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Fv-1° restriction in BALB/3T3 cells is temporarily abrogated following infection
with N-tropic murine leukemia virus. The mechanism of this phenomenon was
investigated by comparing the inactivation rates for viral infectivity and for the
ability of the same virus to abrogate Fv-1 restriction. Inactivation of the abrogat-
ing ability of N-tropic murine leukemia virus following graduated doses of gamma
radiation proceeded at half the rate of that for viral infectivity. This result
indicates that viral RNA must function in abrogating Fv-1° restriction but that
only a portion of the viral genome is required. The inactivation kinetics of N-
tropic murine leukemia virus were also determined following incubation of virus
at 43°C. Abrogating ability of N-tropic murine leukemia virus was found to be
about six times as stable under these conditions as was viral infectivity. Interest-
ingly, virion-associated reverse transcriptase activity was inactivated at the same
rate as was viral infectivity, indicating that this enzyme may not need to function
during abrogation. Virus heated at 43°C was used to study the kinetics of the
abrogation phenomenon itself. Abrogation was shown to be transient, requiring
6 to 9 h after virus infection to become maximally effective and beginning to
disappear after about 18 h. The data reported here confirm the idea that
abrogation of Fv-1 restriction can be separated experimentally from virus repli-
cation, and they raise the possibility that a separate biochemical pathway exists
for incoming viral RNA in Fv-1 restrictive cells.

Certain murine leukemia viruses (MuLV’s)
are inhibited in their ability to replicate in
certain mouse cells by a naturally occurring re-
striction system dependent upon the presence of
the Fv-1 mouse gene (16, 24). Studies of Fv-1
restriction thus far have shown that MuLV’s are
probably inactivated after they adsorb to and
penetrate nonpermissive cells (17, 21), but before
DNA transcribed from incoming viral RNA is
integrated into the host cell genome (19, 32).
The exact mechanism of Fv-1 restriction, how-
ever, has yet to be elucidated.

Fv-1 restriction characteristically alters the
titration patterns of N- and B-tropic MuLV’s.
Although these virus stocks infect corresponding
permissive cells with one-hit kinetics, they give
two-hit or multi-hit dose-response curves in Fv-
1 nonpermissive cells (6, 9, 29, 33). This is an
interesting result, since the two viruses required
for productive infection are from cloned stocks
and are presumably identical. Results from our
laboratory (see below) indicate that the change
from a one-hit to a two-hit requirement is the
only essential manifestation of Fv-1 restriction,
at least in BALB/3T3 cells (7). However, it
should be noted that at least two laboratories

have reported that Fv-1 restriction is not asso-
ciated with a two-hit requirement for productive
infection of nonpermissive cells (18, 31).

To understand and to characterize Fv-1 re-
striction more fully, we have initiated a series of
experiments designed to examine the nature of
the two-hit requirement for MuLV replication
in nonpermissive cells. This work has been
greatly facilitated by the use of defective murine
sarcoma virus (MSV) pseudotypes which have
been rendered phenotypically sensitive to Fv-1
restriction following mixed infection with N- or
B-tropic MuLV during the “rescue” process (1,
7.

In a previous report we used an N-tropic pseu-
dotype of Moloney MSV, rescued from trans-
formed S*L~ cells by N-tropic MuLV, to study
Fv-1° restriction in BALB/3T3 cells (7). The
results indicated that a single infectious N-tropic
MuLV particle is able to temporarily abrogate
Fv-1° restriction in a BALB/3T3 cell, while nei-
ther B-tropic nor NB-tropic MuLV is capable of
abrogating Fv-1° restriction. An abrogated cell
becomes fully permissive to productive infection
with a second N-tropic MuLV and/or to trans-
formation with N-tropic MSV. The abrogation
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phenomenon becomes maximally effective 3 h
after infection with N-tropic MuLV and lasts at
least 18 h.

To account for the two-hit curves observed
when N-tropic MuLV is assayed in BALB/3T3
cells and also for the multi-hit curves observed
when N-tropic MSV is assayed in the same cells
in the presence of various nonrestricted helper
viruses, it was postulated that the N-tropic
MulLV particle that is responsible for abrogating
Fv-1 restriction in BALB/3T3 cells does not
itself replicate (7). Thus infection with two N-
tropic MuLV’s would be required for productive
infection of a single BALB/3T3 cell. To test this
idea, we have examined the ability of N-tropic
MuLV to abrogate Fv-1 restriction following
partial inactivation of the virus by gamma radia-
tion or by heating at 43°C. The ability of MuLV
to abrogate Fv-1 restriction is clearly more re-
sistant to either heat or gamma radiation than
is the ability of the same virus to replicate in
permissive cells, and stocks of virus can be pre-
pared that are almost totally noninfectious,
while still retaining the ability to abrogate Fv-1
restriction. These results confirm the idea that,
of the two hits required for replication of N-
tropic MuLV in BALB/3T3 cells, one hit rep-
resents infection with an N-tropic MuLV which
abrogates Fv-1 restriction but need not itself
replicate.

MATERIALS AND METHODS

Cells and viruses. The use of BALB/3T3 cells,
which exhibit an Fv-1° pattern of resistance to infec-
tion with MuLV’s, and of dually permissive 3T3FL
cells as a lawn in infectious center experiments has
been described (7).

Stocks of N-, B-, and NB-tropic MuLV were prop-
agated in dually permissive SC-1 cells (15). The N-
tropic MuLV pool, designated WN-1802N, was derived
from the original BALB/c-S2N isolate, and the B-
tropic MuLV pool, designated WN-1802B, was derived
from the BALB/c-S2B isolate (16). NB-tropic MuLV
was a cloned isolate (pool 2107) of Moloney leukemia
virus. Seed stocks of all three viruses were generously
provided by J. W. Hartley and W. P. Rowe, National
Institute of Allergy and Infectious Diseases. The pro-
duction of N-, B-, and NB-tropic pseudotypes of MSV
by superinfection of S*L™ cells has been described (7).
Such MSYV stocks were considered suitable for these
studies because they possess MSV infectivity titers in
excess of those of the infectious MuLV helper virus,
which is also present.

Culture medium used in all experiments as well as
for cell growth and virus production consisted of
McCoys 5A supplemented with 10% heat-inactivated
fetal calf serum (Grand Island Biological Co.) and
antibiotics.

Virus assays. The ability of N-tropic MuLV stocks
to abrogate Fv-1 restriction in BALB/3T3 cells was
quantitated by a novel assay procedure using an N-
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tropic pseudotype of MSV and a technique that per-
mitted the separation of MuLV abrogating activity
from its ability to replicate. The basic infectious center
technique employed in this assay has been described
previously (7). Briefly, 500,000 BALB/3T3 cells seeded
in flasks 24 h previously were infected with the N-
tropic MuLV to be tested. After 3 to 6 h, at which time
abrogation of Fv-1 restriction is maximal, the cells
were treated a second time with DEAE-dextran and
infected again, this time with a constant amount of N-
tropic MSV. Sufficient NB-tropic MuLV helper virus
(multiplicity of infection [MOI] = 0.5 focus-inducing
unit [FIU] per cell) was also added to permit the
replication of any MSV particle able to infect a
BALB/3T3 cell successfully. The number of MSV-
producing cells was then scored in an infectious center
test on a lawn of permissive 3T3FL cells. Under these
conditions, the number of MSV-producing cells is pro-
portional only to the amount of abrogating N-tropic
MuLV (7). In this way any change in the abrogating
ability of an N-tropic MuLV stock after treatment
with agents such as heat or gamma radiation could be
measured independently of the ability of the virus to
replicate. Each infectious center assay included a con-
trol flask infected with the N-tropic MSV pseudotype
and NB-tropic MuLV but not with N-tropic MuLV.
This flask contained a small number of MSV-produc-
ing cells, presumably due to the abrogating activity of
the N-tropic MuLV normally present in the MSV
stocks (7). This background number (usually 4 to 10%
of the total MSV added) was subtracted from all
calculations except those in Fig. 4. The background
number in each of these experiments did not differ
significantly from the number of cells estimated to
have been doubly infected with both MSV and N-
tropic MuLV helper virus present in the original in-
oculum. Abrogating activity was considered significant
only if the numbers of foci in the infectious center
plates were at least twice this background level.
MulV infectivity titers of all virus pools, including
heated and irradiated samples, were determined by
the S*L™ focus assay method (3). MSV titers were
determined by monolayer focus assays using 3T3FL
cells and optimal amounts of NB-tropic MuLV helper
virus as described previously (2, 14). All virus infec-
tions were carried out in cells pretreated with 20 ug of
DEAE-dextran per ml. In the case of dual infections
involving virus adsorptions at different times, each
infection was preceded by a DEAE-dextran treatment.
Reverse transcriptase assays. Virion-associated
reverse transcriptase activity in response to
poly(rA) - (dT)i2..s was measured in disrupted high-
speed pellets from clarified tissue culture fluids as
described previously (11). Polymerase reaction mix-
tures contained, in addition to the viral sample, 50
mM Tris-hydrochloride (pH 7.8), 0.5 mM Mn(OAc),,
20 mM each of KCl and dithiothreitol, 5 pug of
poly(rA) - (dT)1z.1s (1:1 hybrid; Collaborative Research,
Inc., Waltham, Mass.) per ml, and 2.2 uM [*H]TTP
(40,000 cpm/pmol, Schwarz/Mann, Inc.). Assays were
incubated for 1 h at 37°C. Samples were diluted in
disruption buffer to achieve linearity of [*H]JdTMP
incorporation with enzyme concentration.
Irradiation of virus. Virus samples to be gammsg
irradiated consisted of filtered tissue culture fluids
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harvested from chronically infected SC-1 cells. The
culture medium had been changed approximately 3 h
before harvest. Following bulk storage at —70°C for 2
months, the virus was thawed and aliquoted in 1-ml
glass ampoules, which were then sealed and placed at
—70°C once again. Approximately 2 weeks later, the
ampoules, kept frozen in dry ice, were moved to the
cobalt-60 source located at the National Bureau of
Standards, Gaithersburg, Md. The characteristics of
this irradiation equipment have been described (28).
(Approximately 80% of the radiation from this source
is in the 1.17 to 1.33 MeV range.) Virus was gamma
irradiated while in a frozen state as follows. The am-
poules were placed in a small thermos bottle together
with a mixture of dry ice and ethanol, and the thermos
bottle was placed inside a water-tight canister. The
canister was then lowered into a pool of water which
covers the radioactive source and was positioned so
that the virus samples were at the center of the
radiation. The dose rate on the day of the experiment
described in Fig. 1 was computed to be 440.5 rads/s in
water. The activity of unirradiated virus was calcu-
lated from results obtained with a mock-irradiated
control sample.

Thermal inactivation of virus. Virus-containing
tissue culture fluids, previously harvested, filtered, and
stored at —70°C, were thawed and aliquoted in either
small plastic tubes or glass vials. To inactivate the
virus, the tubes were placed for varying periods of
time in a water bath that was maintained at 43°C and
kept covered throughout the procedure. After inacti-
vation, virus was stored at —70°C until used. Incuba-
tion at 37°C was accomplished by a similar procedure,
while that at 4°C was carried out in a refrigerator.

RESULTS

The rate of inactivation of virus particles fol-
lowing exposure to ionizing radiations such as
X-rays and gamma rays, as well as to UV light,
has been measured under carefully controlled
conditions for a variety of viruses (12). The
amount of genetic material that is responsible
for given viral-encoded functions such as induc-
tion of cell transformation or production of in-
fectious progeny can be estimated by comparing
the relative inactivation rates for particular viral
properties following stepwise irradiation. In this
way viral functions may be differentiated from
one another.

We employed gamma irradiation from a co-
balt-60 source to measure and compare the ra-
diosensitivity of two functions of N-tropic
MuLV: the ability to replicate, as indicated by
induction of foci in S*L~ cells, and the ability to
abrogate Fv-1 restriction, as measured by en-
hancement of N-tropic MSV replication in
BALB/3T3 cells in the presence of NB-tropic
MuLV helper virus (7).

Samples of an N-tropic MuLV pool were ir-
radiated for varying periods of time while frozen.
After irradiation, virus was stored at —70°C for
about 3 weeks before testing. (In several other
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experiments the duration of this storage time
did not appear to affect results significantly.)
Virus employed in the abrogation experiments
was usually thawed only once after irradiating,
just before testing, although refreezing virus
samples also did not appear to alter either ab-
rogating activity or infectivity.

The lower curve in Fig. 1 represents the resid-
ual infectivity present in samples of N-tropic
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F16. 1. Gamma irradiation of N-tropic MuLV.
Comparative inactivation rates for viral infectivity
and for ability to abrogate Fv-1° restriction. Frozen
samples of N-tropic MuLV (2 x 10° FIU/ml) were
irradiated for various times using gamma radiation
from a cobalt-60 source. Residual viral infectivity
(O) was measured for each sample by the S*L™ focus
assay for replicating MuLV. The ability of N-tropic
MuLV to abrogate Fv-1° restriction in each sample
(®) was determined from the enhancement of focus
formation by an N-tropic pseudotype of MSV in non-
permissive BALB/3T3 cells simultaneously infected
with NB-tropic MuLV (MOI = 0.5) (7). The dilution
of MSV used to infect each flask of BALB/3T3 cells
contained approximately 6,250 focus-forming units of
MSYV together with 625 FIU of helper N-tropic MuLV.
Values for infectivity and abrogating ability are ex-
pressed as percent activity of mock-irradiated virus.
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MuLV after various doses of gamma irradiation.
N-tropic MuLV was inactivated by gamma ir-
radiation at a rate that gave a 37% survival dose
(Ds7) of about 2.32 X 10° roentgens (correspond-
ing to approximately 2.20 X 10° rads in Fig. 1).
The initial portion of the curve appears to be
linear on a semi-log plot and to extrapolate to
the origin, indicating that a single adsorption
event or “hit” is sufficient to inactivate viral
infectivity in this system. The size of the radi-
osensitive area or “target” can be estimated from
the inactivation rate for viral infectivity shown
in Fig. 1 and corresponds to a target size of
roughly 2.85 x 10° daltons, a value consistent
with the estimated size (4) for either genomic
MuLV RNA (7 x 10° daltons) or, more likely,
for one of its two subunits. It seems probable,
therefore, that the mechanism of inactivation of
the infectivity of N-tropic MuLV in this experi-
ment is by a single ionizing event involving viral
RNA.

As shown in Fig. 1, upper curve, the ability of
N-tropic MuLV to abrogate Fv-1 restriction was
also inactivated by gamma radiation with single-
hit kinetics, but at a slower rate than was viral
infectivity. The Ds; for the ability to abrogate
Fv-1 restriction was approximately 4.35 x 10°
rads, corresponding to an RNA target size of
1.45 X 10° daltons or approximately one half of
the estimated size of the RNA necessary for viral
replication. These results indicate that some seg-
ment of viral RNA, different from or smaller
than that required for virus replication, is prob-
ably involved in the abrogation of Fv-1 restric-
tion.

It cannot be excluded that complementation
or rescue involving gamma-irradiated N-tropic
MuLV and either the MSV or the NB-tropic
MuLV used in our infectious center assay system
might give data that would lead to an underes-
timation of the actual target size for abrogation.
However, our data are in close agreement with
a previous study by Niwa et al. (26), who mea-
sured the abrogating ability of UV-irradiated
virus using an assay system that did not involve
coinfection with either NB-tropic MuLV or
MSV.

Determinations of the levels of RNA-depend-
ent DNA polymerase in gamma-irradiated virus
samples indicated no significant loss of enzyme
activity following doses of as much as 2 X 10¢
rads (data not shown). The fact that viral poly-
merase was not significantly inactivated follow-
ing gamma irradiation with 2 X 10° or more rads,
while the ability to abrogate was markedly re-
duced after this amount of irradiation, suggests
that viral polymerase by itself is not responsible
for the abrogation of Fv-1 restriction.

Heating of virus stocks under controlled con-
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ditions represents a second method for differ-
entiating viral properties (12). It has been shown
with AKR leukemia virus, for example, that at
43 to 44°C viral infectivity and virion reverse
transcriptase activity are inactivated at approx-
imately the same rate (10). Thus, by studying
thermal inactivation of MuLV abrogating abil-
ity, we hoped to gain added insight into the
mechanism of abrogation. In the following ex-
periment, we incubated N-tropic MuL\V stocks
at 43°C for varying periods of time in a further
attempt to compare quantitatively the abroga-
tion phenomenon with viral infectivity under
conditions of stepwise inactivation.

The rate of inactivation of N-tropic MuLV
infectivity following heating at 43°C is shown in
Fig. 2. There was a rapid decrease in infectivity
at this temperature, the D37 being approximately
15 min. Thermal inactivation of the ability of N-
tropic MuLV to abrogate Fv-1 restriction pro-
ceeded at a much slower rate than did the inac-
tivation of viral infectivity, and the Ds; for the
ability to abrogate was approximately 88 min.
Viral infectivity is therefore approximately six
times more sensitive to thermal inactivation at
43°C than is abrogating ability. Both curves in
Fig. 2 appear to follow first-order kinetics rather
closely over the entire range tested.

The rate of inactivation of viral reverse tran-
scriptase at 43°C is also shown in Fig. 2. Viral
reverse transcriptase activity was inactivated at
a much faster rate than was the abrogating
ability of N-tropic MuLV. This result suggests
that abrogation of Fv-1 restriction does not re-
quire polymerase-dependent transcription of
viral RNA. The rate of thermal inactivation of
viral reverse transcriptase seemed to be nearly
the same as that observed for viral infectivity
over the limited range of activity that could be
measured accurately, suggesting that the inac-
tivation of N-tropic MuLV infectivity by heating
at 43°C is the result of the inactivation of virion-
associated reverse transcriptase or of another
molecule with a similar lability (10). On the
other hand, the RNA from another N-tropic
MulLyV isolate, AKR virus, is remarkably stable
to heat; 90% of virion RNA migrates as 70S
molecules, which are composed of intact 35S
subunits, after incubation of this virus at 43 to
44°C for 1 h (10).

Studies on the abrogation of Fv-1° restriction
usually involve infection with large amounts of
virus, since it is only under these conditions that
significant numbers of cells become permissive
to subsequent infection with N-tropic viruses
(7). The amount of N-tropic MuLV used in the
heat inactivation experiment described in Fig. 2,
for example, corresponds to an MOI, before in-
activation, of 3.2 FIU per cell. Thus, the possi-
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F1G. 2. Incubation of N-tropic MuLV at 43°C: comparative inactivation of viral infectivity and ability to
abrogate Fv-1° restriction. Samples of N-tropic MuLV (titer = 5 x 10° FIU/ml) were incubated in a covered
water bath at 43°C for varying periods of time and then refrozen. Residual viral infectivity (O) and abrogating
activity (@) were measured as in Fig. 1, except that 30,000 focus-forming units of N-tropic MSV per ml
(together with 20,000 FIU of helper N-tropic MuLV) were used to infect each flask in the abrogation assay.
Reverse transcriptase activity of the heated viral samples (X) was measured by an exogenous reaction using
poly(rA) - (dT)iz1s (10). All values are expressed as percent activity of unheated control samples.

bility exists that complementation or some other
interaction occurring among inactivated virus
particles might alter the results obtained in these
types of experiment, giving inaccurate estimates
of the inactivation rates. To test for such inter-
actions, an N-tropic MuLV stock was heated at
43°C for 180 min, and various dilutions of this
preparation, together with an unheated control,
were tested for abrogating ability. Both the
heated and unheated preparations were able to
abrogate Fv-1 restriction in essentially all of the
BALB/3T3 cell population (Fig. 3). A linear,
one-hit portion of each titration curve was ob-
served, indicating, as reported earlier, that infec-
tion with a single N-tropic MuLV particle is able
to abrogate Fv-1 restriction under these assay
conditions (7). Also, the two curves differed by
a constant ratio, approximately threefold, at var-
ious MOIs. These results seem to rule out com-
plementation as an explanation of the differing
inactivation rates seen in Fig. 2, since one would
expect multi-hit titration patterns and nonpar-
allel curves if complementation involving two or
more noninfectious viruses contributed signifi-
cantly to abrogation in either case. The inacti-
vation of abrogating ability by first-order kinet-
ics with heated virus, as seen in Fig. 2, would
also seem to argue against significant comple-
mentation among inactivated viruses. These
data show, therefore, that a single N-tropic
MuLV particle rendered noninfectious by heat-

ing at 43°C is still able to abrogate Fv-1 restric-
tion in BALB/3T3 cells.

Complementation or recombination between
inactivated N-tropic MuLV and the MSV or the
NB-tropic MuLV required to measure abrogat-
ing ability in our assay system could conceivably
introduce an error into the estimated rate of
heat inactivation of abrogating ability. However,
in a separate series of experiments (G. Duran-
Troise, unpublished data), we have also ob-
served that the abrogating ability of N-tropic
MuLV is resistant to heating at 43°C using a
technique similar to that described by Niwa et
al. (26), in which MSV and NB-tropic MuLV are
not required.

The inactivation rates for both the infectivity
and the abrogating ability of N-tropic MuLV
were also measured at 37°C and at 4°C (data
not shown). At 37°C, the Ds; values for both
functions were the same, approximately 175 min,
whereas at 4°C both functions were essentially
stable during the 6-h period of the experiment.
Data of Yoshikura (33), however, indicate that
the ability of N-tropic MuLV to abrogate Fv-1
restriction is no more stable than is its infectivity
upon incubation of virus at 50 to 51°C.

The vast majority of virus particles present in
MuLV stocks prepared from cell cultures are
apparently noninfectious. These noninfectious
particles also do not appear to affect abrogation,
for if noninfectious particles were able to abro-
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FiG. 3. Abrogation by heated N-tropic MuLV:: lack of evidence for virus-virus interactions. N-tropic MuLV
heated for 180 min at 43°C (O) and a control virus sample incubated for 180 min at 4°C (®) were each tested
at varying dilutions for the ability to abrogate Fv-1 restriction as described previously, using 30,000 focus-
forming units (FFU) of MSV (together with 20,000 FIU of helper N-tropic MuLV) to infect each flask. The
total MSV added is indicated by the horizontal dashed line. The titer of the N-tropic MuLV stock was 5 X 10°
FIU/ml before heating and <10° FIU/ml after inactivation at 43°C. The MOI value for each virus stock was
calculated on the basis of its infectivity before heat inactivation.

gate Fv-1 restriction, the two-hit titration pat-
terns normally associated with infection of Fv-1
nonpermissive mouse cells would not be ob-
served. The fact that virus which was experi-
mentally inactivated at 37°C did not abrogate
Fv-1 restriction agrees well with the conclusion
that noninfectious virions normally present in
culture fluids maintained at 37°C do not abro-
gate Fv-1 restriction. It follows that N-tropic
MuLV incubated at 43°C, which still retains its
ability to abrogate Fv-1® restriction, is inacti-
vated by a second mechanism, different from
that responsible for inactivation at 37°C. Also,
from the data presented previously (7) as well
as from the results shown in the unheated (4°C)
curve in Fig. 4, it can be readily calculated that
the number of cells rendered permissive to in-
fection with a given dilution of N-tropic MSV
corresponds reasonably well to the number of
infectious N-tropic MuLV particles known to be
present. These results also seem to argue against
a significant contribution to abrogation of Fv-1
restriction by the large excess of noninfectious
virions normally present in MuLV stocks.

The markedly different inactivation rates of
viral infectivity as opposed to abrogating ability
after heating at 43°C allows the preparation of
pools of virus which are able to completely ab-
rogate Fv-1° restriction in populations of
BALB/3T3 cells but which are almost totally
noninfectious (Fig. 2). Using such heat-inacti-
vated virus, we have been able to define the
duration of the abrogation phenomenon and to

determine whether abrogation represents a tem-
porary or permanent alteration in the normal
cellular Fv-1 restriction pattern. It was previ-
ously reported that, when BALB/3T3 cells are
infected with infectious stocks of N-tropic
MuLV, they become fully permissive to subse-
quent infection by N-tropic viruses within 3 to
6 h after infection and remain permissive for a
period of at least 12 to 15 h (7). However, it was
not considered feasible to extend these initial
experiments to longer times with infectious virus
stocks because of the unknown effects of progeny
virus. We have, therefore, performed additional
kinetic studies in which the infectious N-tropic
MuLV used for abrogation was replaced by in-
activated virus.

In the present study, N-tropic MuLV heated
at 43°C for 180 min was used to infect flasks of
BALB/3T3 cells as usual. At various times, the
cells were superinfected with N-tropic MSV
(40,500 focus-forming units per flask) and also
with NB-tropic MuLV (MOI = 0.5) and subse-
quently tested for MSV focus formation by the
infectious center procedure outlined previously.
The results (Fig. 4) agree with earlier data using
infectious virus (7). As in the previous study,
infection of BALB/3T3 cells with N-tropic
MuLV 3 or more h before infection with N-
tropic MSV resulted in the abrogation of Fv-1
restriction. When N-tropic MuLV was added
together with or after N-tropic MSV, abrogation
was much less effective. In the present study,
using virus inactivated at 43°C, it can be seen,
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F1G. 4. Kinetics of abrogation: time curve using heat-inactivated N-tropic MuLV. BALB/3T3 cells were
infected with N-tropic MuLV heated at 43°C for 180 min. The cells were also infected with a mixture of N-
tropic MSV (40,500 focus-forming units [FFU] per flask containing 27,000 FIU of helper N-tropic MuLV) and
NB-tropic MuLV (MOI = 0.5) before, after, or at the same time as infection with N-tropic MuLV. Cells were
plated as infectious centers onto 3T3FL lawns, and MSV foci were scored 4 days later by the usual procedures.
Cells infected with N-tropic MuLV more than 24 h before the addition of MSV were subjected to one or more
additional trypsinizations before being infected the second time. The upper and lower limits of sensitivity of
the assay are defined by the amount of N-tropic MSV added to each flask and by the number of infectious
centers produced by control cells infected with N-tropic MSV and NB-tropic MuLV (but not infected with
heated N-tropic MuLV), respectively. These two values are indicated by horizontal dashed lines (- - -). The
time of addition of MSV is defined as 0 h, and the time of addition of MuLV is expressed relative to this event.

additionally, that abrogation is maximally effec-
tive for only about 18 h. The cells then appear
less and less permissive to N-tropic MuLV and
regain most of their Fv-1 restriction after 36 h
(Fig. 4).

When B-tropic or NB-tropic MSV pseudo-
types were substituted for N-tropic MSV in par-
allel control experiments, no significant effects
resulting from variations in the time of addition
of heated N-tropic MuLV were noted. Thus the
transitory nature of abrogation noted in Fig. 4 is
related to Fv-1 restriction itself and not to some
other effect such as viral interference or a non-
specific change in host cell susceptibility.

The conclusion from the data presented in
Fig. 4, that abrogation is a transient phenome-
non, fits well with other data which show that
clones of BALB/3T3 cells derived from cells
infected with a single particle of N-tropic MuLV
retain their Fv-1 restriction when tested approx-
imately 1 month after infection (R. H. Bassin,
G. Duran-Troise, B. Gerwin, A. Rein, and B.
Barlow, in press).

DISCUSSION

The experiments described here were de-
signed to contribute to an understanding of the
mechanism of Fv-1 restriction by analyzing the
two-hit requirement for replication of N-tropic
MuLV in nonpermissive BALB/3T3 cells. Our

previous studies, which employed tropic pseu-
dotypes of MSV to quantitate Fv-1 restriction,
showed that infection with a single N-tropic
MuLV particle renders a cell temporarily per-
missive to subsequent infection with a second
N-tropic MuLV (or N-tropic MSV) particle (7).
This phenomenon was termed abrogation of Fv-
1 restriction. Our initial data suggested that
abrogating MuLV does not itself replicate and
that this behavior is responsible for the two-hit
requirement for productive infection of Fv-1°
cells with N-tropic MuLV. This model predicts
that there is a functional difference between N-
tropic MuLV which abrogates Fv-1 restriction
and N-tropic MuLV which is able to replicate.
The experiments presented here were primarily
designed to test whether such a difference be-
tween abrogating and replicating MuLV could
be confirmed experimentally by quantitative
measurements of these virus functions following
stepwise inactivation by either of two physical
agents, heat or gamma radiation.

Inactivation of viruses upon irradiation with
graduated doses of gamma radiation has been
used extensively as a means of measuring and
comparing the amount of genetic information
responsible for the expression of virus functions
(12, 22). Studies of this type depend upon the
fact that the primary mechanism of inactivation
of a given viral function by gamma rays consists
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of a single ionization event within the target
molecule, which is usually assumed to be viral
nucleic acid (12). The inactivation curve for the
infectivity of N-tropic MuL.V by gamma radia-
tion, shown in Fig. 1, indicates that the target
for viral infectivity has a molecular weight of
approximately 2.85 X 10¢ and that there is only
one such molecule per virion. This estimate for
target size agrees well with previous studies on
gamma inactivation of Gross leukemia virus (22)
and Rous sarcoma virus (13) and is reasonably
close to the accepted genomic size of MuLV, 7
X 10¢ daltons, or of one of its two subunits. It
seems very likely, therefore, that under our ex-
perimental conditions N-tropic MuLV is inacti-
vated after irradiation by a single hit within its
genomic RNA.

The target size for abrogation of Fv-1 restric-
tion by N-tropic MSV, as estimated from gamma
radiation studies (Fig. 1, upper curve), is approx-
imately one half as large (molecular weight =
1.45 X 10° as that for viral infectivity. Thus,
although abrogation of Fv-1 restriction also ap-
pears to require the ability of RNA to function,
less of the RNA is required than that necessary
for viral infectivity. This finding is in agreement
with previous biological studies that indicate
that abrogation can occur in the absence of viral
replication (7). Niwa et al. (26) have reported
abrogation of Fv-1° and Fv-1° restriction by UV-
irradiated MuLV’s and have estimated the tar-
get size for abrogation to be about one third that
of viral infectivity. Yoshikura (33) has also re-
ported that one of the two N-tropic MuLV’s
necessary for productive infection of Fv-1 non-
permissive cells is UV resistant. Inactivation of
RNA tumor viruses by UV irradiation may not
be entirely due to damage to viral RNA (5, 25,
27), however, and it is possible that UV and
gamma irradiation data may not be directly
comparable.

A second method, thermal inactivation, was
used in a further attempt to characterize viral
functions required for abrogation of Fv-1 restric-
tion. As was the case with gamma irradiation,
inactivation of virus infectivity at 43°C was
much faster (Ds7 = 15 min) than was the ability
of the same virus to abrogate Fv-1 restriction
(D37 = 88 min). The inactivation curves for both
abrogation and virus infectivity suggest first-or-
der reactions with one (or a few) heat-sensitive
molecules present per virion (Fig. 2).

Thus, the ability of N-tropic MuLV to abro-
gate Fv-1 restriction may be clearly differen-
tiated from the ability of the same virus to
replicate, as based on these quantitative inacti-
vation studies using either radiation or heat.
Abrogation and virus replication, therefore, rep-
resent separate functions of N-tropic MuLV.

ABROGATION OF Fv-1" RESTRICTION 313
This conclusion confirms our earlier infectious
center experiments, in which it was shown that
the two N-tropic MuLV’s necessary for produc-
tive infection of a BALB/3T3 cell differ in their
biological properties. This two-hit requirement,
which is the only essential manifestation of Fv-
1 restriction in BALB/3T3 cells, very likely re-
flects the need for both functions, abrogation
and replication, to be supplied by separate viri-
ons and implies that a virus which abrogates Fv-
1 restriction does not itself replicate (7). The
data presented here show that a virus need not
be fully infectious in order to abrogate Fv-1
restriction, although it is still not known whether
abrogation and virus replication are always mu-
tually exclusive functions.

The nature of the viral function responsible
for abrogation remains unknown, but some in-
formation can be derived from the studies pre-
sented here on residual virion reverse transcrip-
tase activity present in gamma-irradiated and
heat-inactivated virus samples. Reverse tran-
scriptase activity was unaffected by up to 2 X
10° rads of gamma radiation, and it seems likely
that introduction into cells of this enzyme or,
presumably, other virion-associated proteins
during infection with even large amounts of virus
is not sufficient to abrogate Fv-1° restriction.
The lack of any observable “cooperative” effect
when large amounts of partially inactivated vi-
rus were used to abrogate restriction (Fig. 3) also
indicates that incoming virion-associated pro-
teins are not involved in this process. This con-
clusion is also supported by preliminary experi-
ments using noninfectious N-tropic MuLV par-
ticles synthesized in the presence of actinomycin
D. These particles (Act D virions) contain nor-
mal levels of the virus structural proteins as well
as functional reverse transcriptase (10, 23), but
lack the ability to abrogate Fv-1 restriction (J.
Levin and R. H. Bassin, unpublished data).

Although virion reverse transcriptase did not
appear to be inactivated significantly by gamma
irradiation, measurements of reverse transcrip-
tase activity in heated virions show that the rate
of inactivation at 43°C of this enzyme is rapid,
closely approximating the rate of inactivation of
virus infectivity (Fig. 2). In agreement with pre-
vious data (10), inactivation of N-tropic MuLV
at 43°C thus appears to be primarily the result
of an inactivation of viral reverse transcriptase.
Of particular interest with regard to Fv-1 restric-
tion is the observation that abrogating ability
and reverse transcriptase activity are inactivated
at very different rates at 43°C. This suggests
that abrogation can proceed not only in the
absence of viral replication but also in the ab-
sence of reverse transcriptase activity. The sig-
nificance of this observation is discussed below.
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(It cannot be excluded, however, that a small
thermostable fraction of reverse transcriptase is
still present in each virion after incubation at
43°C.)

Heating at 43°C is a useful method of sepa-
rating viral infectivity from abrogating ability
not only because the method of inactivation is
simple and readily adaptable to large volumes of
material, but also because the rates of inactiva-
tion of the two functions differ to a greater
degree than they do following gamma irradia-
tion. The kinetics are such that by heating a
stock of N-tropic MuLV containing 3 X 10° to 5
X 10° FIU/ml at 43°C for 180 min, for example,
one can obtain a stock of virus which contains
only a few hundred FIU of infectivity but which
retains sufficient activity to abrogate an entire
population of cells (Fig. 2 and 3). Virus heated
at 43°C for 180 min was used, for example, to
define the transient nature of the abrogation
phenomenon in an experiment where it was de-
sirable to minimize virus replication (Fig. 4).

Finally, abrogation is a phenomenon that de-
pends upon the ability to function of about one
half of the viral RNA necessary for replication,
as indicated by the gamma irradiation data (Fig.
1). On the other hand, virus particles heated at
43°C can abrogate but contain very little reverse
transcriptase activity (Fig. 2). This indicates that
the function of RNA in abrogation is not de-
pendent on reverse transcriptase and, therefore,
would not appear to involve synthesis of viral
DNA. Kinetic studies show that abrogation is
maximal for a period between 3 and 18 h after
infection with N-tropic MuLV and then is
greatly diminished (Fig. 4). We consider the
above data to be compatible with the idea that
the RNA of N-tropic abrogating MuLV is trans-
lated within 3 h after infection of a BALB/3T3
cell. One of the resulting products temporarily
inactivates or complexes with the Fv-1" restric-
tion substance, rendering a BALB/3T3 cell per-
missive to infection with a second N-tropic
MuLV. It is of interest that translation of the
incoming RNA of avian myeloblastosis virus has
already been reported (8). Moreover, the exis-
tence of one such viral product which interacts
with Fv-1 restriction substance has been pro-
posed on the basis of phenotypic mixing experi-
ments (1, 20, 30). This product, which has not
been identified, is present in MuLV virions,
where it serves as a target for the Fv-1 restriction
substance. Intracellular synthesis of large
amounts of the target or of some other viral
product might be expected to overcome Fv-1
restriction by the process which we have termed
abrogation.
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