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ABSTRACT We have analyzed the regulation of viral
trapscription by the large tumor antigen in cells infected by
several viable deletion and insertion mutants of polyomavirus.
We find that deletion of the early promoter “TATA box” and
associated large tumor antigen binding site has only a small
effect on the balance of early and late mRNAs. Furthermore,
transcription of a polyomavirus containing a heterologous ade-
novirus promoter in place of the normal TATA box and cap
sites is regulated by the large tumor antigen. We conclude that
repression of polyomavirus early transcription cannet occur
simply by binding of the large tumor antigen to DNA se-
quences at the site of transcription initiation and must involve
the interaction of the large tumor antigen binding at other
sites.

During replication within their host cells, transcription of
polyoma and simian virus 40 (SV40) viruses shifts from an
emphasis upon mRNAs encoding tumor antigens (T-Ags; at
early times) to mRNAs encoding capsid proteins (at late
times). The cis-acting DNA sequence elements that are
known to influence initiation of transcription of polyoma-
virus early genes jnclude a transcriptional enhancer region, a
“TATA box”, and the principal in vivo mRNA cap site (1-5).
Polyomavirus early gene transcription is regulated in trans
by the large T-Ag (4, 6, 7); however, little is known about
how this is mediated. With SV40, numerous studies indicate
that the large T-Ag inhibits the initiation of early region tran-
scription by binding to promoter-proximal DNA sequences,
including the origin of DNA replication, early region TATA
box, and principal mRNA cap site (8-17). Recent evidence
suggests that large T-Ag is also capable of directly stimulat-
ing SV40 late region transcription (18-21).

In the polyomavirus genome, several sites recognized by
large T-Ag have been identified (refs. 4, 22-24; A. Cowie and
R. Kamen, personal communication). High-affinity sites in-
clude the early TATA box and in vivo mRNA cap sites [site I
(23) or site C (24)], and sequences bordering the viral origin
of DNA replication [site II (23) or site A (24)], located =50
base pairs (bp) upstream. Other low-affinity sites span the
origin of DNA replication (A. Cowie and R. Kamen, person-
al communication). We have examined the 5’ termini of early
region mRNAs and the relative levels of polyomavirus early
and late region transcripts in several mutants with deletions
and insertions in the large T-Ag binding site I. Our results
show that deletion of the TATA box and associated high-
affinity large T-Ag binding site I does not dramatically alter
regulation of viral transcription by large T-Ag. Furthermore,
transcription of a virus containing a heterlogous adenovirus
promoter replacing the polyomavirus TATA box, cap sites,
and T-Ag binding site I is regulated effectively by large T-
Ag. We conclude that regulation of polyomavirus transcrip-
tion cannot occur simply by large T-Ag binding to site I and
must involve sequences apart from this element. It is possi-
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ble that repression occurs by large T-Ag interfering with
RNA polymerase movement to the site of initiation of tran-

scription.

METHODS

Cells and Enzymes. Cell culture and virus assay proce-
dures have been described (25, 26). All enzymes were used
in accordance with the directions provided by the commer-
cial suppliers.

Construction of Ad175 and Ad175/ts-25E Insertion Mu-
tants. The adenovirus major late promoter was isolated by
BsiNI and Pvu II double digestion of a pBR313 clone of the
Sma F fragment of adenovirus 2 (27). The BstNI end was
filled in with Micrococcus luteus DNA polymerase, Cla 1
linkers were attached, and the fragment was inserted at the
single Nar I site [nucleotide (nt) 99] of polyomavirus dI75
cloned in the vector pGL101 (28).

The Ad175/ts-25E recombinant was constructed by re-
placing the HindIlI-2 fragment of Ad175 with the analogous
fragment obtained from polyomavirus mutant ts-25E (29).

Quantitation of Viral Transcripts. For quantifying viral
transcripts, RNAs were prepared essentially as described by
Nevins (30) with the addition of vanadyl ribonucleoside com-
plexes. The probes for detecting early and late transcripts
were 5'-labeled fragments made single-stranded by hybrid-
ization to their complements in M13mp8 clones and separat-
ed from the partially - duplex M13 DNA on strand separation
gels. The early probe comprised polyomavirus sequences
from nt 1427 to nt 1271 (Fig. 1) joined to M13mp8 sequences
between the Sma I site and the Sau96 I sites. The late probe
comprised polyomavirus sequences nt 3763 to nt 3943 joined
to M13mp8 sequences between the HindIII site and the Pvu
II sites. In each case, polyomavirus RNA will protect the
label at the 5’ end of these probes but will not hybridize to
the entire length of DNA, so part of the probe will remain
susceptible to S1 nuclease. Thus, hybridized probe is distin-
guishable from undigested input probe DNA.

Quantitation of Pulse-Labeled RNA. Infected 3T6 cells (at
34 hr postinfection) were pulse labeled with [*H]uridine (4 X
10~* Ci/ml, 42 Ci/nmol; 1 Ci = 37 GBq) for 2 hr at 37°C.
RNA was isolated with slight modifications of the procedure
described by Nevins (30). The appropriate strand-specific
polyoma-M13mp7 bacteriophage DNA and [*H]uridine-
pulse-labeled RNA were combined, ethanol precipitated,
and resuspended in 10 ul of 0.4 M NaCl/0.05 M Pipes, pH
6.5/0.002 M EDTA, then sealed in silanized glass capillaries,
heated to 106°C for 5 min, and incubated at 68°C for 4 hr.
Unhybridized RNA was removed by diluting the hybridiza-
tion reaction into 0.5 ml containing 0.35 M NaCl, 0.01 M
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Tris*HCI (pH 7.5), 40 ug of RNase A per ml, and 32 units of
RNase T1 per ml and incubating at 37°C for 30 min. Protein-
ase K was added to 20 ug/ml and incubated an additional 30
min at 37°C. The RNase-resistant hybrids were diluted into
10 ml of loading buffer (1.0 M KC1/0.3 M NaCl/0.1 M
Tris*HCI, pH 7.5/0.002 M EDTA) and collected on nitrocel-
lulose filters. The filters were washed with 50 ml of loading
buffer, dried, and assayed for radioactivity.

Analysis of Viral Minichromosomes. Viral minichromo-
somes were prepared from the nuclei of 2 X 107 infected
whole mouse embryo (WME) cells by a procedure modified
from that of Garber e al. (31). Following sedimentation
through a 17.5-35% glycerol gradient, the fractions contain-
ing viral DNA were identified by hybridization to a polyoma-
specific DNA probe and the minichromosome peak fractions
were pooled, digested with proteinase K (100 ug/ml, 60°C, 2
hr), phenol extracted, and ethanol precipitated. The viral
DNA was linearized by digestion with EcoRI, treated with
RNase A, fractionated on a 0.8% agarose gel, and identified
by Southern blotting (32) and hybridization. The bands of
viral DNA were excised and assayed for radioactivity in a
scintillation counter.

RESULTS

Properties of the Deletion and Insertion Mutants. The struc-
ture and properties of mutant di75 have been described (4,
33, 34). It lacks the early region TATA box, principal nRNA
cap sites, and all of large T-Ag binding site I (refs. 22, 24;
Fig. 1). Mutant HB3 lacks sequences deleted in mutant dI75
up to the TATA box, but sequences from there to the initia-
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tion codon have been restored (Fig. 1). Its growth properties
are indistinguishable from wild-type A3 virus.

We replaced the DNA sequences deleted in mutant dI75
with a 166-bp DNA segment comprising the adenovirus 2
major late transcription promoter. This places the adenovi-
rus TATA box, principal cap site, and 33 bp coding for the
first late mRNA leader in a position directly adjacent to the
polyomavirus early translation start codon. The resulting vi-
rus (Ad175; Fig. 1) is viable, produces normal-sized plaques
on WME cells, and encodes 3-fold more early proteins than
wild-type virus, as measured by immunoprecipitation from
infected cell extracts with antitumor serum (unpublished
data).

The early region mRNAs synthesized (at 24 hr postinfec-
tion) by mutants d175 and HB3 are found to initiate at a high-
ly heterogeneous set of positions, many of which lie up-
stream of large T-Ag binding site II (ref. 4; unpublished
data). Mutant Ad175 early region mRNAs initiate 28 nt
downstream from the TATA box located in the inserted ade-
novirus sequences (unpublished data), or at about the same
site as occurs with authentic adenovirus late mRNA (37). A
detailed analysis of the early region transcription initiation
sites utilized by these mutants will be presented elsewhere.

Regulation of Viral RNA Synthesis by Large T-Ag. During
the course of a productive viral infection, polyomavirus gene
expression follows a temporal program that is regulated at
the transcriptional level. Initially, viral gene expression fa-
vors the early gene transcription unit but, as the infection
progresses, transcriptional emphasis shifts so that eventually
late strand transcripts represent about 95% of the total viral-
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specific RNA molecules found in the nucleus (38, 39). To
define the role of large T-Ag in transcriptional regulation, we
examined viral transcription in both the absence and pres-
ence of a functional large T-Ag. To do this we simultaneous-
ly measured the steady-state levels of early and late region
virus-specific transcripts using internal sequence probes
(Fig. 1) that “sum” the signals generated by mRNAs that
have heterogeneous 5’ termini. To minimize RNA'RNA self-
annealing by symmetrically transcribed RNA, such as is
present late in infection (40-42), single-stranded DNA
probes in excess were hybridized under aqueous conditions.
We also examined the rate of transcription by pulse labeling
polyomavirus-infected mouse 3T6 cells with [*H]uridine and
measuring the cytoplasmic RNA that hybridizes to early- or
late-strand specific polyoma-M13 clones.

Transcription in the Absence of a Functional Large T-Ag.
First, to establish the relative levels of early and late region
transcription in the absence of a functional large T-Ag, we
examined RNAs from cells infected by a virus encoding a
thermolabile large T-Ag (ts-25E; refs. 29, 43). At permissive
temperature (24 hr postinfection at 33°C), early region tran-
scripts represent about 55% of total viral transcripts. After
the shift to nonpermissive temperature (24 hr at 33°C fol-
lowed by 24 hr at 39.5°C) the fraction of early region tran-
scripts increases 87% (Fig. 2). It is noteworthy that this is
due to a large increase in the amount of accumulated early
mRNAs as well as to an apparent decrease in the amount of
accumulated late mRNAs. A similar change in balance was
observed with [*H]uridine-pulse-labeled RNA. Under these
conditions the fraction of early region specific transcription
(which is high even at 33°C compared to that of wild-type
virus at 37°C) increases from 33% to 86% with the shift to
nonpermissive temperature (Table 1). Both types of analysis
indicate that when viral transcription occurs under condi-
tions where large T-Ag is functionally inactivated early re-
gion transcripts are about 6-fold more abundant than late re-
gion transcripts. We consider transcription of the ts-25E mu-
tant at 39.5°C to represent the state of viral transcription in
the absence of large T-Ag-mediated regulation.

Effect of Large T-Ag on Late Region Transcription. The
apparent reduction in ts-25E late region transcription at
39.5°C (Fig. 2, Table 1) could be due to an absolute reduction
in the intranuclear supply of viral minichromosomes. Mea-
surement of the amount of viral minichromosomes from the
nuclei of WME cells infected with ts-25E both before and
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FiG. 2. Early and late region transcripts from ts-25E and A3 vi-
ruses. Total cytoplasmic RNA was extracted from A3 virus-infected
cells after incubation at 37°C for 14 hr and 44 hr. Single-stranded 5'-
end-labeled probe DN As that were homologous to 192 nt and 156 nt,
respectively, of late or early region transcripts were hybridized in
excess to 5 ug of 14-hr and 2.5 ug of 44-hr A3 RNA and to 2.5 ug of
33°C or 39.5°C ts-25E RNA. Nonhybridizing probe DNA was re-
moved by nuclease S1 digestion and the products were fractionated
by electrophoresis on a 6% denaturing polyacrylamide gel. The frac-
tion of total viral transcription that was early region specific was
determined by densitometric scanning of an appropriate autoradio-

graphic exposure.
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Table 1. Hybridization of pulse-labeled RNA
Complementary DNA

M13Py M13Py %
Viral RNA late early early

ts-25E 33°C 0.26 0.13 33
ts-25E 33°C — 39.5°C 0.02 0.12 86
Wild-type (A3) 0.06 0.01 14
di75 0.17 0.04 19
Ad175 0.35 0.10 22
HB3 0.13 0.02 13

Each hybridization reaction included 4 x 10* to 1.3 x 10° cpm of
input total cytoplasmic RNA and all hybridization values have been
corrected for 0.02-0.04% background hybridization to M13mp8
DNA. The complementary DNAs, M13Py late and M13Py early, are
derived from the vector M13mp7 into which have been inserted
=1.4 kbp of the polyomavirus late- or early-gene region, respective-
ly. Values given are percent of input cpm that hybridized to the
complementary DNA. Wild-type, d175, HB3, or Ad175 virus-infect-
ed mouse 3T6 cells (maintained at 37°C) were pulse labeled with
[*Hluridine from 34-36 hr postinfection. The ts-25E 33°C RNA was
prepared from ts-25E infected 3T6 cells maintained at 33°C and
pulse labeled with [*Hluridine from 21 to 23 hr postinfection. The ts-
25E 33°C — 39.5°C RNA was prepared from ts-25 infected 3T6 cells
maintained at 33°C for 23 hr and then shifted to 39.5°C and pulse
labeled with [*H]uridine from 21 to 23 hr following the temperature

shift.

after the shift to nonpermissive temperature revealed that
there was little change from the amount present at 24 hr at
33°C to that found 24 hr following the shift to 39.5°C (the
ratio of 39.5°C/33°C = 0.97). This contrasts with a 30-fold
increase in viral minichromosomes in the nuclei of wild-type
virus-infected WME cells after a similar temperature shift. If
the fraction of minichromosomes engaged in transcription is
unchanged between samples (an assumption that requires
verification) the apparent decrease in late region specific
transcription (Fig. 2, Table 1) following the thermal inactiva-
tion of large T-Ag may be explained by the loss of a stimula-
tory effect of large T-Ag on late region transcription. Such a
stimulatory effect of SV40 large T-Ag upon SV40 late tran-
scription has been reported recently (18-21).

Transcription in the Presence of a Functional Large T-Ag.
During the course of a productive polyomavirus infection,
large T-Ag is first detected at about 12 hr postinfection and it
accumulates until it reaches a maximum at about 24 hr post-
infection (44). Our objectives were (i) to observe any change
in viral transcription as large T-Ag accumulates in the nucle-
us and (i) to establish, under our assay conditions, the maxi-
mal regulatory effect of large T-Ag on viral transcription.
We measured viral-specific transcripts in total cytoplasmic
RNA extracted from wild-type polyomavirus-infected WME
cells at 14 hr and at 44 hr postinfection. The results (Fig. 3)
reveal that early region transcripts represent about 24% of
the total viral transcripts at 14 hr postinfection. At 44 hr
postinfection, when the intracellular concentration of large
T-Ag is high, the balance of viral transcription greatly favors
the late region. We also find early region transcripts to be
only 14% of the viral-specific RNA arriving in the cytoplasm
during a 2-hr [*H]uridine pulse label (Table 1). Together,
these results suggest that late region transcripts outnumber
early region transcripts by a ratio of at least 6:1 during the
period in virus infection when large T-Ag-mediated repres-
sion is reaching a maximum.

The results with the ts-25E mutant and with wild-type vi-
rus show that over the course of a productive viral infection,
large T-Ag causes at least a 36-fold shift in RNA synthesis
from the early to the late transcriptional unit. This is due in
part to inhibition of transcription from the early promoter
and probably to activation of transcription from the late pro-

moter.



6922 Biochemistry: Farmerie and Folk

EARLY
LATE EARLY TOTAL

14 hr . . 0.37

di75 .

44 hr ‘

14 hr n 0.08
HB3

.

14 hr . . 0.3
Ad175

“w -
mock

FiG. 3. Early and late region transcripts from deletion and inser-
tion mutants. Total cytoplasmic RNA was prepared from deletion
mutants dl75 and HB3 and from the insertion mutant Ad175 at 14
and 44 hr postinfection. Hybridization, nuclease S1 digestion, and
quantitation were as described in the legend to Fig. 2.

Effect of Sequence Alterations on Regulation by Large T-
Ag. Because the deletions in d175 and HB3 include all or part
of the polyoma large T-Ag binding site I and hence might
alter regulation by large T-Ag, we tested their effect on early
region transcription in vivo. The dI75 deletion causes an ap-
proximate 1.5-fold increase in the fraction of early region
transcripts (Fig. 3). This effect is most evident at 14 hr post-
infection and in the pulse-labeled RNA, but it persists in the
RNA extracted at 44 hr postinfection. Mutant HB3 behaves
transcriptionally like wild-type polyomavirus, although early
in infection the fraction of early transcripts is reduced about
30%. At present we do not understand the significance of
this change. However, it is evident from these data that T-Ag
binding site I is not the sole, or even a major, contributor to
the regulation of transcription that occurs in polyomavirus.
The small change in repression that is observed with mutant
d175 may be due directly to the loss of these sequences or to
the lowered levels of large T-Ag and viral DNA replication
known to occur in dl75-infected cells (34).

Insertion of the adenovirus major late promoter into dI75
functionally replaces the polyomavirus early TATA box and
principal early mRNA cap sites with the analagous adenovi-
rus sequence elements. As this virus replicates as well as
wild-type polyomavirus, it provides a way to examine regu-
lation of transcription from an efficient heterologous pro-
moter. Early in infection the balance of early transcripts is
slightly higher in Ad175 (30%, Fig. 3) than in wild-type poly-
omavirus (24%, Fig. 2). The [*H]uridine pulse-labeling data
for Ad17S also indicate a small increase in the fraction of
early region specific transcription (Table 1). However, this
level is far below that observed in the unregulated state (ts-
25E at the nonpermissive temperature; Fig. 3). To ensure
that transcription in Ad17S is subject to T-Ag-mediated regu-
lation, we constructed a virus containing the Ad175 promot-
er sequences that also encodes a thermolabile large T-Ag
(Ad175/ts-25E). Viral transcription by this mutant was mea-
sured at both the permissive and the nonpermissive tempera-
tures. The fraction of total viral transcription from the early
region at each temperature in this double mutant is similar to
that determined for the ts-25E single mutant (Fig. 4). Thus,
RNA polymerases utilizing the adenovirus promoter se-

Proc. Natl. Acad. Sci. USA 81 (1984)
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F1G. 4. Transcription of Ad175 in the presence and absence of a
functional large T-Ag. The double recombinant Ad175/ts-25E con-
tains the adenovirus major late promoter and encodes a thermolabile
large T-Ag. Total cytoplasmic RNA was prepared from Ad175/ts-
25E-infected WME cells after 24 hr at 33°C or after an additional 24
hr at 39.5°C. Hybridization and nuclease S1 digestion were as de-
scribed in the legend to Fig. 2. Analysis of ts-25E transcripts is in-
cluded for comparison.

quences in the polyomavirus Ad175 construct appear to be
subject to regulation by polyomavirus large T-Ag.

DISCUSSION

Large T-Ag is clearly the major determinant of the balance of
early and late region transcription in polyomavirus. Our re-
sults indicate that a 30- to 40-fold shift in utilization of the
polyomavirus early promoter relative to the late promoter
occurs as large T-Ag accumulates during productive infec-
tion. A significant part of this control is due to repression of
transcription from the early promoter. The prokaryotic para-
digm for how such repression might be exerted suggests that
large T-Ag would sterically hinder the binding of RNA poly-
merase II or of a putative positive-acting transcription factor
(45-47) to the site at which initiation of transcription oc-
curs—i.e., near the TATA box and cap sites. Consistent
with this notion is the demonstration that large T-Ag does
indeed bind to DNA sequences containing the TATA box
and cap sites (4, 22-24). To our surprise, however, we find
that deletion of these sequences (in mutant dI75 and HB3) or
their replacement by foreign sequences (Ad175) has only a
marginal effect upon the control of early gene transcription
by large T-Ag. Although, in the latter instance, we have not
shown that the large T-Ag is incapable of binding to the ade-
novirus TATA box and cap sites, there is no reason to sus-
pect that this might be the case. Although there are two G-R-
G-G-C motifs (believed to be part of the large T-Ag recogni-
tion sequence; refs. 22-24) in the adenovirus late promoter
insert, several experiments with the closely related SV40
large T-Ag or D2T protein (which binds to the same or simi-
lar DNA sequences as polyomavirus large T-Ag; ref. 48)
show that it is incapable of binding to or inhibiting transcrip-
tion from the adenovirus promoter (10, 13).

Binding of large T-Ag to site I may be one element in the
regulation of viral transcription by large T-Ag, but it is insuf-
ficient to exert the 30- to 40-fold shift in utilization of the
early promoter relative to the late promoter that we calculate
by comparing transcription of mutant ts-25E at the nonper-
missive temperature to transcription of wild-type virus late
in infection. Repression must be exerted by binding at other
sites as well. Activation of late gene transcription may also
contribute to the transcriptional shift. The mechanism and
DNA sequences responsible for such activation remain to be
defined; however, they are apparently not at site I.

If site I is not the major sequence element responsible for
regulation of transcription by large T-Ag, then what is? Site
II, =60 bp upstream of the TATA box (Fig. 1), may contrib-
ute significantly, as may the low-affinity sites spanning the
origin of DNA replication. It is perhaps significant that the
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polyomavirus “CAAT box” sequence is directly adjacent to
one of the G-R-G-G-C motifs present at binding site II.

If binding of large T-Ag to these upstream sequences
causes repression of early transcription, the mechanism
must be distinctly different from what we know occurs in the
bacterial lac and A\ systems in which repressors sterically
hinder binding of RNA polymerase to the —35 and —10 se-
quences. In SV40, the early promoter overlaps the origin of
DNA replication, and several T-Ag binding sites at or near
the origin of DNA replication are responsible for repression
(14-17). In this instance, RNA polymerase II access to the
site of initiation of transcription may be blocked by large T-
Ag. If it is these analogous regions in polyomavirus that con-
tribute to repression by large T-Ag, large T-Ag bound to
these upstream sites might instead block the association of a
positive-acting transcription factor similar to SP 1 (46, 47) or
it might act as a barrier to RNA polymerase molecules as
they traverse chromatin toward the transcription initiation
site. For both SV40 and polyomavirus, binding of large T-Ag
to these same sequences may directly or indirectly help acti-
vate late transcription.

We thank Judy Birk for her considerable help in all stages of this
work. Steven Triezenberg provided valuable advice, and we thank
R. Kamen and A. Cowie for communicating their unpublished data
on large T-Ag binding sites. Support was provided by American
Cancer Society Grant MV132 and United States Public Health Ser-
vice Grants CA13978 and 5T32 CA09281.

1. Tyndall, C., LaMantia, G., Thacker, C. M., Favaloro, J. &
Kamen, R. (1981) Nucleic Acids Res. 9, 6231-6250.

2. deVilliers, J. & Schaffner, W. (1981) Nucleic Acids Res. 9,
6251-6264.

3. Jat, P.,Novak, U., Cowie, A., Tyndall, C. & Kamen, R. (1982)
Mol. Cell. Biol. 2, 737-751.

4. Kamen, R., Jat, P., Treisman, R., Favarolo, J. & Folk, W. R.
(1982) J. Mol. Biol. 159, 189-224.

S. Heiser, W. C. & Eckhart, W. (1982) J. Virol. 44, 175-188.

6. Cogen, B. (1978) Virology 85, 222-230.

7. Fenton, R. G. & Basilico, C. (1982) Virology 121, 384-392.

8. Tjian, R. (1978) Cell 13, 165-179.

9. Tjian, R. (1979) Cold Spring Harbor Symp. Quant. Biol. 43,

655-662.

10. Rio, D., Robbins, A., Myers, R. & Tjian, R. (1980) Proc. Natl.
Acad. Sci. USA 77, 5706-5710.

11. Shalloway, D., Kleinberger, T. & Livingston, D. M. (1980)
Cell 20, 411-422.

12. Tegtmeyer, P., Anderson, B., Shaw, S. B. & Wilson, V. G.
(1981) Virology 115, 75-87.

13. Myers, R. M., Rio, D. C., Robbins, A. K. & Tjian, R. (1981)
Cell 25, 373-384.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,

25.
26.

27.

28.
29.

30.

31.
32.
33.
34.
3s.
36.
37.
38.

39.

41.
42.
43.

45.

47.
48.

Proc. Natl. Acad. Sci. USA 81 (1984) 6923

Hansen, U., Tenen, D. G., Livingston, D. M. & Sharp, P. A.
(1981) Cell 27, 603-612.

DiMaio, D. & Nathans, D. (1982) J. Mol. Biol. 156, 531-548.
Fromm, M. & Berg, P. (1982) J. Mol. Appl. Genet. 2, 127-135.
Rio, D. C. & Tjian, R. (1983) Cell 32, 1227-1240.

Parker, B. A. & Stark, G. R. (1979) J. Virol. 31, 360-369.
Alwine, J. C. & Khoury, G. (1980) J. Virol. 33, 920-925.
Keller, J. M. & Alwine, J. C. (1984) Cell 36, 381-389.

Brady, J., Bolen, J. B., Radonovich, M., Salzman, N. &
Khoury, G. (1984) Proc. Natl. Acad. Sci. USA 81, 2040-2044.
Gaudray, P., Tyndall, C., Kamen, R. & Cuzin, F. (1981) Nu-
cleic Acids Res. 9, 5697-5710.

Pomerantz, B. J., Mueller, C. R. & Hassell, J. A. (1983) J.
Virol. 47, 600-610.

Dilworth, S. M., Cowie, A., Kamen, R. & Griffin, B. E.
(1984) Proc. Natl. Acad. Sci. USA 81, 1941-1945.

Folk, W. R. (1973) J. Virol. 2, 424-431.

Bendig, M. M., Folk, W. R. & Gibson, W. (1979) J. Virol. 30,
515-522.

Weil, P. A., Luse, D. S., Segall, J. & Roeder, R. G. (1979)
Cell 18, 469-484.

Backman, K. & Ptashne, M. (1978) Cell 13, 67-71.

Thomas, T., Vollmer, P. & Folk, W. R. (1981) J. Virol. 37,
1094-1098.

Nevins, J. R. (1980) in Methods in Enzymology, eds. Gross-
man, L. & Moldave, K. (Academic, New York), Vol. 65, pp.
768-785.

Garber, E. A., Seidman, M. M. & Levine, A. J. (1978) Virolo-
gy 90, 305-316.

Southern, E. M. (1975) J. Mol. Biol. 98, 503-517.

Bendig, M. M. & Folk, W. R. (1979) J. Virol. 32, 530-535.
Bendig, M. M., Thomas, T. & Folk, W. R. (1980) Cell 20, 401-
409.

Deinenger, P. L., Esty, A., LaPorte, P., Hsu, H. & Fried-
mann, T. (1980) Nucleic Acids Res. 8, 955-960.

Triezenberg, S. J. & Folk, W. R. (1984) J. Virol. 51, 437-444.
Ziff, E. B. & Evans, R. M. (1978) Cell 15, 1463-1475.
Kamen, R., Lindstrom, D. M., Shure, H. & Old, R. W. (1974)
Cold Spring Harbor Symp. Quant. Biol. 39, 187-198.

Flavell, A. J. & Kamen, R. (1977) J. Mol. Biol. 115, 237-242.
Acheson, N. H., Bluetti, E., Scherrer, K. & Weil, R. (1971)
Proc. Natl. Acad. Sci. USA 68, 2231-2235.

Birg, F., Favaloro, J. & Kamen, R. (1977) Proc. Natl. Acad.
Sci. USA 74, 3138-3142.

Acheson, N. H. (1978) Proc. Natl. Acad. Sci. USA 75, 4754—
4758.

Eckhart, W. (1969) Virology 38, 120-125.

Weil, R., Salomon, C., May, E. & May, P. (1974) Cold Spring
Harbor Symp. Quant. Biol. 39, 381-395.

Davison, B. L., Egly, J. M., Mulvihill, E. R. & Chambon, P.
(1983) Nature (London) 301, 680-686.

Dynan, W. S. & Tjian, R. (1983) Cell 32, 669—-680.

Dynan, W. S. & Tjian, R. (1983) Cell 32, 79-87.

Pomerantz, B. J. & Hassell, J. A. (1984) J. Virol. 49, 925-937.



