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INTRODUCTION

Shope fibroma virus, a member of the poxvirus group,
was ilsolated from tumors in wild cottontail rabbits. The
virus can be propagated in several cell lines and produces
characteristic cytoplasmic B-type inclusions which are the

t al., 1963;

sites of viral macromolecular synthesis (Kato
Scherrer, 1968). The virus produces benign tumors in young
adult rabbits (Thompson, 1938).

Rabbit kidney cell cultures infected with the virus
show an initial depression of host macromolecular synthe-
sis. However, an increase in the host synthetic activity
leads to rapid proliferation and morphological alteration

t al., 1969). Several

of the infedted cells (Tompkins
enzymes coded for by the viral genome have been demonstra-
ted in poxvirus infected cells (Joklik, 1966). Munyon

et al., (1967) and Pogo and Dales (1969a and 1969b) have
demonstrated some early enzymes associated with purified
poxvirus,

An understanding of some of the control mechanisms of
virus replication may be obtained by studying the nutri=-
tional requirements during virus replication. Macromolecular
synthesis in bacteria as well as cultured mammalian cells

under conditions of amino acid deprivation has been studied



(Schachtele and Rogers, 1968; Copeland, 1969; Inouye and
Pardee, 1970; Rogers aad McConnell, 1970; Hare, 1970; Ley
and Tobey, 1970).

The effects of amino acid deprivation on some of the
control mechanisms of several intranuclear DNA viruses i.e.
herpesvirus, adenovirus, SV40 and polyoma virus have been
investigated (Rouse and Schlesinger, 1967; Goldblum et al.,

1968; Winters and Consigli, 1969; Courtney et al., 1970).
The purpose of this investigation was to study the

effect of amino acid deprivation on host DNA synthesis,

viral DNA synthesis and progeny formation and the interre-

lationship between the early proteins and viral DNA synthe-

sis in rabbit kidney cell cultures.



REVIEW OF LITERATURE
The unique characteristic of Shope fibroma virus to pro-
duce tumors in rabbits (Shope, 1932a and 1932b) has made it one
of the interesting models for the study of oncogenic viruses.
Lloyd and Kahler (1955) by electron microscopy and Scherrer (1968)
by autoradiographic studies have observed multiplication of the
virus within B-type cytoplasmic inclusion bodies. In tissue cul-
tures, host macromolecular synthesis is inhibited during viral
replication (Ewton and Hodes, 1967; Scherrer, 1968; Minocla and
Maloney, 1970).

Fibroma virus can be propagated in rabbit kidney cells
(Hinze and Walker, 1964; Israeli and Sachs, 1965; Roby et al.,
1965; Verna, 1965) and Hela cells (Ewton and Hodes, 1967).

The inhibitor, 5=-fluoro-2'-deoxyuridine (FUdR), has been
used to study the relationship between protein synthesis and
viral DNA synthesis in DNA viruses (Salzman et al., 1963; Jung-
wirth and Joklik, 1965; Kates and McAuslan, 1967). This drug
completely inhibits the synthesis of many DNA viruses (Consigli
et al., 1968; Loh and Payne, 1965; Flanagan and Ginsberg, 1961).

McAuslan, in his review of vaccinia virus replication (1969)
has detailed the relationships between early and late protein
synthesis and viral DNA synthesis learned from inhibitor studies.
Poxvirus DNA synthesis required conicurrent protein synthesis.

The protein(s) required accumulated in the presence of FUdR



and are therefore, an early viral function. The normal course
of events during infection was the simultaneous synthesis of the
required protein(s) with the viral DNA so that there was no
appreciable accumulation. The protein(s) needed are coded for
by a relatively unstable messenger RNA with a lifetime of appro-
ximately 45 minutes (Kates and McAuslan, 1967).

The presence of FUdR (12 ug/ml) completely inhibits the
synthesis of fibroma virus and the inhibition is rapidly re-
versed with the addition of an exogenous supply of thymidine
(Minocha and Maloney, 1970). Minocha (unpublished data) has ob-
served that fibroma virus DNA synthesis also requires concurrent
protein synthesis. These proteins accumulated in the presence
of FUdAR and were stable for several hours after their synthesis,
however their messenger RNA was relatively unstable and had a
lifetime of 2 to 3 hours.

The essential nutritional requirements for the growth of
tissue culture cells in vitro include many amino acids, salts,

t al., 1950; Eagle, 1955a and

vitamins and some sugars (Morgan
1955b; Eagle, 1959). A recent report by Ley and Tobey (1970)
has shown the specific requirement of isoleucine in several
mammalian cell lines was needed to initiate DNA synthesis and
cell division. The amino acid requirements for the propaga-
tion of poliovirus in HeLa cells (Eagle and Habel, 1956) and

vaccinia virus in L cells (Holtermann, 1969) have. been shown



to be similar to those needed for the growth of the host cell.
Recent studies have shown specific amino acid requirements,
namely arginine and lysine, for the replication of several ani-
mal viruses. Intranuclear DNA viruses such as polyoma (Winters
and Consigli, 1969), SV40 (Goldblum et al., 1968), adenovirus

1.,

(Rouse and Schlesinger, 1967) and herpesvirus (Courtney et
1970) as well as a few intracytoplasmic RNA viruses such as
measles virus (Romano and Brancato, 1970), reovirus (Loh and

Oie, 1969) and influenza virus (Becht, 1969) have been shown

to require arginine for virus synthesis.

The most detailed study of a specific amino acid require-
ment for virus replication has been examined in the adenoviruses.
Rouse et al., (1963) were first to show the specific requirement
of arginine for plaque formation, The time course of maximum
uptake of arginine was shown to coincide with the virus synthe-
sis (Bonifas, 1966). Amino acid analysis of adenoviruses by
Polasa and Green (1967) showed that twice as much arginine was
present than that found in RNA viruses. It was postulated
that adenoviruses might contain an arginine-rich internal com-
ponent associated with the viral DNA. Prage_et al., (1968)
isolated two basic proteins from adenovirus cores which appeared
to be rich in arginine, but Laver (1970) isolated and purified

only one arginine-rich core protein. When arginine deprived



infected cell cultures were refed with labeled arginine medium,
virus synthesis was immediately stimulated and the label was
found incorporated into the newly formed particles indicating
the need for an arginine-rich maturation factor (Rouse and
Schlesinger, 1967 ; Russell and Becker, 1968). Infected cells
deprived of arginine could synthesize early antigens, viral
DNA and structural capsid proteins which also suggested that
the early steps in the replication of adenovirus were not in-
hibited (Rouse and Schlesinger, 1967, Mantyjarvi and Russell,
1969). It was concluded that arginine plays a specific role
late in the assembly process of adenoviruses,

Similarly, Winters and Consligli (1969) reported the syn-
thesis of defective virions of polyoma virus under arginine
deprived conditions. These virions were sensitive to nuclease
digestion suggesting a loss in the structural integrity of the
virus.

Requirement of arginine for synthesis of herpesvirus was
demonstrated by Tankersley (1964), Sharon (1966) and Inglis
(1968). Becker et al.(1967) observed that viral DNA synthesis
was not affected by arginine deprivation; however, the coating
of the viral DNA was inhibited. The nucleoplasmic fraction of
arginine deprived infected cells did not contain capsids or
capsomeres as did infected cells in complete medium. Subak-

Sharpe et al.(1966) reported an arginyl-transfer RNA, specified



by the viral genome, in herpes infected cells. Complement fixa-
tion and immunofluorescent studies indicated that herpes' virus
antigens were synthesized in the absence of arginine and accumu-
lated outside the nuclear membrane. (Courtney et al.,1970).
These antigens coulﬂ be detected within the nucleus Z hours
after release from arginine deprivation.

The intranuclear DNA virus, SV40, also requires arginine
for viral assembly. Goldblum et al.(1968) studied the effect
of the thirteen essential amino acids on SV40 virus replication.
Synthesis of the "T" antigen was inhibited slightly when arginine
was removed from the medium, whereas deprivation of any of the
other amino acids did not affect its synthesis. However, syn=-
thesis of other viral antigens was influenced by the particu-
lar amino acid removed from the medium, and could be grouped
according to the extent of their inhibitory effect. Depriva-
tion of group I (glycine, serine and lysine) did not decrease
the number of cells producing viral antigen. Deprivation of
group II (histidine, methionine, cystine, isoleucine, trypto-
phan and phenylalanine) produced a slight reduction in the num-
ber of cells synthesizing viral antigen. Deprivation of group
IIT (threonine, valine and leucine) produced a marked reduction
in the percent cells synthesizing viral antigens, but their
effect was not as marked when compared to arginine deprivation

which produced the greatest inhibitory effect. Viral progeny



was inhibited also under arginine deprived conditions, but nor=-
mal yields of virus were obtained when the arginine inhibition
was reversed. Thus all the intranuclear DNA viruses studied
require arginine for a late step in virus maturation.

Several RNA viruses have also demonstrated a specific re-
quirement for arginine and/or lysine for virus synthesis.
Omission of arginine from the medium inhibited reovirus syn-
thesis by 99 percent, whereas lysine deprivation produced a
60 percent inhibition of progeny yield (Loh and Oie, 1969).
Structural proteins and double-stranded RNA were synthesized
in the absence of lysine, but the formation of empty capsids
was enhanced. The reversal of the inhibitory effect could only
be achieved when lysine was added to deprived cultures 2 hours
after infection, suggesting that an early protein, rich in
lysine was necesssry for viral assembly.

Influenza virus is an RNA virus that requires the parti-
cipation of host DNA during its replication i.e. requires an
intranuclear replicative step. Becht (1969) observed the
viral induced synthesis of an arginine-rich component in nucleii
which is later transported to the cytoplasm for incorporation
into mature virus in cells infected with fowl plague virus.
Cultures deprived of arginine but not lysine or leucine, re-

duced virus yields by 85 percent.



Measles virus, an intracytoplasmic RNA virus, also re-
quires arginine for growth (Romano and Brancato, 1970). The
presence of mycoplasmas in measles-infected cells prevented
virus synthesis by 93 percent, however an arginine supplement
to the growth medium completely reversed the inhibitory effect
of the mycoplasmas. Schimcke (1967) has shown that non-fer-
menting mycoplasmas are dependent on arginine as their energy

source for growth.
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MATERIALS AND METHODS

A detailed description for the preparation of media and
reagents used for this investigation can be found in the appen-
dix,

Preparation of Rabbit Kidney Tissue Cultures

Primary rabbit kidney (PRK) cell cultures were prepared
from 5~ to 10-day old albino rabbits. Rabbits were asphyxiated
with carbon dioxide for 20 min and the kidneys removed asepti-
cally and cleaned of fibrous tissues. The kidneys were then
minced and washed twice with sterile phosphate buffered saline
pH 7.2, 0.01 M (PBS) and once with sterile trypsin solution
(0.25%) to remove red blood cells. The tissue was trypsinized
for 10 to 15 min at 25 C and the cell suspension centrifuged
10 min at 1,000 x g. The pellet of cells was resuspended and
dispersed in Medium 199 plus 8% fetal calf serum (FCS). This
procedure was repeated until all the tissue had been trypsin-
ized. The resuspended cells were stirred on a magnetic stirrer
at medium speed for 2 min to disperse cell aggregates. The
cell suspension was filtered through sterile gauze, counted in

a Neubauer counting chamber, and seeded in 32 oz prescription

6

bottles at a concentration of 18 x 10 cells in 25 ml of Medium

199 plus 8% FCS per bottle.
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Preparationof Secondary Rabbit Kidney Cell Cultures

Media was removed from bottles of PRK monolayers, washed
twice with sterile PBS and 1.5 ml of a mixture of 0,067 trypsin
plus 0.01% ethylene diamine tetraacetic acid (EDTA) was added
for 10 to 15 minutes. The cells were then scraped off the glass
surface with a rubber policeman, resuspended in Medium 199 plus
8% FCS and counted. C(Cells were seeded at a concentration of
5 x 104 cells per ml on 9 x 9 mm2 coverslips (Bellco, Vineland,
New Jersey) in Shell vials (Kimble Products, Owens, Illinois)
to give sparse cultures in 24 hours. Falcon plastic dishes
(15 x 60 mm; Falcon Plastic Company, Los Angeles, California)
were seeded with 5 ml each of cell suspension (2 x 105 cells/ml)

to obtain confluent monolayers in 24 hours.

Virus Propagation

The Patuxent strain of Shope fibroma wvirus was obtained
from the American Type Culture Collection (ATCC), Rockville,
Maryland. The virus was propagated in PRK cells. Stock virus
was diluted one to three in Hanks basal salt solution (BSS) and
2 ml added to primary monolayer cultures in 32 oz prescription
bottles. Following adsorption for 3 hr, 25 ml of Medium 199
plus 5% FCS was added to each 32 oz bottle. Monolayers were
harvested after 3 days' incubation at 36 C by scraping cells
into 2 ml Hanks BSS per 32 oz prescription bottle. Each set

of 10 bottles was washed with an additional 5 ml of Hanks BSS
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and pooled with the scraped cells. The suspension was centri-
fuged for 15 min at 1,500 x g at 4 C, and the pellet resuspen-
ded in 15 ml of the supernatant. The suspension was sonicated
at 40 amps for 30 seconds with a Branson sonifier, Model 140-C
(Heat Systems Company, Melville, New York). The sonicate was
centrifuged for 10 min at 1,500 x g and the pellet resuspended
in 15 ml of the original supernatant fluid. Sonication of the
pellet was repeated as before, all supernatants pooled and kept
frozen at =70 C. This stock virus was assayed for infectivity
in secondary rabbit kidney (SRK) cell cultures. The virus prep=
arations producing cytoplasmic inclusions in 70 to 80% of the
cells were distributed in 5 ml aliquots and frozen at -70 C
until used.

Virus Assay

The virus was assayed for infectivity by scoring the forma-
tion of labeled inclusion bodies in sparse cell cultures. Sparse
cell cultures on coverslips, prepared as previously described,
were washed once with Hanks BSS and infected with 0.1 ml of virus.
Following 1.0 hr adsorption on a mechanical rocker in a CO,
incubator, excess virus was removed with two washes of Hanks BSS
and the cells refed with 1.0 ml Eagles’' Minimal Essential
Medium (MEM) containing 3% dialyzed fetal calf serum (DFCS).

Seven hours after infection (the time of maximum DNA synthesis)
cells were pulsed for 1.0 hr with thymidine—3 H (SH-TdR) (0.5

ml/vial of Hanks BSS containing 1.5 uC/m13 H-TdR). Radioactive
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pulse medium was removed and coverslips washed three times
with Hanks BSS in the vials to remove unincorporated label.
The coverslips were removed from the vials and pasgsed through
a series of 8 beakers containing 100 ml Hanks BSS each to
further remove any extwaneous label. Cells were fixed in
2.5% glutaraldehyde solution in Hanks BSS in plastic trays
(Linbro Chemical Company, Inc., New Haven, Comnnecticut) for

2 hr at 25 C or overnight at 4 C. Glutaraldehyde was removed
with 3 washes of deionized water and the coverslips air-dried
in the plastic trays. They were mounted, cell side up, on 1 x 3
inch microscope slides with Permount (Fisher Scientific Com=
pany, Fair Lawn, New Jersey) and allowed to set overnight be-
fore dipping in photographic emulsion. All experiments with
sparse cell cultures on coverslips were treated as described
above, unless otherwise stated.

Autoradiography

Mounted slides were dipped into Kodak Nuclear Track Emul-
sion (NTB-3) diluted one to one with distilled water and kept
in a 45 C water bath. Dipped slides were placed in black slide
boxes where they were air-dried, sealed in a light-tight box
and incubated for 3 days at 4 C. The autoradiographs were de-
veloped for 10 min in Kodak Microdol X developer, rinsed in tap
water for 30 min and stained for 15 min in Giemsa staining

solution, pH 5.75. Following a brief rinse in distilled water,
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slides were wiped free of excess stain and emulsion and air-
dried for counting of labeled cells. (All Kodak products were
obtained from Eastman Kodak Company, Rochester, New York).
Counting

A total of 500 cells were counted on each coverslip using
a Leitz phase microscope to determine the percent cells show-
ing nuclear and/or cytoplasmic incorporation of the label,

Progeny Virus Synthesis in Amino Acid Deprived Cell Cultures

Monolayers of SRK cells in 60 mm dishes were washed once
with Hanks BSS to remove traces of complete growth medium. One
set of dishes for each of the amino acid deprived medium was
used. Each set of dishes was pretreated for 16 hr with 3 ml
of the appropriate medium (lacking one of the amino acids) to
deplete the intracellular pool of the specific amino acid. All
dishes were infected with 0.5 ml of the virus per dish. Follow-
ing adsorption of the virus for 2 hr at 37 C in a humidified
CO2 incubator on a mechanical rocker, cultures were washed
twice with Hanks BSS to remove unadsorbed virus and 3 ml of
the appropriate amino acid deprived media was replaced. At
various times following infection, duplicate dishes from each
set were harvested by scraping the cells into 1.0 ml of Hanks
BSS per set of dishes. Each set of dishes was washed with an
additional 1.0 ml of Hanks BSS, pooled in a small screw cap

vial and stored at -70 C. Samples were sonicated with a Bran-
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son sonifier (Model 140-C) in the vials for 30 sec at 40 amps
using the microtip. Sonicated samples were assayed for infecti-
vity on sparse cell cultures on coverslips, prepared for auto-
radiography and the labeled cells scored as previously des-
cribed.

Quantitative DNA Synthesis of Cultures in Media Deprived of

an Amino Acid.

Sparse cell cultures on coverslips in vials were grown
in Medium 199 plus 8% FCS for 16 to 24 hr at 37 C in a humid-
ified COp incubator. Cultures were washed once in Hanks BSS
to remove excess growth medium and divided into sets, each set
pretreated for 16 hr with media deprived of one of the thirteen
amino acids. All sets were infected with 0.1 ml of the virus,
as previously described, and each set of coverslips refed with
appropriate media lacking in one of the amino acids. At 2 hr
intervals cells were pulse-labeled with 3H-TdR for 1.0 hr and
autoradiographs prepared., Cells were scored for quantitative,
as well as qualitative DNA synthesis. For quantitative data,
the mean number of cytoplasmic or nuclear grains per cell was
determined on the basis of counts made on 25 cells per cover-
slip.

Threshold Concentration of Arginine for DNA and Progeny Virus

Synthesis.

Different sets of monolayer cultures of SRK cells in 60 mm
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dishes were pretreated for 16 hr with media (3.0 wml/dish) con-
taining different concentrations of arginine (0 to 200 ug/ml).
At intervals following infection, duplicate dishes from each
set were harvested, and titrated for infectivity on sparse cell
cultures as previously described.

The above experiment was repeated in sparse cell cultures
on coverslips for quantitative DNA synthesis. Different sets
of cultures on coverslips were pretreated for 16 hr and main-
tained after infection in media containing different concentra-
tions of arginine. Seven hours following infection, cells were
pulse-labeled with 3H-TdR for 1.0 hr and processed for auto-
radiography as described before. Cells were scored for quanti-
tative DNA synthesis.

Release of Arginine from Secondary Rabbit Kidney Tissue Cultures

During Arginine Deprivation

Secondary RK cells (1.5 x 10® cells/ml) were seeded in 60 mm
dishes for 16 hours. Media was removed and replaced with a
medium containing 53 ug arginine per ml and 1.0 uC L-4-argi-
nine-SH per ml (specific activity 13.0 C/Mmole) for 24 hours.
Cultures were washed twice with Hanks BSS to remove the radio-
active medium and incubated in Eagles' MEM plus 3% DFCS for
24 hr to remove unincorporated radioactive arginine from the
pools. Cultures were then infected and divided into two sets,

one set of dishes was maintained in complete MEM, the other
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set was maintained in medium lacking arginine for the duration
of the experiment. At intervals following infection, samples
of supernatant media from each set were removed and precipitated
with cold trichloroacetic acid (5% final concentration). The
precipitated samples were stored at 4 C and kept in an ice bath
for 3 hr prior to centrifugation. The precipitate (acid in-
soluble) was sedimented by centrifugation at 20,000 x g for 15
minutes. Monolayers of the cultures were hydrolyzed in 1.0

N NaOH at 25 C for 30 minutes. Samples of the acid soluble,
acid insoluble and hydrolyzed cells were assayed for radio-
activity in a Packard Tricarb scintillation counter.

Early Macromolecular Synthesis in Cultures Deprived of Arginine

Sparse cell cultures on coverslips in vials were pretreated
with media deprived of arginine and infected with virus as pre-
viously described. One set of vials was refed with media lack-
ing arginine plus 15 ug per ml of 5-fluoro-2'-deoxyuridine (FUdR)
(Hoffman-LaRoche, Inc., Nutley, New Jersey). At intervals follow-
ing infection, FUdR inhibition was reversed by the addition of
5.0 ug per ml of cold thymidine. Cells were pulse-labeled with
deoxycytidine-3H (3H~CdR) for 1.0 hr at intervals following
reversal., Autoradiographs were prepared as previously described

and cells scored for quantitative and qualitative DNA synthesis.
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RESULTS

The effect of amino acid deprivation on the synthesis of
DNA and fibroma virus progeny in rabbit kidney (RK) cells was
investigated by autoradiography. All cell cultures were pre-
treated for 16 hr prior to infection with media lacking one of
the 13 essential amino acids present in complete Eagles' MEM
medium to deplete the cell pool of the amino acid. All experi-
ments in sparse cell cultures were carried out for a period of
one replication cycle of the virus (12 hr post infection).

Pulse experiments were done using a tritium-labeled pre-
cursor of DNA. Cells showing cytoplasmic or nuclear incorpo-
ration of the DNA precursor, which is indicative of viral and
host DNA synthesis, respectively, were scored.

The Effect of Amino Acid Deprivation on the Synthesis of DNA

and Virus Progeny.

Figure 1 demonstrates DNA synthesis measured by quantita-
tive autoradiography over a 12 hr period in cultures deprived
of individual essential amino acids. Viral (cytoplasmic) and
host (nuclear) DNA synthesis was inhibited to the same relative
extent in infected and uninfected deprived cultures with respect
to the individual amino acid studied. The total DNA synthesized
over a period of one replication cycle of the virus ranged be-
tween 35 to 75% of the DNA synthesized in control cultures main-
tained in Eagles' MEM medium. Glutamine, isoleucine or methio-

ine deprived cultures showed the least amount of DNA synthesis,
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EXPLANATION OF FIGURE 1

Different sets of sparse SRK cells on caverslips in
vials were pretreated for 16 hr with media lackiﬁg in one of
the essential amino acids. At intervals following infection,
cells were pulse-labeled with 34-TdR. Autoradiographs were
scored for total quantitative nuclear (host) and cytoplasmic
(viral) DNA synthesis over a 12 hr period as compared to the
controls (MEM).

Different sets of SRK monolayer cultures were pretreated
for 16 hr in media lacking in one of the essential amino
acids. Cultures were harvested 24 hr following infection
and assayed for infectivity on sparse SRK cell cultures.

Progeny yields are graphed as percent of the controls (MEM).
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