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SUMMARY

The effects of three metabolic inhibitors, that is, DRB, RNase and proflavine, upon the
one-step growth cycle of mouse pox virus (ectromelia virus) in L cell tissue culture were
studied. Infectivity of progeny virus (plaque forming unit) and complement fixing antigen
as well as inclusion body formation were studied in the presence of these compounds. All
three compounds were found to have a considerable inhibitory effect upon the production
of infective virus at concentrations which allow uninhibited multiplication of the cells. The
mechanism of the action of these compounds were analyzed by changing the time and
duration of administration of the compounds in the one step cycle of virus growth. The
analysis has revealed that the modes of action of DRB and RNase are very similar, while
that of proflavine is very different from that of the other two compounds. The former two
compounds were only effective when the host cells were exposed to them before virus in-
oculation, indicating that a metabolic disturbance in RNA caused in the host cells is
enough to suppress viral DNA synthesis. These compounds have no significant effects upon the
further virus maturation mechanism. On the contrary, pretreatment of the host cells by
proflavine does not have any noticeable effect upon virus multiplication, while the adminis-
tration of the compound at any time after virus inoculation caused apparent suppression
of the maturation process of the progeny virus. Morphologically, proflavine has little effect
upon the initiation of “B” type inclusion formation. However, most of the “B” type inclu-
sions formed in the presence of proflavine were small and compact, and further develop-
ment to the large granular network-like structure was greatly inhibited. Proflavine treated “B”
type inclusions gave the same Feulgen positive reaction and positive fluorescent antibody
reaction as those of untreated inclusions. This test indicates the site of accumulation of viral
components. The removal of proflavine from the system reversibly allowed the further
development of “B” type inclusions and the maturation of progeny virus.

INTRODUCTION

In this laboratory, for several years, studies on the mechanism of multiplication
of various pox group viruses propagated in viro and in vitro have been carried
out especially from the morphological stand point (Kato 1955; Kamahora et
al., 1955 ; Hagiwara and Kamahora, 1956; Furusawa et al., 1958; Kato and

* This report was presented at the Annual Meeting of the Society of Japanese Virologists,
in Tokyo, on October 16, 1959.
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Cutting, 1959; Kato ef al., 1959). An inclusion named the “B” type has been found
which is morphologically common to infections of all pox group viruses examined.
The “B” type inclusions were Feulgen positive and also proved to be the site of
viral antigen by Coon’s fluorescent antibody technique (Takahashi ¢ al., 1959;
Kameyama -¢f al., 1939).

Recently autoradiographic study on the cells infected with pox group viruses
with tritium-labeled thymidine has revealed that most of the sites of aggregation
of silver granules in the cytoplasm corresponded to “B” type inclusions (Kato et
al., 1960).

Therefore, it is reasonable to regard the “B’type inclusions as the site of
virus production and to assume these viruses to be DNA viruses.

The “B” type inclusién of ectromelia virus was first described by Kato,
Hagiwara and Kamahora (1955). Further histochemical and histoimmunological
studies have revealed that the “B” type inclusions of this virus possess the same
characteristics as those of other viruses. Thus the “B” type inclusions provided
us with a new method for estimation of the infected cells, and their morphological
observations allowed us to estimate the stage or degree of infection of the cells
(Kamahora et al. 1959). Besides “B” type inclusions, ectromelia -virus produces
secondary inclusions named the “A” type (Marchal bodies) which do not seem
to play any essential role in virus multiplication. The appearance of the “A”type
inclusion is labile, depending upon the condition of the host cell and its
environment.

The scheme of morphological development of the two kinds of inclusions is
shown in Fig. 1.

In a study on the relationship between cell mitosis and inclusion formation,
Kamahora e al. (1957) found that the mitosis of cells infected with ectromelia
virus was suppressed by some effect of virus infection.

It is of interest to analyze the correlation between virus growth and cellular
metabolism. In the present report, three metabolic inhibitors, that is, 5, 6-dichloro-
1-B-p-ribofuranosylbenzimidazole (DRB), ribonuclease (RNase) and proflavine
were used in the ectromelia virus L cell system in tissue culture.

This is the first trial in which virus inclusions were used as specific indicators
of virus infection of a single cell. The one-step growth cycle of the DNA animal
virus is used for the study of the activity of the compounds.

A short communication of these studies has already been reported (Ikegami
et al., 1959).

MATERIALS AND METHODS
1. Virus

Virus suspensions used throughout the present work were the supernatants after
centrifugation of a 30 per cent liver emulsion of the moribund mice, infected with the
Hampstead strain of ectromelia virus. The infectivity of this material was about 108 plaque
forming units per ml.

2. Cells

Earle’s L cells (derived from mouse fibroblast cells) were maintained by culture on glass.
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were given two or three intraperitoneal-injections of virus materials inactivated by ultraviolet
irradiation at weekly intervals. This injection was followed a week later by one injection
of active virus by the same route. k

Survivors were inoculated intraperitoneally with Ehrlich ascites tumor cells 10 days after
the last injection. Ascites fluid was harvested from inoculated mice, and a clear fluid was
obtained by centrifugation. This supernatant fluid was heat inactivated at 56°C for 30
minutes and was used as the antibody in the determination of complement fixing antigen.
Complement fixing titers of the immune ascites fluid were obtained up to 120 times dilution.

2)  Anti-virus hamster serum

Hamsters were immunized with a 10 per cent emulsion of chorioallantoic membrane in-
fected with ectromelia virus. Immunization procedures were carried out by injection with
active virus three times, at weekly intervals.

3) Anti-hamster globulin rabbit serum

Rabbits were immunized with globulin of normal hamsters. After two injections with
Freunds’ adjuvant, rabbits were bled by cardiac puncture. The globulin fraction of im-

mune rabbit serum was coupled with fluorescence isothiocyanate according to Marshall’s
method (1958),

6. Biological test,

Infected cell suspensions of at least two or three tissue culture tubes were pooled and
subjected to freezing and thawing for more than ten times. The centrifuged extracts were
used for the determination of complement fixing antigen and the titers of infectious virus
was measured by the plaque assay technique.

1) Complement fixation test

A modification of Ogata’s syphilis reaction was employed in this test. 10 units of anti-
body in 0.25 ml and 2 units of guinea pig complement in 0.25 ml were added to tubes each
containing 0.25 ml of serial dilutions (two fold) of antigen. The test tubes were stored at
4°C overnight, and then a hemolytic system, composed of 3 per cent cow red cells
sensitized by 7 units of anti-cow red cell rabbit serum was added.

2)  Virus assay

The plaque test for infectious ectromelia virus has been described in detail previously
(Nii, 1959). 5 m] aliquots of L cell suspension containing about 2.5 % 105 cells per ml were
implanted into a 50 ml bottle. Continuous cell sheets were formed after one to two days
culture.  After removal of the culture medium, the L cell monolayers were washed twice
with 2 ml of Hanks’ solution and then 0.5 ml of serial dilutions (ten fold) of sample and 1
ml of Hanks’ solution were added to the cell layers. Afer three hours exposure to virus
at 37°C, the extracellular fluids were removed from the cell layers, and the cell sheets were
washed three times and covered with a melted agar overlay mixture. The bottles were incubated
at 37°C. Plaques were counted on the tenth day. Results were expressed as plaque
forming units per ml (PFU/ml).

A simpler method was also employed for virus assay. After the virus adsorption period,
the cell sheets were cultivated with 5 ml of La-Ye Hanks' solution containing 3 per cent
bovine serum in place of the agar overlay. Primary foci forming on the cell sheets were
counted on the fifth day. The results obtained by the two methods were in good accord-
ance for the assay of ectromelia virus.

3) Morphological observations
A.  Observations on inclusions

Infected cells in the remaining two test tubes, other than those employed for biological
assay, were used to make a smear preparation. This preparation was fixed with methanol
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and stained with Giemsa solution, and was used to count the number of inclusion bearing
cells.

B. Histochemical and histotmmunological observations on the inclusions

Coverslip cultures were prepared. The Feulgen reaction on the cells was used for
histochemical study, and the indirect fluorescent antibody staining method of Weller and
Coons (1954) for histoimmunological study.

7. Experimental procedure

1) Cell culture and addition of metabolic inhibitors

One ml of cell suspension, containing about 2.5 X 10% cells per ml, was implanted
per tube. The test tubes were incubated in the stationary state at 37°C for several days.
0.1 ml of Hanks solution containing various concentrations of each metabolic inhibitor was
added to each tube in the experimental group. Control tube received 0.1 ml Hanks’ solution
only.

The effect of these metabolic inhibitors on the cell proliferation was determined by cell
counting at daily intervals.

2)  Virus inoculation

The culture medium was removed from the test tubes 48 hours after cell implantation
and 0.5 ml of virus suspension having 107.5 PFU/m! was inoculated into each tube. Two hours
incubation at 37°C was allowed for virus adsorption, and then the medium containing re-
sidual viruses was decanted, and the cells were washed three time with Hanks’ solution to remove
most of the unadsorbed virus. Samples were taken fifteen or sixteen hours after virus in-
oculation for biological assay.

8. Classification of experimental groups

To analyze the mmode of inhibition of the compounds on virus reproduction, the com-
pounds were added at various time intervals after cell implantation as summarized in Fig. 2.

cell implantation virus infection
w cihes
i 24hs ‘%’ 24hys I I 1 6hvs \i
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Fig. 2 Classification of Experimentcl Groups Depending on the Time Period of
Addition of the Compounds
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Untreated infected cultures served as controls. In group I, the compound was added
to the culture tube 24 hours before virus infection, and the cells were exposed to the com-
pound throughout the experimental period. Groups I(a) and I(b) were adopted only in the
experiments with RNase. In group I(a), RNase was added 20 hours before virus inoculation
and in group I(b) 3 hours before.

The cells in both groups were exposed to RNase until samples were taken for biological
assay. In group II, the cells were brought into contact with the compound only in the
period before virus inoculation, to see if there was an influence of the compound on the cellular
metabolism which might affect virus multiplication. In group III, the compound was added
to the culture tube only during the period of virus adsorption. Group III probably shows
the direct action of the compound on the infectious virus particles and on their adsorption
and invasion into the cells. In group IV, the cells were exposed to the compound from
4 to 16 hours after virus inoculation to see the effect of the compound in the later stages when
the viral components were being synthesized in the cell.

RESULTS
l. Effect of DRB on cell proliferation and on virus multiplication
The effect of DRB on cell proliferation is shown in Fig. 3.
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Fig. 3 Effect of Dose of DRB on Proliferation of L Cells



EFFECTS OF METABOLIC INHIBITORS ON ONE-STEP GROWTH OF POXVIRUS .63

DRB at the concentration of 20 ug per ml did not affect cell growth for a
certain period. On the other hand, although, at a concentration of 40 pug per ml,
cell proliferation was suppressed from the time of its addition, no severe degenera-
tive changes of the cells were noticed microscopically.

These two dosages of DRB, which showed different effects on cell proliferation,
were employed to analyze the action of DRB on virus multiplication. The results
are summarized in Table 1.

Table 1. Comparison of Percentage of Inclusion Bearing Cells, Complement
Fixing Antigen, and Infectivity in the Experiments with DRB

Dose Experimental Percentage of Infectivity
inclusion cells C.F.A.
pg/ml group 95) {PFU/m)
0 control 91 64 1.7X108
I 36 32 1.4Xx10%
I 59 32 1.7x10%
20
I 91 64 1.7X10%
v 89 64 1.6X10%
0 control 84 64 1.5%x108
I 20 16 2.4X103
I 38 32 1.5X104
40
m 78 64 1.5X10%
v 50 32 1.6X10%
note : Samples were taken sixteen hours after virus inoculation

for biological assays.

Neither dosage of DRB had any effect on infectious virus particles themselves
or on their adsorption and invasion into cells in experimental group III.

In the cultures which were pretreated with 20 xg per ml (see experimental
groups I and II), the amount of complement fixing antigen and the number of
inclusion bearing cells were reduced to about half or one third of those in the
untreated cultures. In spite of the remarkable decrease in the number of inclusion
bearing cells, the inclusions which appeared in the treated cell regularly showed
normal developmental features, with a granular and network-like structure just
like the inclusions in the untreated cells (see experimental groups I and II in
Fig. 4).

The yield of new infectious virus also decreased to one tenth of the control
value.

The presence of DRB (at the concentration of 20ug) after virus adsorption
had no significant effect on the formation of the three viral components examined
or on their development (see experimental group IV in Table I and Fig. 4).
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Fig. 4 Effects of DRB on Formation of Inclusions and Their Development

From these results, it seems that some disturbance of cellullar RNA metabolism
caused before virus infection may be responsible for the depressed synthesis of
virus constituents, containing DNA and various antigenic proteins.

Pretreatment with 40 zg per ml of DRB resulted in more inhibition of virus
reproduction in the one-step growth cycle than that with 20 pg. Moreover, DRB
‘suppressed virus multiplication when 40 ug (which was toxic to cell proliferation)
‘was administered after virus infection.

9. Effects of RNase on cell proliferation and on virus mulliplication

Experiments were carried out to ascertain whether a significant relationship
existed between cellular RNA metabolism and the reproduction of DNA containing
virus.

Tt is shown in Fig. 5 that cell proliferation is hardly affected by the presence
of 1 mg or 2 mg per ml of RNase.

As shown-in Table 2, pretreatiment of the cells with these dosages resulted
in a remarkable reduction in the formation of the three viral components examined.

The “B” type inclusions showing diffuse network-like structure decreased in
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Table 2. Comparison of Percentage of Inclusion Bearing Cells, Complement
Fixing Antigen, and Infectivity in the Experiments with RNase
Dose Experimental Percentage of Infectivity
. inclusion cells C.F.A.
mg/ml group (25 {(PFU/mb
0 control 79 64 2.3X10%
I tal 20 16 1.4X%108
I b 22 16 1.5X103
1 I 28 32 2.3X103
I 74 64 2.0%x104
v 72 64 2.0X10%
note : Samples were taken fifteen hours after virus inoculation

number, and the “A’’type inclusions were never found in pretreated cells (see

for the biological assay.

experimental groups I(a) and (b) and II in Fig. 6).
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Fig. 6 Effects of RNase on Formatinn of Inclusions and Their Development

As with 20 ug of DRB, the presence of RNase after virus adsorption had
little effect on the multiplication of the virus.

The effectivencss of DRB and RNase on virus reproduction was found to be
very similar. However, the latter seemed to have a more rapid inhibitory effect
because three hours pretreatment was enough to produce the same effect (ex-
perimental group I (b) in Table 2).

3. Effects of proflavine on cell proliferation and virus muliiplication

The doses of proflavine which are and are not effective in inhibiting cell
proliferation are shown in Fig. 7. At a concentration of 0.5 xg per ml, cell growth
was not affected for at least three days, within which time its action on the one
cycle of virus multiplication had ceased.

A concentration of more than 2.5 ug per ml of proflavine inhibited cell growth,
and a granular cellular fluorescence produced by proflavine was detectable in the
cytoplasm under the fluorescence microscopy after addition of a concentration
of more than 5 ug per ml of proflavine.

To study the action of proflavine on virus multiplication, the experiments
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Fig. 7 Effect of Dose of Proflavine on Proliferation of L Cells

described above were carried out at both concentrations of proflavine. The results
of these experiments are summarized in Table 3.

At the concentration of proflavine employed, there was no inhibition either
of free virus particles or of their adsorption and invasion into the cells (experi-
mental group III).

In exteriments with 0.5 g proflavine per ml, the results differed from those
with DRB and RNase in that the yield of new infectious virus was suppressed
by both pre- and post-treatment with proflavine (experimental groups [, IT and
IV in Table 3), and the amount of complement fixing antigen and the number
of inclusion bearing cells were unchanged as compared with the control.

Furthermore, it is of interest to note that “B” type inclusions of compact
form were still observed in considerable numbers at a late stage of one cycle of
virus multiplication. These inclusions are usually found at an early stage of
infection in untreated cells (shown in Fig. 8)

When a concentration of 2.5 zg per ml proflavine was added to the cultures
after virus adsorption (experimental group IV), this compound produced a more
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Table 3. Comparison of Percentage of Inclusion Bearing Cells, Complement
Fixing Antigen, and Infectivity in the Experiments with Proflavine

Dose Experimental Percentage of Infectivity
inclusion cells C.FA.
ug/ml group 125) {PFU/ml
0 control 91 64 1.5X 108
I 79 64 2.4x108
o 83 64 4.2x 10t
0.5
I 9N 64 1.5Xx10%
v 79 64 1.5X10%
I 36 32 1.0x10%8
I 80 64 2.0Xx10+
2.5 -
I 90 64 1.5X105
v 65 64 2.0x108

note : Samples were taken sixteen hours after virus inoculation
for the biological assay

pronounced effect on the production of infectious virus particles than when added
before infection.

However, the formation of inclusions was reduced slightly, as compared with
the decrease in yield of infectious viruses. In the culture both pre- and post-treated
with 2.5 ug of proflavine (experimental group I in Table 3 and Fig. 8), there
was some inhibition of formation of complement fixing antigen and of inclusions,
and all “B” type inclusions were small and compact. These inclusions showed no
diffuse network-like structure, which was usually seen at a late stage of infection
in untreated cells.

To study the suppressive action of proflavine more exactly, it was added to
the culture 4 hours or 6 hours after infection.

Samples were taken at various intervals, and the yield of infectious virus at
each time estimated. The results are given in Fig. 9

There was a small increase in the amount of infectious virus within about
4 hours after addition of the compound, but a further rise in the infective titer
could not be obtained thereafter.

These results show that the addition of proflavine at any stage after infection
appears to prevent the further production of the infective virus.

4. The cytochemical and cytoimmunological observation of inclusions in proflavine treated cells

As mentioned previously, most of the “B’ type inclusions observed in proflavine
treated cells were compact and small even at a late stage of one cycle of virus
growth (Fig. 14), and “A” type inclusions (Marchal bodies) could rarely be seen
in the presence of 2.5 ug of proflavine by sixteen hours.
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Fig. 8 Effects of Proflavine on Formation of Inclusions and Their Development

To see whether proflavine treated “B” type inclusions represented the main
site of virus multiplication in the cells, like those in the untreated infected cells,
cytochemical and cytoimmunological observations were made on these inclusions.

All proflavine treated “B” type inclusions gave the same degree of Feulgen
positive reaction (Fig. 15) and positive fluorescent antibody reaction as those of
untreated cells. Therefore, the presence of proflavine is unlikely to affect the initial
formation of viral constituents, but may disturb their development to infectious
virus particles.

5. Reversal of inkibition of virus multiplication by removal of proflavine

Virus multiplication in treated cells may recover from the depressed state after
removal of proflavine, because pretreated cells did not undergo so pronounced an
effect on the production of infectious virus as post-treated cells.

To investigate this possibility, the following experiments were carried out.
Treated cells were cultivated in a mediun containing proflavine (at a concentration
of 2.5 ug per ml) for the first 8 hours after infection. The cells were then washed
twice with Hanks’ solution and covered with a medium free of proflavine for the
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Fig. 9 Effect of Proflavine Added after Infection on the Yield of Infectious Virus Particles

following 16 hours. Two kinds of control cultures containing infected cells were
prepared simultaneously : throughout the incubation period (the incubation period
in these experiments was 94 hours), one was cultivated in a medium containing
proflavine, the other in its absence.

Samples were taken at appropriate intervals from the cultures in each group,
and the number of inclusion bearing cells and the infectivity measured. The results
are presented in Figs. 10 and 11.

It was found that the “B” type inclusions in 8 hour proflavine treated cells
lost their inhibition after removal of the compound ; that is, these inclusions
changed from compact to network-like structures (Fig. 16), and the number of
inclusion bearing cells increased. The yield of new infectious virus rose gradually,
in parallel with the changes of morphological features of the inclusions.
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DISCUSSION

5, 6 - Dichloro - I - 8 - D - ribofuranosylbenzimidazole has a chemical structure
analogous to 9-8-D-ribofuranosyladenine which is present in ribonucléic acid. It
is known to affect specifically ribonucleic acid biosynthesis. However, there are
only a few biochemical reports on the inhibitory action of DRB on ribonucleic
acid biosynthesis (Tamm et al., 1957b; Allfrey et al., 1957).

On the other hand, there are many studies on chemotherapeutic effects on
virus diseases. Tamm e al. worked on the inhibitory activity of various
benzimidazole derivatives on the multiplication of influenza virus (1954a, 1954b,
1956a, 1956b) and vaccinia virus (1957a) in the chorioallantoic membrane in vitro,
and of poliomyelitis virus in the HeLa cell culture (1957b).

It has been emphasized from their experimental results that DRB has a more
selective inhibitory action on the multiplication of influenza virus than does vaccinia
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virus, because the disturbance of cellular RNA metabolism induced by DRB
presumably results in a direct suppression of the production of the specific RNA,
which is an important constituent of influenza virus particles.

In our present work, aimed at determining the correlation between virus
multiplication and cellular metabolism, we have observed a decrease in viral DNA
synthesis, probably due to some metabolic disturbance of RNA, induced by the
presence of a low concentration of DRB, which has little significant effect on cell
proliferation or on the multiplication of the virus after its adsorption.

Similar phenomenon could also be seen in experiments with RNase under
the same conditions. These phenomena were not observed by Tamm, and suggest
that normal RNA metabolism may be essential for synthesis of the components
from which progeny virus particles are made, regardless of the sort of nuleic acid
present in the virus particles.
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On the other hand, it was also observed in our experiments that the
multiplication of virus during the postadsorptive phase was considerably suppressed
by a high concentration of DRB. This is in support of Tamm’s report concerning
the inhibitory action of DRB on the multiplication of vaccinia virus.

The effect of RNase on virus growth has been investigated on tobacco mosaic
virus by Casterman and Jeener (1957) and Benda (1958), and on influenza virus
by Le Clerc (1956). Le Clerc plausibly considers that RNase may act directly
on naked RNA of the parental virus inside the cells within 2 hours after the virus
adsorption, resulting in diminished production of progeny.

However, our results indicate that a metabolic disturbance of RNA is likely
to be responsible for a significant inhibition of virus growth, even if the virus
particles are composed of DNA. Our finding is rather in support of the hypothesis
that the virus first induces the formation of new protein in the infected cells, which
is necessary for the formation of virus precursors: that a distubance of cellular
RNA metabolism would result in the suppression of this new protein synthesis
which would, in turn, inhibit virus synthesis.

Brachet (1955 1956, 1959) has reported several observations on the action
of RNase on living cells using Amoeba and onion root-tips cells. He concluded
that RNase easily forms a complex with soluble RNA rather than with other cell
fraction, and this complex formation inhibits RNA and protein metabolism.
At a later stage, RNA combined with RNase is broken down in the usual way.

His consideration is in agreement with our interpretation of the suppressive
action of RNase on the multiplication of DNA containing virus. The close
relationship between cellular RNA metabolism and the propagation of DNA
containing virus has been done studied by several investigators. Work has been
done on Ty phage infected bacteria by Volkin and Astrachan (1958, 1959), and
on Hela cells infected with vaccinia virus by Joklik (1959a, b, ¢), and Nishimura
and Tagaya (1959), with the aid of radioisotopes.

Chang (1959) has also established a close relationship between cellular RNA
mctabolism and the synthesis of vaccinia, coxsackie and poliomyelitis virus using
bicarbonate-depleted Hel.a cell cultures.

Proflavine is generally known to suppress protein synthesis. We found in the
present experiments that the mode of action of this compound differed from that
of DRB in the process of virus growth. The action of proflavine at a low level
is likely to interfere with some reaction in the processes leading to the production
of infectious virus particle from virus precursors and other viral components
rather than in the processes initiating their formation. In other words, it seems to
interfere with the maturation process of the progeny virus.

This finding seems to support the idea of De Mars (1955) deduced from the
suppressive effect of proflavine on phage infected bacteria (Foster, 1948). Similar
observations have been made with other animal viruses (Franklin, 1958 ; Ledinko,
1958, 1959).

However, the possibility that proflavine treatment may also interfere with
the synthesis of some as yet unrecognized virus constituents in the infected cells
can not be neglected.
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Since virus propagation, previously inhibited by a toxic concentration of
proflavine, can be resumed on removal of proflavine, it may be that viral
maturation may involve enzymes-and steps not involved in normal host cell
metabolism.

However, the step in virus synthesis which is most vulnerable to DRB is
probably essential for virus reproduction and appears to be intimately connected
with metabolism of the normal cell.

Finally, we propose the scheme for the action of the compounds used as shown
in Fig. 12.

virys wlection

specific complement tixing antigen,

normal l ompie g ontgen, mature
RNA metabolism — Y5 RINA matobolism DMA finclusion bodyl, infective
of host cell, for virus growth ——————> other vital components viros

i the infected cell

r——rra P
particle.
nhibition by proflavine

inhibition by
ORB and RNose

Fig. 12 Scheme for the Action of the Compounds Used
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