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GENERAL INTRODUCTION

The Coronaviridae are a group of viruses infecting
man and a number of animal species. One of the more
recently recognized virus families, they were first pro-
posed as a taxonomic group in 1968 (Almeida et al., 1968)
on the basis of a distinctive common morphology as revealed
by negative staining: the virion appeared as a rounded
particle bearing a fringe of club-shaped pﬁojections
"recalling the solar corona." All possessed essential
lipid, were‘resistant to DNA inhibitors, possessed a low
density and replicated by budding into cytoplasmic vesicles.
These features were recognized at that time as common to
avian infectious bronchitis virus (IBV), mouse hepatitis
virus (MHV) and several IBV-like viruses recovered from
man (e.g. B814 and 229E): but, since that time, coronavirus-
like agents have been described from additional species,
causing a variety of clinical conditions. As the importance
and prevalence of members of this group became recognized,
SO too has the literature pertaining to them blossomed, and
the reader is referred to several excellent reviews which
have appeared in the past few years for aspects and
references not covered in detail here (McIntosh, 1974;
Tyrrell et al., 1975; Bradburne and Tyrrell, 1971; Montq,

1974).
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Members of this viral taxon are widely,K distributed
throughout the animal kingdom and display a variety of
tissue tropisms. To date, proven or candidate members
have been isolated from humans (human coronavirus, HCV),
chickens (avian infectious bronchitis virus, IBV), turkeys
" (bluecomb disease virus, TBDV), mice (mouse hepatitis
virus, MHV), rats (rat coronavirus, RCV and
sialodacryoadenitis virus, SDAV), swine (transmissible
gastroenteritis virus, TGE and hemagglutinating
encephalitis virus, HEV), calves (neonatal calf diarrhea
coronavirus, NCDCV) (references in Tyrrell et al., 1975
and McIntosh, 1974) and canines (canine coronavirus, ccv)
(Binn et al;, 1975; Keenan et al., 1976). Many of the
above diseases, affecting commercial livestock, are of
serious economic consequence.

In man, coronaviruses are also of economic impor-
tance as the cause of a significant proportion of
respiratory illnesses (reviewed in Monto, 1974) but in
contrast to the variety of organ systems infected by non-
human strains, human isolates have so far only been firmly
implicated in pathology of the upper respiratory tract.
There is, however, reason to believe that this picture of
human disease is incomplete, and that coronaviruses may
also be implicated in hepatitis, nephritis and gastro-
enteritis.

Several authors have reported the association of

coronavirus~like particles with hepatitis (Zuckerman
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et al., 1970; Campion et al., 1971; Ackermann et al.,
1974), which is suggestiye that these may be (one of the)
agents responsible for nhon-type A, non-type B hepatitis
(Prince et al., 1974). Electron microscope examination of
kidney specimens from cases of an endemic Balkan neuropathy
has led Apostolov et al. (1975) to suggest that this
disease is also of coronaviral etiology, while Caul and
co-workers (Caul and Clarke, 1975; Caul et al., 1975) may
have uncovered a link between gastroenteritis and this
viral group. This type of speculation is strengthened by
the existence of animal models for hepatitis (MHV) and
gastroenteritis (TGE, NCDCV, bluecomb, CCV) while several
coronavirusés affect the kidneys (MHV, IBV), although not
as a sole symptom.

To date, electron microscopy has played the major
role in all of these studies, perhaps not surprisingly in
view of the fastidious nature of these agents in culture
(e.g. Barinsky, 1967; Bradburne and Tyrrell, 1964; Kapikian
et al., 1973).

Several of these diseases may be zoonotic in
nature or at least closely related to animal coronaviruses,
as Zuckerman et al. (1970) found serological reactivity
against MHV in the serum of the hepatitis patient in his
study, while Apostolov et al. (1975) correlated the
nephritis to an association with swine, and Sharpee and
Mebus (1975) have detected neutralizing antibody to NCDCV

in human sera, suggesting the presence of this or a
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related agent as a cause of human gastroenteritis. Further
research may well profit from comparative and cooperative
studies between the fields of human and veterinary medicine.

There is also the question of where coronaviruses
stand in relation to other virus groups. For a long while
considered as aberrant myxoviruses, they have been
assigned to their own taxon, but there is some similarity
between the corona and oncornavirus groups as well.
Morphologically the two groups fall into the same category
of large enveloped (RNA) viruses, both contain a single
stranded high molecular weight genome of RNA which, on
analysis in density gradients, presents a characteristic
and very similar picture. This similarity has been noted
by Garwes et al. (1975) who proposed that there might be
an evolutionary relationship at the base of this resem-
blance. Perhaps also the avidity of MHV for lymphoid
tissues (Hirano and Ruebner, 1965; Barinsky and Dementiev,
1968; Biggart and Ruebner, 1970) may be taken as another
point of similarity. Balanced against the common features
however is the reported lack of sensitivity of corona-
viruses to DNA inhibitors which would imply that the two
groups, if related, have diverged in their respective
metabolic pathways rather significantly. Many of the
details of coronavirus replication are, in any case, still
unknown, precluding detailed comparisons with other groups.

Coronaviruses are a fascinating group of pathogens,

of considerable importance in human and veterinary
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medicine, whose roles and functions are as yet largely
unknown. While we have not solved all the riddles which
have intrigued us in our association with one member of the
group--the human coronavirus, 229E (HCV/229E, Hamre and
Procknow, 1966)--we have had success in some of our studies,
the results of which are presented in the following
sections in the hope that they might provide the tools and
the insight for others who are favored to be working in

this field.



SCOPE OF THE THESIS

The work described here was done as part of a
larger study on the biological, chemical and antigenic
properties of coronavirus 229E. Undertaken at the begin-
ning of this study, many of the techniques appropriate to
working with this virus had to be established, and the
first section of this thesis describes the development of
a sensitive and useful plaque assay which has permitted
the accurate'quantitation of virus necessary to various
aspects of the larger programme. Other techniques which we
have found useful are presented in appropriate parts of the
other sections.

The second section describes the effect of
Actinomycin D on 229E growing in L 132 cells. It is
similar to the first in that the study was begun as an
evaluation of a potential tool for suppressing host
functions in the infected cell, but it became of interest
in itself, indicating a close relationship between the
virus and host which probably precludes the intended use
of this drug, although the further exploration of this
virus-host relationship may prove to be a fruitful area for
further research.

The last chapter describes the isolation and

partial characterization of a subviral component from the



7
virus. This study provided insight into the architecture
of the virion as well as another tool for the further
characterization of this virus. Related studies are
continuing under the direction of Dr. Johnson-Lussenburg,
aimed at preparing and characterizing this and other
subviral components--which work will, in turn, provide the
basis for a more detailed examination of the events which

occur during the infectious cycle.



I. DEVELOPMENT OF PLAQUE ASSAY TECHNIQUE

Introduction

Two plaque assays for use with 229E virus have been
described in the literature. The first, reported by Hamre
et al.in 1967, was for the production of plagues on mono-
layers of W1l-38 cells. 1In 1969, Bradburne and Tyrrell noted
that the Hamre medium did not appear suited for use with
L 132 cells and described the development 6f another overlay
medium for use with these cells. Both of the above assays
were performed in petri dishes, requiring the use of CO2
incubators, but they differed in the composition of the
overlay medium and in the method of staining plaques for
counting.

As cell culture and virus production in this
laboratory was being done in closed containers of L 132
cells, it was considered that a plagquing system which
could be used in these same conditions would be expedient.
In preliminary experiments, neither of the above overlays
was satisfactory. Subsequent experiments led to the
development and characterization of another plagquing
technique. The relevant experiments are described in this

section.



Materials and Methods
i) Virus

Coronavirus strain 229E was obtained from Dr. A. Z.
Kapikian at the U.S. National Institutes of Health,
Bethesda, Maryland. It was reported as having been passed
in W1-38 cells and was initially carried through two passes
in W1-38 cells in this laboratory. Thereafter it was

passaged in L 132 cells.
ii) Cells

The L 132 line, derived from human embryonic lung
(Davis and Bolin, 1960) was obtained from Mr. D. A. McLeod,
Laboratory Centre for Disease Control (LCDC), National
Health and Welfare, Ottawa; who in turn had obtained it
from the American Type Culture Collection (ATCC).

The passage number from tissue of origin is unknown
(Shannon and Macy, 1972) but our numbering system continues
on from that used by LCDC. Prior to receipt in this
laboratory they had been passaged five times at a 1 to 2
ratio at LCDC; subsequently they were carried at 1 to 3
split ratios. Cells used in this study were between passage
14 and 55, generally in the lower half of that range.

W1-38 cells, a diploid cell strain derived from
human embryonic lung (Hayflick, 1965) were obtained from

the ATCC. HF-26-L and HF-62-L (HFL), similar diploid cell
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strains from human embryonic lung were obtained through the
courtesy of Mr. P. A. Phipps and Mr. B. MacCulloch of the
Ottawa Regional Virus Laboratory, Children's Hospital of
Eastern Ontario, Ottawa. These strains were used while in
Phase II of their passage history (Hayflick and Moorhead,
1961; Hayflick, 1965).

All cell cultures were grown in Eagle's Minimal
Essential Medium (MEM, "Auto-Pow," Flow Laboratories, Inc.)
supplemented with 10% FCS and antibiotics (penicillin,

100 u/ml; streptomycin, 100 Hg/ml and neomycin, 50 ug/ml).
Cultures were grown in 75 cm2 disposable plastic flasks
(Falcon Pla;tics, Inc.) and used within twenty-four hours

of reaching confluence.
iii) Preparation of Overlay Media

Eagle's Minimal Essential Medium (MEM) in Earle's
balanced salt solution (EBSS) was obtained from Grand Island
Biological Co. as a dry powder. Stocks of liguid concen-
trate without bicarbonate were prepared at five times the
recommended strength and sterilized by membrane filtration.

Medium 199 (M 199) in EBSS was also obtained from
Gibco as a dry powder, and stocks were similarly prepared
as a five-fold concentrate and filter sterilized. Although
the concentrate was slightly turbid even after prolonged
stirring, the filtrate was clear and the insoluble residue
was considered to be of no consequence, since diluted

filtrate was used successfully for cell growth.
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Hanks balanced salt solution (HBSS) was prepared as
a ten-fold concentrate (Schmidt, 1969) and sterilized by
filtration. For use in overlays, 0.5% lactalbumin hydroly-
sate (LAH, Nutritional Biochemicals Co.) was added to a

double strength dilution and the mixture was re-sterilized.

a. Additives

The following stocks were prepared in distilled
water and membrane filtered for use with the above media;
5.6% sodium bicarbonate (Fisher Certified Reagent),
1% 5-bromodeoxyuridine (BUdR, Calbiochem), 4% DEAE-dextran
(Sigma), 3.0M magnesium chloride (Fisher Certified) and
1% neutral red (Fisher Certified).‘ Additives were stored

at 4°c prior to use.

b. Antibiotics

A combination of penicillin and streptomycin or of
penicillin, streptomycin and neomycin was used in the
overlay media. Combined stocks were prepared in distilled,
deionized water from powder (Nutritional Biochemical Co. or
General Biochemicals) at 100,000 units of penicillin,
100,000 pg of streptomycin and 50,000 ug of neomycin (when
used) per ml. The mixture was filter sterilized, dispensed
in aliquots and stored frozen. For use, stock antibiotics
were added to the media at 1/1000 dilution, achieving
final concentrations of 100 u /ml, 100 pug/ml and 50 ug/ml
respectively for the three agents. Antibiotics were used

in all overlays.
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c. Serum
Fetal calf serum (FCS) obtained from Flow Labora-
tories or Gibco was used in these media, and stored frozen

at —20°C until used.

d. Agar

Three preparations were evaluated; Agar #1 and
Ionagar #2 from Oxoid, as well as Noble agar from Difco.

All were prepared as 1.8% stocks in distilled water and
sterilized by autoclaving.

Complete media were prepared from the stocks above,
adjusting the amount of water to give the correct
concentration of constituents. The liquid and agar portions
were kept separate until just before use, when nutrient

solution and melted agar, both at 4500 were mixed.
iv) Plaque Assay Procedure

Dilutions of virus were prepared in cell growth
medium, at ice bath temperature. 0.33 ml inocula were
added to well drained monolayers and allowed to adsorb at
room temperature for 1 hour, re-distributing the inoculum
over the cell sheet at twenty minute intervals.

At the end of the adsorption period, without
removing the inoculum, complete overlay medium at 45°C was
added to each flask, 25-30 ml per flask. Medium was
poured onto the upper, cell free surface, and when the
first signs of gelling were apparent, the flask was inverted

SO as to allow the overlay to harden in contact with the
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monolayer. Once the agar had set, the flasks were incubated
at 33°C for plagque development with the agar covered

monolayer uppermost.
Results
i) Composition of the Overlay Medium

Various plagquing media were evaluated in a series
of preliminary experiments. Among those tried were the two
described in the literature, variations on their composition,
and several combinations of Medium 199 and various
additives. In general, neither the medium described by
Hamre et al. (1967) nor that of Bradburne and Tyrrell (1969)
was suitable; plaque production was poor or absent under
MEM-based overlays, while the monolayer deteriorated under
HBSS-LAH media. Plaques were produced, however, under an
overlay medium which contained M 199, 0.1% NaHCO3,

100 ug/ml each of BUAR and DEAE-dextran, 2% FCS, 0.3%
Ionagar #2 and antibiotics.

Fixation with formaldehyde followed by staining of
the cultures with crystal violet, as used by Bradburne and
Tyrrell, enabled greater numbers of rlagques to be counted
than the neutral red technigue used by Hamre et al.; in
addition, it was more convenient to use. These two factors
led to the adoption of fixation and staining as the
standard procedure in all subsequent plagque assays.

This new overlay could be used for plaguing 229E

in either L 132 cells or a diploid fibroblast line from
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human lung (HF-26-L) and equivalent numbers of, plaques

were produced on cultures of either cell type. Parallel
titration of a virus suspension by plaque assay and in tube
cultures of L 132 cells indicated that the plague technique
was the more sensitive as one TCD50 was equivalent to

3.9 pfu. Thus, taken together these preliminary data
suggested that the new medium was potentially suitable for
our requirements and further studies were carried out to
examine the effects of the various constituents on the

assay, resulting in several changes in composition.

a. Bicarbonate

During earlier screenings of candidate overlays, it
was noted that media containing 0.2% NaHCO, maintained a
more constant pH than those with 0.1%; therefore we
prepared test overlays at various bicarbonate concentrations
and used these on cells inoculated from a common virus
pool.

In the first experiment, the concentration of
NaHCO3 was varied from 0.6 to 0.22% and in the second, was
varied from 0.22 to 0.39%. The overlay for these trials
was Medium 199 with 2% FCS, 100 ug per ml each of BUdR and
DEAE-dextran and 0.4% Ionagar #2. Within each experiment
all conditions were kept constant, except for the
bicarbonate content of the overlay.

In both of these series, plague numbers were seen

to vary markedly in relation to the concentration of
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bicarbonate present (Table 1, Figure 1) with an apparent
optimum of 0.2% for maximal plague numbers. In these
experiments some difficulty was encountered in handling
these assays due to the fluid nature of the agar. Slippage
of the agar did occur, and led to the smearing of plaques
or, on occasion, loss of the monolayer; therefore the
concentration of Ionagar was increased to 0.6% and used at
this level in all subsequent trials. This change did not
affect the quantitation of 229E in HFL cells.

Subsequent experiments (3 and 4, Table 1) were
done as described above but using the higher agar concen-
tration. No loss of cultures or plaque smearing was
incurred due to agar slippage and it was also noted that
there was less weeping of medium from the overlay during
incubation. Apparent titres were not so affected by
suboptimal bicarbonate levels as in the previous series and
highest plaque numbers were obtained with 0.22% and 0.17%
in experiments 3 and 4 respectively (Table 1, Figure 1).

On the basis of these trials, 0.2% was retained as standard
in the test medium during further evaluation.

Experiments to be described later led to changes in
the overlay formulation: M 199 was retained as the nutrient
base, but BUAR was reduced to 50 Uug/ml from 100, DEAE-
dextran increased from 100 to 200 ug/ml, 2% FCS unchanged,
but Oxoid agar #1 at 0.6% was substituted for Ionagar #2
at the same concentration. As bicarbonate levels had

influenced plaque numbers in the previous media, a similar
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TABLE 1

VARIATION IN PLAQUE NUMBERS WITH BICARBONATE

CONCENTRATION IN OVERLAY MEDIUM

Concentration of Sodium Bicarbonate in Overlay, %

Experi-
ment
Number 0.06 0.11 0.17 0.22 0.28 0.34 0.39
1 <6* 103 132 230  N.D. N.D. N.D.
(<3%) (45%) (57%) (100%)
2 N.D. N.D. N.D. 105 89 69 49
(100%) (85%) (66%) (47%)
3 N.D. 35 31 40 33 34 N.D.
(88%) (78%) (100%) (83%) (85%)
4 N.D. 87 103 93 87 79 N.D.
(84%) (100%) (90%) (84%) (77%)

* Each value in this table represents the average
plagque count of 2 flasks and numbers in parentheses express
the plague count as a percentage of the maximum count in

that group.

N.D. = Not done.
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FIGURE 1



Figure l:- Effect of different bicarbonate concentrations
in the overlay medium on the numbers of plagques pro—i
duced by a constant inoculum of 229E virus in L 132 |
cells. The medium used in experiments 1 and 2
differed from that used in 3 and 4 only in agar
content, but this had a marked effect on the degree

|
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j
I
!
|
of response to bicarbonate in the two media; 0.22% f
i

NaHCO,, however, was optimal in both. ;
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determination was done on the new formulation,,examining
concentrations in the range of 0.1 to 0.3% in steps of
0.05%.

In this new formulation, bicarbonate once again
exerted a marked effect on plaque numbers. From the
results in Figure 2 it can be seen that similar counts were
obtained over the range of 0.1 to 0.2% NaHCO3, then the
plating efficiency fell off steeply with further increase
in concentration. The plague morphology also varied in
relation to bicarbonate content: the lesions were small at
low levels, increasing to a maximum diametér at 0.15 and
0.20% then diminished with further increase in concentration
of NaHCO3. ‘Plaque margins were indistinct at the low end
of the range and the centres were opaque due to intact
cells which had remained attached to the flask. As the
content of bicarbonate was increased, the margins became
more definite and the centres clearer. In addition to the
changes in plaque morphology, the density and uniformity of
the cell monolayer also increased with increasing

bicarbonate concentration.

Thus, it was concluded that the effect of bicarbonate
upon plaque production was considerable, variable and appeared
to be affected by changes in the other components of the
overlay. A concentration of 0.2% NaHCO3 was optimal or near
optimal in all three media in terms of both plaque morpho-
logy and numbers and thus it was retained for continued‘use

in the overlay.
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FIGURE 2



Figure 2:- Effect of varying bicarbonate content in the
final overlay formulation. Concentrations of
0.1-0.2% NaHCO3 Permitted the development of equi-
valent numbers of plagques, but increasing the
bicarbonate beyond 0.2% resulted in a sharp drop in

plaquing efficiency.



% OF MAXIMUM TITRE

100 -

80 -

60 -

40

20-

O

O

T n n T
0,10 020 030 040

Na HCO5; CONCENTRATION,%



20

b. Bromodeoxyuridine

Bromodeoxyuridine was a component of the overlay
used by Bradburne and Tyrrell (1969) and was also included
in our original test overlay. It was now known, however,
whether this ingredient was necessary for, or contributed
to plaque production in the latter medium. Preliminary
studies indicated that omission of both BUAR and DEAE-
dextran from the test medium prevented the development of
plaques, whereas elimination of BUdR alone led to a marked
deterioration in their appearance. This result was
confirmed as follows: a series of flasks:was inoculated
with virusrfrom a common pool. After adsorption, test
overlay medium containing various concentrations of BUdR
was added and, after incubation, plaques were stained and
counted. The resulting plaque numbers were plotted against
BUAR concentration (Figure 3). There appeared to be a
decline in plaque numbers with increasing concentration of
BUAR, but this was not pronounced. However, as can be seen
in Figure 4, the size and clarity of the plaques was
markedly improved by the presence of 50 ug/ml of BUAR. While
there was no further improvement in the plaques at higher
concentrations, the thickness and regularity of the cell

monolayer diminished at the higher levels.

c. DEAE-dextran

DEAE-dextran, similarly, was present in the overlay

of Bradburne and Tyrrell (1969), that of Hamre et al.-  (1967)
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FIGURE 3



Figure 3:- Effect of 5-bromo-deoxyuridine (BUAR) in the
overlay medium on the number of plaques produced by a
constant inoculum of virus. No striking quantitative
effects were manifested over the range examined
although there is a suggestion of a slight progressive
suppression of plaque production with increasing
levels of this additive. Each point represents £he

average count from two flasks.
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FIGURE 4



Figure 4:- Effect of BUdR in the overlay medium on plaque
morphelogy. A. Uninoculated flask of I 132 cells.
'B-F. Cells inoculated with 229E virus, overlaid with
medium containing 0, 50, 100, 200 and 400 ug/ml of
BUAQR, respectively. Larger and clearer plagques were
produced under medium containing BUAR (C-F) but the
higher concentrations appeared to adversely affect
the cell monolayer. Flasks pictured are from a
different experiment from that which produced the

data shown in Figure 3.
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and our own test overlay. To examine its effect, in the
test overlay a series similar to that done with BUdR was
set up with varying concentrations of DEAE-dextran. Although
there was no marked variation of plaque numbers with changes
in concentration of this additive (Figure 5), plaque size
was noted to increase with increasing amounts of this

supplement, at least to 200 ug/ml (Figure 6).

d. Magnesium Chloride

Additional MgCl, was included in the overlay of
Bradburne and Tyrrell, however, supplementation of our test
overlay with an additional 30 mM MgCl2 did not enhance
plaque formation by coronavirus 229E. In one trial
overlays with and without extra MgCl2 were compared: both
the size of the plaques and the numbers produced were
reduced under the supplemented medium (Table 2). The
differences were not striking quantitatively, but in any
case there appeared to be no reason to increase the Mgél2
content for coronavirus assay. In later work (unpublished),when
poliovirus was plaque assayed, an additional 30 mM MgCl2
did enhance plaque formation by this virus (as suggested by

Wallis and Melnick, 1962).

e. Agar Preparations

Three purified agar derivatives have been used as
solidifying agents in our overlay media, and all allowed
plaque development (Table 3). Plaques forming under test

medium containing Oxoid Agar #1 were larger, clearer and
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FIGURE 5



Figure 5:- Effect of DEAE-dextran in the overlay medium on
the number of plagues produced by a constant inoculum

of virus. No regular variation in plaque numbers was

noted over the range of concentrations examined.
Each point represents the average count from two

flasks.
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FIGURE 6




Figure 6:-

Effect of DEAE-dextran in the overlay medium on
plagque morphology. A. Uninoculated flask of L 132
cells. B-F. Cells inoculated with 229E, overlaid
with medium containing 0, 50, 100, 200 and 400 pg/ml
of DEAE-dextran, respectively. Plaque size was

noted to increase with increasing amounts of this

supplement, at least to 200 ug/ml (E).
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TABLE 2

EFFECT OF MAGNESIUM ON PLAQUE NUMBER AND SIZE

Dilution of Virus Magnesium Number Plaque
Inoculated Chloride of Plaques diam., mm
-5
10 + 145 4.5
- 178 4.9
1076 + 13 3.7
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TABLE 3

COMPARISON OF EFFECT ON PLAQUE DEVELOPMENT OF

DIFFERENT AGARS IN THE TEST OVERLAY

Average Number of Plaques per Flask

Trial Ionagar #2 Agar #1 Noble Agar
#1 91.8 114.5 87.5
(6) * (2) (2)
#2 36.3 41.7 N.D.
(3) (3)

* Numbers in parentheses indicate the number of
flasks in the sample.

N.D. = Not done.
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slightly more numerous than those under media with the
other agars; plaques under Noble Agar overlays were

smallest.

f. Final Medium

On the basis of the above data, several modifica-
tions were made to the test overlay: reduction of the BUAR
concentration to 50 ug/ml from 100, increasing the DEAE-
dextran to 200 ug/ml from 100 and substitution of Agar #1
for TIonagar #2. The final formulation was therefore:
Medium 199 containing 0.2% NaHCO3, 50 pg/ml of BUAdR,

200 yg/ml of DEAE-dextran, 2% fetal calf serum, 0.6% Oxoid
Agar #1 and antibiotics. 1In this final form, the overlay
was used for the titration of virus in all subsequent

experiments.
ii) Time Required for Plaque Development

In earlier experiments we had observed that plaques
may or may not be detectable on the third day following
infection therefore we examined only the period beginning
on the fourth day. A pool of diluted virus was prepared
and aliquots were inoculated into ten flasks each of wl-38,
L 132 and HFL (HF-62-L) cells. Overlay medium was added as
previously and cultures were incubated at 33°C. Flasks were
removed from the incubator, fixed and stained at the
indicated times. Plaques were counted and the diameter of
ten randomly selected plaques from each cell line was

measured and averaged for each day's sample.
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These results are presented in Taﬁle 4 gnd Figures
7 and 8. It was noted thgt the monolayers appeared healthy
and well maintained throughout the period of study (11
days), i.e. there was no cell sloughing or obvious
degeneration in any flask.

Plaques were produced in all three cell lines, with
four fold higher titres in I 132 cells than in W1l-38, which
was in turn more sensitive than HFL. This was in contrast
to an earlier result where the titres in L 132 and another
HFL line (HF-26-L) were equivalent (see pages 13-14).
Several factors may have contributed to this difference:
the difference in cell strains, the changes in the overlay
and the fact that the virus used in the present study had
had seven or eight consecutive passes in L 132 cells while
the former inoculum was pooled material from W1-38 and L 132
grown virus.

No increase in plaque numbers per flask was detected
over the period studied (4-11 days post inoculation). The
assay in L 132 cells was readable at 4 days but the average
plagque diameter was less than two millimeters and many of
them measured less than 1 mm; by day 6 the minimum size was
about 1 mm while the average was 3.5 mm (Figure 8). Plaques
in the latter size range are not likely to be confused with
irregularities in the monolayer, so 6 days was chosen as
the standard incubation time on this basis although shorter
incubations are feasible. Similarly, plaques on both the

diploid cell lines were difficult to detect on day 4 while
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TABLE 4

NUMBER AND SIZE OF PLAQUES AT DIFFERENT TIMES

POST-INFECTION IN THREE CELL LINES

Incubation L 132 W1l-38 HF-62-L
Time, Diam, Diam, Diam,
Days Number mm. Number mm. Number mm.

4 64 £2 ca. 13 ? ca. 12 ?

5 78 2.4 19 3 15 3
101 13 11

6 67 3.5 13 4.5 7 3.8
68 21 13

7 75 4.4 22 6.3 17 5.7
73 25 21

8 77 5.0 22 7.9 13 7.3
88 14 17

11 69 5.9 15 12 11 10

Averages 76.0 17.7 13.7
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FIGURE 7




Figure 7:- Plaque production in three cell lines after
varying periods of incubation. Open circles, L 132
cells; extensions define the confidence limits based
on Poisson distribution (%2g). X's, W1-38 cells;
triangles, HF-62-IL. 1In all cells, plagque number

remained constant throughout the period studied.
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FIGURE 8



Figure 8:- Effect of length of incubation on plaque size.

Open circles, L 132 cells; X's, W1~-38;
HF-62-L.

triangles,
Although plaques could be seen and counted

in W1-38 and HF-62-1 cells on day 4, they were ill-

defined, precluding measurement of diameter.
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by day 6 they could be counted with ease.
iii) Dose-Response Curve

Six inocula were prepared from a common pool, each
requiring only one further dilution step to give relative
virus concentrations in the range of 1 to 10. Aliquots
from each of these were assayed in triplicate.

The results of these determinations are presented in
Table 5 and Figure 9. The number of resulting plaques varied
in direct proportion to the dose of virus applied to the
flasks as would be expected on the assumption that a single
infectious unit gives rise to a plaque.

A second feature of the data is that good agreement
between expected titres and actual counts was maintained
up to 300 plaques per flask. This limit is higher than
those recommended by several authors (Dulbecco and Vogt,
1954; Cooper, 1961; Lorenz and Zoeth, 1966) who noted that
overlapping of plaques led to losses of counts at high
levels. However, we have observed that plaques in our
system remain discrete even when quite crowded (Figure 10)
which probably accounts for the wide range of agreement. The
increasing underestimation of titre seen at 400 and 500
plaques per flask is typical of the overlap effect noted by
the authors referred to above, but it should be noted that
statistical agreement was maintained even at 400 plaques
per flask, while the error at 500 per flask was less than

10%. Thus, this plaque assay system produced reasonable
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TABLE 5

NUMBER OF PLAQUES PRODUCED AT DIFFERENT

VIRUS CONCENTRATIONS

Relative No. of Mean Standard Error Confidence
Concentration Plaques (x) (o=/ x ) * Limits
n . (x £ 20)
50 ‘

1 31 45 3.9 37.2-52.8
54
101

2 100 105.3 5.9 93.5-117.1
115
209

4 192 210.3 8.4 193.6-227.0
230
300

6 324 306 10.1 285.8-326.2
294
425

8 354 378 11.2 355.6-400.4
355
455

10 451 462 12.4 437.2-486.8
480

* Standard error o

distribution.

f the mean, assuming Poisson
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FIGURE 9



T A L bt e e e g o R AN B s AR s M..-...-..w._,..“w»..w»—,«-m.':\u:ﬂ

Figure 9:- Dose-response curve for plaque production in
L 132 cells. Data obtained are repiesented by open
circles and confidence limits for these points are
indicated. The solid line represents a linear
relationship between plague numbers and virus dose
while the two companion curves represent the result
expected if 2 co-infecting particles were required
to initiate a plaque (Dulbecco and Vogt, 1954).
One curve is extrapolated from the highest (theore-
tical) plaque number, the other from the lowest.
The data obtained are clearly a better fit to the

linear relationship.
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FIGURE 10



Figure 10:- Morphology of plaques on a monolayer of L 132
cells infected with 229E after fixation and staining.
It can be seen that a ridge of cells (arrows) usually
remains between adjacent plaques, even when they are
quite crowded, as in this illustration. The edge

of a millimeter rule is included at the right hand

margin of the photograph.
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estimates of virus titre over the entire range examined.
With small numbers of plaques per flask, the standard errors
in individual counts become quite large (e.g. Table 1/8/6
in Reid, 1968) and thus the lower useful limit of the assay
will be determined by the statistical limits of reliability

required in a given experiment.
iv) Observations Regarding Reproducibility

a. Distribution of Plague Counts
Among Replicate Cultures

Retrospective statistical analysis of plaque assay
data by the X2 test of variance ratios (Snedecor and
Cochran, 1967) indicated that individual plaque counts
from replicate cultures varied according to the Poisson
distribution. Confidence limits based on this distribution
are plotted for some of the data presented in Figures 7
and 9 and were calculated according to the formulae

presented by Dulbecco (1973).

b. Effect of Re-Using Culture Flasks

In Table 6 there are data from a set of 10 cultures
which were inoculated with aliquots from the same virus
suspension. Four of these cultures were in bottles which
had been used previously for cell growth, trypsinized and
reseeded, the other 6 were contained in flasks used for
the first time. It was noted that the 2 groups formed 2
barely overlapping distributions, with the average titre

in the new flasks being 25% higher than the average in the
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TABLE 6

EFFECT OF RE~USING FLASKS ON PLAQUE NUMBERS

Number of Plaques per Flask

New Re-Used
Flasks Flasks
124 112
138 102
126 101
135 88
110

120

Averages 125.5 100.8
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re~-used flasks.

These data provided confirmation of many individual
observations in which it was noted that disagreement between
replicate assays followed the same pattern, i.e. consistently
more and sometimes larger plaques were formed in new flasks
than were formed in "o0ld" ones. The cause of this
depression in plaque counts is not known, but since we have
observed that cell cultures reached confluence significantly
more quickly in re-used flasks, perhaps this result is
indicative of a decline in sensitivity of L l32lcells with
increasing age as a monolayer. Such an effect has been
noted by Valle (1971) regarding the sensitivity of chick
embryo fibroblast cultures to vesicular stomatitis virus.

¢. Effect of Passage Level of I 132
Cells Used in the Assay

The passage level of these cells on reaching this
laboratory was unknown, but since then they have undergone
up to 75 population doublings. A review of our data
revealed that on several Separate occasions we have assayed
aliquots of the same virus in both high passage and low
passage level cells. The results indicate that high passage
cells are less sensitive to virus than are low passage, at
least as expressed by plaque production (Table 7). 1In
experiments 1 and 2 in Table 7 the high and low pass cells
were inoculated from the same diluted suspension in the
course of a titration whereas in example 3, two separate

titrations of the same stock are given. The result is that
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TABLE 7
VARIATION IN VIRUS TITRE USING CELLS AT
DIFFERENT PASSAGE LEVELS
Low Passage High Passage Ratio
Experi-
ment Pass Pass
Number Level* Titre Level Titre Low/High
8 8
1 15 3.1x10 52 1l.6x10 1.9
2 14 2.2x106 35 l.2x106 1.8
3% 20-25  5.1x10 47 1.7x107 3.0
Refers to level in this laboratory, absolute

value unknown.

** Aliquots of the same frozen stock, but on 2
separate occasions.
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consistently higher titres were obtained when iow passage
cellswere used for plaque assays.

Corroborating data was provided by an experiment
in which cultures were inoculated for virus growth. Two
different inocula were used, and each was used to infect 3
monolayers of cells at passage 14 and 3 at passage 35.
Cultures were infected at low input multiplicity (IM) and
incubated 40 hours.at 33°C. When pooled batches were titra-
ted, the ratio of yield from pass 14 cells/yield from pass
35 cells was 1.9 and 2.7 in the two trials. These ratios
are similar to those obtained from the plaque aséay trials,
and together, both lines of evidence suggest that L 132
cells may become less sensitive to 229E with continued
passage in the laboratory. 1Indications of a similar change
in sensitivity have been noted for the SV4O/BS—C—1 system
(Hopps et al., 1963).

These findings were not investigated further but
are recorded here as they reflect on circumstances which

affect the plaque assay.
v) Applicability to Other Viruses

The plaque assay essentially as described above was
used for the titration of both poliovirus (Sabin Type I)
and vesicular stomatitis virus (Indiana serotype) . VSV
required 3 days for good plaque development at 33°%
(negligible proportion of plagues less than 1 mm diameter)

whereas poliovirus plaque development was complete in 2 days
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at 37°% by the same criterion. The addition éf 30’mM
MgCl2 led to the production oﬁ larger, more uniform plaques
with poliovirus (Wallis and Melnick, 1962). Although
comparisons between this medium and others used for these
viruses were not done, titrations of yields of VSV and
poliovirus obtained from L 132 cells gave values of 2100
and 1200 pfu/cell respectively, indicating that the assay

was adequately sensitive.

Discussion and Conclusions

We have developed an overlay based on Medium 199
for the production of plaques by coronavirus 229E in mono-
layer cultures of L 132 cells. The overlay is used in
sealed flasks which are incubated in normal atmospheres
and it allowed plaque production under these conditions, a
result which we were not able to duplicate using other
published formulations.

Plaque development is essentially complete after 4
days of incubation at 33°C although increasing the time to
6 days permits development of larger lesions which can be
enumerated with greater certainty. The number of plaques
produced under this overlay is proportional to virus dose
when up to 400 are counted per 75 cm2 flask and the varia-
tion encountered in replicate assays may be accounted for
on the basis of random sampling errors, provided that
specified conditions are followed in the preparation of

cultures.
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The medium can be used for the assay of 229E in
two lines of diploid fibroblasts (W1l-38 and HFL) in addition
to L 132 cells although titres obtained may be lower in the
former cells. Furthermore the medium was suitable for
plaquing vesicular stomatitis virus and poliovirus, the

latter application being aided by supplementation of the

medium with MgClz.



II. EFFECT OF ACTINOMYCIN D ON THE

REPLICATION OF 229E

Introduction

The decision to examine the affect of Actinomycin D
(AMD) on the replication of coronavirus 229E was made for
several reasons, not the least of which was the finding by
Tannock (1973) of an apparently heterogeneous nucleic acid
in avian infectious bronchitis virus (IBV). Although this
finding may have been an artifact generated by the method
used for RNA extraction (Watkins et al., 1975), at the time,
it provided the incentive which led us to explore the inter-
action between 229E and Actinomycin D. As it had been shown
that viruses from other taxonomic groups may include non-viral
nucleic acid in the virion, (Michel et al., 1967; Siegel,
1971; Pedersen, 1971) we postulated that coronaviridae may
have this tendency in large degree, contributing to the situa-
tion found by Tannock. We therefore proposed to label viral
nucleic acid under conditions where host RNA synthesis was
repressed, extract virion nucleic acid and compare our results
to those of Tannock. AMD was chosen to repress cellular RNA
synthesis because its function in that role has been well
documented (Reich et al., 1962; Reich and Goldberg, 1964;

Meienhofer and Atherton, 1973).
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In addition to the above rather speculative proposal,
an examination of the effect of AMD on 229E would be of
general benefit: if 229E was refractory to the effects of
this drug, then AMD could be used to selectively inhibit host
transcription, facilitating the study of viral replicative
functions. 1If, on the other hand, the virus was inhibited by
AMD, this fact in itself would provide insight into the viral
mode of replication.

In fact, the effect of AMD on the replication of
several members of the coronavirus group has been examined by
other workers. Parker et al. (1970) reported that 1 ug/ml of
AMD had no effect on the replication of rat coronavirus (RCV)
as measured by induction of CPE or development of viral anti-
gens detectable by fluorescent antibody, but gave no details
of the pertinent experiments. Malluci (1965) grew mouse
hepatitis virus (MHV) to normal titres in mouse macrophage
cultures in the presence of 0.0l and 0.05 pg/ml of this drug,
and Bingham (personal communication, C. M. Johnson-Lussenburg)
found avian infectious bronchitis virus (IBV) insensitive to
AMD. On the other hand, Clarke (1968) grew transmissible
gastroenteritis virus of swine (TGE) in the presence of
0.2 ug/ml, and observed 84 to 92% reduction in yield of virus
at 18 hours post-infection, depending on the mode of exposure
to AMD; and Lomniczi (1975) also reports "0.2 ug" reduced the
yield of IBV to 3% of control values when tested in chicken
lung cultures, whereas 10-fold greater concentrations were

needed to produce the same degree of inhibition when kidney
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cultures were used for virus growth.

In our studies on the human coronavirus strain 229E,
because the effects of AMD on cellular metabolism are known
to vary with cell type (Sawicki and Godman, 1973; Biedler
and Riehm, 1970) and with concentration (Perry, 1963), it
was decided to include controls which would give some indi-
cation of the state of the AMD treated cells. Vesicular
stomatitis virus (VSV) has been shown to replicate inde-
pendently of host cell nuclear function in that it is not
affected by AMD (Black and Brown, 1968; Yamazaki and Notkins,
1973) and in fact it multiplies to normal levels in enucleated
cells (Follet et al., 1974; Wiktor and Koprowski, 1974). Thus,
if it could replicate normally at the concentrations of AMD
used in our experiments, this would indicate that the cells
had maintained a level of integrity appropriate to the repli-
cation of at least one RNA virus. In contrast to VSV,
adenovirus is inhibited by AMD (e.g. Wigand and Schmeider,
1973) and was included as an AMD sensitive virus. The incor-
poration of tritiated uridine into acid-precipitable material
was followed as an indicator of the effect of AMD on the host
cell's RNA metabolism. Thus, these controls would provide a

framework to aid in the evaluation of any effects of AMD on 229E.

Materials and Methods

i) Preparation of Tube Cultures

Tube cultures of L 132 cells were prepared in 16 x

150 mm glass test tubes. Cultures were seeded with
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approximately 3 x 105 cells per tube in 1.5 ml of growth
medium (MEM with 10% FCS and antibiotics), stoppered, and
incubated at 37°C for 2-3 days until formation of a monolayer.
Immediately before infection, 3 tubes were selected at random,

trypsinized and the cells counted in a haemacytometer.
ii) Actinomycin D Stocks

Actinomycin D (Dactinomycin; Merck, Sharp and Dohme)
was prepared as a stock solution at a level of 1000 Hg/ml in
sterile distilled water, dispensed in 200 or 500 pl amounts

and stored frozen at -70°C until required.
1ii) Dose~Response Curves

a. 229E

Dilutions of virus were prepared to achieve an input
of 3 pfu/cell in 0.1 ml volume (actual range = 2.5 to 5 pfu/
cell). Tube cultures, prepared as described in i), above,
were drained of growth medium, 0.1 ml of virus suspension per
tube was added to each and the cultures were held at room
temperature for an adsorption period of 1 hour. During the
adsorption period, virus was redistributed over the monolayer
at 15 minute intervals. At the end of this period, 1.5 ml of
medium 199 containing 0.2% BSA and the appropriate amount of
Actinomycin D was added to each culture and the tubes were
incubated at 33°C for 40-42 hours. Triplicate cultures were
used for each level of AMD.

After incubation the cultures were subjected to 2

freeze-thaw cycles, replicate cultures were pooled, and
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dispensed into yials which were refrozen to await subsequent
titration. Titration was by plaque assay as described

previously.

b. Vesicular Stomatitis Virus

Permission to use VSV was obtained from the Health
of Animals Branch of Agriculture Canada, in accordance with
their policies on the use of this agent in Canadian labora-
tories. The virus itself was obtained from Dr. E. Rossier,
University of Ottawa and was of the Indiana serotype (Rossier
and Landry-Pigeon, 1972). Obtained as a whole culture lysate
of infected W1-38 cells, it was passaged four times at low
multiplicity in L 132 cells before use in the AMD experiment,
the second pass being a single plague isolation.

Cell monolayers were drained and infected with an
input multiplicity of 10 pfu/cell. Adsorption of virus and
the addition of media were as above. Cultures were
incubated at 33°C until 90-100% of the cells had detached
from the flask.

After incubation, replicate cultures were pooled and
aliquots were dispensed in vials which were then stored at
-70°c.

Titrations were done by plaque assay as described
for 229E with two exceptions: dilutions were made in BSA
Medium (Valle, 1971), and incubation for plagque development
was only continued for 3 days, at which time the proportion

of microplaques (i.e. < 1 mm diam.) was minimal.



49

c. Adenovirus

A strain of Adenovirus type 7 was obtained from
Mr. P. Phipps (Virus Laboratory, Children's Hospital of
Eastern Ontario) as a frozen culture of infected W1-38
cells. This virus was passed at least 3 times in I 132
cells before use in these experiments.

Tube cultures of L 132 cells were drained and
inoculated with 0.1 ml of virus at an input of 7.5 TCDSO/
cell. Virus was allowed to adsorb at 37°C for 2 hours,
redistributing the inoculum at 30 minute intervals. After
adsorption, the cultures were rinsed twice witﬁ 1 ml each
of PBS/BSA, then incubated with 1.5 ml per tube of
M 199/BSA with or without AMD at 37°C for 32 hours.

Following incubation, cultures were freeze-thawed
to aid virus release, replicates were pooled, aliquots
dispensed and frozen at -70°C until titrated.

Adenovirus was titrated in tube cultures of L 132
cells. Ten-fold dilutions of virus were prepared in
M 199/BSA and inoculated at 0.1 ml per tube to each of four
tubes per dilution. Cultures were incubated at 37° for 2
hours for virus adsorption, then a maintenance medium of
M 199 with 2% FCS was added, 1.5 ml per tube. Inoculated
tubes were incubated at 37°C. The maintenance medium was
replaced at three or four day intervals and the tubes were
examined and scored for CPE on the day following a medium
change. Titres were calculated according to the method of

Reed and Muench as described by Lennette (1969) and
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converted to TCD50 per ml,

d. RNA Synthesis

The growth medium was removed from confluent tube
cultures of L 132 cells, replaced with M 199/BSA with or
without appropriate levels of AMD and the tubes were placed
in a 33°C incubator for a preincubation period of 11 hours.
Duplicate cultures were used for each test condition.

Following preincubation, 100 ul of M 199/BSA con-
taining 1.5 uCi of [5—3H]-uridine (sp. act. 29.65 Ci/mmole,
New England Nuclear) was added to each tube where
appropriate, after which the cultures were incubated at 33°cC
for 1 hour. Controls included cultures which were held at
0°c throughout the incubation period as well as mock-
labelled cultures which had received only an additional
100 pl of maintenance medium prior to incubation.

After incubation, all cultures were removed to an
ice bath, the incubation medium was removed and the
monolayers were washed twice with 1-2 ml aliquots of PBS
(phosphate buffered saline, Ca++, Mg++ free). After the
second wash, 1.5 ml per tube of PBS was added and the cells
were disrupted by 3 freeze-thaw cycles. 1.5 ml of 10%
trichloroacetic acid (TCA; Fisher Certified, A.C.S.) was
then added to each tube, the contents were mixed and the
cultures held at 0°C for 60 minutes to allow precipitation.

The precipitates were.then transferred to centrifuge

tubes and sedimented at 2000 rpm at 4°c for 10 minutes in an
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IEC PR6 centrifuge (1000 x g). Supernatants'were @iscarded
and the precipitates washed twice by alternate resuspension
in 1.5 ml/tube of 5% TCA and centrifugation. Finally, the
precipitates were solubilized in 1 ml/tube of NCS (Amersham/
Searle Corp.) at 48-50°C for 1 hour, after which the digest
was neutralized by the addition of 0.03 ml/tube of glacial
acetic acid. Neutralized digests were mixed with 10 ml per
sample of scintillation cocktail (6 g/l of PPO in toluene)
and transferred to polyethylene vials for counting in a

Beckman LS-250 scintillation counter.
iv) Determination of the Growth Curve of 229E

Growth medium was removed from cultures to be
infected and 0.1 ml per tube of virus in M 199/0.2% BSA was
added to each, at an input multiplicity of 10-20 pfu per
cell. Inoculum was distributed over the cell sheet
immediately and at 15 minute intervals during the subsequent
adsorption period of 1 hour at room temperature.

At the end of the adsorption period, the inoculum
was removed from the tubes and the cultures were given two
washes of 1.5 ml each of phosphate buffered saline (PBS) .
After the second wash, 1.5 ml of M 199 containing 0.2% BSA
and antibiotics was added to each tube and the cultures were
incubated at 33°c. Unincubated (i.e. 0 hour) samples were
collected at this time.

At each indicated sampling time, 3 tubes were

selected at random, labelled as to length of incubation and
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transferred to a -20%c freezer. When the entire schedule
had been completed, the cultures were subjected to a thaw-
freeze cycle in the tubes, after which replicates were
pooled and aliquots dispensed and frozen to await titration.
Two separate titrations were done on the samples from each
experiment and the titrations were completed within three
weeks.

v) Effect of Addition of Actinomycin D
At Different Times During the
Growth Cycle
Tube cultures were prepared, counted and infected
as described for the growth curve experiments, using virus
input levels of 11-15 pfu per cell. M 199/BSA was used as
maintenance medium and cultures were incubated at 33°c. At
intervals post infection, triplicate cultures were removed
from the incubator and 100 ul of diluted AMD stock was
added to each, giving a final concentration of 2 ug/ml in
the maintenance medium. Cultures were then returned to 33°C
and incubation continued. At 24-28 hours post infection,
all tubes were removed from the incubator and frozen.
Subsequent treatment and titration was as described for the

growth curve studies.
vi) Effect of Input Multiplicity on Virus Yields

Tubes were prepared for inoculation as described
pPreviously. Sets of six tubes were infected using different

dilutions of virus, 0.1 ml per tube. Virus concentrations
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were such that input multiplicities of 0.8, 3.3, 12.5 and
42 pfu/cell were delivered to 4 sets of 6. After adsorption
as before, half of each set received M 199/BSA alone, the
other 3 tubes received M 199/BSA containing 1 Ug per ml of
AMD. Incubation was at 33°C for 28 hours.

After incubation, the cultures were gassed with

5% CO2 in air before freeze-thawing in an attempt to
stabilize the pH during this process. Otherwise the
cultures were treated in the same manner post incubation as

described previously for tube culture experiments.
Results
i) Dose Response Curves

Yields of 229E from cells incubated in the presence
of various levels of AMD were depressed in comparison to
yields obtained from parallel cultures not exposed to this
drug. The effect was reproducible and the inhibition was
proportional to the amount of Actinomycin present during
growth (Table 8). When plotted on a semi~logarithmic
scale (Figure 11), a direct relation was obtained between
yields of 229E expressed as a percentage of control wvalues
and the logarithm of the AMD concentration. From this plot
the 50% inhibitory dose of AMD under these conditions was
estimated to be 0.09 to 0.10 Mg per ml. The same data are
plotted on linear axes in Figure 12.

When infected and control cultures were examined

microscopically, AMD was seen to contribute to cell
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FIGURE 11



Figure 11:- Effect of Actinomycin D on virus replication

and RNA synthesis in I, 132 cells. When the concen-

tration of AMD is plotted on a logarithmic axis, as

in this example, a linear dose-response curve is

obtained for 229E.



EFFECT OF ACTINOMYCIN D ON VIRUS AND
RNA SYNTHESIS.

110 ~

100 -
4 =VSV
o= 229 FE
e =RNA
a = ADENO

YIELD, PER CENT OF CONTROLS
1

D e . e ——— e

®
| ! 1 1 l

-2 -1.5 -1.0 - 0.5 O
LOG1O CONCENTRATION OF ACTINOMYCIN D, Hg/mi.

o




56

FIGURE 12



Figure 12:- Effect of Actinomycin D on.virus replication

and RNA synthesis in L 132 cells. Same data as

presented in Figure 11, but plotted on linear axes.
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rounding, possibly implying a toxic effecﬁ; for example, at
40 hours post infection, cultures containing O.i g per ml
or higher had more rounded cells than AMD-free controls,
while cultures containing 1 or 2 ug per ml were detectably
different from controls at 16 to 19 hours post infection.

Companion experiments examined the yields of
vesicular stomatitis virus and adenovirus in the presence
of AMD. Froﬁ the data in Table 8, it can be seen that VSV,
another large RNA virus, was able to replicate normally in
the presence of up to 1 ug per ml of this antimetabolite,
ten times the 50% inhibitory dose for 229E, while 10 ug per
ml still permitted virus replication to 63%.of control
levels. In contrast, adenovirus, a double-stranded-DNA
virus, was markedly inhibited by even the lowest concentra-
tion tested. Ninety-seven percent inhibition of virus
production was obtained at 0.0l ug per ml, while at 0.1 ug
and greater only 1% of control levels were reached. The
persistence of a 1% yield at 10-fold and 100-fold higher
concentrations of AMD is somewhat problematical, but may
represent a stable residuum of the inoculum.

The incorporation of 3H-Uridine into acid precipi-
table radioactivity also declined in AMD treated cultures
with respect to controls (Table 9) and the dose-response
cufve appears to coincide with that of 229E. This coinci-
dence is fortuitous in the sense that data from another
series of experiments indicates that AMD-induced inhibition

of uridine incorporation is progressive over a period of
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TABLE 9

EFFECT OF ACTINOMYCIN D ON RNA SYNTHESIS

IN L 132 CELLS

Concentration of Actinomycin D, ug/ml

0°c 4

Control 0.0 0.01 0.1_ 1.0 10
Sample 1 0.30%* 147.4 94.6 87.3 10.1 1.04
Sample 2 0.22 142.0 119.7 68.2 8.6 1.02
Average 0.26 144.,7 107.1 77.8 9.3 1.03
Average—OO 0.00 144 .4 106.9 77.5 9.1 0.77
2 of AMD-
free 0.2 100 74 54 6.3 0.5
Controls

* CPM x 10—3 present in acid precipitate of cell
cultures after labelling with ®H-uridine.
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several hours, extending beyond the pulse period employed
in this experiment (data not shown). In analyzing the data
obtained in the experiment shown, it was noted that there
was very little incorporation at ice bath temperatures
and the counts obtained were assumed to be due to non-
specific adsorption or entrapment of label; therefore
incorporation was calculated by subtracting the 0° values
from those obtained at 33° to correct for background and

non-specific radioactivity.
ii) Growth Curve of 229E

Since we had found the replication of 229E virus to
be sensitive to Actinomycin D, we next examined the time
course of inhibition in relation to the virus growth cycle.
A growth curve was obtained by infecting L 132 cells in
tube cultures, removing cultures at various times post
infection and assaying them for virus content after freeze-
thawing to aid in virus release. No attempt was made to
distinguish between cell-bound and released virus.

Data were obtained from experiments conducted on
two sampling schedules. Results are presented in Figures
13 and 14. Summarizing, recoverable virus declined between
0 and 6 hours post infection, then began to increase
between hour 6 and hour 9, continuing to a maximum titre at
around 24 hours after inoculation. Cultures incubated
longer than 24 hours show a progressive loss in titre with

the curve falling to about 60% of peak height by 48 hours.
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FIGURE 13



Figure 13:- Growth curve of HCV/229E in L 132 cells. Data
are from a single experiment, plotted on semi-logar-

ithmic axes.
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FIGURE 14



Figure 14:- Growth curve of HCV/229E in I 132 cells. Data

points plotted are averages from two or three

separate experiments.
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iii) Effect of Addition of Actinomyecin D
at Different Times During the
Virus Growth Cycle

Having obtained evidence that the production of
229E in L 132 cells was inhibited by AMD and having
determined the growth curve for the virus in the same cell
line, we next examined the effect of adding the drug at
various times post infection to see if we could delineate
the sensitive step in time.

Inhibition of 229E was maximal when AMD was present
throughout the growth cycle, being proportionately less
when the drug was added later in the course of replication.
Data from individual experiments were converted to a common
base as percentage inhibition of treated cultures with
respect to drug-free controls and are presented in graphical
form in Figure 15. These curves indicate an initially high
level of inhibition when Actinomycin is added early in the
growth cycle. Later additions, up to a point 8 or 10 hours
post-infection show a slight and progressive decrease in
the inhibition obtained; at about 8-10 hours however, the
inhibition curves change slope and the effect of the drug
rapidly diminishes, appearing to have no further deleterious
effect after 16 hours. There are some minor inconsistencies
in the data presented, but the features described are common
to all 3 experiments, seeming to imply that the target
reaction for AMD inhibition is maximally sensitive in the
first 10 hours of the replicative cycle and non-functional

or at least non-essential after 16 hours post-infection.
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FIGURE 15



Figure 15:- Inhibition of replication of 229E by
Actinomycin D (2 ug/ml) added at indicated times post-
infection. Results from three experiments, indicated

by closed circles, open circles and triangles

respectively.
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iv) Effect of Input Multiplicity on Virus Yields

Several experiments, both with 229E and with a
Sabin strain of poliovirus (data not shown) had suggested
that the degree of inhibition produced by a given dosage
of AMD might vary with the multiplicity of virus used to
initiate the infection. Accordingly, an experiment was set
up comparing yields of 229E from cultures infected at four
different input multiplicities in the presence and
absence of a single level of AMD (1 ng/ml).

Two trends were evident in the data obtained from
this experiment (Table 10, Figure 16): in the first place
the yield of virus obtained from AMD treated cultures does
increase with increasing virus input; and secondly, the
oppcsite effect was seen in the untreated cultures, in that
decreased yields were obtained from cultures receiving the
higher virus concentrations. Combining these two curves
magnifies the apparent effect and the difference between
the cultures receiving an IM of 0.8 and those receiving
42 pfu/cell is almost twenty-fold when expressed as
percentage yields (Table 10). Whatever the reason for
these trends, and several possibilities will be discussed
later, it is evident that the virus multiplicity used to
initiate the infection will indeed affect the magnitude of

the response to AMD.
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TABLE 10

EFFECT OF INPUT MULTIPLICITY ON VIRUS YIELD

Control (No AMD) AMD, 1 ug/ml
Input
Multiplicity Titre -6 Titre -6
(pfu/cell) (pfu/mlx10 ") (pfu/mix10 °) . % Yield
0.8 99.5 1.3 1.3
3.3 80.5 2.2 2.7
12.5 59.5 6.9 11.6

42 40.0 7.6 19.0
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FIGURE 16



Figure 16:~ Effect of input multiplicity on virus yield at

28 hours post-infection in the presence and absence
of Actinomycin D. When 1 ug/ml of AMD was present
throughout the incubation period, higher yields were
Obtained with greater virus input (triangles). The
opposite effect was seen in untreated cultures (open
circles). Arrows indicate the multiplicities used

in this experiment: 0.8, 3.3, 12 and 42 pfu/cell.
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Discussion and Conclusions

We have obtained evidence from our dose response
data that the replication of 229E virus in L 132 cells is
inhibited by the antimetabolite Actinomycin D. As the
primary site of AMD action is on DNA-dependent RNA synthesis
(Reich et al., 1961), and since there is no DNA intermediate
in the coronavirus replicative pathway (as evidenced by the
lack of sensitivity of this group to DNA inhibitors--
reviewed in McIntosh, 1974), the implication of finding AMD
sensitivity would be that a function of the host genome is
involved in the replication of this virus.

The companion curves in these experiments lend
support to this finding in various aspects. Vesicular
stomatitis virus (VSV) was able to replicate normally in
the presence of 10 to 100 times the 50% inhibiting dose for
229E, indicating that the AMD treated cells were not
incapable of supporting virus replication. 1In this context,
it should be noted that VSV is independent of nuclear
function as demonstrated by its resistance to AMD (Black
and Brown, 1968) and its ability to replicate in enucleate
cytoplasm (Follett et al., 1974; Wiktor and Koprowski,
1974). Similarly, the data on adenovirus inhibition and the
reduction in cellular incorporation of tritiated uridine
demonstrate the susceptibility of two known AMD-sensitive
reactions under circumstances similar to those under which
229E virus was affected by the drug. Taken together, these

evidences were accepted as supporting a hypothesis that
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Actinomycin D was specifically inhibiting the replication
of 229E.

The mechanism of action of Actinomycin D on the
multiplication of RNA viruses is by no means clear. From
the scheme presented by Baltimore (1971) it can be
appreciated that there is no logical requisite for the
participation of DNA in the pathway for any but the oncorna-
viruses; however there are numerous reports revealing AMD
sensitivity in RNA viruses, leading one to hypothesize
that these viruses require a host-DNA-dependent step in
their replicative cycle. Without specific evidence, the
host function involved could participate in any stage of
the replicative cycle of these viruses, either directly, by
providing a component which participates enzymatically in
viral synthesis, or indirectly in the sense of providing
or maintaining a specific site for replicative functions.

Viral dependence on host directed maintenance of
an essential site has been alluded to by several authors
investigating picornavirus replication (Cooper, 1966; Korant
and Halperen, 1975) while the direct participation of host
proteins has been demonstrated in the replicase of the
coliphage QB (Kamen, 1970; Kondo et al.; 1970). By analogy
("what is true for E. coli is true for E. lephant") this
pathway becomes an attractive possibility for other RNA
viruses. E. coli, the host for Q8, normally has an excess
of the proteins which contribute to the viral replicase but

if these proteins were virus-induced or were limiting in
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concentration and unstable, then we would expect to find
viral replication sensitivg to AMD. In fact, some
evidence has been obtained that the picornaviruses, like
Q8, may require host contribution to their replicase
complexes. Cooper et al. (1971) pointed out that the
portion of the poliovirus genome that was known to code for
protein involved in RNA synthesis was very small, compared
with the size énd complexity of other known replicases and
proposed a QB type arrangement as a possible explanation to
account for both the AMD sensitivity observed and the
dependence of this sensitivity on the metabéiic state of
the host cell as had been noted earlier (Cooper, 1966).

Regarding 229E, we do not as yet have detailed
evidence which indicates a specific replicative function as
being the Actinomycin target site. An examination of the
effect of adding AMD at timed intervals during the growth
cycle, however, revealed a temporally discrete vulnerability
with the period of maximal sensitivity occupying the first
one third to one half of the growth cycle. 1In this respect
our result is similar to the situation found in members of
the togavirus (Yamazaki and Notkins, 1973), picornavirus
(Cooper, 1966; Black and Brown, 1968; Korant and Halperen,
1975) and myxovirus (Barry et al., 1962; Gregoriades, 1970;
Pons, 1973) groups, where the production of early proteins,
and interestingly, RNA replication, often appear to be the
drug sensitive reactions. Whether this will also prove to

be the case with 229E will have to await further
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investigation.

The data obtained w;th increasing multiplicities
would also support a hypothesis that 229E requires a
limiting, unstable product of host transcription (e.g. RNA
or protein). According to this concept, the necessary
product would have a greater probability of participation
in the viral replicative cycle when the availability of
virus is increésed by raising the input multiplicity. There
are equally plausible alternatives, however, such as virus
induction of a host function which would be correspondingly
greater in the presence of greater amounts of virus.
Although the present experiment leaves the mechanism of AMD
action an open gquestion, there are several practical
implications. 1In the first place the inhibition observed
varies with the input multiplicity, thus the dose-response
data discussed above are not absolute, but relative to the
conditions used. This is a characteristic shared with at
least one other virus, poliovirus type I (Sabin), which
showed the same effect in this system (unpublished results).
Secondly, if further studies are conducted on the replication
of 229E in AMD-treated cells, the multiplicity effect might
be exploited to enhance viral functions.

The companion curve in Figure 16 suggests that a
form of autoinhibition is occurring in the untreated
cultures. Several mechanisms have been implicated in multipli-
city inhibition of virdl replication including interferon

(Fenner et al., 1974) and many other factors (reviewed in
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Lonberg-Holm and Philipson, 1974). The facf that AMD
treated cultures permitted increasing yields of virus in
spite of increasing IM favors explanations involving
protein synthesis, e.g. interferon in the inoculum (which
may act through stimulating cellular production of an
antiviral protein, see Ho and Armstrong, 1975) but as we
were diverging from our original objectives we did not

pursue this phenomenon further.



IITI. TISOLATION AND MORPHOLOGY OF AN INTERNAL

COMPONENT FROM THE VIRION

Introduction

The"large" RNA viruses (usually considered to
include the paramyxoviruses, orthomyxoviruses, rhabdoviruses
and oncornaviruses [e.g. Barry and Mahy, 1970; Fraenkel-
Conrat and Wagner, 19751), comprise a group with many
characteristics in common. They possess a single stranded
RNA genome, the virions are large, often pleomorphic
particles enclosed by a fringed envelope and mature by
budding through modified cellular membranes. They are
similar in appearance when examined by negative staining in
the electron microscope and possess a helical nucleocapsid
or at least a linear nucleoprotein that might be interpreted
as such (Apostolov and Flewett, 1965; Horne and Waterson,
1960; Howatson and Whitmore, 1962; Simpson and Hauser, 1966;
Nowinski et al., 1970). The nucleoprotein component is
occasionally seen in untreated virions but is usually better
revealed by detergent or solvent disruption of the virion
and can often be isolated quantitatively by such methods
(Bukrinskaya, 1973).

The coronaviruses comprise a recently described
virus group which shares many of the characteristics listed

above (Almeida et al., 1968; Tyrrell et al., 1975).
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Although the external morphology of the virion is well
defined, little is known about the internal orgAnization of
the particle. Apostolov ét al. (1970) reported evidence of
a threadlike internal structure in thin sections of avian
infectious bronchitis virus (IBV), but as yet there are
no confirmatory data from negative staining or from
isolation of internal components. In fact, there is little
agreement as.to how the nucleic acid is packaged within the
envelope and several interpretations of structure have been
advanced based upon data from different laboratories
(McIntosh, 1974).

In view of the many similarities beﬁween corona-
viruses and the other large RNA viruses it seemed reasonable
to expect that an internal nucleoprotein structure could be
isolated and characterized. Further support for this
possibility was obtained from preliminary studies which
indicated that the virion of coronavirus 229E contained an
RNA-dependent RNA polymerase (Johnson-Lussenburg et al.,
unpublished results), an activity which has been found to
be intimately associated with nucleocapsid structures in
several virus groups (Chow and Simpson, 1271; Robinson,
1971; szilagyi and Uryvayev, 1973).

The following studies report the isolation and
initial characterization of a ribonucleoprotein structure

from coronavirus 229E.



74

Materials and Methods

i) Growth of Virus

Monolayer cultures of L 132 cells in 75cm2

disposable culture flasks were used for virus growth.
Cultures were used on the second or third day after sub-
cultivation, at which time the monolayer was completed and

7 cells. Cultures were drained of

contained 1.5 to 1.8 x 10
growth medium and inoculated with 0.5 ml of virus, diluted
to give an input multiplicity of 3-5 pfu per cell. Adsorp-
tion was allowed to proceed for 1 hour at room temperature

during which time the inoculum was redistributed over the

cell sheet at 15 or 20 minute intervals. Twelve ml of

maintenance medium (Medium 199), containing 0.2% bovine serum

albumin (BSA, Sigma Chemical Co.) as suggested by Bucknall
et al. (1972), was added to each culture and they were
incubated at 33°c for 40 hours. After incubation cultures
were frozen at -20°C or -70°C until further use. The lower
temperature was chosen if extended storage periods were

anticipated.
ii) Preparation of Labelled Virus

Cells were prepared and infected as above. At the
end of the adsorption period, MEM with 0.2% BSA was added
to the monolayers and either [5—3H]—uridine(10 uCi/ml;
sp.-act. 28 Ci/mmole, New England Nuclear) or both

3H uridine as above and a 14C amino acid mixture (1 uCi/ml;
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New England Nuclear, Cat. No. NEC 445) were included in the
maintenance medium. Incubation and subsequent treatment

were as for unlabelled virus.
iii) Virus Harvest

Preliminary experiments indicated that 75 to 90% of
the virus was cell associated under the conditions
employed for.growth (Table 11), therefore virus was har-
vested by subjecting the monolayers to 3 freeze-thaw
cycles to aid in virus release. The resulting whole culture
lysates were clarified by centrifugation at low speed in
an IEC PR6 centrifuge at 2000 rpm for 20 minutes at 4°c.
This step did not affect virus titres appreciably, but
subsequent manipulations were attended by an inevitable

loss of infectivity.
iv) Preliminary Concentration

Initial concentration of the virus was accomplished
by ultracentrifugation. In early experiments this was done
by simple pelleting in the ultracentrifuge, but the
recovery of infectivity in the resuspended pellet was low,
and most of this activity could be removed by subsequent
low speed centrifugation. 1In later preparations, the virus
was centrifuged onto a sucrose cushion. Clarified whole
culture lysates were centrifuged at 48,000 g for 60 minutes
at 10°C in the Beckman Spinco SW 25.2 rotor over a cushion

containing 7 ml of 65% w/\z sucrose. After centrifugation,
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TABLE 11

VIRUS DISTRIBUTION IN CULTURE SUPERNATANT -

AND WHOLE CULTURE LYSATES

Virus Titre, pfu/ml Proportion

Maintenance of Virus in

Medium Culture SNF* Whole Culture** Supernatant
199 alone 1.2x107 4.8x10’ 25%
199/2% FCS 1.4x10’ 9.2x10" 15%
199/0.2% BSA 1.0x10’ 1.2x108 8.3%

* Culture supernatant fluid sampled before freeze-
thaw procedure.

** Cells and supernatant after 3 freeze-thaw cycles.
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an opalescent band was visible at the interface; these bands
were collected in 4 ml per tube by tube bottom puncture
and were found to contain an average of 53% of the
infectivity present in the starting lysate.

The virus, present as a twelve-fold concentrate in
a mixture of maintenance medium and sucrose, was further
concentrated and washed free of sucrose by ultrafiltration
using the XM 300 membrane in an Amicon model UF 52 cell
under nitrogen pressure in a cold room. Since the virus bands
contained about 40% sucrose, successive washings with 0.001M
phosphate buffer, pH 7.2, were required to reduce the

concentration to 2% or less.
v) Density Gradient Centrifugation

Gradients were prepared in cellulose nitrate tubes
supplied by Beckman for the 25.2 rotor. The tube capacity
was 60 ml, and gradients were prepared in 6 steps of 9.3 ml
each from 10, 15, 20, 25, 30 and 35% w/w sucrose (Schwartz-
Mann, density gradient grade), giving a total volume of
55.8 ml per tube. After formation of the step gradients,
they were refrigerated overnight at 4°c to allow
diffusion to linearity. The gradient shape was chosen so
that virus sedimentation could not be density-inhibited,
yet a good separation from non-viral components could be
expected (Anderson et al., 1966).

Gradients were overlayered with 2 ml of virus con-

centrate per tube and immediately run at 63,000 g for 90
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minutes at 10°C after which 2 ml aliquoté were collected
through a tube bottom puncture. Sucrose concentrations in
the fractions were determined in a refractometer (Exrma
Optical Works, Ltd., Tokyo). The position of the wvirus band
was first determined by infectivity assay; in later runs
[5-3H}uridine labelled virus was incorporated into each virus
batch or a portion thereof, and the peak of uridine activity
was located.by ligquid scintillation counting (LSC) of small
aliquots from each fraction. The cocktail used for these
specimens was composed of BBS-3, 100 ml; butyl-PBD, 8 g
(both from Beckman Instruments, Inc.):; watér, 50 ml and
toluene to 1 litre (Newman, 1973).

Steeper gradients were used for subsequent isopycnic
banding of virus and for the separation of internal compon-
ent from whole virus. These were also prepared manually,
using 9/16 x 3% inch cellulose nitrate tubes obtained from
Beckman for the SW 41 rotor. Concentration steps of 25, 35,
45, 55, 65 and 75% w/w sucrose were used, 2 ml per step and
the gradients were allowed to diffuse to linearity. 0.5 ml
sample volumes were applied to these gradients. Running
conditions were variable, and are referred to in the text.
0.5 ml fractions were collected by tube bottom puncture for
subsequent analysis.

Sucrose solutions, with the exception noted below,
were prepared from a 66% w/w working stock and diluted
according to a curve supplied by Beckman (reproduced in

Griffith, 1975). Buffers, reducing agents and other
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additives were added as required as a poftion of the diluent.
Since sucrose is supersaturated at 75% at room temperature,
fresh solutions were required for each experiment and pre-
pared by dissolution in a boiling water bath. Although
crystallization was inevitable when this concentrate was
stored at room temperature, we were able to use 25-75%
gradients in runs as long as 40 hours. Visible crystal-
ization was‘encountered in only 1 run, where it had
proceeded so far as to be just barely visible at the end of

the run.
vi) Electron Microscopy

Most investigations were done using the negative
staining technique of Brenner and Horne (1959). 2% phospho-
tungstic acid was prepared in distilled water and adjusted
to a final pH of between 6 and 7.5 with 1 N NaOH;
generally pH 6.5 produced the kest results. As Bradley
(1962) had demonstrated that other heavy metal salts might
reveal different aspects of virus structure, 2% uranyl
acetate and 2% ammonium molybdate were also used in
investigating the structure of the isolated subviral compon-~
ents.

Specimens were prepared for microscopy by several
methods; one such method was similar to that described by
Howatson (1969); Using finely drawn pasteur pipettes,
preparations were placed directly onto carbon stabilized,

Formvar coated grids and allowed to adsorb for 1 minute.
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Excess sample was drained by touching fiiter paper to the
edge of the grid and the grid was then usuall§ washed twice
with distilled water, aéain draining the excess with filter
paper. The staining solution was then applied to the grid,
allowed to remain for 30 to 60 seconds, drained as above
and the grid was allowed to air dry.

In a second method, material to be examined was
diluted in 6.001 M phosphate buffer and centrifuged at
91,000 g for 60 minutes. Resulting pellets were resuspended
in distilled water, a droplet was applied to the grid, mixed
with stain in situ, the excess was drained off and the grid
allowed to air dry. |

Grids were also prepared using the agar diffusion
method described by Anderson and Doane (1972), which was
found to produce acceptable specimens from a variety of
solutions. Many samples of interest contained high concen-
trations of sucrose which drew liquid from the agar
unless it was previously dried slightly; furthermore,
probably due to the nature of the samples being applied, it
was found that a better quality of grid was obtained if the
specimen and grid were left on the agar surface in a
covered dish overnight at 4°c pefore staining.

Once prepared, grids were examined immediately in
the EM or stored in a desiccator until they could be
screened. All examinations were done in a Philips EM 300

electron microscope.
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vii) Isolation of Viral Ribonucleoprotein

For isolation of nucleoprotein, we used a method
taken from that described by Davis and Rueckert (1972) for
the isolation of Rous sarcoma virus (RSV) nucleoprotein.
Tris-EDTA buffer was prepared as a stock 1M in Tris
("Trizma" brand of tris- (hydroxymethyl)-aminomethane, Sigma
Chemical Co.), 0.1 M in EDTA (disodium ethylenediaminete-
tracetate, A.C.S., Fisher Scientific) adjusted with HC1l to
give a pH of 7.2 at 1/100 dilution. Dithiothreitol (DTT,
Sigma) was freshly prepared as a 10% solution in deionized
water and Nonidet P-40 (NP40, Shell Chemicals Co.) was
similarly prepared as a 2.5% solution. A reaction mixture
for virus disruption was prepared from the above ingredients
to contain 0.5% NP40O, 2% DTT and 1/50 of Tris-EDTA buffer.
To this mixture, at ice bath temperature, was added an equal
volume of freshly purified virus in 0.001 M phosphate
buffer, and the mixture was immediately layered onto various
preformed, precooled sucrose gradients containing 0.4% DTT
and 1/100 dilution of Tris-EDTA buffer. Untreated virus
was mixed with an equal volume of 0.001 M phosphate buffer
and run in parallel on phosphate buffered sucrose gradients
to serve as a control. All virus preparations were a mixture
of unlabelled virus together with sufficient labelled
material to give an overall level of label that could
conveniently be detected by LSC.

Gradients were fractionated as described above.

Aliquots were taken for LSC into the cocktail also described
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above and counted ([5—3H]—uridine 1abel$ in a Beckman LS-250
scintillation counter using a wide tritium window. Doubly
labelled virus was counted in a Nuclear Chicago Isocap/300
liquid scintillation counter (courtesy Dr. Peter Anderson)
programmed for simultaneous counting of both isotopes.
Resultant raw counts were corrected for background and
spillover before plotting.

Grids were made from sucrose gradient fractions and
examined in the electron microscope by methods already
described.

Infectivity assays were done by the plaguing
technique outlined in a previous section. Dilutions of
gradient fractions were made in MEM with 10% FCS and/or the
diluent described by Szilagyi and Uryvayev (1973) for the
titration of infectivity of VSV ribonucleoprotein. This
diluent was prepared from powdered phosphate buffered saline
mixture (Dulbecco's Grand Island Biological Co.) to which
DEAE-dextran was added to a concentration of 800 ug/ml,

DTT to 3.5 mM (0.54%), glycerol (Harleco) to 5% and FCS

to 0.5%.
viii) Calculation of Sedimentation Coefficients

Sedimentation coefficients for whole virus and
subviral component were estimated using calculations based
on the method of McEwen (1967). In the original description
of this method, two quantities appear to be somewhat

arbitrary: the value used for starting sucrose
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concentration (zl) was adjusted downward in the sample
calculation without thg method or criteria being specified;
secondly, the value used for starting radius (rl) was not
defined as to whether it was taken from the top of the
centrifuge tube, mid sample, or the top of the gradient--
appreciable differences in the hypothetical sucrose
concentration at the axis of rotation (zo), as well as in
the calculated sedimentation coefficient (S) result, de-
pending on which radius is chosen as a basis for
calculation. This effect is especially pronounced when
using steeper gradients, large sample voiumes or less than
full tubes.

To resolve these difficulties, a graph was prepared
depicting the relationship between volume sampled and
radius from centre of rotation. Data for this plot were
obtained from measurements of liquid height in rotor tubes
as a function of volume, then converting these data to
radial distances from the manufacturer's specifications for
the rotor concerned. On the same graph, sucrose concen-
tration was plotted against radius; the data for this curve
were obtained from measurements on the positions of the
interfaces between adjacent sucrose concentrations when
- the gradients were set up stepwise, converting these to
radial distances as above, and plotting these radii at
sucrose concentrations intermediate between that above and
that below the interface. This second plot, % sucrose

versus radius, was confirmed by refractometry on samples
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from a gradient run and found to be a good representation
of the distribution. Extrapolation of this curve to zero
radius gave a value for zg which was used in subsequent
calculations. The starting concentration, z,, was also
obtained from the graph, using the radius at the middle of
the sample volume. Figure 17 is an example of the type of
graph described.

In performing the calculations, Zy, the sucrose
concentration to which the species under observation had
migrated, was obtained directly by refractometry. Alter-
natively, taking the middle of the peak fraction as the
position of the species, z, could be obtained from the plot
referred to above. The latter alternative is advantageous
when containment of the sample is desirable. The remaining

calculations were done according to McEwen's equations.
Results
i) Growth of Virus

The conditions described for the growth of virus
were chosen arbitrarily, having given consideration to the
growth curves published for 229E in W1-38 cells (Hamre et
al., 1967) and in L 132 cultures (Bradburne and Tyrrell,
1969). Yields of virus obtained were generally of the order
of 200-300 pfu per cell when titrated after harvesting by
3 freeze-thaw cycles.

Since the growth curve data obtained in tube

cultures (see previous section) indicated that virus titres
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FIGURE 17



Figure 17:- Standard curve used in calculation of sedimen-

tation coefficients. Sucrose concentration-and-

volume versus radius plot for 10%-35% sucrose gra-

dients in the SW 25.2 rotor, as used in the calcula-

tion of sedimentation coefficients (details in text).
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reached a maximum at around 24 hours aftér infgction at
high multiplicity, and since human coronaviruses appear to
be temperature labile (Bradburne and Tyrrell, 1971;
Bucknall et al., 1972), it was thought that greater yields
might be obtained from flask cultures infected at higher
multiplicity and incubated for shorter times (i.e. 24 hours).
On three separate occasions, groups of flasks were
inoculated ét an input multiplicity of 20 (assuming approxi-
mately 2x107 cells per flask), and incubated for 24 to 29
hours at 33°C. No increased yield was found, as titres
obtained on freeze-thawed pools for these'batches
indicated that 306, 190 and 212 pfu of virus were produced
per cell in the three preparations, similar yields to those
obtained in the routine method; 200-300 pfu per cell thus

appeared as a practical limit in our hands.
ii) Purification

Preliminary experiments had indicated that 229E
sedimented in sucrose gradients as a sharp peak (determined
by infectivity assay). Virus grown in the presence of
B—3H-uridine and centrifuged under the same conditions showed
a similar peak of 3H activity in the same region and when
fractions from these gradients were assayed for both virus
and tritium, it was found that their peak distributions in
this region of the gradient were exactly coincident
(Figure 18). Since [5—3H]—uridine is incorporated specifically

into RNA, this result provided additional evidence that the
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FIGURE 18



Figure 18:- Distribution of 3H label and infectivity in
10%-35% sucrose gradient after rate zonal centrifu-
gation of HCV/229E grown in the presence of tritiated
uridine. Note the coincident peaks centred on

fraction 14.
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genome of 229E was RNA. Technically, the use of tritium
label as a tracer for following the distribution of virus
in these gradients eliminated the cumbersome infectivity
assay requirement, allowing the virus band to be located by
scintillation counting in a matter of minutes.

In the curve presented in Figure 18, the label
remaining at the top of the tube (fractions 27-30) is re-
duced compared to most runs, where the amount remaining on
top of the gradient exceeded that recovered in the virus
peak. In collecting the cushioned virus which was put on
this gradient, very little of the maintenénce medium was
included; in routine practice the cushioned sample
contained more of the supernatant and the corresponding
gradients contained more soluble label.

The virus peak itself is well resolved in the sense
that no other uridine containing peaks are nearby, but the
fractions toward the tube bottom (i.e. lower numbered) are
elevated to about 10% of peak height. This was a frequent
finding and might represent aggregated virus which would be
expected to migrate faster than the rest. It will also be
noticed that there is a slight irregularity in the
"downstream" side of the peak, i.e. in fractions 10-14; this
was frequently observed and was often more pronounced, taking
the form of the shoulder seen in the plaque assay data. It
was thought that this might be indicative of two classes of
virus similar to the light and heavy forms of IBV reported

by Bingham (1975), but none of our gradients resolved this
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feature. The shape of the virus peak is.reproducible and
samples taken for virus recovery included five fractions:
the peak fraction itself, the three immediately below it in
the gradient and the one immediately above it.

In preparing virus for disruption studies, these
gradient fractions were pooled, washed with 0.001 M phos-
phate buffer and concentrated by ultrafiltration. Data are
presented iﬁ Table 12 from 9 experiments in which virus was
purified to this stage and concentrated by a factor of
approximately 150 with respect to starting volume. These
data indicate that the final yield in terms of infectivity
is somewhat variable, 5-27% of the amountlinitially
present; and secondly they indicate that specific
infectivities as high as 4.5:{1010 pfu/mg of protein have been
obtained by this method.

Sedimentation coefficients calculated from prepara-
tive runs done under several different conditions are shown
in Table 13, which lists representative data. Most
gradients were run as for number 4 and 5, yielding an S
value of 390 as in number 4. Runs 4 and 5 differed in
position of peak by % fraction, yet the calculated sedimen-
tation coefficients differ by about 20% (100 x difference/
mean) . This is a characteristic of the tables used in
performing the calculations, which are plotted in steps of
2% with respect to sucrose concentration: under the
conditions used here a large difference in S value results

from a difference of one step. Thus, the tables would
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TABLE 12

RECOVERY OF VIRUS AFTER RATE ZONAL CENTRIFUGATION

Total pfu at Concentrate
Start x 10~8 After Gradient Centrifugation
Total
Run pfu_g ug Yield
Number Lysate Clarified (x 10 ~) Prot.** g, I **%% %
c-1 —* 22 3.6 130 27.7 16
C-2 - 450 3.0 70 42.9 6.7
Cc-3 - - 13.8 118 117 -
Cc-4 65 - 40 80 50 6.2
Cc-5 - - 0.54 116 4.7 -
C-6 540 - 144 320 450 27
c-7 240 - 13 - - 5.4
Cc-9 380 - 50 - - 13

* Data not available.

** Protein estimations were done by the technique of

Lowry et al. (1951).

*** Specific infectivity, pfu/mg protein, x 10_8.

LA NI e N T e
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TABLE 13

SEDIMENTATION COEFFICIENT OF 229E

Sedimen-
Gradient Peak tation
Run Rotor % Duration Speed -3 % Coeffi-~
Number Model Sucrose (Minutes) (rpmx10 ~) Sucrose cient
1 SW-41 15-40 80 30 28.3(28)* 495
2 SwW-25.2 10-35 60 20 17.3(18) 472
3 SW-25.2 10-35 75 22.5 20.4(20) 378
4 SW-25.2 10-35 90 22.5 21.6(22) 390
5 SW-25.2 10-35 90 22.5 23.1(24) 476

* Number in parentheses used for calculation.
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accurately predict the position of a particle of known
sedimentation rate, which they were designed to do, but are
less accurate in determining S values from experimental data.
The variation in Table 13 could therefore result from very
minor variations in experimental data and sedimentation
coefficients calculated by this method must be regarded as
approximations.

Electron microscopy of the purified virus concen-
trates revealed large numbers of typical coronavirus par-
ticles, with membranous debris being the major contaminant.
Centrifugation of this material for 1ongef periods in
steeper gradients (see below) gave rise to the formation of
two visible bands, the heavier of which. (density 1.19)
contained the uridine label and typical virions while the
lighter fraction was largely membranous debris with

occasional adsorbed virions.
iii) Electron Microscopy of Disrupted Virus

Rate-zonal purified virus in 0.001 M phosphate
buffer was disrupted under a variety of treatments and
examined in the electron microscope. Three classes of
method were used; treatment with detergents, treatment with
solvents and simple storage in phosphate buffer and all led
to the breakdown of virus particles. When examined by
electron microscopy, disrupted virions appeared to contain
an amorphous matrix which either represented the internal

component, or else obscured any other structure which may
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have been present (Figure 192). On many grids, particles
could be found with minimal morphological damage. These
appeared as intact virions but the envelopes of which had been
breached sufficiently to allow penetration of stain. The
interior of these particles similarly appeared featureless
(Figure 19B).

In many preparations a new structure could be found
external to the virions which appeared highly significant
even though its relationship to the whole particle was not
explicit. This is illustrated by the following observation.

. . . Vvirions with typical coronavirus morphology
were found in fresh preparations (Figure 20A).
However, after the purified preparations in 0.001 M
phosphate buffer had been stored overnight at 4°c
fewer typical virions were evident and disrupted or
disintegrating forms were seen (Figure 20B). Many
particles appeared to have lost only their petal-
like projections (peplomers), but in addition, there
were discrete tangles of threadlike strands which
were 8-9 nm in width and appeared to be continuous.
The possibility that these strands might be released
internal component is supported by Figure 20C in

which the same strands appear to be released from a
collapsing virion.

iv) Isolation of Virus Ribonucleoprotein

Preparations of virus containing 3H-uridine labelled
229E were purified by velocity gradient centrifugation, then
treated with NP40. In preliminary experiments the resulting
material was immediately layered onto a 15-25% w/W sucrose

gradient containing Tris-EDTA buffer and DTT above a 65% w/v

lQuoted from Kennedy and Johnson-Lussenburg, 1976.
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FIGURE 19

T G et g



Figure 19:- Two virions whose envelopes have been disrupted
(a) or sufficiently compromised as to allow penetra-
tion of stain (B). The virus preparation depicted
in A had been stored in 0.001 M phosphate buffer at
4°c for 7 days, while B was taken from freshly
prepared virus which had been exposed to amyl acetate
on the grid. Typically, no details of internal
structure can be seen within the viral envelopes.

Bar represents 100 nm.
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FIGURE 20



Figure 20:- Aa. Freshly prepared virus. Morphology is
typical of the Coronaviridae. B. .Particles in
three stages of disruption, seen after 24-hour
storage at 40; upper right particle without petal-
like projections is typical of many; upper left
shows particle apparently losing internal component,
but no structural detail is evident; bottom center
shows typical discrete tangle of threadlike strands,
8=9 nm in diameter. C. Preparation as in B,
showing particle releasing filamentous material.

Bars represent 100 nm in all micrographs.
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sucrose cushion and centrifuged at 110,000 g for 90 minutes.
Untreated, but 3H-uridine labelled 229E was centrifuged in
parallel. Analysis of the résulting fractions revealed no
difference in the distribution of 3H activity of either the
untreated or the NP40-treated virus, and in both cases only
a single major peak was revealed which had sedimented through
three~-fifths of the gradients. The peak in the NP40 tubes
did occur one or two fractions closer to the tube bottom
than the peak in the controls but this finding in itself
was of uncertain significance as replicate preparative
gradients were found to differ by this much from run to run.

This similarity was difficult to reconéile with the
obvious differences in appearance of the untreated versus
NP40-treated virus in the EM, so it was decided to examine
the two types of preparation for differences in density.
When experiments were carried out using 25% to 75% w/w
sucrose gradients centrifuged at 170,000 g for 15-22 hours
at lOoC, a clear difference could be shown between detergent-
treated and untreated virus. Figure 21 gives the distri-
bution of 3H-uridine label in a control tube from such an
experiment while Figure 22 was prepared using data from a
tube in the same run which contained NP40-treated virus.
The virus peak is located at a sucrose concentration
corresponding to a density of 1.19, the peak in the NP40
tube corresponds to a density of 1.27. 1In either case there
is a single sharp peak, indicative of a homogenous uridine-

containing species, which differs in the two situations.
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FIGURE 21



Figure 21:- Distribution of 3H in 25-75% w/w sucrose

gradient after centrifugation of 3H—uridine

labelled 229 at 170,000 g for 22 hours.
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FIGURE 22



Figure 22:~ Distribution of 3H in 25-75% w/w sucrose
gradient after NP-40 treatment and centrifugation

of JH-uridine labelled 229E at 170,000 g for 22

hours.
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It is thought that these densities are isopycnic

for virus and subviral component since nearly identical

results were obtained under different conditions of centri-

fugation:

1)

2)

Nonidet P-40 treated, 3H—uridine labelled wvirus
and labelled, untreated virus were applied to 25-
75% w/w sucrose gradients and centrifuged at
110,000 g for 20 hours at 10°C. At this time,
tubes were removed for fractionation, the rotor
was restarted and run at 75-80,000 g for a
further 18 hours after which the remaining tubes
were sampled. The peak in the cdntrol tubes
occurred in the same fraction from the gradients
sampled after 20 hours and 38 hours. The peak
in the NP40 tubes had sharpened slightly and
shifted one fraction downwards after the
additional 18 hours. One fraction corresponds
to a change in density of 0.01 g/cm3.

Several large preparations of virus were made in
this laboratory by combining pools of rate-zonal
purified virus. Individual lots were frozen in
0.001 M phosphate buffer until several had been
accumulated; then they were thawed, pooled and
run on 10-65% w/w gradients at 170,000 g for 20
hours at lOOC. In addition to the major, virus
containing peak at density 1.19, a secondary,

heavier uridine labelled peak was seen at 1.26
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to 1.27. Electron microscopy of fractions from
the secondary peak revealed material which
appeared to be virus internal component.

3) Runs at 170,000 g in 25-75% w/w gradients for either

16 hours or 22 hours gave peaks at approximately
the same density in spite of a 20% increase in
run time. Virus peaks were obtained at density
1.19 and 1.20 respectively, while detergent
containing tubes had peaks at 1.27 compared to
1.27 and 1.28.

While the density of 1.27 and the observations in
the EM (see below) implied that the labelled RNA was
associated with protein in a nucleoprotein complex, confir-
mation was obtained by the use of double labelled virus.
229E was grown in the presence of 3H—uridine and 14C amino
acids and purified as before. This virus was treated with
NP40 and centrifuged under reducing conditions as above.
Analysis of the resulting fractions revealed that both the
3H—uridine and 14C amino acid activity occurred as major
coincident peaks in the 1.3 density region of the gradient,
demonstrating the nucleoprotein nature of this complex
(Figure 23). In addition, there was a minor peak of double
label activity in the 1.19 region indicating the presence
of a small proportion of non-disrupted virions, while a
third peak at still lower density, showing only 14C activity

probably consisted of detergent-released protein components.



101

FIGURE 23



Figure 23:- Distribution of 3H and 14C in 25-75% w/w sucrose

gradient centrifuged at 170,000 g for 22 hours.
HCV/229E was labelled with 3H-—uridine and 14C amino

acids and treated with NP-40 before centrifugation.

Top of gradient is at right hand side of figure.
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Having determined the density of the new complex, 15
to 40% w/wgradients were prepared, including three with DTT
and Tris-EDTA buffer and one control, to which NP40 treated
and control virus were applied, respectively. Both
preparations contained labelled virus. Gradients were run
at 120,000 g for 80 minutes, fractionated and the peaks
located by'LSC. Sedimentation coefficients were calculated
as before giving a value of 495 for whole virus and 457 for

the nucleoprotein complex. The three replicates were

identical.
v) Morphology of Isolated RNP

Grids were prepared for electron microscopy by
several methods from both treated and control gradients.
Samples were taken from both high density (1.27) and low
density (1.19) regions after equilibrium centrifugation and
were screened without reference to their origin. From these
studies, it was learned that typical virions were char-
acteristic of the low density region of control gradients,
and on occasion distorted virions could be seen in this area
of NP40 gradients. The other characteristic association
was between a new type of particle and the high density
zone of NP40 gradients. 1In a later study, to which we have
already referred, a similar particle was seen in the 1.27
region of equilibrium gradients of untreated virus which
had been stored frozen as purified suspensions. In that

case, there was also a peak of uridine activity in the same
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zone which probably indicated virus breékdown and spon-
taneous release of nucleoprotein.

The nucleoprotein particles typically had the
morphology illustrated in Figure 24A, C and D. These
structures were discrete with overall diameters in the
range of 100 to 200 nm. Figure 24A illustrates a particle
in which the linear nature of the component strand is more
apparent, Qith some suggestion of a loosened coil arrange-
ment being visible at one end. The strand diameter in this
particle averaged 9 nm and a tracing of the visibly
continuous portion led to an estimate of'total length at
1.6 to 1.8 um. This is probably an underestimate as the
path of the linear structure cannot be followed with any
certainty.

Other configurations were observed, but they were
not so typical as those just described. Among these were
more extended forms, similar to the material associated with
spontaneously disrupting virions (e.g. Figure 20), and the
tightly coiled structure shown in Figure 24B was also seen
in one of the NP40 treated preparations. Overall coil
diameter is about 66 nm while the strand diameter averages
9 nm and appears continuous over 5 turns, dissolving into
amorphous, unresolved matter at each end. There is a
suggestion in this micrograph and in a portion of Figure 24A
that the component strand itself may be of helical
construction, but this feature is not resolved in most of

our micrographs.
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FIGURE 24



Figure 24:- A, C and D. Typical appéarance of particles
seen in 3H—labelled peak of gradient fractions of
NP-40 treated HCV/229E preparations. B. Tightly
coiled particle, also from NP-40-treated HCV/229E.
There is some suggestion in A and especially B that
the component strand may itself be of helical

construction. Bar represents 100 nm.
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All of the micrographs presented were, obtained
using phosphotungstate negative staining. Uranyl acetate

and ammonium molybdate were also employed, but no further

relevant details were resolved.

vi) Infectivity of RNP

Aliquots of gradients containing NP40-treated
virus were tested for infectivity on monolayers of L 132
cells, either directly or after dilution in the fluid
described by Szilagyi and Uryvayev (1973)f In the first
trial aliquots were taken from the peak of uridine label in
a rate zonal gradient and tested at tenfold dilutions from
10° to 107*. Most flasks showed slight CPE after 3 days,
SO subcultures were made and examined after 4 days. At
that time CPE was noted in the flasks receiving material
which derived from 10™! and 1072 dilutions of the peak, but
not from those representing the undiluted aliquot or those

4 dilutions.

from the 10™° and 10~
A second and third attempt was made after running virus

and lysate on 25/45/75% w/w sucrose discontinuous gradients.

The gradients were not well chosen or standardized, but in

the first of these runs (#2, Table 14), infectivity was

again detected in the RNP tube and its distribution

roughly paralleled the distribution of uridine label. The

RNP had penetrated the 75% cushion, which was small, and

which had probably diffused to considerably less than its

nominal concentration, to give a "peak" at the tube bottom,
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in fraction 1.

Note that again there was no infectivity detected
in the undiluted material. Note too that the samples from
fraction 1 in the control tube contained virus, although
the peak was in fraction 17, at the 25/45 level.

In the last trial, the gradient was similar to that
just described, but running time was shortened from 15
hours to 3 hours. The peak in the control tube was well
defined at fraction 20, but most of the RNP appeared to be
spread through the middle of the gradient, with a small
peak beginning to form at fraction 3. No infectivity was
demonstrated in the NP40 tube, but the control tube again
showed virus near the bottom. The concentration of virus
increased in fractions closer to the virus peak. When
fraction 3 from the control tube was diluted in both the
special diluent and in MEM, the titre was sevenfold higher
in MEM.

The data described above are summarized in Table
1l4. The last column "Recovery of pfu" is a rough approxi-
mation.

These results must be regarded as inconclusive.
The experiments were done before we had achieved a technique
for clear separation of virus and RNP, and were done using
small lots of virus. They are included here because they
are suggestive in several respects and may aid in further

studies.
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It was noted that whole virus reéched high sucrose
densitites in the control tubes. If this is féund to be the
case in other gradients, then infectivity occurring in
NP40 tubes, even at high sucrose concentrations, may be due
to the presence of residual undisrupted virus; however,
the distribution of infectivity would be expected to
parallel that of the species from which it derives and
therefore aﬁtempts to demonstrate infectivity should be done
on several fractions in order to measure distribution in
addition to simple presence or absence.

If trial 2 did, in fact, detect infectivity due to the
RNP, and the parallel distributions of tritium label and
pfu suggests that this might be so, then the diluent appears
to aid in this demonstration by at least 170 fold, since no
plagues were seen in the undiluted material from fraction 1
where 170 were expected on the basis if the titre at a 10_1
dilution. A similar enhancement may have been responsible
for the result in trial 1.

In contrast to the apparent enhancement of RNP
infectivity obtained when nucleoprotein was diluted in
RNPD, this medium is deleterious to whole virus. Thus, in
addition to the distribution criterion for ascribing
infectivity to RNP or to residual virus, if fractions were
diluted .n parallel in RNPD and MEM for titration, the
results could be compared on the basis of diluent effect to

support distribution data.
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As a general conclusion, further work shou}d be done
in such a manner as to achievg maximal separation of virus
and RNP, and at higher virus loadings than we have used here
since the recovery is low. Under these conditions and
using the criteria suggested above, it may be possible to
demonstrate an infectivity associated with isolated

nucleoprotein.

Discussion and Conclusions

The growth of 229E by several protocols appeared
to reach a practical limit of 200 to 300 pfu pef cell.
Yields of this order were obtained using different multi-
plicities and inéubation times and in tube as well as flask
cultures. In view of the observed effect of several of the
plaque overlay ingredients however, it might be possible to
improve on these yields, which would be an obvious asset
to further analytical studies.

229E was purified by centrifugal methods to an
extent that was adequate for the isolation of nucleoprotein,
but it remains to be seen whether this degree of purity
lends itself to more critical analysis. Specific infec~
tivities as high as 4.5 x 1010 pfu/mg have been obtained,
which compares favorably with the result of Kaye et al.
(1970) who purified 0C43 by adsorption-elution from erythro-
cytes and calcium phosphate chromatography. The latter
group obtained specific infectivities of only 5 x 109 pfu/mg

and although differential losses in infectivity between
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viruses and methods may reduce the value of this criterion
for comparison, gradient purification techniques have
proven adequate for the prepa?ation of IBV (Bingham, 1975)
and TGE (Garwes and Pocock, 1975) prior to their bio-
chemical analysis. Incorporation of[S—3H]—uridine provided
a useful tracer for virus during these manipulations and
in addition provided a confirmation of the nature of the
genome of this wvirus.

Of major interest were the findings with respect
to the internal component of the virus. Linear structures
were seen in the electron microscope which we believe to be
the viral nucleocapsid (RNP). These structures.were seen
in preparations‘bf stored virus, in gradients of detergent-
treated virus and in gradients of virus which had been
frozen and thawed in the purified state. In the latter two
cases these linear forms were found at a density of 1.27-
1.28 and were correlated with peaks of labelled viral RNA.

The fact that both spontaneous disruption and detergent

treatment produced a particle of similar density and
appearance suggests that this is a relatively stable subviral
component.

The apparent linearity of this subviral strand
indicates that it is probably assembled according to the
principles of helical symmetry (Caspar, 1965) and, in
addition, there was direct evidence in several micrographs
(Figures 24A and 24B) of its helical nature. Furthermore,

since coiling of the strand, as observed in nucleocapsids
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of influenza virus, has been explained by Horﬁe (1974) to
be a consequence of specific bonding patterns between
neighboring structural units in a helical capsid, the spring-
like arrangement in Figure 24B and the traces of coiling
seen in other particles constitute further evidence for
the basically helical construction of this capsid.

Differences in the morphology of the RNP were
observed depending on whether grids were prepared from Tris-
EDTA buffered reducing gradients or from phosphate buffered
gradients and solutions. In the former situation the
nucleoprotein appeared slightly wider and less discrete
when compared with the latter. These changes iﬁ appearance
may be reflections of conformational changes in the
particle produced by the chemical environment from which
they were taken. If so, then it is tempting to speculate
that nucleoprotein within the viral envelope may be further
altered by its particular environment to the extent that it
appears amorphous in the EM. Our own studies, certainly,
have shown amorphous material to be characteristic of the
envelope contents and similar micrographs have been obtained
from detergent disrupted preparations of IBV (Berry et al.,
1964) and TGE virus (Witte et al., 1968).

Remaining highly speculative for a moment, it is
possible that a parallel situation is found in the case of
influenza virus where a large helical structure which is
occasionally seen within the virion may represent the native

(undenatured) form of the viral nucleoprotein. 1In a recent
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report, Almeida and Brand (1975) present evidénce that the
coil is an extremely labile configuration which may or may
not be seen in preparations of disrupted virus, depending
on the conditions used; but under gentle conditions this
structure may be demonstrated in association with the
majority of disrupted particles. A detailed examination of
their micrographs suggests that even individual helices may
show morphological variations along their length. For
example in their Figure 2, transitions can be seen in an
elongated coil from tight to diffuse or amorphous configura-
tions and back again. Interestingly, amorphoué regions
appear to be associated with exudate from disrupted viral
envelopes. Simiiarly, the same figure contains a coil
being extruded through a disrupted envelope; the coil is
compact in structure distally but appears to become loosened
and ill-defined morphologically as one traces its course
back into the envelope. Thus, one could speculate that the
envelope contains a substance which interacts with the
nucleoprotein and which hinders the visualization of the
nucleoprotein "in situ." Removing this substance by
controlled treatments allows the coil to be seen. Similarly,
the occasional appearance of the coiled structure in
untreated preparations may reflect the differential loss of
this putative modifier from selected virions.

Such a mechanism could account for the inability to
demonstrate the nucleoprotein in preparations of disrupted

229E while a linear structure can be demonstrated after
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isolation. We have obtained micrographs suggestive of an
amorphous-to-compact transition of some material in stored
preparations of 229E, but the identity of the particles
involved was not sufficiently clear as to constitute sound
evidence.

The parallel between 229E and influenza virus may
exXtend to the native configuration of the nucleocapsid.
Figure 24B suggests that the RNP may be present as a coiled
structure within the virion. The diameter of the strand we
have seen is similar to that reported by Apostolov et al.
(1970) on the basis of thin section studies and. the arrange-
ment we suggest is compatible with their observations.

Since we are not.able to obtain the more compelling evidence
of a coiled structure within the virion envelope, this

aspect of the viral morphology must remain conjectural.



CONCLUDING REMARKS

In this thesis, three phases of our work with the
human coronavirus, 229E have been described: the development
of a plagque assay system suited to our particular reguire-
ments, studies on the effect of the drug Actinomycin D on
the replication of the virus and some studies on the degra-
dation of the virus with isolation and characterization of
an internal component. The subdivisions are nécessarily
somewhat arbitrary, as much of working with a "new" virus
seems to invol?e the evolution of tools and techniques, and
the experiences gained incidentally may be of as much value
as those topics which are singled out for discussion. So
too, many of the questions which arise in the context of one
study may suggest the basis for future progress.

In developing the plaque assay system, it was found
that DEAE-dextran and BUdR together enhanced the formation
of plagques. Both of these additives have been noted to have
a varied array of effects on virus-cell interactions and it
would be intriguing to examine further their interactions
with the 229E-L 132 system used in the present study. In
the same vein, bicarbonate had a marked effect on plaque
production, suggesting that a detailed examination of the
effect of pH on the infectious cycle, as has been done with

transmissible gastroenteritis virus (TGE, Pocock and Garwes,
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1975) and infectious bronchitis virus (IBV, Alexander and
Collins, 1975) might also be productive with 229E. In our
additions of bicarbonate, the tonicity of the medium was
not adjusted, so that at least two factors, tonicity and pH
could have contributed to the effects observed. If the only
result of these studies were to increase the efficiency of
the infectious cycle leading to greater yields of virus,
that in itself would be rewarding, as the production of
adequate quantities of virus for use in antigenic studies
and acrylamide gel work has been expensive in terms of time
and materials.

Actinomycin D appears to specifically inhibit the
synthesis of 229E in L 132 cells, affecting a reaction
which seems to be of critical importance in the first third
of the viral growth cycle when nucleic acid replication and
the synthesis of early proteins would be taking place.
Corroborating data could be obtained by studying the effects
of other inhibitors known to affect RNA synthesis, or
correlations might be sought between the timing of the AMD
effect and the kinetics of protein and RNA synthesis as
determined by a double labelling technique such as that used
by Famulari and Fleisner (1976) in their study on Sendai
virus. Detailed analysis of the effect, however, will have
to await development of specific probes for virus products in
infected cells.

In the meantime, it would be interesting to repeat

the dose-response determinations in other cell lines to see
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if the relationships noted between 229E, the control viruses
and cellular RNA synthesis were constant or variable. The
outcome of these experiments might shed light on the virus-
drug relationship and/or ways in which the drug might contri-
bute to study of the virus.

Regarding the characterization of viral components,
using a gentle system of disruption, we have been able to
isolate a putative nucleocapsid from 229E; moreover, this
approach has allowed us to propose a model for the organiza-
tion of the nucleoprotein within the virion. Several other
reports have been communicated, also bearing on the structure
of coronaviral particles (Almeida, in McIntosh, 1974; Garwes
et al., 1976; R; W. Bingham, in press) and although no
concensus has emerged, Collins et al. (1976) did report the
isolation from spontaneously disrupting infectious bronchitis
virus of an amorphous material somewhat similar to our
isolated nucleoprotein, which they speculate to be the viral
ribonucleoprotein. However, as the coronaviruses appear
somewhat unpredictable in their responses to physical and
chemical influences as well as being rather dissimilar in
their component polypeptides (Bingham, 1975; Garwes and
Pocock, 1975 and Hierholzer, 1976) minor differences in the
chosen strains may well be reflected in the results obtained.
Experimental conditions also varied between the three groups
which may further complicate matters (e.g. note the precise
disruptive conditions required for the morphological

studies on influenza virus, Almeida and Brand, 1975).



117

Otherwise, there is the intriguing possibility that
morphological subgroups might exist within the recognized
coronaviruses (C. M. Johnson-Lussenburg, personal communication):
how significant this difference may be and to what level of
structure it may extend is at present unknown.

Whatever lies at the root of these varied findings,
further work along these lines is mandatory and could profit
from collaborativé efforts between workers involved with the
different viruses.

Work in our laboratory will continue to be directed
towards physical, chemical and antigenic charaéterization of
the virus and subviral components, including investigation
of the possible presence of a virion polymerase and further
studies on the mechanism of viral replication. As similar
studies progress in other laboratories working on other
virus-host systems and as the resulting information is
exchanged, it is likely that a clearer picture of the struc-
ture and replicative pathways of the individual coronaviruses

as well as their interrelationships will emerge.
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ABSTRACT

This thesis describes three phases of our studies
on the biology of human coronavirus, 229E: the development
of a plaque assay system, studies on the effect of
Actinomycin D on the replication of this virus, and the
isolation and preliminary characterization of an internal
component of the virion.

A medium was developed which permittéd the production
of plagues by 229E on monolayers of L 132 cells in closed
containers which could be incubated in regular incubators,

a result which we were not able to duplicate using published
formulations. This assay system exhibited a linear dose-
response curve over a wide range of virus concentrations and
was applicable to the assay of this virus in several cell
lines; in addition, it could be used for the assay of other
viruses. Several other features of the assay are also
discussed briefly.

The replication of 229E in L 132 cells was found to
be inhibited in the presence of Actinomycin D, a potent
inhibitor of DNA-dependent RNA synthesis. While the drug
has adverse effects on the host cell, several arguments have
been brought forth which argue in favor of a specific effect
on virus replication; the replication of vesicular stomatitis
virus was unimpeded at 10 times the 50% inhibitory level 6f

1



2
AMD for 229E, and largely unaffected at lOO.times the mean
inhibitory dose; in addition the cells were not £hemselves
greatly affected and the tiﬁe course of drug sensitivity
appeared to indicate a temporally discrete period of AMD
susceptibility. The sensitivity of AMD was shown to be
dependent on the virus input used to initiate the replica-
tive cycle.

Using disruption by the detergent Nonidet P-40, we
were able to isolate, in sucrose gradients, a subviral
particle. This particle, a nucleoprotein, has a density of
1.27 and appears linear in the electron microscope. It is
suggested that this structure probably repreéents the viral
nucleocapsid.l Some further aspects of its relation to virus

morphology are discussed.



