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A temperature-sensitive mutant of simian virus 40 (SV40), 1s*101, has been char-
acterized during productive infection in monkey kidney cells. The mutant virion can
adsorb to and penetrate the cell normally at the restrictive temperature, but can-
not induce the synthesis of cellular deoxyribonucleic acid (DNA) nor initiate the
synthesis of SV40-specific tumor, virion, or U antigens or viral DNA. First-cycle
infection with purified z5*701 DNA is normal at the restrictive temperature, but the
resulting progeny virions are still temperature-sensitive. The mutant neither com-
plements nor inhibits other temperature-sensitive SV40 mutants or wild-type
virions. The affected protein in the rs*J0/ mutant may be a regulatory structural
protein, possibly a core protein, that is interacting with the viral DNA.

Several functional classes of temperature-
sensitive mutants have been described for the
papovaviruses, simian virus 40 (SV40) and
polyoma virus (6, 7, 9, 22, 30, 38, 39). This
paper characterizes a temperature-sensitive SV40
mutant, £s*101, which is blocked at an early step
during productive infection of monkey cells.
[A uniform nomenclature has been proposed for
the classification of SV40 mutants (35). The
nomenclature used in this paper corresponds to
that nomenclature and indicates that the mutant
is temperature-sensitive (ts), noncomplementing
(*), and has the unique isolation number, 101.]
An accompanying paper (34) describes this
mutant during abortive infection of Balb/3T3
cells. To the best of our knowledge, no papova-
virus mutant of this type has been described pre-
viously.

MATERIALS AND METHODS

Cell lines and medium. CV-1 monkey cells (21)
were maintained and used for viral assay in micro-
cultures and petri dishes as previously described (33).
TC7 cells are a cloned subline derived from CV-1 cells
(J. Robb, manuscript in preparation). The TC7 cells
had no detectable mycoplasma contamination by 3H-
uridine incorporation (reference 40; kindly performed
by Carl Anderson, Cold Spring Harbor) or by direct
culture [kindly performed by Walter James, Na-
tional Institutes of Health (NIH)].

1 An abstract of some of this material has been presented
previously (J. A. Robb. 1970. J. Cell Biol. 47: part 2, p. 172a).

Virus stocks. The small plaque strain (SV-S) of
SV40 (37) was used as wild type (WT). WT, rs*101,
and the temperature-sensitive mutants rsd7, tsB2,
tsB8, and tsB11 [kindly supplied by P. Tegtmeyer (39)
and formerly called NTG-7, NTG-2, NTG-8, and
NTG-11, respectively] were grown in TC7 cells at
33 C at a multiplicity of infection (MOI) of 0.005.
A summary of their phenotypes is given in Table 1.
All virus stocks were free from detectable mycoplasma
contamination by direct culture (kindly performed
by Walter James, NIH). End-point dilution titration
was performed as previously described (33).

Serological reagents. SV40 tumor (T) antigen,
virion (V) antigen, and the SV40 U-antigen described
by Lewis et al. (25) were assayed by the immuno-
fluorescent technique adapted to microculture as
previously described (33). SV40 U antigen-positive,
T antigen-negative monkey serum was kindly supplied
by A. Lewis (NIH). Fluorescein-conjugated rabbit
anti-monkey (rhesus)-globulin globulin was obtained
from Sylvana Co., Millburn, N.J. Rabbit anti-SV40
immune serum was obtained from Grand Island
Biological Co., Grand Island, N.Y.

Multiplicity-dependent leakage. Microtest plates
(Falcon) (containing 60 wells per plate) were inocu-
lated with virus mixed with 103 TC7 cells (in 2 pliters
of medium with 59, FBS per well) at MOI values
of 100, 10, 1.0, 0.1, and 0.01 and were incubated at 40
or 31 C. After 24 hr, 0.01 ml of medium containing 5%
FBS and 69, rabbit anti-SV40 serum was placed in
each well. The plates were fixed (after 72 hr at 40 C
and after 120 hr at 33 C) and stained for T or V
antigen.

Preparation of radiolabeled virus. For protein
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TABLE 1. Phenotypes of wild-type and mutant virus at 41 C in TC7 cells*

Virion infection ’ DXA infection
Virus - ! -
TFU | Viral DNA? | VFU U ‘ TFU ‘ VFU ‘ PFU
1 i |
WT WT WT WT | wT WT i WT | WT
1s*101 19, WT 19, WTe 19, WT | 0.1, WT WT WT | 0.19, WT
1sA7 80% WT | <1% WT <19, WT | 0.1% WT | 5% WT | <17 WT l ND
tsB2 WT WT 0 | 0.1% WT WT 0 | ND
1sB8 WT WT WT ‘ 0.19, WT ‘ WT | WT | ND
tsBl11 WT WT 0 1 0.1% WT | WT 0 .~ ND

e Abbreviations: TFU, tumor antigen-forming units during first cycle infection; VFU, virion antigen-
forming units during first cycle infection; IU, infectious units as derived from end-point dilution titra-
tions; PFU, plaque-forming units as derived from plaquing titrations; WT, wild-type levels; ND, not

done.

b Ability to synthesize infectious viral deoxyribonucleic acid (DNA) at 41 C after virion infection
(assayed by measuring at 33 C the number of TFU and VFU contained in the 41 C Hirt supernatant

fluid).

¢ Actual amounts of WT and 101 DNA I were measured (see Fig. 4).

labeling of virus, WT and 101 virions were grown at
a MOI of 0.01 for 6 days at 33 C. The infected cells
were lysine depleted for 24 hr, and “C-lysine was
added to a final concentration of 1.0 xuCi/ml (Amer-
sham/Searle, 350 Ci/umole). After freezing and
sonic treatment (33), Nonidet P-40 was added to a
final concentration of 0.19;. The virus was then
purified by banding through sucrose on a CsCl cushion
as described by Ozer (29) and by rebanding to equi-
librium in CsCl. The purified WT and 101 virus had
10% counts/min and 10° infective units (IU) per ml.
For nucleic acid labeling, WT virus was grown with
10 uCi of [methyl-3H]thymidine per ml (New England
Nuclear, 5 mCi/0.0606 mg) and 101 with 2 uCi of [2-
14C]-thymidine per ml (New England Nuclear, 250
uCi/1.12 mg). The virus preparations contained 10
IU of C-101 virus per ml with 13,000 counts per
min per ml, and 7 X 108 IU of 3H-WT virus per ml
with 250,000 counts per min per ml.

Virus adsorption. (i) Singlecycle T, U, and V
antigen synthesis was determined after adsorption at
the restrictive temperature and incubation at the
permissive temperature. Petri dishes (Falcon; 32-mm)
containing confluent TC7 cells (4 X 105 cells per
dish) were infected with WT or 10! virions at a
MOI of 0.1 in 0.1 ml of medium per dish. The dishes
were incubated at 41 or 33 C and agitated every 10
min. After 60 min, all dishes were washed twice with
25 C phosphate-buffered saline (PBS), and 2 ml of
medium containing 49, FBS was added. The dishes
with virus adsorbed at 41 C were incubated at 41
or 33 C, and those with virus adsorbed at 33 C were
also incubated at 41 or 33 C. The cells were fixed and
stained for T, U, or V antigen after 48 hr at 41 C and
after 96 hr at 33 C.

(ii) The second adsorption assay depended on the
measurement of biologically active virus which had
become attached to cells during the adsorption period
and could be released by freezing and sonic treatment.
An 0.10-ml sample of either WT or 10! virions was
adsorbed at a MOI of 1 in 32-mm plastic petri dishes
containing 6 X 10°% confluent TC7 cells. The virions

were adsorbed for 45 min at 41 C and for 75 min at
32 C and then rinsed three times with PBS at 27 C.
An amount (0.5 ml) of medium with 59, FBS was
added to each dish, and all dishes were frozen. After
thawing, the cell lysate was scraped, sonically treated,
filtered, and titered on TC7 cells at 32 C.

(iii) Adsorption of radiolabeled virions was per-
formed in replicate 32-mm glass petri dishes contain-
ing confluent TC7 cells (6 X 10° cells per dish). The
dishes were infected with 0.5 ml of lysine-radiolabeled
virus per dish (about 55,000 counts per min per dish).
The dishes were incubated at 41 C, and the super-
natant medium was removed at varying times after
virus application. The monolayer was rinsed four
times with PBS, these rinses were added to the super-
natant medium, and the mixture was treated with
10 ml of cold 109, trichloroacetic acid and filtered
through a Whatman GF/C glass-fiber filter (Arthur
H. Thomas, Co., Philadelphia, Pa.). The filter was
washed with 0.1 N HCl and 959, ethanol and air
dried. The cell monolayers were scraped and treated
as above. The filters were counted in a Nuclear-
Chicago Mark I scintillation system. As controls,
petri dishes were rinsed once with medium containing
29, FBS and were carried through the entire proce-
dure.

Penetration of WT and 101 virions at 40 C. Pene-
tration of virions was determined in two ways: (i)
by the sensitivity of adsorbed virions to neutralizing
antisera, and (ii) by the resistance of adsorbed thymi-
dine-radiolabeled virus to trypsin and deoxyribonu-
clease treatment. In the first assay, WT or 101 virions
were adsorbed at an MOI of 1 in 32-mm plastic petri
dishes containing confluent TC7 cells (4 X 103
cells/dish) at 40 C for 45 min with agitation every
10 min. The dishes were rinsed at 40 C with 40 C PBS
and received 2 ml (per dish) of 40 C medium con-
taining 5%, FBS with or without 69, rabbit anti-SV40
serum. All dishes were incubated for 96 hr at 32 C,
and stained for T or V antigen.

In the second penetration assay, thymidine-radio-
labeled WT and 10! virus were mixed so that 0.4 ml
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contained 2,100 counts/min of *H-WT and 1,370
counts/min of “C-101 virus. Glass petri dishes con-
taining confluent TC7 cells (4 X 10¢ cells per 32-mm
dish) were infected with 0.4-ml fractions of the double-
labeled virus preparation. Adsorption was allowed to
proceed at 41 or 33 C with samples removed at various
times. The plates were rinsed twice with PBS, and
the cells were removed with EDTA-trypsin [0.5 g of
trypsin/liter, 0.5 mm ethylenediaminetetracetic acid
(EDTA)] in Puck’s saline A (31). The cell suspension
was made with 0.033 M MgCl,, 0.4 mg of soybean
trypsin inhibitor per ml (Worthington), and 0.02
mg of deoxyribonuclease I per ml (Worthington),
and treated for 20 min at 27 C. Under these condi-
tions, 759, of 1.2 optical density units (at 260 nm) of
calf thymus deoxyribonucleic acid (DNA) is rendered
perchloric acid-soluble in 2 min. After low-speed
centrifugation, the cells were suspended in 0.5 ml of
0.1 ™ tris(hydroxymethyl)aminomethane-hydrochlo-
ride and counted.

Induction of cellular DNA synthesis. Replicate
32-mm plastic petri dishes containing confluent
TC7 cells (9 X 105 cells/dish) were prepared. After
being rinsed once with PBS, the cultures were in-
fected with 0.1 ml of viral lysate (MOI = 10) or
mock TC7 cell lysate. Control dishes were immedi-
ately incubated with 14C-thymidine medium at 40
or 33 C (see below). The infected dishes were incu-
bated at 33 C for 90 min with agitation every 10 min.
After adsorption, the dishes were rinsed twice with
PBS, 2 ml of medium without FBS was added, and
incubation was continued for 48 hr at 40 C and for
72 hr at 33 C. Some dishes were fixed and stained for
V antigen. All the remaining dishes, after rinsing,
were exposed to 1.5 uCi of [1C-2]thymidine per ml
(43 mCi/mmole; New England Nuclear) in 0.5 ml
of medium without serum. The plates were incubated
for 90 min at 40 C or for 120 min at 33 C, rinsed
twice with PBS, and the DNA was extracted by the
method of Hirt (17). The Hirt supernatant fluid was
mixed at 4 C with cold 209 trichloroacetic acid to a
final concentration of 59/ ; the precipitates were treated
with 4 ml of cold 59 trichloroacetic acid, resuspended
by vigorous mixing, and counted.

Viral DNA isolation. Viral DNA was isolated for
use in the DNA infection of TC7 cells and for use
as an assay for the induction of viral DNA synthesis
after virion infection of TC7 cells. Confluent TC7 cells
were infected with either WT or 101 virions at an
MOI of 10 and incubated at 32 C for 6 days. Viral
DNA was fractionated from high-molecular-weight
cellular DNA (17). Viral DNA I was purified by
CsCl density centrifugation with ethidium bromide
by the method of Radloff et al. (32).

Radiolabeled viral DNA was isolated as an assay
for the induction of viral DNA synthesis by infecting
confluent TC7 cells at 40 C with either WT or 101
virions at an MOI of 15. After 45 min of adsorption
at 40 C, the cells were rinsed twice with 40 C PBS,
40 C medium containing 59, FBS was added, and
the cells were incubated at 40 or 31 C. Radioactive
thymidine (2 uCi of [2-14C]-thymidine per ml, 59
mCi/mmole, Amersham Searle, Des Plains, Ill.)
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was added to the 40 C flasks 10 hr after infection and
to the 31 C flasks (2 uCi of [methyl-*H]-thymidine/ml,
5 mCi/mmole, Amersham Searle) 23 hr after infec-
tion. The viral DNA was extracted by the method
of Hirt (17) 36 hr after infection for the 40 C mono-
layers and 72 hr for the 31 C monolayers.

Infection of cells with viral DNA. Confluent mono-
layers of TC7 cells in 32-mm plastic petri dishes were
infected with either WT or 101 DNA I by the method
of McCutchen and Pagano (28). The DNA dilutions
in medium without serum were brought to 400 ug/ml
in diethylaminoethyl (DEAE) dextran (2 X 10°
molecular weight; Pharmacia), and 0.08-ml samples
were used per dish. Dishes were adsorbed for 25 min
with 5-min agitations at either 40 or 31 C. After ad-
sorption, the dishes were rinsed twice with 40 C PBS
and assayed for singlecycle T and V antigen syn-
thesis, plaque-forming capacity (33), and tempera-
ture sensitivity of the progeny virions.

Temperature shift-down experiments. TC7 cells
were infected with 101 virions at an MOI of 0.5 using
microtest plates and incubated at 40 or 31 C. After
24 hr, 0.01 ml of 40 C medium containing 59, FBS
and 69, rabbit anti-SV40 serum was added and incu-
bation resumed. The 31 C plates were fixed at 96 hr.
At various times, the 40 C plates were fixed or shifted
to 31 C and incubated an additional 96 hr before
fixation.

Temperature shift-up experiments. The first experi-
ment concerned the ability of the mutational block in
101 virions to be overcome at 31 C. TC7 cells were
mixed with WT or 101 virions at a MOI of 0.2 and
plated in Micro Test plates. After 48 hr of incubation
at 31 C, 0.01 ml of medium containing 59, FBS with
or without 2 X 10~* M cycloheximide (Sigma) was
added, and all plates were shifted to 40 C except for
the 31 C controls. At various times, plates were fixed
and stained for T, U, and V antigens.

The second experiment was concerned with the
role of protein synthesis in overcoming the mutational
block at 31 C. The adsorption period in this experi-
ment was only 45 min on confluent monolayers,
whereas in the above experiment the virions were
mixed in suspension with the cells and left with the
cells for the duration of the experiment. Replicate
32-mm petri dishes containing confluent TC7 cells
(5§ X 105 cells per dish) were infected with 0.10 ml
of virus at an MOI of 0.1 for 45 min at 27 C with
agitation every 5 min. After adsorption, the dishes
were rinsed once with PBS, and medium containing
5% FBS and 69, rabbit anti-SV40 serum with or
without 2 X 10~% M cycloheximide was added to
each dish. At various times, the dishes were rinsed
twice in PBS and shifted to 40 C or left at 31 C after
the addition of medium with 59, FBS and 69, anti-
SV40 serum, but without cycloheximide. The total
incubation time prior to staining for each dish was
equivalent to about 72 hr at 40 C in the absence of
cycloheximide.

Complementation assay. Virus stocks were diluted
in medium containing 59, FBS with 5 X 105 TC7
cells/ml to twice the desired multiplicity. For single
infection, the stocks were mixed 1:1 with medium
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containing 5 X 105 TC7 cells/ml. For double infec-
tions, two virus stocks were mixed 1:1 with each other.
The final virus mixtures were plated in Micro Test
plates and incubated for 72 hr at 33 C or for 42 and
58 hr at 41.5 C for T or V antigen staining, respec-
tively. Complementation occurred if the number of
antigen-positive nuclei in the double infection was at
least threefold greater than the number obtained by
adding the values in their single infections.

RESULTS

Temperature dependence and plaque morphol-
ogy. The ratios between the propagative titers
(multiple cycles, IU/ml, and plaque-forming
units/ml) of 701 at 31 to 33C and 40 to 41 C
were 10% to 10t in primary African green monkey
kidney (AGMK) cells (kindly performed by K.
Takemoto and C. Scher), CV-1, and TC7 cells,
whereas the same ratios for WT virions were 1 to
10. A small plaque similar to WT was formed by
101 virions or DNA I on primary AGMK, CV-1,
and TC7 cells at 31 C.

Heat stability of 101 virions. Less than 509,
inactivation of WT and 70I virions occurred
after 2 hr of incubation at 50 C. After 1 hr at
60 C, however, WT and 10! virions had lost
999, of their infectivity. The rates of inactivation
were equal. The temperature sensitivity of 101
cannot be explained as resulting from instability
of the whole virion at 41 C in contrast to known
SV40 capsid mutants (30, 39).

Early location of the 101 block in the replica-
tive cycle. The mutation in 10/ produces a
block in viral replication at the restrictive tem-
perature at some point prior to the initiation of
T antigen synthesis. The data in Table 2 show
that first-cycle V and T antigen synthesis were
equally inhibited, indicating that the affected
function was required for the initiation of both
an early function (T antigen) and a late function
(V antigen). The data also indicate that 101

TABLE 2. Multiplicity-dependent leakage of 101
virions at 40 and 31 C in TC7 cells

SV40 TEMPERATURE-SENSITIVE EARLY MUTANT

Tumor antigen- Virion antigen-
forming units forming units
Multiplicity of per well® per well®
infection
40 C l 31C 40 C 31C
100 32% ! TM¢ 24 ™
10 14 ™ 8 ™
1 1.4 112 1.0 100
0.1 0 P13 0.2 10
0.01 0 1.1 0 0.9

a Cells per well = 103,
b Standard error of the mean = +159.
¢TM, Too many to count.

959

exhibits a low multiplicity-dependent leakage.
Even with an MOI of 100 (first row, Table 2),
only 2 to 39, of the cells infected with 101
virions at the restrictive temperature expressed
either viral function.

Time course of appearance of WT and 101
virion-initiated T and V antigen synthesis. To
determine whether any abnormality in the infec-
tion at permissive temperature could be de-
tected, the time course of appearance of T and
V antigen synthesis at permissive temperature
was examined. The results given in Fig. 1 demon-
strate that there was no significant difference.

Virion adsorption and initiation of T, U, and
V antigen synthesis. A mutant virion unable to
adsorb, penetrate, or uncoat normally at the
restrictive temperature would manifest the 701
phenotype. Three different techniques were
used to evaluate the ability of 701 virions to ad-
sorb at the restrictive temperature. (i) Tempera-
ture-shift experiments were carried out assaying
the ability of WT and 101 virions to initiate T, U,
and V antigen synthesis after adsorption and
incubation at permissive and restrictive tempera-
tures. (ii) WT and 10! virions were allowed to
adsorb at both temperatures, and the number of
biologically active virus adsorbed to the cells
was determined. (iii) The rate of radiolabeled
virus adsorption was determined for WT and
101 virus at the restrictive temperature. All of
these assays indicate that /0!I virions adsorb as
efficiently as WT virions at the restrictive tem-
perature (Tables 3 and 4; Fig. 2).

Penetration of WT and 101 virions at the re-
strictive temperature. The penetration of virions
into a cell has been defined as the loss of sensi-
tivity of the virions to neutralizing antibody after
adsorption of the virions to the cell (4). The data

20 40 60 80 100
Time After Infection at 33° (Hours)

O -

Fi1G. 1. Time course of appearance of WT and 101
virion-initiated T and V antigen synthesis at 33 C. TC7
cells were infectedin Micro Test plates with WT (@, A)
or 101 (O, A) virions, incubated at 33 C, and stained
forT (@, O)orV (A, A) antigen. TFU = T antigen-
forming units; VFU = V antigen-forming units.
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TABLE 3. Virion adsorption and initiation of T, U, and V antigen synthesis after a temperature shifts

| Antigen-forming units per 32-mm petri dish (X 10-3)
. T i . I
BB | nctbated Wi prpe sEL i)

T U A% T l U ‘ A% T U \%
41 41 8.6° 8.9 9.4 2.6 ‘ 2.2 ! 0 0.02 0.02 0.03
41 33 13.4 12.8 12.1 3.5 3.1, 2.3 12.8 { 12.1 . 11.8
33 33 14.1 13.9 13.3 4.6 ! 4.2 1 3.9 14.5 14.0 ' 13.6
33 41 11.2 11.0 10.8 4.3 i 4.0 ] 0 0.04 l 0.03 i 0.04

o T, tumor antigen; V, virion antigen.
b Standard error of the mean = +209,.

TABLE 4. Adsorption of wild-type and 101 virions
onto TC7 cells at 41 and 33 C

Adsorbed virions (IU/ml)?
A dsorption Wild type 101
No cells Cells No cells Cells
33 4.1 1.2 2.8 1.0
X103 X10° X108 | X10°%
3.7 ( 1.7 3.2 1.3
41 X103 X103 X108 X 10

s JU, Infectious units.
b Standard error of the mean = +209%,.

INPUT VIRUS

PERCENT OF

9 ] 2 3 4
TIME IN HOURS
FiG. 2. Adsorption of WT and 101 virions at 40 C.
Radiolabeled WT (@) and 101 (OQ) virus were ad-
sorbed to TC7 cells at 40 C, and the infected cells were
counted for adsorbed virus at the indicated times.

in Table 5 demonstrate that treatment with
SV40 neutralizing serum did lower the number of
antigen-positive nuclei, but lowered it equally
for both WT and 10! infected cultures. By defini-

TABLE 5. Effect of simian virus 40 neutralizing
antibody on wild-type and 101 virions after
adsorption at 41 C onto TC7 cells

|
; Antigen.—tfo‘:ming
s | e |

| Wild type| 101
T | 0 24,800 23,100

| 6 21,300 © 20,200
v . 0 23,300 = 24,400

‘ 6 20,200 21,700

|

@ Per 32-mm petri dish containing 4 X 105 cells.
b Standard error of the mean = +159.

tion, the 10! virions penetrated the cells nor-
mally at the restrictive temperature.

Penetration can also be assayed by estimating
the rate of incorporation of radiolabeled virus
into cells. Although a small difference between
the rate of penetration of WT and 10! virions is
apparent from Fig. 3, we do not believe this
difference is significant to understanding the
phenotype of 101. When the radiolabels were
reversed, a similar 309, difference in the rate of
uptake was noted, but in this case the 10! virions
appeared to penetrate more rapidly.

Induction of cellular DNA synthesis. To evalu-
ate the induction of cellular DNA synthesis by
101 virions at the restrictive temperature, con-
fluent monolayers of TC7 cells were mock or
viral infected at 40 and 33 C, and the newly syn-
thesized DNA was measured. Table 6 shows
that both WT and 10!/ virions induced com-
parable levels of both cellular (Hirt precipitate)
and viral (Hirt supernatant fraction) DNA syn-
thesis at 33 C. Only WT virions induced cellular
and viral DNA synthesis at 40 C. The table also
shows that the induction of V antigen synthesis
paralleled the induction of cellular and viral
DNA synthesis in all cultures. Virion infection
with 101 does not induce the synthesis of cellular
or viral DNA at the restrictive temperature.
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Initiation of viral DNA synthesis. The pre-
ceding experiment suggested that very little viral
DNA was synthesized at the restrictive tempera-
ture after 101 virion infection. The following ex-
periment was performed to confirm these re-
sults. TC7 cells were infected with WT or 10/
virions and incubated at 40 C with *C-thymidine
or at 31 C with 3H-thymidine. The viral DNA
was extracted and analyzed on alkaline sucrose
density gradients. Figure 4 shows that WT-
and 101-infected cells synthesized similar amounts

20}
o 1.5r )
D
«
>
[
z 0
Z
= 1.OF
I.OL (0]
- ¢ 8
Z
o
o 0
& 05r A
0
0 | 2 3 a
TIME IN HOURS

FiG. 3. Penetration of WT and 101 virions at 40
and 33 C. WT (O, @) and 101 (/\, A) radiolabeled
virus were adsorbed onto TC7 cells at 40 C (@, A) or
33 C (O, A), and the ability of the virus to penetrate
the cell was assayed (see Materials and Methods for
details).
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of viral DNA I at 31 C, but very little DNA 1
was synthesized by the 10/-infected cells at 40 C.
We conclude that the function inhibited at the
restrictive temperature after /01 virion infection
must be expressed for viral DNA synthesis to
be initiated.

Infection with viral DNA. Surprisingly, first-
cycle T and V antigen synthesis, after 701 DNA
infection, was normal at the restrictive tempera-
ture, although the progeny virus was indis-
tinguishable from /0! virions (i.e., still mutant).
Table 7 shows that both the WT and 710/ DNA
were equally capable of inducing the expression
of T and V antigen synthesis at 40 C and that the
number of T antigen-positive nuclei was similar
to the number of V antigen-positive nuclei for
both viruses. This finding is in marked contrast to
the inhibition of T and V antigen synthesis at
40 C after infection with 101 virions. Table 7
also shows that the /0] DNA I was defective at
40 C in plaque formation (which requires mul-
tiple cycles). Table 8 shows that the progeny
virions derived from the cultures infected with
101 DNA 1 at either 40 or 31 C were as tempera-
ture-sensitive as the parental 101 virions. The
number of progeny virions produced by the 101
DNA I infection at 40 and 30 C was the same as
the number produced by the WT DNA I infec-
tions. Thus, after /01 DNA 1 infection, (i)
initial-cycle T and V antigen synthesis was similar
to that occurring after WT DNA I infection,
although (ii) plaque formation at the restrictive
temperature was inhibited, and (iii) the progeny
virus formed after DNA infection at either tem-
perature was temperature-sensitive.

The results with purified 101 DNA I were
repeated with unfractionated viral DNA (the
Hirt supernatant fluid). Other temperature-
sensitive mutants known to be blocked after T
antigen synthesis, but before or after V antigen
synthesis, were used as controls. The first-cycle

TABLE 6. Induction of cellular and viral deoxyribonucleic acid (DN A) synthesis by wild-type and 101 virions
at 40 and 33 C in TC7 cells

14C-Thymidine incorporation and virion antigen synthesis
Incubation | oot Zero time Mock infected Wild-type infected 101-Tnfected
temp (C)
Precipi- | piPea Precipi- | JUPET | ypop | Precipic | pUPST | ypy | Precipi- SO oo
tate® fraction| '3 fraction tate fraction tate 1 fraction
|
: |
I y
33 1,888 72 552 56 + 0 | 21,276 | 12,470 | 176,000 | 22,099 | 9,026 | 169,000
40 3,213 | 122 | 1,490 78 ‘ 0 26,958 | 5,500 | 158,000 | 2,837 i 283 4,400

¢ The Hirt precipitate (measured in counts per minute) contains predominantly cellular DNA, whereas
the Hirt supernatant fraction (measured as counts per minute) is predominantly viral DNA.
® Number of virion antigen-forming units per 32-mm dish.
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FiG. 4. WT and 101 viral DNA synthesis at 40 and
31 C after virion infection of TC7 cells. TC7 cells were
infected with WT (upper figure) or 101 (lower figure)
virions and incubated at 40 or 31 C. The viral DNA
was labeled with “C-thymidine at 40 C (O) and
3H-thymidine at 31 C (@). Hirt supernatant fluids con-
taining viral DN A were prepared and mixed so that the
mixture from the WT- and 101-infected cultures con-
tained “C-thymidine DNA (cells incubated at 40 C)
and 3H-thymidine DNA (cells incubated at 31 C). The
mixtures were denatured by treatment for 15 min at
25 C with 0.1 ¥ NaOH and 0.05 muy EDTA. Samples
of 0.33 ml of the denatured samples were placed on
4.8-ml alkaline sucrose gradients (5-209, sucrose in
0.7 ¥ NaCl, 0.3 ¥ NaOH, 1 mu EDTA, 10 mu
tris(hydroxymethyl)aminomethane, pH 12.5) and cen-
trifuged at 40,000 rev/min for 4 hr at 8 C in a SW-50.1
rotor in a Spinco L2-ultracentrifuge. Fractions of ap-
proximately 0.2 ml were collected, and samples were
counted in Bray’s solution in a Nuclear-Chicago Mark 1
scintillation system. Corrections for spillage and quench-
ing were performed. Centrifugation is from right to left.

infection at the restrictive temperature with 101/
DNA was normal. Infection with £sB8 and #sB11
DNA produced first-cycle blocks at the restric-
tive temperature similar to those produced after
virion infection (Table 9). DNA dilutions
(crude or purified) of 1:5 and 1:500 were used
to insure that at least one dilution would be
below the saturating levels for DNA infection.
Aaronson and Martin (1) have shown that the
number of T antigen-positive nuclei after SV40
DNA infection of human fibroblasts is linearly
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related to the concentration of DNA and reach
a maximum of approximately 1 to 59,. A similar
finding has been observed in CV-1 cells (S. Kit,
personal communication).

Stability of the 101 genome in the host cell at
the restrictive temperature. One interpretation of
the results presented thus far is that the DNA of
101 virions is so altered that it is immediately
degraded at 40 C by the host cell after “uncoat-
ing” within the nucleus. Possibly DEAE dextran
stabilizes the DNA to such degradation. Figure
5 shows that the biological integrity of the in-
fecting 101 virions, as assayed for their capacity
to initiate T and V antigen synthesis at per-
missive temperature, was progressively lost by
preincubation at the restrictive temperature.
Nonetheless, as much as 209, of the capacity
to initiate V antigen synthesis survived for up to
3 days, making it unlikely that the results of the
preceding section are explicable in terms of some
artifact of DNA stabilization by DEAE dextran.

Overcoming the temperature-sensitive block
by incubation at 31 C pricr to temperature shift
to 40 C. Figure 6 demonstrates that after a 48-hr
incubation period at 31 C, WT virions express
nearly 609, of the input tumor antigen-forming
units (TFU) within 24 to 26 hr after the shift to
40 C, whereas 101 virions only expressed 15 to
209, of the input TFU. The results obtained for
U and V antigen (not shown) were very similar
to those for T antigen, except the V antigen curve
was displaced to about 10 hr later than the T and
U antigen curves. Thus, a stage in the replication
of the temperature-sensitive mutant can be
reached at the permissive temperature, after
which viral production ceases to be temperature
sensitive.

In an experiment parallel to that of Fig. 6,
cycloheximide was added at the time of the
temperature shift, and, as expected, less than 59,
of the cells subsequently became T, U, and V
antigen-positive. None of these antigens dis-
appeared with further incubation at 40 C. Once
synthesized, these antigens therefore do not
rapidly decay at the restrictive temperature, in
contrast to the V antigen of zsB8 (Table 10).

Requirement for protein synthesis at 31 C in
overcoming the temperature-sensitive block. To
test if more than passive uncoating (e.g., pro-
teases already present in the cell) was required
to overcome the 101 mutational block at 31 C,
the requirement for protein synthesis was in-
vestigated. Figure 7 shows that the 101-infected
cultures treated with cycloheximide were in-
capable of V antigen synthesis after the removal
of cycloheximide and shift to 40 C. The control
cultures incubated with 101 virions at 33 C, but
without cycloheximide, synthesized V antigen
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after the shift to 40 C. The fact that 72 hr of thesis at the permissive temperature is therefore
preincubation at 33 C was required for all of the required to overcome the temperature-sensitive
input 101 virions to overcome their block is in  block in 101 virions. Once the affected viral
agreement with the results of the preceding function is activated at the permissive tempera-
section (Fig. 6). Similar kinetic results have been  ture, the remainder of the lytic cycle proceeds in a
obtained with rsB2, tsB8, and tsBIl (P. Tegt- normal manner at the restrictive temperature.
meyer, personal communication). Protein syn- Complementation studies. Co-infection studies

TABLE 7. Wild-type and 101 DNA I infection of TC7 cells at 40 and 31 Ce

Wild type 101
nye 31c 40C 31c
DNA
dilution
PFU titer PFU titer gfg PFU titer
™ v (PFU/ml) T v (PFU/ml) T v (PFI?/ T v (PFU/ml)
m.
1:5 2,215(2,006 ™ 1,821 1,682 ™ 1,976 2,094 62 |2,206(2,125 ™
1:500 233 210 1.2 X 10¢ 89 7911.5 X 10¢| 281 254 10 152 168 1.9 X 104

s Abbreviations: DNA, deoxyribonucleic acid; T, tumor antigen; V, virion antigen; PFU, plaque-
forming units; TM, too many to count.
b Standard error of the mean = +109,. Measured as antigen-forming units/32-mm petri dish.

TABLE 8. Temperature sensitivity of progeny virions produced at 40 and 31 C after wild-type and 101 DNA 1
infection of TC7 cells®

Wild type 101
T Parental Progeny from DNA infection at Parental Progeny from DNA infection at
'em
lysatl:
tested (C) 40 C 31C 40 C ‘ 31C
TFU/ | VFU/ TFU/ | VFU/
well | well | gy, | vryy | TFY/ | vEyy | Wl well | ppys | ypys | TRUZ | VEU/
well well well well well well well well
31 92b 85 88 81 90 86 77 82 86 90 79 85
40 86 79 78 87 85 82 0.8 1.1 1.0 0.9 1.2 1.0

e Abbreviations: DNA, deoxyribonucleic acid; TFU, tumor antigen-forming units; VFU, virion
antigen-forming units.

b All stocks diluted so as to yield 80 to 90 TFU or VFU/well at 31 C. Standard error of
the mean = +10%,.

TaBLE 9. First-cycle infection of TC7 cells at 41 and 33 C with crude DNA from wild-type, tsB8, tsBll
and ts*101 virion-infected TC7 cells at 33 C*

’

Antigen-forming units per 32-mm dish of cells infected with
Temp of WT 8 11 101
incubation® (C) (T+V+) (T*V+) (T*V-) l (T-V-)
T A% T v T ‘ A T l \%
33 1,312 1,177 1,432 1,367 1,376 1,286 1,782 1,862
41 1,286 1,195 1,306 1,236 1,325 2 1,726 1,694

e Abbreviations: DNA, deoxyribonucleic acid; WT, wild type; T, tumor antigen; V, virion antigen.

b Incubations were carried out for 96 hr at 33 C or for 42 hr at 41 C. Mutant ¢sB8 is V-positive when
incubated for 40 to 44 hr at 41 C, but the capsid disintegrates upon further incubation at this tempera-
ture (39).

¢ Standard error of the mean = +£159%,.
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FiG. 5. Temperature shift-down experiment with 101
virions. TC7 cells were infected with 101 virions and
incubated at 40 or 31 C. Anti-SV40 immune serum was
added at 24 hr. At the indicated times, the cells incu-
bated at 40 C were either fixed and stained for T or V
antigen, or shifted to 31 C and stained for T antigen
(@) or V antigen (O) after a further 96-hr incubation
period. The 31 C control plates had 75 TFU and 76
VFU per well. The 40 C control plates had 2 TFU or
VFU per well. e d A

were performed to determine whether other
temperature-sensitive viral mutants would com-
plement /0I. Rather than employing the standard
complementation assay, which measures single
cycle progeny virion yield by plaque assay, a
fast, sensitive, and accurate complementation
microassay was developed dependent upon the
expression of first-cycle T or V antigen synthesis
after co-infection at the restrictive temperature.

The advantages, disadvantages, and limitations
of the microcomplementation assay are also
illustrated by the results presented in Table 10.
This experiment has been repeated four times
with similar results. The assay of V antigen after
co-infection detected complementation among
tsA7 and tsB2, tsB8, and tsBll as expected
from the results of Tegtmeyer and Ozer (39) and
Tegtmeyer (personal communication), who have
designated their mutants as belonging to com-
plementation groups 4 or B (35). Complementa-
tion detected by staining for T antigen could not
be observed because all of the zsB mutants are
blocked after the synthesis of T antigen. Thus,
although the microcomplementation assay has
the advantage of speed [requiring incubation for
only 2 days instead of 2-3 weeks for the plaque
assay technique (7, 39)], it has the disadvantage
of not detecting complementation by T or V
antigen staining if either of the mutants in
question is blocked after T or V antigen synthesis,
respectively. The assay is also unreliable if high
multiplicity dependent leakage is encountered.
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FiG. 6. Temperature shift-up experiment. TC7 cells
were infected with WT (@) or 101 (O) virions and
incubated for 48 hr ar 33 C. They were then shifted to
40 C and stained for T antigen at the indicated times.
Control WT- and 101-infected cultures (A and A,
respectively) were incubated at 33 C.

The microcomplementation assay also appears
to be more sensitive than the standard first-
cycle progeny virus yield assay for the detection
of negative complementation (inhibition of com-
plementation). Negative complementation oc-
curred (Table 10) between zsB2 and tsBIIl and
their parental WT strain, WT-T. The failure of
Tegtmeyer and Ozer (39) to detect negative
complementation may reflect the fact that the
progeny yield at the restrictive temperature was
very low in their single infections. Further de-
crease in the number of progeny in the double
infection was not detectable. The significance of
this negative complementation remains obscure,
and requires verification by a modified plaque
assay.

Neither positive nor negative complementa-
tion was observed when 10! virions were co-in-
fected with other temperature-sensitive mutants
or WT virions (Table 10). Since 10! failed to
complement mutants of two mutually comple-
menting classes (4 and B), I0] must be cate-
gorized as noncomplementing, hence the designa-
tion #s*101 (35). One possible reservation is that
the WT strain from which 101 was derived and
the strain from which Tegtmeyer’s mutants (39)
were derived were independently isolated.

DISCUSSION

A temperature-sensitive mutant of SV40,
ts*101, has been isolated and characterized
during productive infection in monkey cells.
The ratio between its propagative titers at per-
missive (31-33C) and restrictive (4041 C)
temperatures is 10° to 104 Mutant virions ad-
sorb to and penetrate the cell normally at the
restrictive temperature. The induction of cellular
DNA synthesis and the synthesis of T, U, and
V antigens and viral DNA are blocked at the
restrictive temperature after 701 virion infection.
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TaBLE 10. Complementation microassay at 41 C*

Antigen-forming units per well bottom®
VFU mixed infection at
Infecting virus Mor® TFU VFU 41 C/ ZVFU single
infections at 41 C
33 ¢ 41 C 33 C¢ ucf
WT 3 1839 172 146 136
WT-T* 4 218 226 201 191
7 4 331 132 325 26
2 20 318 326 310 0
11 3 175 164 162 0
8 3 187 176 182 0
101 20 319 3.8 327 3.4
7x2 208 8.0
7x11 114 4.4
2x11 0 —*
7x101 27 0.92
2x101 0.4/ 0.127
11x101 0.2/ 0.067
8x2 60* —k
8x11 0 —
8x7 151 5.8
8x101 0.4 0.12
8xWT 139 1.0
2xWT 1297 0.967
1I1XWT 102/ 0.757
7xWT 172 1.1
10I1XWT 207 1.5
WTxWT-T 327 1.0
10IXWT-T 185 0.95
2XxWT-T 687 0.34/
1IxWT-T 877 0.45/
7XxWT-T 173 0.80
8XWT-T 188 1.0

e Abbreviations: MOI, multiplicity of infection;

antigen-forming units; WT, wild type.

TFU, tumor antigen-forming units; VFU, virion

b Mixed infection MOI was equal to single infection MOI for each virus.

¢ There were 325 to 350 cells per well bottom.
4 Fixed at 72 hr.

¢ Fixed at 42 hr.

/ Fixed at 58 hr.

¢ Standard error of the mean = =109%,.

» Tegtmeyer’s parental WT from which 2, 7, 8, and 11 are derived (38, 39).

i At 40 to 48 hr at 41 C, 8 is V antigen-positive, but by 58 hr the V antigen has decayed [capsids have
fallen apart (39)] and the infected nuclei are only faintly V antigen-positive.

i Although the 2x10I and 11x101 crosses seem to indicate negative complementation, the number of
positive nuclei counted was not sufficient to give statistically significant results. Curiously, 2 and 17
seemed to negatively complement WT-T but not our WT.

* These nuclei were only faintly positive and because of the faint background from 8 alone (see foot-
note i) we cannot be sure whether 8 and 2 are in separate complementation groups or not.

When infections are carried out with WT and
101 DNA, however, there is no difference be-
tween initial-cycle T and V antigen synthesis for
the two viruses at either 40 or 31 C, but plaque
formation by the 101 DNA at 40 C is blocked.
Progeny virions produced after /0] DNA infec-
tion at 40 or 33 C are indistinguishable from
parental 10! virions.

Since the mutant is temperature-sensitive, we

assume that the affected macromolecule is a
protein, although temperature-sensitive transfer
ribonucleic acid (RNA) mutants are known
(36). We propose that the 10-affected protein is
a virion structural protein, because first-cycle
infection with purified 701 DNA (free from
virion proteins) is normal at the restrictive tem-
perature. An alternate hypothesis, that 10/
encodes a temperature-sensitive protein which is
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FiG. 7. Temperature shift-up experiment with cyclo-
heximide. TC7 cells were infected with WT (A, A) or
101 (O, @) virions without cycloheximide (O, A), or
with cycloheximide (@, A). The infected cells were in-
cubated for the indicated times prior to the removal of
the cycloheximide and shift to 40 C. The cells were
fixed and stained for V antigen after a total incubation
equivalent t0 72 hr at 40 C. X = WT- and 101-infected
dishes left for 6 days at 31 C without cycloheximide or
treated with cycloheximide for 3 days at 31 C with a
subsequent 6-day incubation period at 31 C without
cycloheximide.

required to completely free the viral DNA from
the core proteins (partial denudation having
been accomplished by the host), seems unlikely
because /0! is noncomplementing (see below).

Available data indicate that the SV40 virion
contains six structural proteins: a major coat
protein of about 43,000 daltons, a variable com-
ponent of about 32,000 daltons, a minor protein
that sometimes is isolated bound to the viral
DNA (8) of about 23,000 daltons, and three basic
histone-like core proteins of 11,000 to 16,000
daltons (8, 11).

Several arguments would suggest that the
affected 101 virion protein is not one of the major
capsid components, but a core protein. (i) Ad-
sorption and penetration of /0/ virions at the
restrictive temperature are normal. (ii) 101
Virions are as resistant as WT virions to heat
inactivation. (ili) Once V antigen synthesis
(capsid synthesis) is initiated at the permissive
temperature, it continues normally at the restric-
tive temperature, and the immunofluorescence
does not decrease with time after the shift. (iv)
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Barbanti-Brodano et al. (2) and Hummeler et al.
(18) have suggested that SV40 virions are par-
tially or completely uncoated within the nucleus
of permissive monkey cells. Preliminary ex-
periments suggest that WT and 101 virions move
into the cell nucleus in similar amounts and at
similar rates at 40 C (K. Huebner and J. Robb,
unpublished data). Both the WT and 10] DNA
were found to become deoxyribonuclease-sensi-
tive within the nucleus at 40 C, suggesting that
partial nuclear uncoating of 10/ virions does
occur at restrictive temperature. Furthermore,
101 virions penetrated the Chinese hamster cell
nucleus at 40 C as efficiently as WT virions,
although the input 10/ DNA did not become
covalently linked to the cell DNA and T antigen
synthesis was markedly inhibited at both per-
missive and restrictive temperatures (reference
16; K. Hirai, J. Robb, and V. Defendi, unpub-
lished data).

These results are consistent with the hypothesis
that the major capsid proteins of 10l are not
affected and that /01 virions can be normally
processed by the host cell at the restrictive tem-
perature to the point of partial denudation of the
viral DNA. If 10! has a virion component altera-
tion, that alteration most likely affects one of the
core proteins. A role for a core protein in pene-
tration or gene expression has recently been
proposed for the coliphage MS2 (23) and R17
(24). Such an hypothesis is also consistent with
our finding that 101 is noncomplementing.

Co-infection studies with our microcomple-
mentation assay revealed that 701 virions ex-
hibited neither positive nor negative comple-
mentation with other temperature-sensitive mu-
tants or WT virions. These results have been
confirmed by the standard single-cycle virus
yield complementation assay (reference 39, and
P. Tegtmeyer, personal communication). The
mutational block in the 101 virions, therefore,
cannot be overcome at the restrictive tempera-
ture by a diffusable viral product derived from a
different co-infecting viral genome or from a
viral-induced cell product. This result makes it
unlikely that the temperature-sensitive 101 pro-
tein is necessary for the complete removal of all
virion proteins from the viral DNA. Further-
more, the 101 virions do not produce an in-
hibitory product at the restrictive temperature
because they do not inhibit other co-infecting
viruses (i.e., the 0] mutation is not trans-
dominant). The affected 101 protein acted only
on the DNA with which it was associated in the
virion, hence it is a cis-acting protein. Cis-acting
proteins may be regulatory proteins in bac-
teriophage (26, 27).

The temperature-shift experiment with cyclo-
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heximide (Fig. 7) suggests that protein synthesis
is required to overcome the block created by the
temperature-sensitive defective cis-acting pro-
tein in 701 virions. That is, the mutational block
is not overcome in the presence of cycloheximide
even after 72 hr of incubation at 31 C. Whether
the protein synthesis required is viral or cell di-
rected is not known.

At least five models, having precedents in
bacterial and bacteriophage systems, could ex-
plain our findings with #s*101. (i) A replicon
attachment model (19) would predict that the
affected structural virion protein played a role
in the attachment of the viral genome to some
host site. Our finding that infection at the re-
strictive temperature with crude or purified
mutant SV40 DNA is not inhibited does not
support this model. (ii) The affected structural
protein could be required for the efficient initi-
ation of transcription from the viral genome,
possibly a sigma factor (41). Because mutant
DNA infects the cell normally at the restrictive
temperature, the affected virion structural pro-
tein may not be essential for first-cycle initiation.
(iii) The affected protein could be an endonu-
clease necessary for the conversion of supercoiled
form I viral DNA to nicked, open circular form
II DNA before transcription can be initiated
(3, 14). There are no data for or against this
model. (iv) The aftfected protein in 10/ could be
a positive effector regulating the initiation of
transcription from the viral DNA. Activation of
this effector could require the binding of some
small molecule such as cyclic adenosine mono-
phosphate or ppGpp (5). High concentrations of
dibutyryl adenosine 3’:5'-cyclic monophosphate
with or without theophylline have not been
able to overcome the mutational block in 101
virion-infected cells at the restrictive temperature
(J. Robb, unpublished data). (v) Finally, the
affected protein in 101 could normally have some
type of repressor function (20). Recent work by
Herzberg and Winocour (15) suggests that there
is only one monkey RNA polymerase binding
site on the supercoiled SV40 DNA I molecule.
A 10I virion core protein could conceivably
block this RNA polymerase binding site at
restrictive temperature and inhibit subsequent
transcription after partial uncoating has oc-
curred. Green, Miller, and Hendler (reference
12, and M. Green, personal communication)
using polyoma virus, and Huang, Estes, Nono-
yama, and Pagano (reference 8, and personal
communication) using SV40 virus have isolated a
viral DNA-nucleoprotein complex from infected
cells or virions, respectively. They tested the
complex for transcription capacity in an in vitro
RNA-synthesizing system using Escherichia
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coli or mammalian RNA polymerase. The com-
plex had a much lower capacity for synthesizing
RNA than did the purified form I DNA without
any attached protein. Experiments are underway
to determine if J0I-specific RNA is synthesized
at restrictive temperature.
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ADDENDUM IN PROOF

Huang, Estes, Nonoyama, and Pagano have
further characterized the SV40 virion structural
proteins and have investigated the ability of the core
proteins to regulate in vitro transcription (J. Virol.
9:923-929, 930-937).
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