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The mechanism of the transient inhibition of polyoma virus synthesis by beta-
propiolactone-inactivated Sendai virus was studied. Polyoma virus early functions
did not appear to be affected, although deoxyribonucleic acid (DNA) and struc-
tural protein synthesis were inhibited 60 and 35%, respectively. The inhibition of
macromolecular synthesis was not sufficient to account for the 90';, inhibition of
infectious progeny formation. Encapsidation of polyoma DNA into mature virions
appears to be completely inhibited after superinfection by beta-propiolactone-
inactivated Sendai virus. Ultraviolet irradiation of live or beta-propiolactone-in-
activated Sendai virus preparations abolishes the interfering capacity, indicating
that a functional Sendai virus ribonucleic acid molecule is the interfering compo-
nent.

Several investigators have examined viral inter-
ference systems in which the interfering virus was
inactivated or functionally nonreplicating. It was
previously demonstrated that poxvirtLs deoxyribo-
nucleic acid (DNA) or ribonucleic acid (RNA)
synthesis was inhibited in cells infected with frog
virus 3 that was inactivated by heat, ultraviolet or
gamma irradiation, or grown at temperatures non-
permissive for frog virus 3 (1, 54). These stLidies
indicated that a structural component of the
virion was responsible for the inhibition. Baluda
(3, 4) and Bratt and Rubin (7) demonstrated
homologous interference with ultraviolet-inacti-
vated Newcastle disease virus, and it was also re-
ported that strains of poliovirus, rendered incapa-
ble of replicating by temperature-sensitive condi-
tions or the presence of guanidine, interfered with
replicating poliovirus (50). Homologous viral in-
terference by defective or incomplete virus par-
ticles containing a subgenomic RNA molecule has
also been reported (24, 25, 27, 35, 36, 51, 53).
Evidence that purified virion components could
induce interference was shown by studies on the
adenovirus fiber antigen. Pereira (47) demon-
strated the inhibition of adenovirus, vaccinia, and
poliovirus by a substance produced in HeLa cells
infected with adenovirus and that the inhibitory
material could be neutralized by anti-adenovirus
sera. Khoobyarian and Fischinger (34) reported

I This work was submitted as a portion of a Ph.D. tltesis at
Kansas State University, 1972.

2 Present address: McArdle Laboratory, University of Wis-
consin. Madison. Wis. 53706.

interference by heat-killed adenovirus, and Levine
and Ginsberg (37) suLbsequently showed that the
purified adenovirus fiber antigen could not only
interfere with virus replication but also inhibit
DNA, RNA, and protein synthesis in uninfected
cells.
An enormous literature exisis describing the ef-

fects of viral infection on host cell functions and
macromolecular synthesis. Reports by several in-
vestigators suggest that a component of the vesic-
ular stomatitis virus is capable of eliciting inhibi-
tory effects on cellular DNA, RNA, or protein
synthesis (26, 56, 58). Host cell DNA synthesis
has also been shown to be inhibited by nonrepli-
cating frog virus 3 (39) or ultraviolet-inactivated
Sendai virus (19). Inhibition of protein synthesis
in HeLa cells infected with ultraviolet-irradiated
vaccinia virLIS was reported by Moss (45) and host
protein and RNA synthesis was demonstrated by
Holland (23) to be inhibited rapidly after infec-
tion with poliovirus, even under conditions pre-
venting viral RNA replication. Nonreplicating
poliovirus inhibits host RNA and protein syn-
thesis; however, it apparently does not inhibit
events of Mengo vir-us (40) or SV5 (10) infection.
The accompanying communication describes

the inhibition of polyoma virus synthesis elicited
by superinfection with beta-propiolactone-inacti-
vated Sendai virus. The interference was found
to be transitory and not mediated by interferon.
This communication describes a study to elucidate
the mechanism of the interference with polyoma
virus synthesis by inactivated Sendai virus.
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MATERIAL AND METHODS
Tissue culture. Primary mouse embryo cell cultures

were used throughout these studies and prepared as

described previously (33). Cultures were grown in

Eagle (15) minimal essential medium (MEM) sup-

plemented with 5% fetal calf serum (FCS). Radio-
isotopic incorporation experiments were performed
by using MEM supplemented with 5%- dialyzed
FCS.

Viruses. Polyoma virus, originally obtained from
Sarah Stewart, National Institutes of Health, was the
wild-type strain. Sendai virus was supplied by Bar-
bara B. Knowles, Wistar Institute. Propagation of
the viruses and the inactivation of Sendai virus with
0.025%'G beta-propiolactone were performed as de-
scribed in the accompanying paper. When ultraviolet
light (UV) was used as the inactivating agent, Sendai
virus preparations were exposed to a germicidal lamp
(General Electric, 15-w, G 1 5TB) for varying amounts
of time at a distance of 10 cm. The preparations were

continually mixed during UV exposure by means of a

magnetic stirrer.
Virus purification and quantitation. Polyoma virus

was purified as described previously by Consigli et al.
(11). Quantitation of virus particle concentration
was accomplished by hemagglutination (HA) by
using washed guinea pig red blood cells for both
polyoma and Sendai viruses. The infectivity of poly-
oma virus preparations was determined by the plaque
assay (plaque-forming units; PFU) by using primary
mouse embryo cell cultures ( 11).

Experimental procedure. Mouse embryo cell
cultures were infected with polyoma virus at a multi-
plicity of 100 PFU per cell. After adsorption for
1.5 hr. the monolayers were washed three times with
phosphate-buffered saline (PBS), and fresh medium
was placed on the cells. Infection of cell cultures with
Sendai virus (2,000 HA units per 60 by 15 mm cul-
ture) was accomplished in an identical fashion, ex-

cept that the adsorption period was shortened to 30
min. It was also necessary in certain experiments to
save the medium that was on the cells prior to Sendai
infection and replace it on the cells after the adsorp-
tion period to maintain cultural conditions and for
accurate quantitation of polyoma virus synthesis.
Uninfected cultures were mock-infected under iden-
tical conditions with Eagle MEM (serum-free).

Selective salt extraction of polyoma DNA from
infected cultures. At various times after infection,
cultures were pulsed for 1 hr with 3H-thymidine
(4 mCi/ml) 2 hr prior to harvesting. The radioactive
medium was removed and the monolayers were

ssashed twice with PBS and then incubated for an

additional hr in unlabeled medium to deplete the
cellular pool of 3H-thymidine phosphate. Cells
were lysed by the addition of sodium dodecyl sulfate
(SDS), and polyoma viral DNA was selectively
extracted with 1 M NaCl (22). Supernatant fliwds
containing viral DNA were dialyzed overnight at 4 C
against tris(hydroxymethyl)aminomethane (Tris)-hy-
drochloride buffer (0.01 M Tris, pH 7.5; 0.01 M

ethylenediaminetetraacetate EDTA]), and radio-
isotopic incorporation was determined. Pellets were

dissolved in 1 M NaOH for assay of protein content

and radioisotopic incorporation as an index of poly-
oma-induced synthesis of host cell DNA.

Fractionation of DNA by centrifugation in ethidium
bromide-cesium chloride. DNA preparations, ob-
tained by selective salt extraction of infected cells or
from purified polyoma virus particles (48), were
further separated into component I (supercoiled)
and component II (nicked circular and linear) DNA
by equilibrium centrifugation in ethidium bromide-
cesium chloride density gradients (52).

Incorporation of radioisotopic precursors into poly-
oma virus. Polyoma-infected cultures were main-
tained in Eagle MEM containing either 3H-thymidine
or 3H-valine (3 ,uCi,iml) from 2 hr until 40 hr after
polyoma infection. Parallel cultures were superin-
fected with inactivated Sendai virus at different times
(2, 10, and 24 hr). Radioactive medium, which was
removed prior to Sendai infection, was replaced on
the cultures after the Sendai virus adsorption period.
All cultures were harvested after 40 hr of infection,
and the polyoma virus was purified. Fractions col-
lected from cesium chloride density gradients were
assayed for radioisotopic incorporation and HA
activity. Fractions from the cesium chloride gradients
containing 3H-thymidine-labeled virus were, re-
spectively, pooled and dialyzed against Tris-hydro-
chloride buffer (0.01 M, pH 7.5) to remove the cesium
chloride. The DNA from these purified polyoma
particles was released by alkaline degradation of the
viral capsids as previously described by Perry et al.
(48).

Prelabeling of cellular DNA. Mouse embryo cells
were seeded and grown to monolayer (three genera-
tions) in Eagle MEM containing 3H-thymidine (I
/ACi/ml). This procedure was shown by autoradiog-
raphy to label 90 to 95c%. of the cells in the nuclei.
Two hours prior to the start of the experiment, radio-
active medium was removed; the cells were washed
once witlh PBS and incubated in unlabeled medium.
Polyoma-infected cultures, that had been super-
infected with inactivated Sendai virus 2 hr after
polyoma infection, were monitored for prelabeled
host DNA degradation. At various intervals, medium
was removed and saved, cells were lysed with SDS,
and the low-molecular-weight DNA was solubilized
by selective salt extraction. The amount of radio-
activity present in the medium, salt-soluble extract,
and cell pellet was determined and expressed as per-
centage of the total radioactivity incorporated during
prelabeling.

Incorporation of prelabeled host DNA into purified
polyoma virus progeny. Mouse embryo cells, that
were prelabeled with 3H-thymidine as described above,
were infected with polyoma virus and, 2 hr later,
were superinfected with inactivated Sendai virus.
These cultures were maintained in Eagle MEM
and harvested 48 hr after polyoma infection. Polyoma
virus was purified, and fractions collected from
cesium chloride gradients were assayed for radio-
isotopic incorporation and HA activity.

Fluorescence microscopy. The synthesis of polyoma
structural proteins or polyoma-induced tumor antigen
was qualitatively assayed by the indirect immuno-
fluorescence technique (33). The stained preparations
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were observed with a Leitz fluorescence micro-
scope and scored for nuclear fluorescence. Poly-
oma "T" antiserum, prepared in hamsters, was kindly
supplied by Graham Wilcox of this laboratory.

Transformation assay. Transformation of primary
mouse embryo cells by polyoma virus and the effect
of inactivated Sendai virus on this phenomenon was
investigated by using the agar suspension culture
method described by Macpherson and Montagnier
(41).

Sequential addition of inactivated Sendai virus,
5-fluoro-deoxyuridine, or actinomycin D. Parallel
cultures of polyoma-infected cells were respectively
treated at different times by the addition of 5-fluoro-
deoxyuridine (FUdR, 10-4 M) or actinomycin D
(act D, 2.5 ,ug/ml), or were superinfected with in-
activated Sendai virus. All cultures were harvested
48 hr after polyoma infection and assayed for the
synthesis of polyoma virus (PFU). For comparison, a
normal polyoma virus growth curve was performed
in conjunction with these studies.

Isotopically labeled Sendai virus. Sendai virus,
labeled in the RNA, was prepared in 10-day-old
fertile eggs that were prelabeled with 3H-uridine
(2001MCi per egg) 24 hr prior to Sendai virus inocula-
tion. Virus was purified by two cycles of differential
centrifugation (600 X g for 15 min, and 30,000 X g
for 1 hr) and pelleting through a 5 to 20% linear
sucrose gradient (80,000 X g, 3 hr).

Quantitative assays and radioisotopes. Protein
content was assayed by the method of Lowry et al.
(38). Radioactivity was determined in a Beckman
model LS-233 liquid scintillation counter. Radio-
isotopes used in these studies were thyrnidine-methyl-
3H (specific activity, 10 to 20 Ci/mmole) and L-3H-
valine (10 to 20 Ci/mmole), and were purchased
from Schwarz BioResearch, Orangeburg, N.Y.
Actinomycin D was a gift from Merck, Sharp &
Dohme, Rahway, N.J., and FUdR was a gift from
Hoffman-La Roche Inc., Nutley, N.J.

RESULTS

The accompanying paper described the inhibi-
tion of polyoma virus synthesis by, beta-propio-
lactone-inactivated Sendai virus. The interference
was not mediated by interferon and was transient
in nature, in that apparently normal synthesis of
polyoma virus occurred after a 48-hr period. A
relationship between the times of infection by the
two viruses was demonstrated, and it was shown
that infection by inactivated Sendai virus must
take place immediately before or within a 16-hr
period after polyoma infection to manifest maxi-
mum inhibition. Preliminary pulse experiments to
determine the rates of macromolecular synthesis
in polyoma-infected cells that were superinfected
with inactivated Sendai virus revealed a marginal
decrease in theDNA synthetic rate. No significant
differences were observed in the incorporation of
radioisotopic precursors into either RNA or
protein.

DNA synthesis. Since radioisotopic incorpora-
tion experiments revealed a nominal decrease in
total DNA synthesis in polyoma-infected cells
that were superinfected with inactivated Sendai
virus, it was of interest to determine if this inhibi-
tion was specifically affecting either viral or host
DNA synthesis. Polyoma-infected mouse cells
that were superinfected with inactivated Sendai
virus were pulse labeled with 3H-thymidine at reg-
ular intervals throughout the infection period,
and polyoma virus DNA was selectively extracted
by the Hirt (22) procedure. Sendai-treated cul-
tures were still found to synthesize DNA soluble
in 1 M NaCl, although at a rate only 40% that of
normal polyoma-infected control cultures at 24 hr
(Fig. 1). Salt-insoluble DNA, used as an index of
host cell DNA synthesis, was synthesized at a re-
duced rate (60% at 21 hr) when compared to
control polyoma-infected cultures (Fig. 2). There-
fore, the polyoma-induced synthesis of host cell
DNA still occurred, although the level of induc-
tion appeared to be less.
Polyoma DNA was further fractionated into

component I and component II DNA by iso-
pycnic centrifugation in an ethidium bromide-
cesium chloride density gradient. Polyoma super-
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FiG. 1. Effect of inactivated Sendai virus on polyoma
DNA synthesis. Polyoma-infected control cultures
(0) or cultures that had bee,z superinfected (2 hr)
with inactivated Sendai virus (0) (2,000 HA units
per culture) were pulsed with 3H-thymidine (3 uCi!
ml) for I hr, 2 hr before harvesting. At the end of I
hr, the cells were washed once with PBS and then in-
cubated for an additional hour in unlabeled media,
at which time the cultures were lysed by the addition
of SDS, and the viral DNA was extracted with 1.0
M NaCI according to the methlod of Hirt (22).
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FIG. 2. Effect of inactivated Senidai virus on the
polyoma-induced synthesis of host cell DNA. Unin-
*fected (A), polyoma control (0) or polyoma-infected
Sendai virus-superinfected (0) cultures were pulsed
with 3H-thymidine (3 uCi/ml) for 1 hr, 2 hr prior to
harvesting. At the entd of the pulse period, cultuires
were washed once with PBS anid then inicubated for an

additional hour in unlabeled medium, at which time
the cells were lysed by the addition of SDS, and the
viral DNA was extracted with L.0 M NaCl. After cen-

trifugation, the pellet was dissolved ii 1.0 N NaOH,
and the specific activity was determined as an index
ofhost cell DNA synthesis.

coiled DNA was synthesized in both the untreated
and inactivated Sendai-treated cultures (Fig. 3).
The quantity of polyoma supercoiled DNA (com-
ponent I) was determined by summing the
radioactivity in those fractions composing the
component I peak. Superinfection by inactivated
Sendai virus prevented the synthesis of super-
coiled, component I polyoma DNA by factors
of 80% (18 hr), 60% (21 hr), and 40% (24 hr).

Synthesis ofpolyoma antigens. Polyoma-specific
antigen synthesis in infected cultures that were
superinfected with inactivated Sendai virus was
determined by specific immunofluorescence. Syn-
thesis of polyoma virus-induced tumor antigen oc-
curred in cells that were superinfected with inacti-
vated Sendai virus (Table I). Polyoma structural
proteins were also synthesized in considerable
amounts, although a moderate degree of inhibi-
tion (35%) was found.

Incorporation of radioisotopic precursors into
purified polyoma virus. In light of the previous
findings that both polyoma virus DNA and pro-
teins were synthesized after superinfection by in-
activated Sendai virus, even though infectious
progeny formation was inhibited 90% under
identical conditions, it was necessary to consider
the possibility that defective virus particles were
being formed. Polyoma virus was purified from
cultures that had been superinfected with inacti-

vated Sendai virus at different times after polyoma
infection. Virus was labeled with either 3H-thymi-
dine or 3H-valine throughout the infection period.
Incorporation of 3H-thymidine into the DNA of
purified polyoma virus was completely inhibited
if the cultures were superinfected early (2 hr) in
the infection cycle with inactivated Sendai virus
(Fig. 4). As the time of superinfection was de-
layed, a corresponding increase in the amount of
3H-thymidine incorporated was found. In an

identical experiment in which 3H-valine was sub-
stituted for the 3H-thymidine, label was shown to
be incorporated into purified incomplete virus in
substantial amounts regardless of the time of su-

perinfection by inactivated virus. This observa-
tion, that incomplete virus particles are assembled,
is consistent with the immunofluorescence data
(Table 1) which demonstrated that polyoma struc-
tural proteins are synthesized after superinfection
by inactivated Sendai virus.

Characterization of the DNA in purified virions
assembled after Sendai superinfection. Fractions
composing the complete virus peak in the 3H-thy-
midine incorporation experiment (Fig. 4) were

pooled, and the virus particles were subjected to
alkaline degradation to release the polyoma DNA
(28, 48). A comparison of DNA encapsidated
after Sendai superinfection to that from virus par-
ticles synthesized during a normal infection was
made by ethidium bromide-cesium chloride den-
sity gradient centrifugation of the released DNA
(Fig. 5). The results demonstrated that the DNA
made and encapsidated during superinfection by
inactivated Sendai virus was of a supercoiled na-

ture similar to that found in normal polyoma
virus particles. Relative ratios of component I to
component II DNA were similar in both control
and Sendai-treated preparations. Again the se-
quential increase in amounts of viral DNA corre-
lates well with the time of Sendai superinfection.
The 2-hr superinfection system was not used in
this experiment since 3H-thymidine label was not
incorporated into virions (Fig. 4).

Degradation and encapsidation of prelabeled host
DNA. A study was initiated to investigate the
possibility that Sendai superinfection of polyoma-
infected cells was causing degradation of host cell
DNA thereby allowing this DNA to be available
for pseudovirion production. Cell cultures that
had been prelabeled with 3H-thymidine were in-
fected with polyoma virus and superinfected with
inactivated Sendai virus 2 hr later. The results
(Table 2) show no significant difference in the
solubilization of prelabeled DNA into the media
or into cellular DNA fragments soluble in 1 M
NaCl as a consequence of Sendai virus superinfec-
tion. In addition (Table 2), pseudovirion produc-
tion was drastically inhibited by superinfection as

I I I I
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FIG. 3. Polyonia-inftcted cultures that were superinfrcted wit/i ilactivated Senidai virius 2 hr ajter polyoma ill-
fection were pulsed wit/i 3H-thymidine for 1 hlr alnd chased fo)r aI additioInal hoiur in ulinlabeled mediuim. The cells
were theui lysed with SDS, alid the vircal DNA was extracted with 1 m NatCl. This salt-soliuble DNA w'as frac-
tionated by isopycinic celitrifuigationi in ali ethiluilan bromide-cesium chloridle density gradient. Fractiolns collected
froin the bottom oJ the tubes were assayedfi)r racdioactivity.

measured by the encapsidation of prelabeled host
cell DNA into purified polyoma virions. Previous
data (Fig. 4 and 5) also indicated that host DNA
synthesized during infection is not packaged, since
3H-thymidine was not incorporated into virus par-
ticles if superinfection took place 2 hr after poly-
oma infection (Fig. 4, 2 hr). When suLperinfection
was performed at later times, there was no appar-
ent increase in the relative quantity of component
1I DNA encapsidated (Fig. 5).

Sequential addition of FUdR, act D, and inacti-
vated Sendai virus to polyoma-infected cultures. An
attempt was made to identify the event in the
polyoma replication cycle that was inhibited by
inactivated Sendai virus and to correlate this event
with other temporal relationships of polyoma rep-
lication. Times of DNA and RNA synthesis in
polyoma-infected cultures were determined by the
sequential addition of FUdR and act D, respec-
tively. These drugs, along with inactivated Sendai
virus, were added sequentially at different times
to parallel cultures of polyoma-infected mouse
embryo cells. All cultures were harvested at 48 hr,
assayed for PFU activity, and compared to a
normal polyoma growth curve. Inactivated Sendai
virus must be added prior to polyoma DNA syn-
thesis (FUdR curve) or RNA synthesis (act D
curve) to elicit an inhibitory effect on the synthesis
of polyoma virus (Fig. 6).

Transformation. Since it was demonstrated in
the previous experiment that Sendai virus must be
added during the early events of polyoma repli-
cation to effect its inhibition on viable progeny
formation, it was of interest to investigate trans-
formation as an additional eatly viral function.
Results (Table 3) based on colony formation in
soft agar did not demonstrate any effect on cell
transformation by polyoma virus due to super-
infection by inactivated S-ndai virus. As shown
previously, other early viral functions (i.e., tuLmor
antigen and polyoma-induced host cell DNA syn-
thesis) were not drastically inhibited by Sendai
virus superinfection.

Infection of mouse cells with radioactive Sendai
virus. Studies were initiated to monitor the fate of
inactivated Sendai virus in polyoma-infected
mouse cells, in an attempt to gain further insight
into the mechanism of inhibition. Preliminary ex-
periments showed that, when polyoma-infected
cultures were superinfected with 3H-uridine-
labeled inactivated Sendai virus 2 hr after poly-
oma infection, approximately 15% of the radio-
activity was found associated with the nuclear
fraction within 2 hr, and this amount increased
to 30% by 10 hr. No significant radioactivity
could be detected in the ribonucleoprotein pellet.

Studies were performed to determine the time
required for the mouise cell to uncoat the inacti-
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FIG. 4. Eflect of iniactivated Senldai virus oni the incorporation of 3H-tlymiditie inito putrified polyoma viruis
particles. Polyoma-inj'ected cultutres were maintained in 3H-tlhymidlinle (3 MCi/ml) from 2 to 40 hr postinzfectioni.
At the inidicated times, parallel cultures were superintfected with iniactivated Sendai virus (2,000 HA unlits per
culture). Cultures were harvested at 40 hr, and the polyoma virus was pitrified by cenitrifiugation iin cesium chloride.
Radioactivity (--) alnd HA activity (-----) were assayed.

TABLE 1. Effect of iniactivated Sentdai virus otn the
synthesis of polyoma structutral antd intduced

tumor antigens

Structural antigen T
synthesis' Tumor antigen

Conditions
Nuclear Antigen Nuclear Antigen
fluores- isynthesis fluores- synthesis

cenceC (%)(%' cencel (%) (%)

Uninfected 0.0 0.0 0.0 0.0
PV control 47.0 100.0 45.8 100.0
PV + Sendaid 31.0 65.6 46.0 100.0

Cover-slip cultures were harvested 30 hr
after polyoma infection.

' Cover-slip cultures were harvested 24 hr
after polyoma infection.

Minimum of 300 cells counted.
d Superinfection by inactivated Sendai virus

(equivalent of 2,000 HA units per culture) was
performed 2 hr after polyoma infection. PV,
Polyoma virus.

vated Sendai virus and release the RNA in a form
sensitive to exogenous ribonuclease. Cell lysates
were prepared by freeze-thawing, and acid-soluble
radioactivity was determined before and after

ribonuclease treatment. The RNA from 3tI-uri-
dine-labeled Sendai virus was sensitive to ril)onu-
clease within 1 hr after addition and almost
totally ribonuclease sensitive 3 hr after addition
of Sendai virus to polyoma-infected cells (Ta-
ble 4).

Effect of UV irradiation of the interfering ca-
pacity of Sendai virus. Since live and beta-propio-
lactone-inactivated Sendai virus caused inhibition
of polyoma virus synthesis, it was of interest to
determine if the ability of Sendai virus to interfere
with polyoma virus synthesis could be reduced by
UV irradiation. UV irradiation of live or beta-
propiolactone-inactivated Sendai virus prepara-
tions resulted in a loss of interfering ability (Ta-
ble 5). This loss of the interfering capacity due to
UV irradiation was seen prior to any detrimental
effect on Sendai structural proteins as determined
by HA activity of the virus preparations (Table
5). Excess UV irradiation abolished both HA and
interfering capability.

DISCUSSION

Findings described in the preceding paper re-

vealed that the inhibition of polyoma synthesis
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FIG. 5. Effect of iniactivated Senidai virus oni the polyoma DNA that is enicapsidated after sluperinfectionl. Frac-
tions comprising the complete virus peak in the 3H-thymidinie incorporationi experimenit were pooled, anid the par-
ticles were subjected to alkalinie degradationi to release the packaged DNA. DNA preparations were cenitrifiuged
in ani ethidium bromicde-cesium chloride delnsity gradientt. Fraction.s were collected fronm the bottonm of the tilbes,
and radioactivity was determined.

TABLE 2. Effect of iniactivated Senidai viruts onz the
degradationz of prelabeled host cell DNA and

lthe synithesis of pseudovirions

Conditionsa

PV-infected
control

PV infected
+ Sendai

Hr
post-
infec-
tion

5

10
24
30

5
10
24
30

% of total Counts/
% of total counts/min min in

counts/min in (cells) purified
the medium 1soluble inc virusb

1.0 m NaCI

I17

2.2 01)748
4.5
15.1
20.1

3.6
5.9
16.7
16.2

11 .0

11.0

11.0
14.0

E

D
LI

<100

a PV, Polyoma virus.
I Polyoma-infected, prelabeled cultures that

had been superinfected with inactivated Sendai
virus 2 hr after polyoma infection were harvested
at 48 hr, and the polyoma virus was purified.
Counts per minute were compared to the virus
purified from polyoma-infected prelabeled cul-
tures without Sendai.

by beta-propiolactone-inactivated Sendai virus
was not due to the production of interferon and
was dependent upon the time of superinfection
by the inactivated Sendai virus. A maximum 90%
level of inhibition was manifested when superin-
fection occurred in the initial 16-hr period after
polyoma infection. The interference was transient

70

6.0 _

12 24 36 48

HOURS AFTER INFECTION

FIG. 6. Sequienitial additioni of FUdR (10-4 i),

actinomycin D (2.5 ,ug8/ml), antd inactivated Senidai
virus. Inhibitors or virus were added at differenit times
to parallel cultutres of polyoma-infected cells. All
cultures were harvested at 48 hr and assayed for
PFU activity. A growth curve is shownI Jbr comparison
(0) alonig withi the FUdR (A), act D (-), anzd Se,,-
dai (0) curves.

in that normal production of polyoma virus
progeny occurred after further incubation of the
cultures beyond the normal observation period
of 48 hr. It was further demonstrated that the
inactivated Sendai virus was not capable of virus-
specific RNA or protein synthesis.
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INHIBITION OF POLYOMA VIRUS SYNTHESIS. II.

The inhibition of polyoma synthesis by beta-
propiolactone-inactivated Sendai virus takes place
at a step after the adsorption, penetration, and
uncoating (32) events of polyoma replication,
since interference is seen when Sendai virus is
added many hr after these early events have oc-
curred. Additional early events subsequent to

TABLE 3. Effect of intactivated Sentdai virus ont the
tranisforming ability of polyoma virus

No. of coloniesa
No. of cells seeded

PV control PV + Sendaib

1.0X 105 5 5
1.0X o10 18 12
2.0 X 10o 26.5 17.5
5.0 X 106 59.5 56
1.0 X 107 134.5 122

a Average of two plates, determined by the
agar overlay method (41). Uninfected mouse
cells plated at the above densities did not demon-
strate colonies. PV, Polyoma virus.

b Sendai virus added 2 hr after polyoma infec-
tion.

TABLE 4. Determiniationi of Senidai virus unicoatintg
by ribon7uclease senisitivity of 3H-uridine-labeled

virus in polyoma-intfected cultures

Time of harvest 70 of total counts/min degradableby ribonublease9

1.0 9.0
3.0 79.0
Control virus 0.0

a Ribonuclease treatment was 50 ,ug/ml for
30 min.

virus uncoating were also investigated and did not
appear to be inhibited. Polyoma-specific tumor
antigen was synthesized to the same extent in con-

trol as well as in superinfected cultures (Table 1),
and the cell transformation capability of polyoma
virus was not affected by inactivated Sendai virus
(Table 3). Another early polyoma virus function,
the induction of host cell DNA synthesis, was not
inhibited, judging from the steady rise in the syn-

thetic rate and the elevated level of DNA synthe-
sis at 24 hr (Fig. 2). Even though induction ap-

peared to take place, the synthetic rates observed
were significantly less than those of the control-
infected cultures. This observation was consistent
in all of our experiments concerned with DNA
synthesis. Rates of 3H-thymidine incorporation
were decreased when measured in whole cultures
or whenDNA was fractionated into viral and host
fractions by selective salt extraction and isopycnic
centrifugation in an ethidium bromide-cesium
chloride density gradient (Fig. 1, 2, and 3). This
general, but not drastic, decrease in DNA syn-
thesis due to superinfection by inactivated Sendai
virus became less as time went on, thus giving
the appearance of a delaying effect on polyoma
DNA synthesis. Inhibition of cellular DNA syn-
thesis by Newcastle disease virus was reported by
Ensminger and Tamm (16), and Fuchs and Kohn
(19) described a transient inhibition of DNA syn-
thesis in HeLa cells by inactivated Sendai virus.
Although these viruses are very similar, different
mechanisms of inhibition were described. New-
castle disease virus (16) apparently inhibited pro-
tein synthesis required for initiation of DNA
synthesis, whereas inactivated Sendai virus (19) in-
terfered with the endogenous synthetic pathway of
thymidine. Regardless of the mechanism respon-
sible for the nominal inhibition of DNA synthesis

TABLE 5. Effect of Senidai virus iniactivated with beta-propiolacton7e, ultraviolet irradiationi, or a combinia-
tionI ofboth onl the synzthesis of inifectioni polyomai virus progenzy

Time of bar- PFl HA titer of Sendai
Conditionsa PFl/ml Inhibitionvest (hr) ,,oprepnb

PV control 4 6.2 X 104
PV control 48 1.6 X 106 0
PV + live Sendai 48 1.6 X 105 90 2,560
PV + BPL Sendai 48 2.4 X 105 85 2,560
PV + UV Sendai (1 min) 48 1.6 X 105 90 2,560
PV + UV Sendai (5 min) 48 1.1 X 106 32 1,280
PV + BPL-UV Sendai (1 min) 48 3.3 X 105 80 2,560
PV + BPL-UV Sendai (2.5 min) 48 1.3 X 106 16 2,560
PV + BPL-UV Sendai (5 min) 48 1.2 X 106 24 1,280

a Superinfection with the Sendai virus preparations was performed 2 hr after polyoma infection in
all cases. Times indicated represent minutes of UV exposure carried out after inactivation with 0.025%7o
beta-propiolactone. PV, Polyoma virus; BPL, beta-propiolactone.

b HA titer of all Sendai virus preparations prior to inactivation procedures was 2,560.
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seen in these studies, it does not appear to account
for the 90%- inhibition of infectious progeny for-
mation that is observed since substantial amounts
of polyoma viral DNA are made during Sendai
virus superinfection.

Polyoma virus structural protein synthesis was
inhibited to an even lesser extent (35%7,) than the
viral DNA. The fact that both polyoma DNA
(Fig. 1 and 3) and proteins (Table 1) are synthe-
sized is a further indication that the interference
is not due to the production of interferon (29,42).
Neither does the inhibition seem to be due to in-
terference similar to that described for adenovirus
(20, 37) or for frog virus 3 (1), since viral macro-
molecular synthesis is inhibited in these interfer-
ence systems.

Purification of radioisotopically labeled poly-
oma virus demonstrated that 3H-thymidine, which
was present throughout the infection period, did
not appear in the purified virus grown under con-
ditions of superinfection (Fig. 4, 2 hr), even
though previous data showed that sufficient quan-
tities of DNA were synthesized. Identical experi-
ments using 3H-valine revealed incorporation of
label into purified virus, primarily into incomplete
virions. As expected, delay of superinfection al-
lowed progressively increasing amounts of both
DNA and protein label to appear in the complete
peak. These observations indicated that super-
infection by inactivated Sendai virus prevents the
encapsidation of polyoma DNA into mature virus
particles, whereas assembly of polyoma capso-
meres (12) into incomplete virions is less dras-
tically inhibited.

Experiments were performed to investigate the
possibility that pseudovirion production was in-
creased due to Sendai virus superinfection. This
possibility seemed to be a viable hypothesis since
Sendai virus and other similar viruses have been
shown to induce DNA degradation and chromo-
some pulverization (2, 30, 46). Such fiagmenta-
tion of host cell DNA into small pieces which
could compete successfully with viral DNA for
virion proteins might account for the decrease
in production of infectious polyoma virus. A
similar case, in which a decrease in polyoma viral
DNA synthesis results in successful competition
for encapsidationi by host cell DNA and subse-
quent reduction in infectious virus, has been
described by Basilico (5). However, results
show this not to be the case in this system. Pre-
labeled host cell DNA appears to be fragmented
and solubilized in the same manner under con-
ditions of Sendai virus superinfection; however,
pseudovirion production is also inhibited as
much, if not more, than infectious progeny
formation (Table 2). The possibility that host
DNA made during infection was degraded and

encapsidated also appears to be ruled out since
the DNA from virions synthesized during super-
infection did not contain increased quantities
of component IL DNA (Fig. 6). These results
again lend credence to the hypothesis that super-
infection by inactivated Sendai virus specifically
inhibits the encapsidation of DNA into mature
virus particles. Both polyoma viral DNA and
host cell DNA, which have been shown to be
present in considerable quantities after Sendai
virus superinfection, fail to be packaged into
complete virus particles 48 hr after infection.

Experiments to determine the exact time of
action of the inactivated Sendai virus indicated
that superinfection must take place prior to
polyoma DNA (FUdR sensitive) or RNA (act
D sensitive) synthesis (Fig. 6). However, it
cannot be verified that the Sendai-sensitive
event is occurring prior to these events, since
the time necessary for the inactivated Sendai
virus to exert its effect is not known and may
vary from a few minutes to several hours. The
data indicate that Sendai virus is not suppressing
early viral functions. However, recent interest
in viral DNA-protein complexes (6), host cell
histone synthesis (21, 57), and the possible
role of host histone in DNA complexes and
subsequent maturation functions (17) suggest
the possibility that this mnight be a likely area
for the inhibition by Sendai virus since DNA
maturation appears to be influenced.

Studies aimed at elucidating the mechanism of
the inhibition by inactivated Sendai virus failed
to detect Sendai virus RNA associated with
polysomes; however, a moderate amount of
the input Sendai RNA appeared to localize in
the nucleus of the cell. Other investigators have
also shown a nuclear localization of Sendai
virus RNA (9) and RNA synthesis (8). This at
least places the Sendai virus in a strategic posi-
tion to effect the inhibition since polyoma virus
replicates in the nucleus. Further studies re-
vealed that the Sendai virus RNA is uncoated 1
hr after infection and is completely susceptible
to ribonuclease 3 hr after it is added to the cells.
The failure to demonstrate an association be-
tween Sendai virus RNA and cell ribosomes
does not rule out the possibility that the viral
RNA is functioning as a messenger. As reported
in the accompanying publication, inactivated
Sendai virus did not synthesize any detectable
RNA or protein. However, other investigators
demonstrated the synthesis of Sendai virus-
specific nonstructural proteins by ultraviolet or
beta-propiolactone-inactivated Sendai virus (44)
and suggested that the virion RNA coded for
early viral proteins (i.e., replicase), and the
complementary RNA, which could not be syn-
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thesized by the inactivated virus, coded for
viral structural proteins.
The data is consistent with the supposition

that a component of the Sendai virion is eliciting
the interference. The fact that ultraviolet irradia-
tion eliminates the inhibitory capacity (Table
5) of live or beta-propiolactone-inactivated
Sendai virus suggests that a biologically func-
tional RNA molecule is necessary. Virion pro-

tein involvement is not indicated since the
amounts of UV treatment that abolished inter-
ference had no detrimental effect on hemagglu-
tinating activity which was used as an index of
protein damage. The presence of functional
RNA molecules and the reduction of inter-
fering capacity by UV irradiation has been
reported in interference phenomenon by in-
complete virions of vesicular stomatitis and
Sendai viruses (27, 51). A likely hypothesis con-

cerning the mechanism of the inhibition of
polyoma virus synthesis by beta-propiolactone-
inactivated Sendai virus involves the localiza-
tion of the Sendai virus RNA in the cell nucleus
where it selectively inhibits polyoma viral func-
tions necessary for the encapsidation of DNA
into mature virus particles by either competing
for cell ribosomes or binding to enzymes or
other substrates required for polyoma functions.

Although it is felt that the beta-propiolactone-
inactivated Sendai virus genome is the inhibitory
component of the virion, more complex details
of the inhibitory mechanism may be involved.
Since it has been reported that inactivated Sendai
virus is capable of specific protein synthesis
(i.e., replicase), the possible function of such
proteins in the interference should be considered.
Other investigators (43, 53) have also described
the role of viral polymerase proteins in inter-
ference phenomena.
The specific inhibition of polyoma maturation

could resuLlt from a difference in localization of
synthesis for different viral proteins as has been
demonstrated for vesicular stomatitis virus (49,
55) or to a selective inhibition of a given ribo-
somal population. Doyle and Holland (14)
observed greater inhibition of certain VSV
proteins after poliovirus infection, and Freda
and Buck (18) described a reciprocal inter-
ference system between Mengo virus and vac-

cinia virus in which vaccinia early, but not
late, proteins were synthesized. Katz and Moss
(31) demonstrated inhibition of the assembly
and maturation of vaccinia virus by rifampin,
and Dales and Silverberg (13) observed the
synthesis of only empty reovirus capsids after
superinfection by vaccinia virus.
The demonstration in this study that a com-

ponent of the beta-propiolactone-inactivated

Sendai virion specifically inhibits the maturation
of polyoma virus in mouse cells may, in the
future, provide a unique insight into the com-

plexities of DNA tumor virus replication as

well as interference phenomena.
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