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Polyoma virus was inactivated by treatment with ,B-propiolactone. T-antigen
production, polyoma-RNA synthesis, induction of host DNA synthesis (mea-
sured by incorporation of labeled thymidine into the cell culture), and in vitro
transforming ability were inactivated to a similar degree by various fB-propiolac-
tone concentrations (0.25% 0-propiolactone reduced these functions approxi-
mately 96%), whereas plaque-forming ability and the ability of the virus to
replicate its DNA and to synthesize capsid antigen were inactivated by a given
concentration of f-propiolactone to a much greater degree (0.25% ,-propiolactone
led to a reduction of plaque-forming ability of over 8 logs). The significance of
these data and their relationship to previously published experiments are

discussed.

Previous studies using a variety of agents
to inactivate polyoma virus (i.e., UV, X ray,
nitrous acid, P., decay [2], and gamma irradia-
tion [1 ]) have demonstrated that in vitro trans-
forming ability is inactivated at a slower rate
(implying a smaller target size) than is plaque-
forming ability. With UV irradiation, Defendi
et al. (6) demonstrated that plaque-forming
ability is inactivated at a much more rapid rate
than induced compliment-fixing antigen
(tumor [T] antigen) and that the ability of the
virus to induce tumors in animals is essentially
unaffected (or may even be enhanced). In this
communication, we compare the effect of f,-
propiolactone (BPL) treatment of polyoma
virus with regard to the following properties: (i)
the production of virus-specific RNA; (ii) viral
and virus-induced cellular DNA synthesis; (iii)
the appearance ofT and capsid antigens; (iv) in
vitro transforming ability; and (v) viral infectiv-
ity. Our data show that T-antigen synthesis,
early RNA synthesis, in vitro transforming
ability, and the ability of the virus to induce
host DNA synthesis were inactivated to a simi-
lar degree. Plaque-forming ability was inacti-
vated to a much greater extent. The inactivated
virus was unable to replicate its DNA or make
capsid antigen. These experiments agree in
general with the previously performed experi-
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ments cited above in which some of these
properties were compared.

MATERIALS AND METHODS
Tissue culture. Throughout the investigation, pri-

mary cultures of baby mouse kidney cells prepared as
described previously (19, 20) were used. The cells were
grown to stationary monolayers in Dulbecco modified
(4 times concentration of amino acids and vitamins)
Eagle medium (20) supplemented with 10% calf
serum. Infected cultures were maintained in the same
medium without serum and were incubated at 27 or 37
C.
BPL inactivation of polyoma virus. BPL was

obtained from Fluka AG (Buchs; puriss grade). Stock
wild-type polyoma virus (19, 20), from which cellular
debris was renqoved, was distributed into portions and
treated with various concentrations (see Table 1 and
Fig. 1) of BPL diluted with medium at 37 C. Samples
were removed at various times, diluted with cold
medium, and titered for hemagglutinating (6) and
plaque-forming ability (4). For the other studies, the
virus was inactivated for 2.5 h at 37 C and was left
ovemight at 4 C. During BPL treatment, the pH of
the 0.125% BPL solution containing the virus falls to
6.4; therefore, following treatment of the virus, the
suspension was neutralized with sodium bicarbonate
and stored frozen at -20 C until used.

Purified ['H Ithymidine-labeled virus was obtained
from polyoma-infected cultures that were maintained
for 72 h in serum-free medium supplemented with
[3Hlthymidine (10 uCi of medium per ml; NEN
Corp.; specific activity 20 Ci/mmol). Polyoma virus
was purified as previously described (3).
The purified virus was inactivated with 0.25% BPL

as described above. DNA was extracted from the
purified virions by treatment with proteinase K (0.2
mg/ml) and sodium dodecyl sulfate (SDS; 0.2%) at 37
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C for 15 min. This DNA was then analyzed by
isopycnic centrifugation in ethidium bromide-cesium
chloride (13).

T-antigen synthesis, capsid antigen synthesis,
and induction of DNA synthesis in the host cell.
The ability of BPL-treated polyoma virus to induce
T-antigen and capsid antigen synthesis (18, 19) was
determined by immunofluorescence, and induction of
host DNA synthesis was determined autoradiograph-
ically (18, 19). Cover slips containing confluent mono-
layers of mouse kidney cells were infected and main-
tained at 37 C for 28 h or at 27 C for 96 h. One-half
hour before harvesting the cover slips, the medium
was replaced with serum-free medium containing 2
;&Ci of [3H]thymidine per ml (NEN Corp.; specific
activity 20 Ci/mmol). At various times, the dishes
were chilled on ice and the labeled medium was
removed; the cover-slip cultures were washed three
times with isotonic buffer (20) and then the cover slips
were cut in half. One-half of the cover slip was fixed in
glacial acetic acid-ethanol (1:3) for autoradiography.
The other half was fixed at - 20 C in acetone-
methanol (7:3) for T and capsid immunofluorescent
staining. The procedures for both autoradiography
and immunofluorescent staining have been previously
reported (18, 19). The antisera used for determining
T-antigen synthesis was a gift of V. Defendi.
Polyoma-DNA synthesis in infected cultures.

Cultures that were infected with untreated or BPL-
inactivated polyoma virus were maintained in serum-
free medium containing 2 MCi of [3H Ithymidine per
ml (NEN Corp.; specific activity 20 Ci/mmol) for 96 h
at 27 C. Cells were lysed by the addition of SDS and
polyoma DNA was selectively extracted with 1 M
NaCl (9). The salt-soluble DNA was further separated
into component I (supercoiled) and component II
(nicked circular and linear) DNA by equilibrium
centrifugation in ethidium bromide-cesium chloride
(13).
Polyoma-RNA synthesis. Cultures were infected

with untreated or BPL-inactivated polyoma virus and
were maintained in serum-free medium containing
5-fluorodeoxyuridine (5 x 10-5 M) for 60 h at 27 C
(18). The medium was then replaced with serum-free
medium containing 250 MCi of [3HJuridine per ml
(NEN Corp.; specific activity 25 Ci/mmol), and the
cultures were reincubated for an additional 3 h.
Conditions for extraction and hybridization of the
RNA have been described previously (19).

In vitro transformation. BHK cells were used to
assay transforming ability of the untreated and BPL-
inactivated polyoma virus. The transformation assay
was performed as described by MacPherson and
Montagnier (11). BHK-21/13 cells were a gift from I.
Maxwell.

RESULTS
The effect of BPL treatment on the plaque-

forming ability of polyoma virus is shown in Fig.
1. The loss of hemagglutinating ability (data
not shown) was minimal (50% reduction after 16
h of treatment with 0.125% BPL and 75%
reduction with 0.25% BPL) except after the

most severe treatment. On the other hand, the
reduction of plaque-forming ability was drastic
(over 4-log drop in titer with 0.125% BPL).
There was some variability in the degree of
inactivation, by a given concentration of BPL,
from preparation to preparation. The results in
each of the following experiments, therefore,
were obtained by using virus prepared at one
time. The control (untreated) polyoma prepara-
tions were taken from the concentrated polyoma
stock used for BPL treatment before the addi-
tion of BPL.
Experiments were performed to determine

whether BPL treatment effected virus adsorp-
tion. Labeled untreated and BPL-treated vi-
rus were allowed to adsorb for 2 h, the mono-
layers were then washed with isotonic buffer,
the cells were solubilized with NaOH, and the
radioactivity remaining associated with the cell
monolayer was counted. The BPL-treated virus
adsorbed to the cells only 60 to 70% as well as
the untreated virus.
On SDS-polyacrylamide (15%) slab-gel elec-

trophoresis (12), the mobility of the peptides
from the BPL-treated purified virus prepara-
tions (0.125 and 0.25%) were unchanged (gel
pattern not shown) from that of the untreated

109
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FIG. 1. The virus was treated with various concen-

trations of BPL. At the time indicated, samples were
removed, diluted promptly with medium, and as-
sayed for plaque-forming activity (4).
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virus. All preparations revealed the seven poly-
peptides identified in polyoma virions (Consigli,
Zabielski, and Weil, manuscript in preparation).
Ethidium bromide-cesium gradient profiles
of DNA extracted from purified [3H]thymidine-
labeled untreated or BPL-treated virus demon-
strated that no component I (covalently closed-
circular supercoiled DNA) could be seen in the
BPL-treated preparation. Preliminary data ob-
tained from alkaline sucrose gradients revealed
the DNA from the BPL-treated virus was found
fragmented to 8 to lOS sized pieces. Further
work is in progress characterizing the precise
physical effects of BPL upon the virus.
The properties of polyoma virus treated with

0.125 and 0.25% BPL, of untreated polyoma
virus, and of untreated virus, diluted to a PFU
equivalent to the 0.125% BPL-treated virus, are

compared in Table 1. The BPL-treated virus
produced a much greater number of T-antigen-
positive cells than expected by its infectious
titer. No significant amount of capsid antigen
was synthesized by any but the untreated, un-

diluted, virus-infected cells. Similarly, there
was no significant stimulation of the number of
cells which incorporate [3H ]thymidine into
their nuclei when infected with diluted, un-

treated virus or with the two BPL-treated virus
preparations when compared with the mock-
infected cells. The undiluted, untreated virus
under these conditions induced 40% of the cells
to incorporate nuclear label.
DNA synthesis in infected cells was also

examined by extracting the [3H ]thymidine-
labeled cellular and viral DNA by the selective
SDS-salt method (9) and then by banding the
salt-soluble DNA in ethidium bromide-cesium
chloride (Table 2 and Fig. 2). The presence of
component 1 (supercoiled, closed circular) DNA
was considered an index of viral DNA synthesis
and could only be detected, in these experi-
ments, in the cells infected with the undiluted,
untreated virus preparations. This interpreta-
tion was confirmed by hybridization of both the
salt-soluble and the insoluble DNA fractions
with polyoma DNA (data not shown). Although

TABLE 1. Properties of BPL-inactivated polyoma virusa

Titer' T antigen" Capsid antigen" Autoradiographyd
Infection (% positive) (% positive) (% positive)

PFU/ml HA/ml MOI 27 C/96 h 37 C/28 h 27 C/96 h 37 C/38 h 27 37
~~~~~~~~~C/96h C/28h

Mock.0 0 0 0 0 0 0 2.2 3.5
Untreated virus 2.5 x 108 32,000 10 85.2 62.3 36.8 37.0 37.3 46.9
Untreated diluted 2.5 x 103 <10 10-4 1.3 1.9 0 0.1 4.4 5.0
BPL 0.125%. 2.5 x 103 16,000 10- 4 25.3 12.9 0 0 2.2 4.9
BPL 0.25% 10 8,000 10-6 3.7 1.0 0 0 2.0 2.2

a Data was obtained at 48, 70, and 96 h after infection at 27 C and 12, 18, and 28 h after infection at 37 C. Only
the data at the latest times are presented, and at these times the values are maximal.

b HA, hemagglutination (reciprocal of the highest dilution of virus suspension which agglutinated guinea pig
erythrocytes); MOI, multiplicity of infection (determined by virus titration and cell enumeration).

c Determined by indirect immunofluorescence; percentage determined by counting > 1,000 cells.
d Percentage determined by counting > 1,000 cells.

TABLE 2. DNA synthesis in virus-infected culturesa

Selective salt extract

Infection Titer
Insoluble fraction Soluble fraction Total

(counts/min) (counts/min) counts/min

Mock.0 12,520 16,560 29,080
Untreated virus 2.5 x 108 143,600 157,920 301,520
Untreated diluted 2.5 x 101 13,440 18,560 32,000
BPL 0.125%.2.5 x 103 19,720 24,240 43,960
BPL 0.25% 10 10,720 15,920 26,640

a Infected cells were maintained for 96 h at 27 C in serum-free medium containing 2 MCi of [3Hjthymidine per
ml. Cells were extracted by the selective SDS-salt procedure (9). Salt-insoluble DNA is the high molecular
weight (cellular) DNA. The soluble fraction includes viral DNA and fragmented cellular DNA. The salt-soluble
fraction was subjected to ethidium bromide-cesium chloride iopycnic centrifugation. Component I (covalently
closed circular) DNA was used as an index to the presence of viral DNA. See Fig. 2 for gradient profiles.
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these experiments were performed to determine
whether viral DNA was synthesized, they may
also provide an index of cellular DNA synthesis.
These data complement the autoradiography
experiment (Table 2), but they also demon-
strate the presence of a small anount of in-
duced (over mock levels) cellular DNA synthe-
sis in the preparation infected with virus inacti-
vated with 0.125% BPL (Table 2).
The ability of BPL-inactivated polyoma virus

to induce the synthesis of specific polyoma RNA
was compared to various multiplicities of infec-
tion of untreated polyoma virus. The hybridiza-
tion data for a series of dilutions of untreated
polyoma virus and for virus inactivated with
0.125 and 0.25% BPL are shown in Table 3. As
can be seen, more viral RNA was synthesized by
the inactivated virus than could be accounted
for by infectious titer alone, but, as with the
other properties studied, less was synthesized
than expected from the total virus particles
present.
The transforming ability of the BPL-treated

virus preparations was compared with that of
various dilutions of untreated virus (Table 4).
The results show that the BPL-treated virus
preparations also had more in vitro transform-
ing ability than could be related to infectious
particles.

DISCUSSION

BPL was used to inactivate polyoma virus
because it was previously demonstrated to be an
excellent inactivating agent for the paramyx-
ovirus group (10), and because it was also found
that BPL quickly broke down into 3-hydroxy-
propanoic acid, a compound metabolizable by
mammalian systems. In addition, it was also
demonstrated that BPL treatment of Sendai
virus could totally inactivate infectivity while
preserving some Sendai genomic functions (16,
17). Thus, it was of interest to investigate the
ability of BPL to inactivate a DNA tumor virus
like polyoma and to determine the effect of BPL
on specific viral functions.
BPL treatment was capable of drastically

reducing the infectious titer of polyoma virus.
This may be, in part, due to affecting capsid
proteins as suggested by the slight reduction of
hemagglutinating ability and adsorption of the
virus, even though the mobility of virion poly-
peptides on SDS-polyacrylamide gels were
unaltered. Its major effect, however, appears to
be alteration of the viral DNA.
Many of the viral particles inactivated with

0.125% BPL were capable of serving as tem-
plates for transcription and were capable of
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FIG. 2. Primary mouse kidney cultures were in-
fected (see Table 1 for respective multiplicities of
infection) with either untreated stock virus, diluted
untreated virus, or virus inactivated with either 0.125
or 0.25% BPL. Control mock-infected cultures were
prepared. After viral adsorption, the cultures were
incubated for 96 h at 27 C with serum-free medium
containing 2 MCi of [3H]thymidine per ml. Cultures
were then extracted by the selective SDS-salt proce-
dure (9), and the extractable DNA was subjected to
isopycnic ethidium bromide-cesium chloride centrifu-
gation (43,000 rpm for 24 h at 20 C in a Spinco SW50.1
rotor). Fractions were collected from the bottom of the
gradient. The starred peak (*) contains component I
(covalently closed-circular DNA).

eliciting the production of T antigen, even
though noninfectious. However, they were not
capable of viral DNA replicating or late protein
(capsid antigen) synthesis. The data from these
and other experiments regarding the degree of
inactivation by different BPL concentrations of
the various parameters studied are shown in
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TABLE 3. Synthesis of polyoma-specific RNA

MOIl, Virus particles' Counts/min added Hybridized
Virus (PFU/ml) per cell (x 10 6 ccounts/m in %

Untreated with dilutions 20 2,000 2.5 13,700 0.557
10 1,000 4.1 9,635 0.237
2.5 250 3.7 7,982 0.215
0.02 2 3.2 313 0.010
0.0001 0.01 1.9 60 0.003

BPL 0.125%.0.02 2,000 2.0 866 0.043
BPL 0.25%. 0.00002 2,000 1.7 258 0.015

Mock ...ll 1.2 48 0.004

a MOI, Multiplicity of infection; arrived at by viral titration and cell enumeration.
h Total number of virus particles per cell assuming a 100-fold excess of particles over PFU (4; R. Weil,

unpublished data) in the case of the untreated virus preparations. In the BPL-inactivated preparations, the
value given for virus particles per cell is based on the viral titer (PFU) before inactivation, while the MOI is
based on the titer after inactivation.

TABLE 4. In vitro transforming ability of BPL-treated polyoma virus

Infection MOIl, Virus particles Transformed Total cells Transformants
per cell colonies plated ( k 10 6) per 106 cells

Untreated virus ........... 1.0 103 336 6.0 56
Untreated diluted 1/10 1 102 57 3.25 15
Untreated diluted 1/105 .... 10 4 10 2 0 6.0 0

BPL 0.125%, ......,,, 10-4 103 20 9.25 2.2
BPL 0.25% ................ 10 6 103 3 6.0 0.5

Mock ........ 0 0 2 12.75 0.15

a MOI, Multiplicity of infection.

Fig. 3. The degree of inactivation of polyoma-
RNA synthesis, induction of host DNA syn-
thesis, and in vitro transforming ability were
similar; the synthesis of' T antigen was affected
to a somewhat lesser degree. However, the re-
duction in plaque-forming activity was dramatic.
The relative degree of inactivation of various

polyoma functions is in general agreement with
previous studies (1, 2, 6, 14) in which several of'
these parameters were compared. The slight
difference in the degree of reduction in T-anti-
gen synthesis with increasing BPL concentra-
tion and the degree of inactivation of viral
induction of DNA synthesis and in vitro trans-
forming ability may be due to (i) the synthesis
of immunologically active, but biologically
inactive T antigen and (ii) the method of
determining T antigen by scoring a cell only as
positive or negative.

Preliminary experiments in our laboratory
indicate that BPL-treated polyoma virus, which

was totally inactivated as to plaque-forming
ability and induction of T antigen, was capable
of inducing multiple tumors in baby hamsters.
These preliminary experiments are in general
agreement with the findings of Defendi et al.
(6), who used UV inactivation of' virus, but is at
odds with similar UV experiments of Herber-
man and Ting (8).
The resistance of the in vivo tumor-stimulat-

ing ability of the virus to inactivation by BPL or
UV is perplexing, as it is difficult to conceive of
the way in which (i) the relative target-size
could be so very small or (ii) the effect of
recombination or some other repair-reactivation
system could be so efficient or selective. The
latter possibility is supported by recent reports
by Seemayer and Defendi (15) that UV-irradi-
ated Simian virus 40 virions are subject to re-
pair by the host cell system which may actually
enhance the oncogenic capabilities of' the
virions.
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FIG. 3. Inactivation of polyoma virus functions by

BPL treatment of potyoma virions. Symbols: *,
T-antigen synthesis; 0, polyoma-RNA synthesis; A,

induction of DNA synthesis; 0, in vitro transforma-
tion; and, +, plaque-forming titer. The values indi-
cated are the fraction of residual activity as compared
with untreated virus. The values represent the aver-
ages of several determinations.

ACKNOWLEDGMENTS
We are grateful to Robert Bird, Richard O'Brien, and M.

Ho for their critical reading of this manuscript. We would like
to thank C. Salomon for technical assistance and 0. Jenni for
preparing the figures.

This work was supported by the Swiss National Founda-
tion for Scientific Research. A.B. is the recipient of the
American Cancer Society Fellowship, PF791. R.A.C. is the
recipient of Public Health Service Career Development
Award CA12056 from the National Cancer Institute.

LITERATURE CITED
1. Basilico, C., and G. DiMayorca. 1965. Radiation target

size of the lytic and transforming ability of polyoma
virus. Proc. Nat. Acad. Sci. U.S.A. 54:125-127.

2. Benjamin, T. L. 1965. Relative target sizes for the
inactivation of the transforming and reproductive abili-
ties of polyoma virus. Proc. Nat. Acad. Sci. U.S.A.
54:121-124.

3. Consigli, R. A., H. C. Minocha, and H. Abo-Ahmed. 1966.
Multiplication of polyoma virus. II. Source of constitu-
ents for viral deoxyribonucleic acid and protein synthe-
sis. J. Bacteriol. 92:789-791.

4. Consigli, R. A., J. Zabielski, and R. Weil. 1973. Plaque
assay for polyoma virus on primary mouse kidney cell
cultures. Appl. Microbiol. 26:627-628.

5. Crawford, L. 1968. DNA viruses of the Adeno, Papilloma
and Polyoma group, p. 393-434. In H. Fraenkel-Conrat
(ed.), Molecular basis of virology. Reinhold, New York.

6. Defendi, V., F. Jensen, and G. Sauer. 1967. Analysis of
some viral functions related to neoplastic transforma-
tion,.p. 645-662. In J. S. Colter and W. Paranchych
(ed.), Molecular biology of viruses. Academic Press
Inc., New York.

7. Eddy, B. E., W. P. Rowe, J. W. Hartley, S. E. Stewart,
and R. J. Huebner. 1954. Hemagglutination with the
SE polyoma virus. Virology 6:290-291.

8. Herberman, R. B., and R. C. Ting. 1969. Dissociation of
multiple polyoma functions by ultraviolet irradiation.
Proc. Soc. Exp. Biol. Med. 131:461-464.

9. Hirt, B. 1967. Selective extraction of polyoma DNA from
infected mouse cell cultures. J. Mol. Biol. 26:365-369.

10. Koprowski, H., F. C. Jensen, and Z. Steplewski. 1967.
Activation of production of infectious tumor virus SV40
in heterokaryon cultures. Proc. Nat. Acad. Sci. U.S.A.
58: 127-133.

11. MacPherson, I., and L. Montagnier. 1964. Agar suspen-

sion culture for the selective assay of cells transformed
by polyoma virus. Virology 23:291-294.

12. Maizel, J. V., Jr. 1971. Polyacrylamide gel electrophoresis
of viral proteins, p. 179-246. In K. Maramorosch and
H. Koprowski (ed.), Methods of virology. Academic
Press Inc., New York.

13. Radloff, R., W. Bauer, and J. Vinograd. 1967. A dye
bouyant-density method for the detection and isolation
of closed circular duplex DNA: the closed circular DNA
in HeLa cells. Proc. Nat. Acad. Sci. U.S.A.
57: 1514-1521.

14. Seemayer, N. H., and V. Defendi. 1973. Analysis of
minimal functions of Simian virus 40. II. Enhancement
of oncogenic transformation in vitro by UV irradiation.
J. Virol. 12:1265-1271.

15. Seemayer, N. H., and V. Defendi. 1974. Analysis of
minimal functions of Simian virus 40. III. Evidence for
"host cell repair" of oncogenicity and infectivity of
UV-irradiated Simian virus 40. J. Virol. 13:36-41.

16. Smith, G. L., and R. A. Consigli. 1972. Transient
inhibition of polyoma virus synthesis by Sendai virus
(parainfluenza I). I. Demonstration and nature of the
inhibition by inactivated virus. J. Virol. 10:1091-1097.

17. Smith, G. L., and R. A. Consigli. 1972. Transient
inhibition of polyoma virus synthesis by Sendai virus
(parainfluenza I). II. Mechanisms of the interference
by inactivated virus. J. Virol. 10:1098-1108.

18. Weil, R., and J. Kara. 1970. Polyoma "tumor antigen":
an activator of chromosome replication? Proc. Nat.
Acad. Sci. U.S.A. 67:1011-1017.

19. Weil, R., G. Petursson, J. Kara, and H. Diggelmann.
1967. On the interaction of polyoma virus with the
genetic apparatus of host cells, p. 593-626. In J. S.
Colter and W. Paranchych (ed.), Molecular biology
of viruses. Academic Press Inc., New York.

20. Winocour, E. 1963. Purification of polyoma virus. Virol-
ogy 19:158-168.

VOL. 14, 1974 845

o-3

o-I

o-I

lo-,

m
CM
I.-

L-)
-cx
M

LL.
CD

LLI
LA-J
C=
LM
LAJ
cm


