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We have studied initiation and regulation of early transcription of simian virus
(SV40) DNA in vitro by eucaryotic RNA polymerase II, using both a crude HeLa
cell extract and a partially purified calf thymus polymerase supplemented with a
HeLa cell S100 fraction. Analysis of initiation sites by primer-directed cDNA
synthesis and sequencing of cDNA's has revealed that early transcription is
initiated at a multiplicity of sites corresponding to the 5' termini of early viral
mRNA's. The pattern of in vitro initiation closely resembles the pattern of 5'
termini of early mRNA's late in the lytic cycle, with principal initiations between
residues 5184 to 5194, upstream from the early Hogness-Goldberg (TATA)
sequence, and at residue 5123, well downstream from this sequence. In vitro
transcription is initiated to a lesser extent at sites between residues 5150 and 5155,
the principal 5' termini of early mRNA's in transformed cells and early in lytic
infection, located 21 to 26 nucleotides downstream from the TATA sequence.
Initiation occurs at identical sites and with similar efficiencies on form I and
linearized DNA templates. There are minor differences in the efficiency of
initiation at specific sites by the two transcriptional systems. Studies using a DNA
template cleaved just downstream from the TATA sequence and a second
template cleaved through a pair of 72-base-pair tandem repeats starting 87
nucleotides upstream from the TATA sequence have revealed that neither the
TATA sequence nor the repeats are essential for early transcription in vitro.
However, removal of the TATA and upstream sequences shifts initiation of
transcription principally to the residue 5123 site. Comparison of the relative
efficiencies of transcription on intact wild-type DNA, the two cleaved DNAs, and
DNA from a deletion mutant suggests that all or most of the sequences
constituting an early promoter lie within the genomic region 60-70 to 140
nucleotides upstream from the principal 5' termini of the early mRNA's.

The availability of in vitro systems that carry
out transcription of eucaryotic DNAs has great-
ly facilitated inquiries into both initiation and
regulation of eucaryotic transcription. To date,
two such systems have been described, one
making use of a crude HeLa cell extract from
which DNA and certain DNA-binding proteins
have been removed (24) and the second com-
posed of a partially or fully purified RNA poly-
merase II supplemented with an S100 cytoplas-
mic fraction from any one of a number of
eucaryotic sources (41). Both systems have been
used for transcription of a variety of eucaryotic
genes-adenovirus (24, 40) and simian virus 40
(SV40) (16, 25, 33) early and late genes and
genes for ovalbumin, conalbumin (40), and glo-
bins (23, 28). In the systems so far studied, there
is good evidence that initiation of transcription,
capping of 5' termini, and chain elongation are
carried out faithfully. On the other hand, chain
termination does not take place.
SV40 is an especially favorable system for

studying initiation and regulation of eucaryotic
transcription since there are two interrelated
temporal modes of transcription during lytic
infection (early and late transcription) (22, 39);
the origin of DNA replication (22, 39), overlap-
ping templates for a multiplicity of 5' termini of
early (6, 8, 15, 19, 29) and late (3, 10, 14, 21, 30)
mRNA's, and sequences required for regulation
of transcription (2, 13) are clustered in a single
control region; and the early protein, large-T
antigen, binds in graded fashion to three sites
within the origin of DNA replication (38) and in
so doing influences the selection of 5' termini of
early mRNA's during the lytic cycle (6) and
suppresses early transcription (20, 32, 33, 37).
The present study was initially undertaken in

an effort to identify and map sites on the SV40
genome at which early transcription is initiated.
We were interested in this problem because of
the implications that multiplicity of 5' termini
and the wide expanse of the template for the 5'
termini might have for the mechanism by which
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5' termini are generated and early transcription
is controlled. Furthermore, prior in vitro tran-
scriptional studies (16, 33) had suggested early
transcription from two sites, but the method
used, sizing of transcripts of linearized DNA
templates, would not permit detection of tran-
scription from multiple proximate sites, and it
was not possible to map the two initiation sites
on the map of viral early transcription (Fig. 1)
with any accuracy. In addition, a recent study
making use principally of S1 nuclease mapping
techniques suggested initiation from three sites
in the region of the major 5' termini of trans-
formed-cell mRNA's (Fig. 1), but not from any
other major or minor 5' terminal sites (25).
Using the two aforementioned in vitro tran-

scriptional systems, we have transcribed linear-
ized and form I SV40 DNAs. To map sites of
initiation of transcription, we have synthesized
DNAs complementary to the 5' termini of in
vitro transcripts and compared them with
cDNA's similarly synthesized on the early
mRNA's. Our studies have demonstrated a mul-
tiplicity of in vitro initiation sites, both upstream
and downstream from the early TATA se-
quence. Furthermore, all of the major and most
of the minor in vivo 5' termini lie at sites of in
vitro initiation, suggesting that they arise by
transcription initiation.
Having drawn this conclusion, we next con-

ducted studies inquiring into the importance of
the early TATA box and a pair of upstream 72-
base-pair tandem repeats for initiation of early
transcription and also attempting to gain insight
into genomic regions regulating SV40 transcrip-
tion. For these studies, we separately cleaved
SV40 DNA slightly downstream from the TATA
box and through the repeats and tested the
ability of the cleaved DNAs to serve as tem-
plates for early transcription. Our main conclu-
sions from these studies are that the TATA box
and tandem repeats are not required for early
transcription; that in the absence of the TATA
box and upstream sequences, initiation is shifted
principally to a site approximately 50 nucleo-
tides downstream from the TATA box; and that
sequences within the genomic region from 60-70
to 140 nucleotides upstream from the major cap
sites of transformed cell and early-lytic-phase
early mRNA's constitute the major portion, if
not the entirety, of an early transcriptional pro-
moter.

MATERIALS AND METHODS
DNAs from strain 776 wild-type SV40 and the

mutant d1892 were prepared from infected CV1 cells
by Hirt (17) extraction followed by two cycles of
banding in CsCl-ethidium bromide gradients. DNA I
was digested with the indicated enzymes as specified
by the supplier (New England Biolabs, Inc.). Digested
DNAs were extracted twice with phenol-chloroform,

precipitated twice with ethanol, and taken up in 0.01 M
Tris-hydrochloride, pH 8.0, and 1 mM EDTA.

Polyadenylated cytoplasmic RNAs from SV40-
transformed line SV80 and CV1 cells infected with
wild-type SV40 and deletion mutant d1892 were isolat-
ed as previously described (10, 29).
A crude extract containing RNA polymerase II

activity and an S100 fraction were prepared from
HeLa cells as described (24, 42). Partially purified
RNA polymerase II was prepared from calf thymus
according to Hodo and Blatti (18) with batchwise
rather than column DEAE-cellulose chromatography,
precipitation of the final DEAE eluate with ammonium
sulfate to a final concentration of 75%, solubilization
of the pellet in 0.05 M Tris-hydrochloride, pH 7.9, 25%
glycerol, 5 mM dithiothreitol, and 1 mM EDTA, and
dialysis against storage buffer containing 0.05 M Tris-
hydrochloride, pH 7.9, 50%o glycerol, 0.1 M ammoni-
um sulfate, 5 mM dithiothreitol, and 0.1 M EDTA. All
preparations were stored in small portions in liquid
nitrogen.

Transcriptions using the crude HeLa cell extract
were carried out in reactions containing 0.012 M
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES), pH 7.9, 0.06 M KCI, 7.5 mM MgC92, 0.06
mM EDTA, 1.2mM dithiothreitol, 2.5 ,ug ofDNA, and
30 ,ul of extract per 50-,ul reaction volume (24). For
analysis of transcripts by gel electrophoresis, 10 to 15
,uCi of ka-32P]UTP (Amersham Searle) was included in
50-pul reactions. For analysis of transcripts by synthe-
sis and sequencing of DNAs complementary to 5'
ends, radiolabeled UTP was omitted, and reactions
were scaled to 750 pul. Transcriptions with the calf
thymus polymerase were carried out in 1-mi reactions
containing 0.01 M HEPES, pH 7.9, 0.06 M KCl, 7.5
mM MgC92, 0.25 mM dithiothreitol, 10% glycerol, 0.60
mM CTP, UTP, GTP, and ATP, 6 pug of DNA, 500 plI
of HeLa cell S100 extract, and 2,500 U of RNA
polymerase 11 (4). Incubations in both systems were
carried out for 1 h at 30°C. Vanadyl RNase inhibitor
(Miles, Inc.) and DNase freed of RNase by treatment
with iodoacetic acid (4) were then added to reactions
to final concentrations of 10 and 4 ,ug/ml, respectively,
and incubations were continued for another 5 min.
Samples were then extracted as described (24). Final
RNA pellets were either taken up in 0.01 MNaPO4, pH
6.8-0.01% Sarkosyl, glyoxylated (27) and electropho-
resed on 1.7% agarose gels in 0.01 M NaPO4, pH 6.8-
0.01% sodium dodecyl sulfate with glyoxylated size
markers or taken up in 80%o formamide (Eastman
Chemical Co.; deionized)-0.4 M NaCl-0.01 M pipera-
zine-N,N'-bis(2-ethanesulfonic acid (PIPES), pH 6.4
for hybridization to a DNA primer and synthesis of
DNAs complementary to 5' termini.
Methods for synthesis, separation, and sequencing

of cDNA's have been described in detail (9). A primer
spanning residues 5053 to 5089 and labeled with 32p
only at the 5' end of the early strand (at position 5053)
(6) was used for all cDNA syntheses. (Residue num-
bers used are according to a modification [M. Piatak,
K. N. Subramanian, P. Roy, and S. M. Weissman, J.
Mol. Biol., in press] of the system of Reddy et al. [31].
Correlation with the BBB [39] numbering system is
provided in Fig. 1.) cDNA's were sequenced by either
separation on 2-mm-thick slab gels of 8% polyacryl-
amide-7 M urea followed by Maxam-Gilbert (26) se-
quencing of individual cDNA's or coelectrophoresis
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on 0.3-mm gels of the same composition, with the
residue 5053-190 fragment also labeled only at the 5'
end of the early strand and digested according to
Maxam and Gilbert. By reference to the DNA se-
quencing channels, the 3' termini of cDNA's could be
directly determined from the latter gels.

RESULTS
Five-prime termini of early mRNA's. In a

recent study (6), we analyzed the 5' termini of
SV40 early mRNA's by synthesis, separation,
and sequencing of DNAs complementary to 5'
termini. We found that mRNA's from trans-
formed cells and early and late in lytic infection
reproducibly yielded characteristic, but very dif-
ferent, cDNA electrophoretic patterns. As
shown in Fig. 2. (lane 7), the cDNA pattern of
transformed-cell early mRNA's typically reveals
two principal cDNA's (1 and 2), each accounting
for about 40 to 50% of total cDNA's, and a large
number of additional minor cDNA's (3 to 16). In
the early phase of lytic infection, the pattern of
cDNA's mimics that of transformed cells for
cDNA's 1 to 9, but there are no cDNA's with
termini upstream for cDNA 9 (pattern not
shown). Late in the lytic cycle, however, the
cDNA pattern is radically altered: cDNA's 10.5
and 11 are vastly increased in quantity and
almost always become the major cDNAs;
cDNA's 1 and 2 are reduced in quantity (reduc-
tions always relative, usually absolute); cDNAs
8 and 10 usually show an absolute increase in
amounts; and the remaining cDNA's are scarce
(Fig. 2, lanes 5 and 6, reveal late lytic cDNA
patterns for wild-type SV40 and mutant d1892
early mRNA's; although the two patterns differ
in certain minor regards, prior studies have
documented their similarity [6] and both show
typical late pattern features). In some studies,
the ratios of cDNA's 10, 10.5, and 11 to 1 and 2
have approached 5 to 10:1 in late lytic infection.
cDNA's 1 to 16 from all three sources have

been sequenced individually by degradations
adjacent to all four nucleotides according to
Maxam and Gilbert (26) and also by coelectro-
phoresis on a DNA sequencing gel with a
Maxam-Gilbert-degraded DNA fragment with
the same labeled 5' end as the primer used for
cDNA syntheses (Fig. 2). The specificity of
cDNA patterns, the appearance of certain minor
wild-type cDNA's as major cDNA's in studies
of mutant early mRNA's (7), and the absence of
any or the presence of only insignificant quanti-
ties of comigrating cDNA's in reverse tran-
scripts ofcRNA have led us to conclude that the
3' termini of all the major and probably most of
the minor cDNA's correspond to the 5' termini
of early mRNA's.

Figure 1 demonstrates our localizations of the
5' termini of the early mRNA's. From our

cDNA sequence analyses, we have deduced that
the early mRNA's of transformed cells and early
lytic infection have three principal 5' termini
(corresponding to the termini of cDNA's 1 and
2) located at residues 5150, 5154, and 5155, 21 to
26 nucleotides downstream from the early
TATA box. Terminal sequences at the first two
sites, CU and GC, correspond to the most
abundant caps identified in transformed cell
mRNA's by Kahana et al. (19), whereas the GC
sequence at position 5155 corresponds to anoth-
er abundant cap (15, 19). Our analyses have
further revealed that there are four principal 5'
termini late in infection (corresponding to the
ends of cDNAs 10.5 and 11) located at or within
one or two nucleotides of residues 5190 to 5194.
Terminal sequences at three of these sites-AU,
CU, and AC at positions 5190, 5193, and 5194,
respectively-correspond to the three most
abundant caps identified late in infection (Y.
Groner, personal communication). Further-
more, in the analyses of Groner's group, the AC
cap is present in early mRNA's only in late lytic
infection, whereas the AU cap is a minor cap in
the early phase of infection. Thus, two indepen-
dent approaches have revealed a shift in the
principal early 5' termini used late in lytic infec-
tion. Minor 5' ends of the early mRNA's extend
from as far upstream as residues 9 to 13 to as far
downstream as residues 5095 to 5097, a span of
160 nucleotides (Fig. 1). The two most upstream
sites identified lie at identical sequences within a
pair of 21-base-pair tandem repeats (extending
from residues 5223 to 5243 and 1 to 21). With
only two exceptions, the minor 5' termini we
have identified also lie at sites with sequences
identified in early caps (15, 19).

Early transcription is initiated at multiple sites
corresponding to S' termini of early RNA's. Fig-
ure 3 schematically depicts the region of SV40
DNA coding for 5' termini of the early and late
viral mRNA's, sites at which we have cleaved
the genome with restriction endonucleases to
obtain in vitro transcriptional templates, and the
lengths expected of early and late transcripts of
the cleaved templates if transcription is initiated
in the regions of the 5' termini of the in vivo
mRNA's and terminates at the cleaved ends of
the linear DNA templates.

Initial experiments involved transcriptions of
linearized DNA templates with the crude HeLa
cell extract (24) and "runoff" gel electrophoretic
analysis of transcripts (Fig. 4). The gel electro-
phoretic pattern of transcripts of EcoRI-cleaved
DNA reveals one dark band of about 3,500
nucleotides, in the size range expected for early
transcripts, and two bands, one dark with a
chain length of about 1,600 nucleotides and the
other light with an estimated length of 1,450
nucleotides, in the size mnge expected of late
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FIG. 2. Eight percent polyacrylamide-7 M urea gel electrophoreses ofDNAs complementary to 5' termini of
SV40 early mRNA's and RNA polymerase II transcripts of SV40 DNA. (a) Coelectrophoresis on a 0.3-mm
"thin" gel of cDNA's copied on in vitro transcripts and in vivo early mRNA's. In vitro transcriptions were
caried out on form I DNA and DNAs cleaved with the indicated enzymes, using the crude HeLa cell extract
(fanes 1 to 4) and calf thymus RNA polymerase II (lanes 8 to 11) systems. Early mRNA's were obtained from
wild-type (lane 5)- and mutant d1892 (lane 6)-infected cells and SV80-transformed cells (lane 7). cDNA's are
numbered as previously (6). In center four lanes is a Maxam-Gilbert (26) sequence analysis of a DNA fragment
with the same 5' end as the primer for cDNA synthesis. Since the cDNA originating at the end of BgII-cleaved
DNA (cleavage at position 5159) comigrates with the G residue at position 5159 of the DNA sequence,
comparison of the migration of cDNA's and bands on the DNA fragment sequence analysis allows direct
determination of termini of cDNA's. Numbers in margin indicate termini of cDNA's 1 and 2, 6 to 8, and 10.5 and
11. (b) Coelectrophoresis ofDNAs complementary to the 5' termini of in vitro transcripts ofEcoRI-cleaved wild-
type SV40 DNA, using the crude HeLa cell and partially purified RNA polymerase II transcriptional systems. (c)
Coelectrophoresis ofDNAs complementary to the 5' termini of in vitro transcripts of the indicated DNAs, using
the crude HeLa cell transcriptional system.
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Bgl I- 5159

PREDICTED LENGTH OF TRANSCRIPTS
CLEAVAGE

Eco RI
Pst I
Taq I

EcoRI+BgII
Eco RI + SphI

EARLY

3421-3551
1997 -2130
466- 599
3421 - 3454

3421 - 3551

LATE

1462 -1759
1663 - 1960
4414 -4711
1462 -1759

1462 -1687

FIG. 3. Map of SV40 genome showing regions coding for 5'-termini of early and late mRNAs (o and0);directions of early and late transcription (*---- ), and sites of cleavage by restriction enzymes used or
preparation of in vitro transcriptional templates. Early transcription is shown in a counterclockwise direction,
whereas in Fig. 1 it is in a left-to-right direction. Lengths of runoff products expected if in vitro transcription is
initiated within the genomic regions coding for 5' termini of early and late mRNA's are indicated.

transcripts (Fig. 4a). That these bands represent
early and late transcripts as indicated is support-
ed by the electrophoretic migrations of tran-
scripts of truncated templates cleaved with PstI
and TaqI. Transcription of the former demon-
strates a single prominent band of approximately
2,100 nucleotides, as expected for early tran-
scripts, and two bands in the size range expected
for late transcripts, the darker one about 1,900
nucleotides and the lighter about 1,750 nucleo-
tides (Fig. 4a). In certain electrophoretic runs,
the early transcripts of these DNAs have re-
solved into two bands separated by about 75
nucleotides (Fig. 4b,d). The transcripts of TaqI-
cleaved DNA include a single dark band of
about 4,600 nucleotides, corresponding to late
transcripts, and two light bands with chain
lengths of about 460 and 535 nucleotides, in the
size range predicted for early transcripts (Fig.

4a,c). Bands other than those noted correspond
to end-to-end transcripts of DNA or have been
seen inconstantly. When transcriptions were
carried out in the absence of added DNA or
crude extract or in the presence of alpha-amani-
tin (0.5 giwg/ml), there was no gel electrophoretic
evidence of any incorporation of substrates into
RNA. The presence of two principal early and
two principal late transcripts in our experiments
is in accord with the prior findings of others (16,
25, 33).
The early transcripts of TaqI-cleaved DNA

appeared to provide a good guide to the major
sites of initiation of in vitro early transcription
since they were well separated from one another
and they coelectrophoresed with the accurately
sized HindII/III C, D, and E fragments of SV40
DNA on the linear portion of the log chain
length-migration curve of Fig. 4c. Indeed, since

J. VIROL.



SV40 EARLY TRANSCRIPTION IN VITRO

TaqI cleaves the viral DNA at position 4660, the
460 and 535 chain lengths of these transcripts
suggested that early transcription in vitro was
initiated principally at sites close to residues
5120 and 5185 on the SV40 genome; as noted,
the major 5' ends of the early mRNA's late in
lytic infection lie in the residue 5190 to 5194
region, and three moderately abundant 5' ends
of transformed-cell and early lytic mRNA's lie at
residues 5123 to 5125 (Fig. 1). In contrast, there
appeared to be no runoff transcript arising from
residues 5150 to 5155, sites from which the three
major 5' termini of early mRNA's arise in trans-
formed cells and early in the lytic cycle (Fig. 1).

In an effort to determine the precise locations
of the 5' termini of the early in vitro transcripts
and to see if there might be additional in vitro
initiation sites not detected by runoff gel electro-
phoresis, we transcribed form I and EcoRI and
PvuII-cleaved DNAs with both crude HeLa cell
and calf thymus RNA polymerases, synthesized
DNAs complementary to the 5' termini of the in

d 1I

..I ;-
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I

vitro transcripts, and compared the electropho-
retic patterns and terminal sequences of these
cDNA's with those of cDNA's prepared by
identical means on the early mRNA's. Whereas
the runoff gel analyses suggested two early tran-
scripts, the cDNA patterns (Fig. 2a,b) reveal a
multiplicity of cDNA's synthesized on the 5'
ends of in vitro transcripts. Furthermore, the
patterns of cDNA's copied on transcripts of
form I and linearized DNAs are virtually identi-
cal, and the patterns obtained on transcripts
synthesized with the two polymerases are quali-
tatively similar. Thus, there appear to be multi-
ple initiation sites, early transcription is initiated
at the same sites and with approximately equal
efficiencies on supercoiled and linear templates,
and the two transcriptional systems recognize
the same start signals on SV40 DNA. Most
important, Fig. 2a reveals extensive comigration
of cDNA's of in vivo- and in vitro-synthesized
RNAs, sequencing of cDNAs 1 to 11 of Fig. 2b
has revealed the same termini as found for the

E+Rl

I

FIG. 4. Agarose (1.7%) gel electrophoresis of glyoxylated early (E) and late (L) RNA polymerase II
transcripts of restricted SV40 DNAs. Size markers in (a) were fragments of SV40 mutant d1809 DNA cleaved
with PstI (1228 and 3825 nucleotides) and fragments of phage lambda DNA (lane 4) cleaved with HindIII; size
markers in (c) were fragments of wild-type SV4 DNA derived by cleavage with HindIIVIII.
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corresponding cDNA's of the early mRNA's,
and analysis of the migration of in vitro cDNA's
12 to 16 of Fig. 2b has suggested that they each
terminate at the same sites as the corresponding
cDNA's of the early mRNA's (Fig. 2a, lane 8).
On the other hand, the termini of two small
cDNA's of Fig. 2b migrating between cDNA's 4
and 6 were found not to correspond to the
termini of any cDNA's derived from early
mRNA's. The 5' termini of the in vitro tran-
scripts deduced from these studies and the 5'
termini of the early mRNA's are compared in
Fig. 1. From these studies, we conclude that
most of the in vitro start sites are identical to 5'
termini of early mRNA's, that the 5' termini of
all major and most, if not all, minor early
mRNA's arise by transcription initiation, and
that initiations occur at sites both upstream and
downstream from the early TATA box.
From Fig. 2a and 2b, it is apparent that the

most prominent in vitro start sites lie at residue
5123 (corresponding to the 3' terminus ofcDNA
8) and at residues 5184 and 5185, 5190 and 5191,
and 5193 and 5194 (corresponding to the 3'
termini of cDNA's 10, 10.5, and 11, all dou-
blets). In contrast, starts from residues 5150,
5154, and 5155 (corresponding to the 3' ends of
cDNA's 1 and 2) are substantially weaker.
These observations are important in two re-
gards. First, they correlate well with the results
obtained by runoff gel electrophoresis; from the
chain lengths of the early transcripts on runoff
gels, it seems likely that initiation of transcrip-
tion at residues 5123 to 5125 gives rise to the
shorter of the two runoff transcripts, whereas
initiations at the residue 5184 to 5194 sites give
rise to the longer and broader of the runoff
transcripts. Second, the localizations and rela-
tive abundances of the in vitro starts closely
resemble the localizations and relative abun-
dances of the 5' termini of early mRNA's specif-
ically produced late in lytic infection. The basis
for this resemblance is presently unknown.

Although cDNA's synthesized on transcripts
prepared on identical templates using the two
transcriptional systems are similar, there are
reproducible differences in the relative abun-
dances of cDNA's 10, 10.5, and 11 (Fig. 2b
especially). These differences are not overcome
by altering the ratio of DNA to enzyme in
transcriptions. These data suggest that the two
systems may initiate transcription at specific
sites with different relative efficiencies, probably
due to different concentrations of ancillary tran-
scription factors.
The TATA box and upstream 72-base-pair re-

peats are not essential for in vitro early transcrip-
tion; an early promoter region lies 60-70 to 140
nucleotides upstream from major cap sites. DNA
sequences upstream from the 5' termini of eu-

caryotic mRNA's are involved in regulation of
transcription (for example, see reference 4). For
both SV40 early transcription and transcription
of the sea urchin histone H2A gene, the TATA
box or adjacent sequences (or both) play a
crucial role in vivo in fixing the positions of
major downstream 5' termini (2, 7, 12). Howev-
er, there is no absolute requirement for the
TATA box in these systems, since SV40 DNA
lacking the box is still able to direct the synthesis
of early mRNA's upon introduction into permis-
sive cells (1), and the sea urchin gene from
which these sequences have been deleted is still
transcribed in Xenopus oocytes (25). In contrast
to the dispensability of the TATA sequence for
SV40 early transcription, the presence of at least
one copy of a pair of 72-base-pair tandem re-
peats starting 87 nucleotides upstream the
TATA box is essential for viral early transcrip-
tion in vivo (2, 13).
Having defined multiple sites of initiation of

early transcription, it was important to examine
the effect of deletion or disruption of the TATA
box and upstream tandem repeats on in vitro
transcription from these multiple sites. We
therefore performed transcriptions on templates
doubly cleaved with EcoRI and BgII (BglI
cleaves at residue 5159, severing the TATA box
and upstream sequences from the remainder of
the early gene; Fig. 1) and EcoRI and SphI (SphI
cleaves once within each of the tandem repeats,
at residues 50 and 122, but at no other sites on
SV40 DNA; Fig. 1). Transcripts were analyzed
by both runoff gel electrophoresis and analysis
of DNAs complementary to 5' ends.

Despite these critically placed lesions, both
doubly cleaved DNAs yield transcripts of about
3,500 nucleotides, comigrating with early tran-
scripts of EcoRI-cleaved DNA and also presum-
ably early transcripts (Fig. 4a,d). In the case of
BgI-cut DNA, transcripts obtained with both
the crude HeLa cell and calf thymus RNA
polymerases yield virtually identical cDNA pat-
terns which are different from the cDNA pat-
terns obtained on transcripts of DNA with an
intact control region and which are character-
ized by two predominant bands (Fig. 2a). The
less abundant of the two bands terminates at
residue 5159, indicating initiation at the BglI
cleavage site. The more abundant band, repre-
senting about 75% of total cDNA's, terminates
at residue 5123, indicating initiation of transcrip-
tion principally from this site. Also seen in Fig.
2a are weak cDNA's comigrating with cDNA's 1
to 3, indicative of persistent albeit very low level
initiations from the residue 5150 to 5155 and
5146 sites, and a number of weak cDNA's which
do not appear to comigrate with any of the in
vivo cDNA's, indicative ofweak initiations from
a number of new sites. Weak initiations are also
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observed further downstream, from residues
5110 to 5112 (results not presented). Thus, as
noted recently also by Mathis and Chambon
(25), removal of the TATA box and upstream
sequences does not abolish early transcription in
vitro; however, it does alter the specific sites at
which it is initiated.

In the case of SphI-cleaved DNA, retention of
early transcription cannot be ascribed to religa-
tion of SphI-cut ends, since the late transcrip-
tional pattern observed differs from that ob-
tained with DNA cut with EcoRI alone. In
addition, the cDNA pattern of transcripts of
SphI-cut DNA is identical to that of transcripts
of DNA with intact tandem repeats (Fig. 2c).
Thus, as also found by Mathis and Chambon
(25), intact repeats are not required for early
transcription in vitro as they are in vivo; further-
more, cleavage through the 72-base-pair repeats
does not alter the specific sites on SV40 DNA at
which early transcription is initiated in vitro.

Cleavage of SV40 DNA with BglI reproduci-
bly reduces the level of early transcription by
about two-thirds (Fig. 4a). In contrast, cleavage
upstream with SphI does not reduce early tran-
scription and may actually lead to some en-
hancement (Fig. 4d). The former suggests that
sequences upstream from the BglI cleavage site
are essential for high-level early transcription,
whereas the latter suggests that sequences
downstream from the SphI site suffice for maxi-
mal transcription. Taken together, these obser-
vations suggest that the region from about resi-
dues 50 to 5160 contains all of the sequences
which are necessary for high-level early tran-
scription and hence which constitute all or most
of an early transcriptional promoter. Recently it
has been shown that SV40 mutants with dele-
tions extending from downstream sites to resi-
dues 5204 to 5225 express early functions at near
wild-type levels whereas mutants with deletions
extending further upstream suffer sharp reduc-
tions in early gene expression (1, 2). Since these
results suggest that the downstream end of an
early promoter might lie in the region of residues
5204 to 5225, we examined early transcription on
DNA from an SV40 mutant, d1892, which lacks
19 nucleotides extending from residues 5195 to
5213. As shown by analysis of cDNA's, the
early starts on the mutant DNA are qualitatively
and quantitatively identical to those on wild-
type DNA. Thus, the span from residue 50 to
residues 5214 to 5225 appears to contain se-
quences which specify most, if not all, of an
early in vitro transcriptional promoter (Fig. 1).

DISCUSSION

The early and late genes of the papovaviruses
are prime examples of eucaryotic genes giving

rise to mRNA's with heterogeneous 5' termini.
For the late mRNA's of wild-type SV40, there
are five or six major and a number of minor 5'
ends (10, 30). The early mRNA's appear to be
even more complex, with three major 5' termini
in early lytic infection and in transformed cells,
four different major 5' ends during late infection,
and a multiplicity of minor 5' ends as detailed in
Fig. 1 (6). Our present studies have shown that
the 5' termini of the principal as well as most, if
not all, minor SV40 early mRNA's in trans-
formed cells and early and late in infection arise
by transcription initiation. This conclusion is
based on identity of most cDNA's copied from
the 5' termini of in vivo mRNA's and in vitro
transcripts, and also the strong likelihood that
the 5' termini of the in vitro transcripts arise by
initiation of transcription and not post-transcrip-
tional processing, even though the presently
available transcriptional systems are crude. The
latter point is strongly supported by the recent
findings that m7GpppCmpU is the most abun-
dant SV40 early cap (19) and that [p-32P]CTP
enters caps with this sequence in SV40 early
mRNA's synthesized by isolated nuclei from
virus-infected cells (11).
The early transcription initiation sites we have

identified span a minimum of about 130 nucleo-
tides (from residue 5123 downstream to residues
9 to 13 upstream). Thus, any mechanism of
transcription initiation in SV40 must be able to
explain initiation at a multiplicity of sites span-
ning this distance.
Not only do the sites of in vitro initiation we

have identified correspond to the 5' termini of
the early mRNA's, they resemble to a consider-
able extent the pattern of 5' termini of mRNA's
specifically present late in the lytic cycle (Fig.
1). That is, both in vitro transcripts and early
mRNA's late in infection demonstrate promi-
nent starts from residues 5184 to 5194 and 5123
and weaker starts in the region of residues 5150
to 5155. In contrast, initiations at residues 5150
to 5155 represent 80 to 90%o of total initiations
early in infection and in transformed cells,
whereas initiations at upstream sites are either
absent or scarce. On the one hand, it is possible
that the in vitro pattern of initiation simply
reflects the fact that the genomic region span-
ning residues 5184 to 5194 and residue 5123 do
not appear to enter into extensive base pairing,
whereas the region from residues 5130 to 5175,
owing to the presence of two long sequences
with dual axes of symmetry, may form two long
hairpin loops (22, 35). The former sites may thus
be available for initiation of transcription,
whereas the 5150 to 5155 sites and other nearby
sites may be unavailable to RNA polymerase. It
seems more likely to us, however, that the
similarity of in vitro and late lytic transcriptional
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patterns has more biological significance. The
SV40 transcriptional template late in infection
contains significant quantities of bound large-T
antigen (33, 37), the shift of early 5' termini
during late phase from residues 5150 to 5155 to
residues 5190 to 5194 is mediated by T antigen
(6), and we have postulated that binding of T to
sites downstream from the TATA box may be
involved in this upstream shift in late phase (6).
Clearly, the in vitro transcriptional template
does not contain bound large-T antigen. Howev-
er, it seems possible that a cellular DNA-binding
protein in the crude transcriptional systems may
bind to SV40 DNA in vitro in a manner similar to
in vivo binding by large T, thereby imparting a
structure to the DNA similar to that in late lytic
infection. Alternatively, an ancillary factor re-
moved in the preparation of extracts or some
specific configuration of the DNA, specifically a
chromatin structure, not attained in vitro may be
required for transcription predominantly from
the downstream sites as in transformed cells and
early lytic infection.
Only one other group, that of Chambon and

collaborators, has performed comprehensive
studies to map the 5' termini of the early
mRNA's and in vitro transcripts (2, 25). Their
studies have been carried out principally by
analyses of S1 nuclease-digested, end-labeled
DNAs complementary to the early RNAs and
have yielded results which are in general agree-
ment with ours on one important point but at
odds with ours on several additional points.
First, we agree that transformed-cell early
mRNA's have three principal 5' termini in the
residue 5148 to 5155 region (we locate termini at
residues 5150, 5154, and 5155, whereas they
place termini at residue 5148 and the latter two
sites). Whereas we find the same principal 5'
termini early in lytic infection, they have not
studied this question. With respect to points of
disagreement, we have identified a shift in 5'
termini late in lytic infection to four principal
sites between residues 5190 and 5194 and in
certain experiments to two additional sites at
residues 5184 and 5185; in contrast, they have
found the same 5' termini as in transformed-cell
early mRNA's between residues 5148 and 5155.
In addition, we have identified a number of
minor 5' termini of early mRNA's and corre-
sponding minor initiation sites both upstream
from residues 5190 to 5194 and downstream
from residues 5150 to 5155, whereas they do not
deal with this point. Finally, they have identified
major initiations in vitro in the residue 5148 to
5155 region and at a site about 80 nucleotides
downstream (this site lies five nucleotides down-
stream from the nearest potential in vivo 5'
terminus and downstream from the large- and
small-T initiation codon), whereas we have lo-

calized principal initiations to residues 5184 to
5194 and residue 5123, as previously noted.

It is difficult to reconcile the differences be-
tween our results and those of the French group.
Differences in in vitro transcriptional conditions
may account for the different patterns of initia-
tion in vitro, and different methodological ap-
proaches probably account for the differences in
the number of 5' termini identified and their
localizations. Whereas "short stops" may arise
in cDNA synthetic analyses due to premature
termination by reverse transcriptase, giving rise
to erroneous 5' ends downstream from true
ends, artifacts may arise in S1 nuclease analyses
from overdigestion with the enzyme, resulting in
shortening of cDNA's or even degradation of
cDNA's. In addition, cDNA analyses as we
have applied them may be more sensitive for
detecting minor 5' termini than methods involv-
ing Si nuclease digestion of cDNA's. In our
prior studies (6), we attempted to control for
procedural artifacts and presented arguments
supporting our identifications and localizations
of 5' termini. The most important points sup-
porting our findings are as follows: identification
of six separate capped dinucleotides by Kahana
et al. (19) and four by Haegeman and Fiers (15),
including one not detected by the former work-
ers, in mRNA's from transformed cells and early
lytic infection indicate a minimum of six to
seven 5' termini; the most abundant cap in
transformed cells and early in lytic infection
terminates with the transcribed sequence CU
(19), in agreement with our placement of a
principal 5' terminus under these conditions at
residue 5150 (Fig. 1); the most abundant caps
late in infection terminate in CU, AC, and AU
(Y. Groner, personal communication), in agree-
ment with our localizations of major 5' termini
late in infection at residues 5190 to 5194 (Fig. 1);
initiations as far upstream as residues 9 to 13
must exist, since there is no way upstream
sequences could appear in cDNA's without be-
ing present in template mRNA's; and the termini
of early mRNA's in a series of origin-defective
mutants and correlation with known cap se-
quences suggest the validity of our localizations
of minor 5' termini downstream from residue
5150. We are presently experimenting with al-
tered transcriptional conditions in an effort to
see if we can influence the selection of in vitro
initiation sites.
Although our pattern of in vitro initiations

resembles that of the 5' termini of mRNA's in
late infection, the resemblance is still only par-
tial. Stated otherwise, the in vitro transcriptional
systems appear to faithfully initiate early tran-
scription in a qualitative sense, but the relative
quantities of initiation from the various sites
only partially reflect the relative quantities of in
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vivo 5' termini from the same sites. Two expla-
nations may be offered. On the one hand, the
relative quantities of 5' ends may reflect differ-
ential post-transcriptional processing. On the
other hand, the presently available in vitro tran-
scriptional systems may not accurately duplicate
in vivo transcription in quantitative terms. In-
deed, the current transcriptional systems are
only approximations of transcriptional systems
in vivo. This seems especially true in that DNA
templates used in vitro are naked, whereas in
vivo templates have a chromatin structure. In
addition, a number of factors influence the effi-
ciency and specificity of transcription initiation
from specific sites (34; R. Roeder, personal
communication) and, as suggested above, the
relative concentrations of active ancillary fac-
tors in the transcriptional systems used are
almost certainly not the same as in vivo. Accu-
rate duplication of in vivo transcription will
probably require full purification of all the fac-
tors involved in transcription, recombination of
these factors and RNA polymerase II in very
precise amounts, and use of native chromatin as
transcriptional templates.

Although the 72-base-pair tandem repeats are
essential for early transcription in vivo, two
lines of evidence suggest that they do not consti-
tute the major portion of an early transcriptional
promoter: as shown here and by Mathis and
Chambon (25), they are not required for in vitro
transcription, and they can be translocated to
distant genomic sites without impairing early
transcription (P. Berg, personal communica-
tion). Although the function of these repeats
remains unknown, they appear to establish a
permissive state for early transcription in vivo,
perhaps by imposing a specific chromatin struc-
ture on the viral DNA.
We have presented data which indicate that

the genomic span from residues 50 to residues
5214 to 5225 contains sequences which are es-
sential for high-level early transcription and
probably constitute all or most of an early in
vitro transcriptional promotor. This 70- to 80-
nucleotide span lies 60-70 to 140 nucleotides
upstream from the major early cap sites at
residues 5150 to 5155 and contains sequences
analogous to the CCAAT consensus sequence
present 75 to 95 nucleotides upstream from
many RNA polymerase II initiation sites (5), a
pair of 21-base-pair tandem repeats (from resi-
dues 5223 to 5243 and 1 to 21; Fig. 1) and the
downstream third of the downstream copy of the
72-base-pair repeats (residues 22 to 50; Fig. 1). It
also lies adjacent to an additional copy of the 21-
base-pair repeats, imperfect and extending from
residues 5201 to 5220 (Fig. 1). It has recently
been shown that deletion of one or two of the
three 21-base-pair repeats has no significant

effect on early transcription in vitro, but that
removal of all three copies of the repeats drasti-
cally reduces early transcription (P. K. Ghosh,
K. N. Subramanian, and P. Lebowitz, manu-
script in preparation). Thus, although the three
copies of the 21-base-pair repeats likely function
in the same manner, only one copy appears to be
essential for promotion of early transcription.
The proposed early promoter region also in-

cludes the most upstream of the known early
transcription initiation sites. In view of the sig-
nificance of the 21-base-pair repeats and the fact
that the two most upstream early start sites
(between residues 9 to 13 and 5232 to 5236; Fig.
1) lie at identical positions within each of the
perfect repeats, it seems reasonable to postulate
that early transcription involves an initial inter-
action, likely binding, of RNA polymerase II
with the 21-base-pair repeats, initiations within
the repeats, and then some form ofmovement of
enzyme downstream with initiation at a multi-
plicity of sites determined by local nucleotide
sequences, DNA secondary structure, or both.
Initiations occur at pyrimidines as well as pu-
rines (Fig. 1) (6, 11, 19) and are directed toward
specific downstream sites by the TATA se-
quence (2, 3, 7, 12).

Binding sites with high and moderate affinity
for T antigen (1 and 2 in Fig. 1) lie downstream
from the proposed promoter, whereas a low-
affinity site (site 3) either overlaps or lies close to
the promoter. Thus, if T antigen suppresses
early transcription at the level of promotion, it
must do so by binding to the third site. Such an
interaction would be expected to suppress tran-
scription from all initiation sites about equally.
Alternatively, T antigen could inhibit early tran-
scription, not by an interaction with the promot-
er, but by sequential binding to its three binding
sites and sequential blockage of transcription
initiation from loci within each of the binding
sites. Initiations from loci outside binding sites
would not be blocked. Favoring the latter mech-
anism is the aforementioned finding that early
transcription from residues 5150 to 5155 and
certain other downstream sites which fall within
binding sites 1 and 2 is inhibited late in infection
and that initiation is shifted principally to sites
between residues 5190 and 5194 (6) which lie
outside the binding sites (Fig. 1). Indeed, since
this shift is mediated by T antigen, we have
proposed that it might be the result of binding of
T antigen to the higher-affinity binding sites with
diversion of RNA polymerase molecules to the
upstream sites which are unencumbered by T
(6). We have also suggested that the shift in
initiation to residues 5190 to 5194 may be the
means by which initiation of late transcription
from the adjacent residue 5189 site is accom-
plished (6).
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Maintenance of early transcription in the ab-
sence of the TATA box and all upstream se-
quences was initially a surprising finding but
suggests the existence of sequences downstream
from the box which can bind RNA polymerase
and function as a secondary or alternative pro-
moter. The fact that residue 5123 serves as the
principal early initiation site upon removal of the
TATA box and all upstream sequences indicates
that the signal which leads to strong initiation at
this site is active whether a primary promoter
upstream from the TATA box or a secondary
promoter downstream is used for early tran-
scription. Using mutants with deletions which
start 30 nucleotides downstream from the TATA
box (at residue 5146), take out the residue 5150
to 5155 start sites and the TATA box, and
extend varying distances upstream, Chambon
and colleagues (2, 25) have found both in vivo
and in vitro that initiation of early transcription
is extremely heterogeneous, with most starts
falling in the region from approximately residues
5120 to 5090 (Fig. 1). It seems possible that the
greater heterogeneity of start sites in their mu-
tants and the fact that a principal start site at
residue 5123 is not observed may relate to the
deletions in their mutants extending 13 nucleo-
tides further downstream (i.e., to within 20
nucleotides of the 5123 site) than the deletion in
our in vitro template. If initiation cannot take
place at residue 5123, the virus may compensate
by using a multiplicity of start sites further
downstream.
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ADDENDUM IN PROOF
After submission of this paper, Myers et al. (Cell

25:373-384, 1981) reported that an SV40 early promot-
er lies approximately 70 to 155 nucleotides upstream
from the major early cap sites, in agreement with the
results reported here. In addition, Hansen et al. (Cell,
in press) have confirmed the findings discussed here
and previously (6), that the principal early starts late in
lytic infection are shifted to a series of sites 10 to 15
nucleotides upstream from the early TATA box and
that the shift is mediated by large T antigen.
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