvivity lay in the
same region as the 23 S 0D peak, and there was no peak of

radioactivity in the 50 S region,

Conclusions and Discussion., From the above results, only
RFA molecules of less then 50 S were anvarently nrresent,

This may have beenidue to break-up of the 50 S RNA, The
profile of the 3H counts sugvested that several vovrulationsg
of RNA molecules were vpresent and, ag these counts were still
close to the top of the gradient, it was decided to increasse
the time of centrifugation in the next experiment and to
collect smaller fraztions in order to achieve bhetter

geparation of the different populations.
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EXPERIMENT 6,3

To Determine the S Value of the CDV RNA Extracted with

Sarkosyl alone,

Several workers (Barry and Bukrinskaya, 10AR:

Kingsbury eb al., 1970) have revorted that the same results
are obtained when RNA is extracted with SDS alone as when
SDS and phenol are employed together, In order to ensure
that no break-up of RNA ozcurred due to the nhenol/ether
treatment, it was decided to reveat the last exveriment

but to omilt the latter steps,

Procedure. 0,2 ml of stock virus was mized with 20\ of the

E.colil preparation and 20A of sarkosyl end layered on top
of a 5 to 20% sucrose gradient., Centrifugation at 50,000
rpm was carried out for 1 hour L5 minutes. At the end of
this time, ten-drop fractions were collected from the

qradieﬁt and the 0D and the radioactivity of each fraction

measured as vreviously describved,

Results., The results are shown in Figrre 50, from vhich it

can be seen that once again no clear-cut vesk of radio-
activity indicative of the presence of 50 S RNA was obtained,
There was 8 small veak of radiosctivity at the 37 S vmosition
and a noticeable shouvlder around 21 S, Most of the
radioactivity, however, lay in the region of 16 S to L S,

with a peak at 6 S,

A



Conclusions and Discussion, From the above results, it is

obvious that most of the RNA recovered by the techniques
described above consisted of relatively small molecules,
Possible explanations for this are described in the

followine Digcussion,.




DISCUSSION .

Since sedimentation of virus Aisrunted with Sterox
revealed the presence of two distinct vnopulations of
nucleocaprsid, the one of 221 S being of sufficient gize to
contalin the full genome, it was exrected that sedimentation
of the viral RVA would reveal the presence of =senomic RNA,
However, no RNA of this size (50 S) was recovered. Since
the CDV nucleocansid vroduced in 5H cells was shown to be
of the same length and density (Part Three) as that of
other paramyxovirus-nucleocapsids which are known to contain
50-57 S RNA, it seems highly unlikely that the genomic RNA
of CDV is less than 50 S, It is posgible that break-up of
the 50 S RNA had occurred due to the action of RNase though
the ultracentrifuge tubes had been washed with DW,and
sarkosyl was included in the gradients toc help eliminate any
RNage, Also, in Exveriment 6,3 only mild sarkosyl
treatment was vused in order to ensure that the nuvscleocansid
was broken up with minimum damage to its RNA, However, if
only a small amount of fully genomic RNUA was nresent in the
first nlace, gany traces of RNase may have been sufficient to

reduce this to undetectable levels,

A large amount of RNA smaller than 50 S was recovered,
Since the viral particles were RNase treated during

purification and 1little material of less than 50 S was




obtained in Experiment 6.1, 1t is very unlikely that the
small molecular weight RNA was cellular in origin.
Furthermors, due to the precaubtions taken to eliminate as
much Rllase as possible, it 1s also unlikely that all of the
small RVA resulted from a massive break-up of larger RNA
molecules. Taking into consideration the result obiained
Trom the gedimentation of thes nucleocapsid, it seems more
likely that some of this gmaller RNA rewresented subgenomic

RNA from virus particles,.

All of the results obtained therefore suggested that

some defective virus may have heen present along with

infectious virus, From the formula of Abelson and Thomas

(1966),
0,38
Py @i‘ﬁ_)
D2 MZ

where D] and D2 are the distances migrated

and M1 and M2 are the molecular weights,
the 221 S nucleocapsid muat have been approximately 7 times
(7.09) greater in size than the 105 S nucleocapsid. Fron
the radioactive counts at each vreak, there must therefore
have been 5 times as many 105 S nucleocsavsids as 221 S
nucleovcapsids, provided that the vprovortion of the 3H label
vas the same in both., What is unknown, however, iz whether
the 105 S nucleocapsids were present in particles also
conﬁéining the 221 S structures or whether they were present
gingly or in chalns, TIn the electron microscoplic studies

recorded in Part Two, no particles were seen which

appeared to be deficient in nucleocapsid, Thus, in those
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sectioned eguatorially, nuvcleocapsid was seén in cross-
section along the whole length of the neriphery. Similarly
in virions sectioned tangentially, bands of nucleocapsisd
appeared throughout the entire length of the particle,
Moreover, the amount and distribution of the aligned
nucleocapsid seen in the detached syncytia indicated that
it was present in fairly long pieces. On this basis, it is
difficult to believe that particles containing only one or
two 105 S nusleccavsids were vproduced under the conditions
employed by the author., It is possible, therefore, that
105 S nucleocansids may have united vrior to aliesnment,
However, iIf chains were nroduced in that way, it is clear
that exposure of the virions to Sterox had broken them un
into the individual 105 S units, Since Sterox did not
apparently break up the 221 S nucleoccarsid, it would secem
unlikely that chains of 105 5 d4id in fact occur, though it
is possible that adhesion of the nucleocapsid to the
envelope o2curs in such a way as to give the Jimpression of
continuity between individual nucleocapsids., FEnd-tc-end
linkage of extracted nucleocapsids has been reported by
several workers including Compaus and Choppin (19673),
Tajima et _al. (1971) and Yeh and Iwasaki (1972), A virion
containing only 105 S nucleocapsids would, of course, be
defective but it is not Imown whether or not the vresence of
105 S nucleocapsids in virions a2lso containing 221 S
structures would result in interference with the renlication

of the full menomic RNA,



It has been shown conclusively that defective viral
particles occur in some prerarationsof mweasles and Sendal
viruses and may also occur in susrnensions of rinderpest
(Underwood and Brown, 197L) and ¥DV viruvses (Wilcox, 1959),
These particles, which interfere with the replication of
infectious virus, have been seen most freguently in stocks
of virus prepared by infecting the cells under conditions of
high multiplicity of infection (MOI) (Kingsbury et al., 1970;
Ch;arini and Norrby, 1970; Carter Ef_ili’ 1973: Hz21l and
Martin, 197Lha; Kiley and Payne, 197L), However, Kingsbury
and Portner (1970) concluded that these varticles arose from
spontaneous mistakes in the replication of the viral genome
and that, althouszh the conditions cf high MOI ereatly
favoured thelir rewnlication, it was not the cauvse of their
ocsurrence, Huang snd Baltimore (1970) vut forward the
following theory to account Tor the cyclical‘rﬁse and Tall
in the pronortion of defective particles oroduced during
serial passage., YWhen a defective rarticle is formed, it
can replicate only if the cell which it infects is
simultaneously infected with a fully infectious rarticle,

If this occurs, more defective particles are produced, 2nd
the formation of new infectious particles is supovressed,
Thus, over several cycles or passages of the virus, the
number of defective particles increases, As this vprocess
continves, however, the chance of simultsneous infection of
a cell by a defective and an infectious particle is reduced
and gp the produvction of defective narticles diminishes
acain, This incresses the probability of a cell being

infected only with an infectious particle, and hence the
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number of infectious particles again increases, This
cyclical increase and decresse in infectlivity titres during
passage has been shown to occur by Hvang and BEaltimore
(1970) and also Sokol et al,, (19AL). It can EBasily be
seeri, therefore, that if defective rmarticles are vresent,
high MOI will favour their revlication. Thig has bheen
shown to occur by Kingsbury et al,, (1970); Chiarini and
Norrby (1970); Kiley and Payﬁe (197hL ) Hall snd ¥artin
(197ha), Similarly} decreasing the MOI has been shown to
favour the production of infectious particles (Chiarini and
Norrby, 19703 Underwood and Brown, 1974 : Kiley and Payne,

197h) .

The defective viral varbticles differ Trom the
infectious particles in several ways, The sedimentation
coefficient of the defective varticles is avproximately LO0O S
whereas that of infectious varticles is at Jeast 1,000 S
(Kingsbury et _al,, 1970; Hall and Martin, 197ha), their
buvoyant density is less than that of infectious varticles

(Chiarini 2nd Norrby, 1970; Underwood and Prown, 197.).

Electron microscopic examination of the two tyves of
particles shows that the 3infections varticles consist of
eﬁvelopes vacked with nucleocarsid, whereas the defective
particles consist of envelope with little enclosed material
(Chiarini and Norrby, 1970). The infectivity titres of
virus suspensions containing a large number of these
defective particles is low, though the haemagzlubinin and
hasgmolysin titres generally remain high, Hall and Martin

(19754a) showed that, whereas the 1,000 S infectious measles
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virus particles contained 250-280 $ nucleocavsids with
RNA, the slower sedimenting, non-infectious rarticles
contained 130-150 S nvcleocansids with 18 S RWA, Hall and
Martin (197La) also showed that, while dilute wnassage virus
contained 52 and L. S RWA, three undilute mnassaces resulted
in the production of virus containine 52, 18 and I} S R7A .
species and, after S undilute nassaces, 52, 30, 18, 11 and
i, S RNA swvecies were present, Similarly, Underwood and
Brown, (197li) reperted that vrindernest virus rassaced at an

MOI of 1 contained 20 S and 5 S RNA but when vassaged at

an MOT of 0,001, & small amount of 50 S RNA wsg nresent,

The results of tﬁe three experiments described in 'this
section were unexpected since all the previous worlk had
suggested that most, if not all, of the virus produced
under the conditions employed by the author was infectious,.
For example, the buoyant density of the virus wag similsr to
that of other paramvxoviruses, electron microscony showed
fvll particles, not empty ones, 1 v lenegths of nucleocavaid
were found in negatively~-stained homogenates of infected
cells, and virus vpassazed over 20 tines gt Ailutions ranging
from 1 in 1 to 1 in Y was still cavnable of vroducing an
extensive CPE within four days. Over this period, the titres
of harvested virus generally rsached IOSTCIDSO per ml, On
the few occasions when virus was passased at a higher
dilution, the vreriod between infection and the development
of the CPE was corresvondingly prolonged, Thefefore, by
waiting for the CP% to become obviocus before the virus was

harvested, the same conditionas were produced as were nresent



when cells were infected ai a higher MOI bub the virus
harvested earlier, i.e. in both situztions, the same
oprortuaity for dual infection with infectious and defective
narticles must have existed just before the viruvs was
harvested, It therefore had seemed that nothing wasg likely
to be gained by infecting the cells at low MOI, It should
also be emnhasised that, even with viruvs rassaced undilute,
the MOI was never gfeater than avrreximately 0.1, so that
several cycles must have occurred before dual infection waq-

possible,

In support of the above argument, there is evidence
that, in some systems, undilute vassage does not lead to
the formation of defective marticles., 4 strain of Sendai

virus studied by Kingsbury and Portner (1970} was passazed

several timegat high MOI without the production of defective
particles. Also, Huang and Baltimore (1970) and Kingsbury
and Portner (1970) both found that the cell system influenced
the formation of defective varticles, =ome cell systems
producing fewer defective rarticles than others when
infected with identical vremortions of infectious and
defective virvs varticles, Tt is mos=zible that in all of
the author's earlier work, little or no defective virus was
pregsent but that a ponulation of defective varticles wasg
formed at the time that the radioisocbtonically=-labelled

virus was being prevared for this work, A density range of
approximately 1.15 to 1,22 g/cc was collected'from the

density gradients and, therefore, if defective mnarticles were
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present, these would have been included in the vurified
virus. Another possibility is that the 105 S nvecleccapsids
ﬁceurved along with the 221 S nucleocapsidg in the virions,
but without the former producing any interference with the
replication of the 50 3 RNA and hence of the infectious
virus., Further work would have been required to show
vhether the results obtained in this section were due bto
the vresence of defective viral vparticles, or simly %o
magsive break-up of 50 S genomic RNA. A search for 400 3
virus particles might have vrovided an znswer to this and

a study of the effect on the virus RMA of serial nassage

of the virus at high dilution might have proved rewarding,

i\
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FINAL DISCUSSTON,

The two n»rincipal aimsg of the author's investigation
were Lo obtain data on the structure and renlication cof the
virus, At 1ts commencement, methods were not available for
the study of viral renlication at the molecvlar level but
the electron microscopic study carried out revealed the
full sequence of ultrastructural evente Trom the earliest
appearance of nucleocapsid in the cell to the noint where
virus production had fallen to én almost negligible levede
Thus, for the first time, the eclipse phase of the virus iv
dog cells was established, information was gained on the
method of virus maturation and morphological differences in
the nucleccapsid at different times and in different

situations wasg obtained,

Before rewnlication could be studied at the molecular
level, it was clearly necessary to characterise the
individual macromolecules of the virus. Before this could
be done, however, the necessary technnlocy had to be
develored, Since the virus growvs relatively voorly in
cell~culture, a method of obtajninz the titre nf virus
required for biogchemical studies had to be found. “rom
the experiments described in Part One, a method was evolved
for producing large gquantities of virus which could then be
concentrated by ultracentrifugation, The information thus

gained should be of valve not only to fthose interested in




the biochemistry of the virus but also to those who

reqgquire virus for other nurposes such as vaccine mnroduction.

Although density gradient centrifugation is widely vused
for the purification of paramyxovirusea, 1ittle has been
published on the dearee of purification obtainable in
different types of gradient, l.e., csesium chloride, srcrose
ete,, and on the oroportion of virus recoverable from each,
By preparing a single stock of virus labelled with BHm
uridine, it was found that potassium tartrate was sumerior
to sucrose and markedly superior to caesium chloride for
the concentration snd purification of the virus and provided

a h

[

gher recovery rate. Again this information should be
of importance, not only to those engaged in distewmper
regsearch but also to those interested in other paramyxo-
viruses, Furthermore, it was found that better separation
of distemper virus from myconlasma covld be obtained in
potasgsium tartrate than in sucrose and this information
may be of value 4n attempting to eliminate mycoplasma

contamination from stocks of raramyxoviruses,

Although infected cells contain a large zmount of
nucleocapsid, it rroved difficult to recover large amounts
of this in completely intact form. 3Based on the results of
electron microscony of nucleocansid banded in density
gradients following extraction with various detergents,
Sterox SL appearsed to be the most satisfactory ol the
detergents tested in tnls respect. However, since quanti-~

tative methods of comparison were not available at this



stage of the investigation, this could not be confirmed

with certainty. Some fragmentation of nucleocansid

always occurred, but this was redvced when BSA was incorvor-
ated into both the detergent solution and the density

gradient,

X - . 3 13 r Q ~
Difficuvlty was exverienced in iucorvorating “He
uridine into viral RNA, the amount of labelled virus RNA

being very small compared to that of labelled cellular RNA,

In the case of virus which had been concentrated and

purified there was no problem in demonstrating that the
radioactivity was svecific to the virus, but oroblems of
specificity arose in the case ol nucleocapsid extracted

from cells, Although Actinomycin D prevented cellular RNA
synthesis, it proved too toxié to the cells to be of any
real value in the solution of this problem. However,
treatment of the extracted material with RNase was found

to remove 2 very large asmount of the cellular RMA and thus
facilitated the detection of viral RTA, In density cradients
of cesesivm chloride solution, two bands were vrresent, each
corresvonding to a sevarate vealk of radiocactivity, and
electron microscopy showed that only the less dense of these
contained recognisable nucleocapsid, In vpotassium tartrate,
a single neak of radiocactivity was obtained but electron
microscopy failed to reveal nucleocapsid at that density.
Further work is therefore required to assess the best

methed for extracting and purifying the nucleocapsid from

infected cells,




Although the method employed for the prpduction of
virus stocks was satisfactory for studies of the viral
proteins, it is vossible that it resulted in the formation
of larze amcounts of defective virus, This vosaibility will
obviogsly have to be inveatigated before studies on the
viral RNA can be comnleted. The six molypentides extracted
from the virus seemed to covrresmond guite closely to those
descrived by Yaters and Bussell (1973) but, for the first
time vith CDV, it was shown that four of thew were Acrived
from larcer mrotein molecules in the virion., MNucleocansicd
extracted from virus in two different ways and banded in
two different ways was found to contain two polypeptides,
Since most vrevious work on raramyxovirus nucleocansid has
shown that it consists of only one polypeptide, confirmation
of this discovery is required. Further work will also have
to be done to identify the other polypentides, i,e,, to
show which are derived from the envelore and which are the
glvcorroteins. PFrocedures for the isolation and nurification
of the various npolypeptides will have to be develoved,
perhaps involving some of the technidques Adescribed by
Scheid and Thonoin (1973) and Hall snd Martin (197hb) for
the isolation of some of the polyrevtides of DV and measles
viruses resvectively., In both these latter studiesg, the
biologicai activities of the polypeptides, i.e,
haemagglutinating and haemolytic activity, were not
destroyed by the procedures employed, It may be possible
therefore to obtain sevarate 2DV proteinsg retasining their
antizenic and blologicel activities, Production of antisera

to these would then vermit a more detailed study of CDV



replication to bhe carried ovt by irmmuno-electron

.
[®

This couvld also be applied to the study of virus
in sections of brains of dogs with encephalitis,
to cell cultures derived Trom these animale, In

valuahle inTormation may eventuvally be ~ained on

microscony,
infection
and slso
this way

the

mechaniams involved in deflective NV infecection of the

central nervous avstem, Tt is hoped that this thesis will

have helped.pave the way to that gosl.

\)
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