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The role of the 21-bp repeat region [simian virus 40 (SV40)
coordinates 40 — 103] on early and late SV40 promoter func-
tions has been investigated in vitro using a variety of mutated
templates. Using either a HeLa whole cell extract or a S100
extract, we analyzed the transcripts by quantitative S1
nuclease mapping. GC-rich motifs contained in the 21-bp
direct repeat constituted an essential element for efficient
early transcription in vitro in agreement with previous in vivo
results. These GC-rich motifs act in a non-polar fashion,
since inversion of the 21-bp region did not reduce early tran-
scription. Some point mutations in the 22-bp imperfectly
repeated sequence, that drastically reduce initiations from the
early promoter in vivo, had little effect in vitro, indicating
that all the functions of these GC-rich motifs cannot be
reproduced in vitro at present. The requirement for the 21-bp
repeat region was less stringent when the concentration of the
early promoter sequence was increased, which suggests that
its function may be to facilitate the recognition of the ‘weak’
SV40 early TATA box. The multiple late start sites were
accurately used in vitro and the GC-rich motifs contained in
the 21-bp repeat region were an important element for ef-
ficient in vitro initiation of transcription from the late pro-
moter, irrespective of their orientation. However, the effect
of the 21-bp repeat region on late initiations decreased strik-
ingly with increasing distance to the start sites, although it was
still detectable over a distance of 220 bp. Under the present in
vitro conditions, the 72-bp repeat region stimulates weakly
both early and late transcription.
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Introduction

The organization of the promoter regions of the early and late
transcription units of the simian virus 40 (SV40) has been
extensively studied in vivo. The promoter region of the early
transcription unit contains two overlapping promoters con-
trolling initiation of transcription at the early-early (EE) and
late-early (LE) start sites (see Figure 1). The EE promoter
comprises the TATA sequence which ensures efficient in-
itiation of transcription from the EE start sites (EES) (for ref-
erences, see Wasylyk et al., 1983a), and an upstream se-
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quence, the 21-bp repeat region which contains six GC-rich
motifs essential for efficient transcription (Baty et al., 1984
and references therein). The four GC-rich motifs III, IV, V
and VI are also important elements of the LE promoter (Baty
et al., 1984) but the requirement for the GC-rich motifs I and
II appears to be unique to the EE promoter. The enhancer
which contains the 72-bp repeat also belongs to both pro-
moters, since it activates transcription from both the EES and
LES (Wasylyk et al., 1983a) (a promoter element is broadly
defined here as any cis-acting sequence important for accu-
rate and efficient initiation of transcription). The late pro-
moter region comprises multiple start sites within a region of
almost 200 bp (Figure 1) (Ghosh et al., 1978; see also Hansen
and Sharp, 1983 and references therein). The major late start
site L1 appears to be positioned by a TATA-like element
located ~ 30 bp upstream (Brady ef al., 1982), but to date no
such elements have been identified for the other start sites.
There are strong indications that some sequences within the
21-bp repeat region are essential for efficient transcription
from the late start sites (Fromm and Berg, 1982; Hartzell et
al., 1984). Whether the 72-bp repeat enhancer plays a role in
the efficiency of late transcription in vivo is unknown at
present.

To understand the molecular mechanisms by which the in-
itiation of transcription is controlled at the SV40 overlapping
early and late promoters, it is essential to identify the protein
and DNA sequence components which are involved and to re-
construct in vitro an efficient system in which all the require-
ments for accurate and efficient transcription in vivo are
reproduced. With soluble cell-free extracts the in vivo role of
the SV40 early TATA box can be reproduced in vitro (Mathis
and Chambon, 1981; Wasylyk ef al., 1983a; Hansen and
Sharp, 1983). Deletion mutants show that some sequences
within the 21-bp repeat are essential for efficient initiation of
transcription in vitro from both the early (Myers et al., 1981;
Hansen and Sharp, 1983) and late (Hansen and Sharp, 1983;
Brady et al., 1984) start sites. It has been suggested that
within the 21-bp repeat region, the DNA sequence require-
ments for efficient transcription in vitro closely resemble
those in vivo (Hansen and Sharp, 1983). Furthermore a pro-
tein factor, Spl, has been partially purified (Dynan and
Tjian, 1983a) and shown to bind in vitro to the region con-
taining the GC-rich motifs III, IV, V and VI (Dynan and
Tjian, 1983b). The availability of point mutants affecting the
six GC-rich motifs contained within the 21-bp repeat region,
whose effect on SV40 early transcription in vivo has been
extensively studied (Everett et al., 1983; Baty et al., 1984),
prompted us to study further whether the function played in
vivo by the 21-bp repeat region is faithfully reproduced in
vitro. We report here that the role exerted in vivo by the four
GC-rich motifs III, IV, V and VI on the efficiency of initia-
tion from the EE and LE start sites can be reproduced in vitro
using a soluble cell-free extract, but that the very strong down
effect in vivo of a mutation within the GC-rich motif I on
initiation for the EES cannot yet be reproduced in vitro. We
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Fig. 1. General organization and sequence of the SV40 early and late promoter region and of its mutant derivatives in the 21-bp and 72-bp repeat regions.
The first line represents the wild-type organization of the SV40 origin and early regions in recombinant pSV1 which was derived from SV40 strain 776
(Benoist and Chambon, 1980). Some SV40 (below the line) and pBR322 (above the thick line) key restriction sites are indicated (in parentheses when

destroyed during the construction) with their coordinates (numbers in parentheses).

Other numbers below the line indicate SV40 nucleotide positions (BBB

system, Tooze, 1982). The position of the early start sites EES and LES1— LES3, and of the late start sites L1 — L8 (their approximate position is indicated in

parentheses) are shown above the line. The second line (pSV1) shows the sequence

of pSV1 (non<coding early strand) in the region of interest. The six GC-

rich motifs (I— VI) are underlined and boxed with dashed lines. The 21- and 72-bp repeat regions are boxed as well as the TATA box. The 72-bp repeat of

SV40 strain 776 variant present in pSV1 exhibits an 8-bp deletion (represented by dots, see Benoist and Chambon, 1981) which does not exist in SV40 strain
776 used to construct pRE4, pHBS and pRE7 (Materials and methods). The sequences of mutants pRE4 to pRE254 are shown below the sequence of pSV1.
Deletions are indicated by dots. Dots and numbers above the lines indicate nucleotide positions (see also Materials and methods, and text).

also show that the GC-rich motifs are important in vitro for
efficient initiation of transcription from the late start sites,
especially for those which are most proximal to the 21-bp
repeat region. We conclude that at least some of the GC-rich
motifs contained within the 21-bp repeat region are func-
tional, irrespective of their orientation (bidirectionality), and
that there is no strict distance requirement between these
motifs and the ‘activated’ start sites, although their stimu-
latory efficiency decreases with increasing distances.

Results

Accurate in vitro initiation of transcription from the SV40
early and late start sites

Transcription from the EE and LE promoters. In vivo studies
have identified several start sites for the RNA transcripts
from the SV40 early region, the EE start sites (EES and DSB)
and the LE start sites (LES) (see Figure 1 and Figure 2B;
Wasylyk et al., 1983a; Baty et al., 1984 and references
therein). In agreement with previous reports (Mathis and
Chambon, 1981; Hansen ef al., 1981; Ghosh and Lebowitz,
1981; Myers et al., 1981; Wasylyk et al., 1983a; Hansen and
Sharp, 1983) the same start sites are used in an in vitro HeLa
whole cell extract transcription system (Figure 2A). Under
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our present stringent S1 nuclease digestion conditions (lanes 5
in Figure 2A and B) the subsets LESO and LESI of LE start
sites were usually not visible and the subsets LES2 and LES3
were not resolved [the strong bands seen in lanes 2 and 3 of
Figure 2A and B are probably due to secondary structure of
the origin palindrome (see below); see also Wasylyk et al.,
1983a; Baty ef al., 1984 for discussion of these points]. In
addition to EES, LES and DSB start sites a number of pre-
sumptive initiation sites located upstream from LES2+3
were detected in vitro (see Figure 2A), that do not occur in
vivo. All these sites disappeared in the presence of 0.1 ug/ml
of o-amanitin, indicating that they corresponded to RNA
transcribed by RNA polymerase B (see Figure 3, lane 3).
Essentially similar results were obtained using an S100 instead
of a whole cell extract, although the LES start sites were
weaker (data not shown).

Transcription from the late promoter region. The initiation
sites for RNA transcribed in vivo from the late region of
SV40 (Ghosh et al., 1978; Haegeman and Fiers, 1978; Con-
treras and Fiers, 1981; Hansen and Sharp, 1983) are also used
by an in vitro transcription system (Hansen and Sharp, 1983).
However, because the pattern of the late region initiation site
is complex, we decided to compare the location of the in vivo



In vitro effect of the upstream element of the SV40 promoters

Table 1. Effect of mutations on the relative efficiency of transcription from the various SV40 early and late start sites

Mutants Early transcription start sites In vitro late transcription start sites

EES LES L1 L2 L3 L4 LS L6 L7 L8

In In In In

vitro vivo vitro vivo
pSVI 100 100 100 100 100 100 100 100 100 100 100 100
pRE4 80 9 150 186 115 100 70 75 80 100 190 NA
pHBS5 90 10 150 200 ND ND ND ND ND ND ND NA
pHB6 100 97 100 108 ND ND ND ND ND ND ND ND
pSVASS 75 95 ND 106 ND ND ND ND ND ND ND ND
pSVAG62 70 4 ND 109 ND ND ND ND ND ND ND ND
pSVASI 15 17 ND 93 ND ND ND ND ND ND ND ND
pSVA61 7 8 25 23 75 55 80 50 40 60 50 20
pSVAI19 10 4 ND 260 ND ND ND ND ND ND ND ND
pSVAIS 2 1 NA 22 55 40 80 30 20 35 35 5
pSVBI11 10 3 ND 49 ND ND ND ND ND ND ND ND
pSVBA4 45 7 ND 390 ND ND ND ND ND ND ND ND
pRE7 70 20 ND 650 ND ND ND ND ND ND ND ND
pMKD231 80 10 150 190 ND ND ND ND ND ND ND ND
pMKD245 15 4 80 60 ND ND ND ND ND ND ND ND
pMKDS52 5 2 60 ND 70 60 70 30 30 35 40 5
pMDI102 1 1 NA 10 50 50 70 20 20 25 30 1
pMDI0 =<0.5 ND NA ND 20 UND UND NA NA NA NA NA
pMV102 ND ND ND ND 20 UND UND UND NA NA NA NA
pMVS52 ND ND ND ND 70 UND UND UND NA NA NA NA
TB00 30 ND 30 ND 650 750 500 400 NA NA NA NA
pMV001 25 ND 25 ND 1000 1500 600 NA NA NA NA NA
TB101 60 0.6 60 ND 250 190 180 90 NA NA NA NA
TBO 60 120 60 ND 150 135 170 140 160 160 NA NA
CW15 5 3 NA 140 110 80 80 80 85 105 90 100
PRE254 145 22 NA 110 95 80 85 70 60 100 105 70

In vitro transcription data from several independent experiments using different whole cell extracts and DNA preparations, similar to those presented in
Figures 2—7, were quantitated by scanning the autoradiograms. The relative intensities of the bands are expressed as the percentage of ‘wild-type’ pSV1
transcription from the various initiation sites. The in vivo data was either reported previously by Baty et al. (1984) or unpublished results. ND, not determined;
NA, indicates that it is not applicable usually because the start sites have been deleted; UND, below the level of detection.

and in vitro start sites as a basis for our future studies with
deletion and point mutants. In vivo late region RNA was ana-
lyzed after transfection of COS cells (Gluzman, 1981) with
either SV40 strain 776 DNA or the pSV1 recombinant [which
contains the whole early region of strain 776, but lacks the
late coding region (Benoist and Chambon, 1980)], or infec-
tion with SV40 strain 776 virus. After infection with the virus,
several S1 nuclease-resistant bands were revealed (L1 —L8 in
Figure 2D; see also Figure 1). L1 corresponds to the major
late initiation start site previously mapped at position 325,
whereas L6 and L8 correspond to the start sites which have
been mapped around the Pvull site (position 270) and within
the 72-bp repeat (around position 165), respectively (Hansen
and Sharp, 1983). The other subsets of bands L2, L3, L4, L5
and L7 which were repeatedly observed most likely corre-
spond to additional start sites of RNA transcribed from the
late region and not yet fully characterized (for references, see
Hansen and Sharp, 1983). The relative importance of these
various late start sites after transfection with SV40 strain 776
DNA or infection with the corresponding virus was estimated
by scanning several autoradiograms similar to that shown in
Figure 2D (Figure 2E, solid bars).

Two single-stranded DNA probes, the Stul (positions
360—5190 in SV40) and Avall (positions 557 — 5118 in SV40)
probes, were used for quantitative S1 nuclease mapping of
the late start sites. No major artefact was introduced for start
site L1 when the Stul probe, which results in a short 35—

40-bp long hybrid, was used. In fact, the relative importance
of the L1 start site rose from ~50% to 65% when the Avall
probe was used instead of the Stul probe, whereas no vari-
ation was scored for the other start sites. Surprisingly, when
pSV1 DNA (which contains pBR322 sequences downstream
from SV40 position 346 and lacks all of the late coding se-
quences, see Figure 1) was transfected into COS cells, the
relative importance of the late promoter start sites was mark-
edly different (data not shown). L6 became the major start
site of late RNA (~65% of total late RNA), whereas RNA
initiated from L1 represented only 7% of this RNA. Whether
this puzzling difference is due to variations in RNA stability
of the various late RNAs when the late region of SV40 is
replaced by pBR322 sequences or reflects an influence of the
virion proteins in the relative accumulation of the different
RNA initiated from the various late start sites remains to be
determined.

However, when SV40 DNA (not shown) or pSV1 (Figure
2C) were used as templates, an identical pattern of late start
sites was obtained. Moreover, this pattern (Figure 2E, open
bars) was essentially the same as that obtained with SV40
DNA in vivo (with possibly some additional minor sites be-
tween L7 and L8). It is therefore unlikely that the apparently
inefficient use in vivo of site L1 of pSV1 (see above) is due to
the absence of the virion proteins in cells transfected with
pSV1. As in the case of in vitro early transcription, essentially
the same pattern of late start sites was obtained when a HeLa
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Fig. 2. Comparison of the patterns of transcription from the wild-type
early and late promoters in vivo and in vitro (A —D): lanes M correspond
to length markers [32P]5’ end-labelled Mspl digest of pBR322); lanes 1—5
correspond to digestion with increasing concentrations of S1 nuclease (0.5,
10, 40, 80 and 160 units/450 ul). The S1 nuclease-resistant DNA fragments
corresponding to the various early and late start sites are bracketed (see
text). The DNA probe for in vitro and in vivo early and in vitro late RNA
were the [3?P]5' end-labelled early and late strands of the 443-bp HindIIl
fragment which spans the origin region in pSV1 (Figure 1), respectively. In
vivo late RNA was probed with the late strand of the 413-bp Stul fragment
of SV40 strain 776. In vitro early and late RNA were transcribed from
superhelical pSV1 DNA (23 ug/ml) in a HeLa whole cell extract (Materials
and methods). In vivo ‘early’ RNA was prepared from HeLa cells
transfected with pSV1 using calcium phosphate (Wasylyk ef al., 1983b). In
vivo late RNA was obtained from COS cells infected with SV40 strain 776.
(E) Autoradiograms similar to those shown in panels C and D were
scanned and the relative amount (ordinate) of RNA initiated in vivo (solid
bars) and in vitro (open bars) from the various late start sites (abcissa,
L1—L8) was determined taking total late transcription as 100%. Hpall
and SpHI sites indicate the relative position of the late start sites (see
Figure 1).

cell S100 extract was used in place of a whole cell extract (data
not shown) and all L1 to L8 bands disappeared when
0.1 ug/ml o-amanitin was added to the incubation mixture
(see Figure 6, lanes 3 and Figure 7, lanes 1).. From all the
above results we conclude that recombinant pSV1 constitutes
a valid template to achieve accurate SV40 late transcription in
vitro and can, therefore, be used to study in vitro the organiz-
ation and function of the late promoter region.
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Fig. 3. Effect of deletions within the 21-bp and 72-bp repeat regions or
inversion of the 21-bp region on in vitro early transcription using a whole
cell extract (Materials and methods). DNA template (superhelical DNA) of
recombinants as indicated (see Figure 1), concentrations were 19 pg/ml in
lanes 1, and 27 pg/ml in lanes 2 and 3. 0.1 pg/ml a-amanitin was added to
the incubation mixtures corresponding to lanes 3. The ‘early’ [*P]DNA
probe used for S1 nuclease (160 units) mapping was as indicated in legend
to Figure 2. The bands corresponding to the end-point of homology
between the probe and the deleted templates are indicated by a black dot.
M, length markers as in legend to Figure 2; S, G+ A sequence ladder
(Maxam and Gilbert, 1980).

Effect of deletions and point mutations within the GC-rich
motifs on transcription from the early promoters

A wide range of DNA concentrations were assayed for each
SV40 mutant in each experiment to eliminate any possible
artefact due to variations in optimum template concentration.
The in vitro transcription assays were first performed in the
presence of a second DNA template containing the adeno-
virus-2 major late promoter as an internal control. Since the
results were identical to those presented here, this internal
control was subsequently omitted because minor S1 nuclease-
generated bands interfered with the SV40 pattern of start
sites. For each mutant the experiments were repeated several
times using independent preparations of plasmids and cell
extracts. Since very similar results were obtained we are confi-
dent of the value of the data.

Initiation from the EE start sites. Superhelical DNA tem-
plates were first used to study the effect of mutations within
the 21-bp repeat region. The deletion mutants pMKD245,
pMKDS52 and pMD102 in which two, three and all six of the
GC-rich motifs were deleted, respectively, showed a dramatic
decrease for EE initiations when compared with pSV1 or
pMKD231 (see Figure 1, Figure 3 and Table I), indicating that
the 21-bp repeat region constitutes an essential element for
efficient in vitro initiation from EES and DSB. However, the
21-bp repeat region is not required for the specificity of in-
itiation, since the correct pattern of EES and DSB was still
visible for pMD102 on a longer exposure of the gel shown in
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Fig. 4. Effect of point mutations within the 21-bp repeat region on in vitro
early transcription using a whole cell extract (Materials and methods).

DNA template (superhelical DNA of recombinants as indicated, see Figure
1) concentrations were 20 ug/ml in lanes 1, 32 ug/ml in lanes 2 and 4,

44 ug/ml in lanes 3. 0.1 ug/ml a-amanitin was added to the incubation
mixture corresponding to lanes 4. The DNA probe and the conditions for
quantitative S1 nuclease mapping were as indicated in legend to Figure 3.
The white arrowheads indicate additional start sites specific to pHBS and
pSVAIS8. End-points of homology (see legend to Figure 3) are indicated by
white dots. M, as indicated in legend to Figure 2.

Figure 3 (see also below Figure 5B). In mutant pRE254 where
the whole 21-bp repeat region has been inverted, initiation
from the EES and DSB was increased by ~50% when com-
pared with pSV1 or pMKD231. In agreement with our pre-
vious in vivo results, the 21-bp repeat region can apparently
function bidirectionally in vitro, but its insertion in the
reverse orientation may be less efficient in vivo than in vitro
(Table I). That the present in vitro transcription system may
not perfectly reproduce the in vivo situation is also apparent
from the results obtained with pMKD231, which is strongly
down in vivo, but not in vitro (see below).

We examined the role of the GC-rich motifs themselves by
using various single or multiple point mutants (PRE4, pHBS,
pHB6, the pSVA and pSVB series, see Figure 1). The results
are summarized in Table I (see also Figure 4) in comparison
with the in vivo data corresponding to the same mutants (Ba-
ty et al., 1984 and our unpublished results). With pHB6,
pSVASS, pSVAS81, pSVA61, pSVAI19, pSVAI18 and pSVB11
there is a good agreement between the results obtained in
vitro and in vivo, whereas there are marked differences with
pRE4, pHB5, pSVA62, pSVB24 and pRE7. The latter all
have in common the transition C—T at position 43 which is
also present in pMKD231 (see above) [the presence of a com-
plete 72-bp repeat in pRE4 and pHBS (see legend to Figure 1)
does not affect early transcription (our unpublished results)].
Thus the marked down effect in vivo of a single C—T tran-
sition in the GC-rich motif I was not reproduced in vitro. On
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Fig. 5. Effect of the nature of DNA template on in vitro early
transcription using a whole cell extract (Materials and methods). The origin
of the DNA templates was as indicated below the autoradiograms. In all
cases the incubation mixtures corresponding to lanes 3 contained 0.1 ug/ml
«-amanitin. The DNA probe and the conditions for quantitative S1
nuclease mapping were as in legend to Figure 3. End-points of homology
are indicated by a black dot (see legend to Figure 3). (A) Superhelical
circular and Aval linearized pSV1 or pMD102 DNA (as indicated) were
used as template at concentrations of 19 ug/ml (lanes 1) or 27 pg/ml (lanes
2 and 3). (B) The purified Tagl-Hhal fragments (see Figure 1) of pSV1,
pMDI102 or pMDI10 were used at concentrations of 10 ug/ml (lanes 1) or
13 ug/ml (tanes 2 and 3). M, as indicated in legend to Figure 2.

the other hand, the in vivo effect of mutations which affect
the GC-rich motifs III, IV, V and VI of the perfect 21-bp
repeat (pSVASS, pSVA61, pSVAS8I) is well mimicked in
vitro. From these latter results and those obtained with mu-
tants which are heavily mutated in both the 22-bp sequence
and the 21-bp repeat (pSVAI18 and pSVBI11), we conclude
that the GC-rich motifs III, IV, V and VI are important for in
vitro EES initiation, although mutation of one of them alone
results in only a moderate down effect (pSVA62). Since the
only two mutants which affect the GC-rich motif II (pPSVA19
and pSVA18) are also mutated elsewhere in the 21-bp repeat
region, we cannot yet say whether this repeat plays any role in
the efficiency of early in vitro transcription. The effect of
mutations on the DSB initiations generally parallels that on
EES (Figure 4, and data not shown).

In the above experiments we used superhelical circular tem-
plates which are rapidly converted to relaxed covalently clos-
ed circles on incubation with a whole cell extract (Hen ef al.,
1982). Figure SA presents a comparison of transcription of
pSV1 and pMDI102 templates, either circular or linearized by
digestion with Aval. Although the linear template appears to
be used less efficiently, there is still a dramatic decrease in
EES transcription when the 21-bp repeat region is deleted.
The same result was obtained when EcoRI was used instead
of Aval, and a S100 extract instead of a whole cell extract.

On the other hand, the length of the linear template has a
marked effect on the requirement of the 21-bp repeat region
for efficient in vitro initiation of transcription from the EES.
This is shown in Figure SB where the template efficiency of
the Hhal-Tagql fragment (positions 343 —4739, see Figure 1)
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Fig. 6. Effects of mutations and inversion of the 21-bp repeat region on in
vitro late transcription and of a mutation within the TATA box on in vivo
early and late transcription, using a whole cell extract (Materials and
methods). The origin of the superhelical DNA templates was as indicated
above the autoradiograms. In all cases the incubation mixtures
corresponding to lanes 3 contained 0.1 pg/ml o-amanitin and the DNA
template concentrations were 19 ug/ml (lanes 1) or 29 xg/ml (lanes 2 and
3). The DNA probes and conditions used for quantitative S1 nuclease
mapping of early (E) and late (L) RNA transcripts were as in legend to
Figure 2. End-points of homology (white dots) are indicated (see legend to
Figure 3). Panels A and B correspond to two different gel electrophoreses.
The position of the start site L8 bands is indicated throughout panel (A)
with white lines. The white dots correspond to end-points of homology
between the DNA probe and the DNA template (see legend to Figure 3).
M, as in legend to Figure 2.

of pSV1 (850 bp), pMD102 (780 bp) and pMD10 (620 bp)
are compared. In marked contrast with the previous results
obtained with the 7.4-kb circular or linear templates (Figure 3
and Figure 5A), the pMDI102 and pMDI0 deletions cause
only ~4-fold and 2-fold decreases in initiation at the EES,
respectively. The strong bands present in pMD102 and
pMDI10 at the level of LES2 + 3 probably correspond to hy-
brids between the probe and transcripts initiated upstream
from the deletion end-point, which were trimmed down to the
AT-rich sequence under the stringent S1 nuclease conditions
used. Apparently the 21-bp repeat becomes at least partially
dispensable when the concentration of the early promoter
sequence increases; this suggests that its function is to facili-
tate the recognition of the ‘weak’ SV40 early TATA box,
when the latter has to compete with the multiple TATA-like
sequences which are present in the rest of the 7.4-kb template
(Sassone-Corsi et al., 1981; Mathis et al., 1981).

Initiation from the LE start sites. As discussed above, the
LES are used in vitro in the presence of a whole cell extract
and to a lower extent with an S100 extract. However, there is
a major difficulty in quantitating these initiations, because
stringent S1 nuclease digestion conditions are required to
eliminate all of the partial digests, which are probably caused
by the perfect inverted repeat extending from position 5230 to
13 (see Figure 1 and Figure 2A and B). Under these stringent
conditions the RNA initiated at the major late LES2 and
LES3 start sites located at positions 21 —22 and 30-—31
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Fig. 7. Effect of distance between the 21-bp repeat and the late promoter
regions on efficiency of in vitro transcription from the late start sites using a
whole cell extract (Materials and methods). The origin of the superhelical
templates (see Figure 1) was as indicated above the autoradiograms. In all
cases the incubation mixtures corresponding to lanes 1 contained 0.1 pg/ml
«a-amanitin. The DNA probe and conditions for quantitative S1 nuclease
mapping of in vitro late RNA transcripts were as described in legend to
Figure 2, with the exceptions noted below. End-points of homology are
indicated by a white dot (see legend to Figure 3). (A) Superhelical DNA
concentrations were 23 ug/ml (lanes 1 and 3) and 19 pg/ml (lanes 2). It
should be stressed that in the case of TBO the end-point of homology
indicated by a white dot corresponds to the shortest possible hybrid (since
TBO contains only one 72-bp sequence and the DNA probe contains the
72-bp repeat, the possibility exists that the first 72-bp sequence of the
probe totally loops out). (B) Superhelical DNA concentrations were

23 ug/ml (lanes 1, 2, 4, 5, 6 and 8) and 19 ug/ml (lanes 3 and 7). In lanes
2 and 6, the homologous probes prepared from pMV1 and pMV2 were
used instead of the HindlII late probe used in all other lanes. The white
arrowheads point to strong start sites located in pBR322 sequences. Note
that there are a number of bands located below the L1 region. Since they
correspond to an AT-rich region, we interpret them as resulting from
artefactual S1 nuclease cuts in the longer hybrid molecules. Therefore we
did not take them into account in the determination of the amount of
RNA initiated from the L1 start sites in pMV1 and pMV2 which were 35%
and 15% of pSV1, respectively. M, as indicated in legend to Figure 2.

(Wasylyk et al., 1983a; Baty et al., 1984) yield bands mapping
at around position 15, due to S1 nuclease trimming through-
out the AT-rich region. For the same reason any RNA in-
itiated within or close to the AT-rich sequence at positions
different from LES2 and LES3 will also map at approxi-
mately position 15. Similarly, an end-point of homology
between the DNA probe and the RNA, located close to this
AT-rich region, will also result in bands mapping at approxi-
mately position 15. We have not, therefore, attempted to
quantitate initiations from LES2 and LES3 whenever there
was a strong band (end-point of homology or putative new
start site) immediately upstream from the AT-rich sequence
(for example pMD102 and pMDI10 in Figure 3 and pSVA18
in Figure 4).

The deletions present in the 21-bp repeat region of pMD245
and pMKD52 have the same effect on transcription in vitro
and in vivo from the LES (Figure 3 and Table I). Apparently



initiation from the LES is much less affected than initiation
from the EES by removing the GC-rich motifs of the 21-bp
repeat. Interestingly, the point mutation which causes the
C—T transition at position 43 is an in vitro up mutation for
initiation from the LES, as it is in vivo (pRE4, pHBS,
pMKD231, Figures 3 and 4). In marked contrast this mu-
tation has no effect in vitro on initiation from the EES, but
strikingly depresses such initiation in vivo (see above). The
results obtained with the multiple point mutant pSVA61
which exhibits the same decrease in vitro as in vivo (Figure 4
and Tabole I), indicates that the GC-rich motifs of the perfect
21-bp repeat are important for efficient in vitro initiation
from the LES.

Effect of the 21-bp repeat region on late transcription

Effect of deletions and point mutations within the GC-rich
motifs on initiation from the late start sites. The 21-bp repeat
region plays a definite role in the efficiency of in vitro tran-
scription from the late start sites (Figures 6 and 7, Table I).
However, it has a much more pronounced effect on the
proximal than on the distal start sites. Using as templates the
mutants pMKD52 and pMD102 in which three and all of the
GC-rich motifs are deleted, respectively, resulted in an almost
complete disappearance of initiation from start site LS,
whereas initiation from start sites L7 —L4 is decreased by
~70% and initiation from start site L1 only by 30% and
50% (Table I, Figures 6 and 7). Similar results were obtained
with the multiple point mutants pPSVA61 and pSVA18 (Figure
6, Table I), indicating that at least some of the C contained
within the GC-rich motifs are involved in this effect of the
21-bp region on in vitro late transcription. The C—T tran-
sition at position 43 which has a marked effect on EE tran-
scription in vivo, but not in vitro (see above), does not affect
in vitro initiation from the late start sites (Figure 6). Using the
mutant pRE254, with the 21-bp repeat region inserted in the
reverse orientation, as a template did not affect the efficiency
of initiation from the late start sites (with the possible excep-
tion of L8). This supports the conclusion that the 21-bp
repeat region is a bidirectional promoter element.

The distance between the 21-bp repeat and the late promoter
regions has a marked effect on the efficiency of in vitro in-
itiation from the late start sites. Since the most distal late start
site, L1, was the least affected by mutations within the 21-bp
repeat region, we asked if modifying the distance between the
21-bp repeat and the late start sites changed their efficiency as
initiators of transcription in vitro. Mutants TBO, TB101,
TB00 and pMV001 (Figure 1), with deletions of increasing
lengths within the 72-bp repeat region between the 21-bp
repeat region and the late start sites were used as templates.
Initiation from the late start sites increased markedly as the
distance between the 21-bp repeat and these sites decreased
(Figure 7 and Table I). For example, initiation from start site
L1 increased by 1.5, 2.5, 6.5 and 10-fold when the deletion
mutants, TB0O, TB101, TB00 and pMV001 were used as tem-
plate, respectively. The results with mutant pMV001 also
show that the sequences responsible for initiation from start
sites L1, L2 and L3 are located downstream from position
273. A comparison between TB0O and pMV001 (Figure 7)
indicates that some sequences necessary for efficient initiation
from start site L4 are located between positions 255 and 273.
Similarly a comparison between TB0 and TB0O (Figure 7) in-
dicates that sequences important for efficient initiation from
start sites L5 and L6 are located upstream from position 255.

Comparison of the results obtained with templates TB0O,
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pMV52 and pMV102, and templates pMV001 and pMD10
(Figure 7 and Table I) shows that it is in fact the 21-bp repeat
region which is responsible for the increased efficiency of in-
itiation when brought closer to the late start sites. In both
cases, deleting the 21-bp repeat region drastically decreased
initiation from the late start sites. We also checked that it is
the decrease in distance between the 21-bp repeat region and
the late start sites, and not the deletion of some specific ‘in-
hibitory’ sequences located within the 72-bp region, which is
responsible for the increase in efficiency of late start site
initiation. In pMV1 and pMV2 the 72-bp repeat segment
from position 104 —254 was replaced by pBR322 fragments
138 and 243 bp long, respectively (Figure 1). As shown by
using fully homologous (Figure 7B, lanes 2 and 6) and par-
tially non-homologous (lanes 3, 4, 7 and 8) DNA probes for
the S1 nuclease analysis, there are numerous start sites within
these fragments, whereas initiation of transcription from the
SV40 late start sites is much lower than in TB0O (where the
104 —254 segment is deleted) and not higher than in pSVI
(where the 72-bp repeat region is present) (see legend to Fig-
ure 7).

Effect of the 72-bp repeat region on late in vitro transcrip-
tion. Since the stimulation of initiation from the late start
sites by the 21-bp repeat region is strongly ‘distance-depen-
dent’, the possible effect of deleting the 72-bp repeat region
(the enhancer) on late transcription can be studied only by
comparing the recombinants pMV102 and pMD10, in which
the 21-bp repeat and the enhancer regions are deleted, with
recombinant pMDI102 in which only the 21-bp region is
deleted. As shown in Figure 7 and Table I, initiation from
start sites L1 —L4 is lower in pMV102 and pMDI10 than in
pMDI102. It is 2.5-fold lower for start site L1, the only site for
which it can be measured with reasonable accuracy. Under
the present in vitro conditions late transcription is apparently
stimulated weakly by the 72-bp repeat, in fact to the same
extent as transcription from the EES (Table I).

Effect of point mutations within the early ‘TATA’ box on
early and late transcription

To examine possible competition for the transcription ma-
chinery between the early and late promoters, we have used as
template recombinant CW15 in which the early TATA box
which directs initiation at the EES is mutated from 5'-TAT-
TTAT-3' to 5'-TATCGAT-3' (Wasylyk et al., 1983a). The
in vivo strong down effect of this mutation on initiation from
EES can be mimicked using an S100 extract (Wasylyk et al.,
1983a). As shown in Figure 6 and Table I, the same result is
obtained in vitro with a whole cell extract. In addition, as
previously noted both in vivo and in vitro (Wasylyk et al.,
1983a), this mutation provokes an increase in initiation from
the more distal DSB start sites, when compared with the wild-
type recombinant pSV1 (Figure 6). On the other hand, the in
vitro late transcription pattern is nearly identical to that of
pSV1 (Figure 6 and Table I).

Discussion

We have shown that the GC-rich motifs contained in the
21-bp repeat region play a key role in the efficiency of in vitro
initiation of transcription from the EE and LE start sites of
the SV40 early promoter. This conclusion is in keeping with
the reports of Myers et al. (1981) and Hansen and Sharp
(1983) who showed, using deletion mutants, that transcrip-
tion in vitro from the SV40 early promoter was strongly
dependent on the 21-bp repeat region. The in vivo effect of

2379



M.Vigneron et al.

mutations which affect the GC-rich motifs III, IV, V and VI
(Baty et al., 1984) appears to be accurately reproduced (Table
I). On the other hand the C—T transition at nucleotide 43
within the GC-rich motif I, which is a strong down mutation
for in vivo initiation from the EES, has very little effect on in
vitro transcription from the same sites. However, as in vivo, it
appears to increase transcription from the LES. Thus, this
latter increase cannot be simply accounted for by a ‘decreased
competition’ from the EE promoter, as it was proposed to
explain the stimulatory effect in vivo of the C—T transition
at position 43 on LES transcription (Baty ef al., 1984). It is
interesting that the effect of mutations in the GC-rich motifs
III, IV, V and VI, on SV40 early transcription can be re-
produced in vitro, and that these GC-rich motifs correspond
to those which have been shown by Dynan and Tjian (1983b)
to interact in vitro with the SV40-specific initiation factor Sp1
(Dynan and Tjian 1983a). Possibly an additional factor ab-
sent or not functional in the HeLa whole cell extract, may be
involved in vivo in efficient initiation of transcription from
the EES. Alternatively, Spl could be the only factor inter-
acting with the GC-rich motifs, but the ‘correct’ in vivo or-
ganization of the SV40 early promoter region may not be
accurately reconstructed in vivo.

The almost absolute requirement for the GC-rich motifs
III - VI for efficient initiation in vivo and in vitro from the
SV40 EE promoter is unique in comparison with other up-
stream elements of RNA class B (II) promoters. Dependence
on upstream sequences for efficient transcription in vitro has
been observed for other promoters (Tsuda and Suzuki, 1981;
Grosschedl and Birnstiel, 1982; Hen et al., 1982), but the
magnitude of this effect was <10-fold. This very strong
requirement for the 21-bp repeat is probably related to the
‘weakness’ of the SV40 early TATA box element which, as
pointed out by Hansen and Sharp (1983), is not flanked by
GC-rich segments. This assumption is strongly supported by
the observation that transcription from the EES becomes vis-
ible in the absence of the 21-bp repeat provided smaller DNA
fragments are used as templates (Figure 5), presumably under
conditions where the SV40 early TATA box has not to com-
pete with the TATA-like sequences present in pBR322 (Sas-
sone-Corsi ef al., 1981; Mathis et al., 1981).

The in vivo pattern of initiation starts in the SV40 late pro-
moter region is also reproduced in vitro with reasonable
accuracy under the present conditions of incubation (Figure
2). As noted by Hansen and Sharp (1983) and Brady e al.
(1984) the major in vivo start site L1, at position 325, is also a
major site in vitro. For the other start sites L2 — L8 our results
generally agree well with those of Hansen and Sharp (1983),
with the exception of L8 which was relatively stronger in their
study. The in vivo studies of Fromm and Berg (1982) and
Hartzell ef al. (1984) have indicated that the 21-bp repeat
region may be an important element of the SV40 late pro-
moter. Using the mutants of Fromm and Berg (1982), Han-
sen and Sharp (1983) have shown that deletions within the
21-bp repeat region have a marked down effect on the ef-
ficiency of initiation of transcription from the late start sites
in vitro. The present data obtained with C—T transition
mutants demonstrate that the GC-rich motifs III, IV, V and
VI contained within the 21-bp repeat region belong to a later
promoter element indispensable for efficient transcription
from the late start sites. In agreement with the results of
Hansen and Sharp (1983) obtained with deletion mutants, it is
clear from our data that the late start site L8, which is proxi-
mal to the 21-bp repeat region, is totally dependent on the
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GC-rich motifs, whereas transcription from the more distal
start sites is only partially dependent on these motifs.
Whether or not all four GC-rich motifs III, IV, V and VI are
equally important for efficient initiation from the early and
late start sites cannot yet be inferred. Also, we do not know
whether the present in vitro data faithfully mimics the in vivo
effect of the mutations on late initiation of transcription. In
vivo and in vitro studies, using a series of mutants in which
only one of the six GC-rich motifs has been mutated at a
time, are in progress to answer these questions and to analyze
further how a single region, the 21-bp repeat region, can be
shared by the three, early-early, late-early and late overlap-
ping promoters.

Since deletion of the entire 21-bp repeat region (e.g.,
pMDI102) did not lead to a complete disappearance of in-
itiation from start sites L1 —L7, the question arises as to
which additional DNA sequences are required. The data
obtained with the deletion mutation pMV001 showed that
sequences responsible for initiation from start sites L1 (pos-
ition 325), L2 (position 316) and L3 (position 306) are located
downstream (in the late direction) from position 273. Simi-
larly, comparison of the results obtained with TB0O and
pMVO001 indicates that sequences required for efficient in-
itiation from start site L4 (position 288) are located between
position 255 and 273. These results, reminiscent of those of
Brady e al. (1982) who showed that in vitro initiation from
start site L1 is dependent on a sequence located between pos-
itions 296 and 302, suggest very strongly that start sites L2, L3
and L4 are positioned by sequences which are functional
counterparts of the canonical TATA box element and are
similarly located ~ 30 bp upstream from these start sites.

In contrast to Brady et al. (1984), who concluded from an
in vitro study that the 21-bp repeat region is an element of the
late promoter which may function independently of its pos-
ition, we found, in agreement with Hansen and Sharp (1983),
that deletions which bring the 21-bp repeat region closer to
the late start sites gave considerably higher levels of transcrip-
tion from these sites. OQur data also show that this increase is
not due to deletion of inhibitory sequences contained within
the 72-bp repeat, since replacing the latter with pBR322
sequences did not result in any stimulation of initiation from
the remaining late start sites.

A comparison of the results obtained with pMDI10 and
pMV102 on the one hand, and pMD102 on the other, strong-
ly suggests that the SV40 72-bp repeat enhancer stimulates

~2.5-fold in vitro initiation from start site L1. Whether the
enhancer sequence which plays a crucial role in in vivo initia-
tion from the early promoter (Benoist and Chambon, 1981;
Gruss et al., 1981) is also important for efficient initiation of
transcription from the late promoter remains to be seen. In
this respect, it is noteworthy that, in agreement with our
previous report (Sassone-Corsi ef al., 1984), the deletion of
the 72-bp repeat enhancer results in only a moderate decrease
in initiation from the EES under the present in vitro condi-
tions (3- to 4-fold for mutants TB0OO and pMV001).

As reported by Wasylyk et al. (1983a) who used an S100
extract instead of a whole cell extract, a mutation within the
early TATA box (recombinant CW15) causes a drastic
decrease in in vitro initiation from the EES which mimics the
in vivo situation. This decrease is accompanied by a partially
compensatory increase in initiation from ‘normally’ minor
start sites such as DSB (Figure 8). However, no increase was
noted for initiation from the late start sites (Figure 6 and
Table I), indicating that the early and late promoters are not



competing with each other. Further studies will show whether
this lack of competition reflects the in vivo situation.

Even though we do not yet know whether all of the GC-
rich motifs III - VI have the same effect on the SV40 early
and late promoters, it is clear from the data obtained with
the recombinant in which the 21-bp region is inverted
(PRE254), that at least some of these polar motifs act in both
directions to stimulate in vitro transcription. That the same
bidirectionality operates at least partially in vivo has been
shown for the early promoter (Everett et al., 1983; Baty et al.,
1984). Two other upstream elements, those of the herpes
simplex virus type 1 glycoprotein D (Everett, 1984) and thy-
midine kinase (McKnight e al., 1984) genes, which also con-
tain G- or C-rich motifs, are able to function in both orien-
tations. It is striking that the 21-bp repeat of SV40 stimulates
initiation of transcription from both the EES, which is
located ~ 80 bp away, and the late start sites L8 —L1, which
are located ~60—220 bp away, although the extent of stimu-
lation decreases as the distance between the 21-bp repeat and
the potentiated start sites increases. Similarly, the GC-rich
upstream elements of the thymidine kinase gene need not be
at a fixed distance from the activated start site (McKnight and
Kingsbury, 1982). It is also remarkable that the SV40 21-bp
repeat region can activate transcription in vivo from heter-
ologous TATA box elements (R.Hen and N.Myamoto, per-
sonal communication). Thus, the three features, bidirection-
ality, action at ‘distance’ and stimulation of heterologous
promoter elements, are not unique to enhancer sequences (for
references, see Wasylyk et al., 1983b,1984). How general the
similarity between the properties of upstream elements and
enhancers is, remains to be investigated, but the question of
whether they are functionally related and differ mainly by the
magnitude of their effect is obviously raised by the above
observations. In this respect, it is worth recalling that the
ability to generate an altered chromatin structure over its own
sequence is a unique property of the SV40 enhancer, not
shared by the 21-bp repeat upstream element (Jongstra et al.,
1984).

Materials and methods

Bacteria and plasmids

The bacterial host strain and plasmids (Figure 1), pSV1, pRE3, pRE4, pRE7,
pRE254, pHBS, pHB6, pSVA18, pSVAI19, pSVASS, pSVA61, pSVAG62,
pSVASI, pSVBI1, pSVB24, pMKDS52, pMKD231, pMKD245, pMDI10 and
pMD102, have been described previously (Everett et al., 1983; Baty et al.,
1984) as well as TBO and TB101 (Moreau ez al., 1981) and CW15 (Wasylyk et
al., 1983a) (see Figure 1).

Constructions

TBO0O (Figure 1) which lacks the 72-bp repeat (deletion from positions 104 —
254, see Figure 1) was constructed as follows. The 97-bp EcoRI-Bg/ll frag-
ment of M13mp9TBOBg/II which contains the segment 254 — 346 of SV40,
was ligated to plasmid pHB3 digested by EcoRI and BamHI to yield pBBD
(pHB3, a gift of H.Barrera, was constructed by cloning the 348-bp EcoRI-
Hindlll fragment of M13mp9TBOBamHI, which contains the 5171 —346
segment of SV40, in place of EcoRI-Hindlll fragment of pRE3). The 155-bp
Ncol fragment of pBBD was inserted in place of the Ncol fragment of pSV1
to give TBOO.

pMV001 (Figure 1) bearing a deletion from positions 104 to 272 was derived
from TB0O and pMDI10. The 301-bp HindlIl fragment of TBOO (Figure 1)
was purified, treated with BAP (bacterial alkaline phosphatase), cut by Sau3A
(position — 102 of TBOO, see Figure 1) to yield a 127-bp fragment and a
174-bp fragment. pMDI10 (Figure 1) was digested by EcoRI, treated with BAP
and cut by BamHI to yield an 80-bp EcoRI-BamHI fragment that was
purified. The 174-bp HindlI1-Sau3A fragment of TB0O and the 80-bp EcoRI-
BamHI fragment of pMDI10 were ligated, digested by Ncol and inserted into
pSV1 in place of its own Ncol fragment to give pMVO00I1.

pMV52 (Figure 1) bearing a deletion from positions 69 —254 was derived
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from TB0O0 and pMKD52. The 413-bp HindllI fragment of pMKD52 (Figure
1) was purified, treated with BAP and cut by BamHI to yield a 271-bp frag-
ment and a 142-bp fragment. The 127-bp Sau3A-HindIll fragment of TB0O
and the 142-bp HindlIl-BamHI fragment of pMKDS52 were ligated, digested
by Ncol and inserted into pSV1 in place of its own Ncol fragment to give
pMV52,

pMV102 containing a deletion extending from position 35 — 254 (Figure 1)
was derived from TB0O and pMD10. The 127-bp Sau3A-HindlIl fragment of
TBO00 was digested by Ncol and cloned into pMDI10 digested by BarmHI and
treated with BAP.

The 127-bp and the 174-bp Sau3A-HindlIl fragments of TB0O were mixed
with a total Sau3A digest of pBR322 and ligated in the presence of 11% PEG
6000 (Pheiffer and Zimmerman, 1983). The products of ligation were then
digested by Ncol and cloned into pSV1 in place of its own Ncol fragment.
pMVI1 and pMV2 contain, respectively, a 138-bp and a 243-bp fragment
inserted between position 104 and 254 (Figure 1).

In all cases the DNA fragments were purified by polyacrylamide gel electro-
phoresis and eluted from the slab gel by electroelution. The sequence of the
Hindlll fragment (position —5171 in SV40 to 31 in pBR322 — see Figure 1),
of all of the recombinants was verified according to Maxam and Gilbert
(1980).

In vitro transcription and quantitative SI nuclease mapping analysis of the
RNA products

HeLa whole cell extracts prepared according to Manley et al. (1980) were dia-
lyzed against a buffer containing 0.1 M KCl, 5 mM MgCl,, 0.5 mM DTT,
50 mM Tris pH 7.9 and 20% glycerol and stored in aliquots at — 180°C. S100
extracts were prepared as described in Weil ez al. (1979) and similarly dialyzed
and stored. The composition of the in vitro transcription assay was as de-
scribed in Wasylyk et al. (1980) except that all four nucleotide triphosphates
were at 0.5 mM. DNA templates were either superhelical or linearized
plasmids or purified DNA fragments as indicated in the legend to figures. The
transcripts were analyzed by a quantitative S1 nuclease mapping technique.
The nucleic acids extracted from the in vitro transcription assay were hybrid-
ized for 12 h at 42°C to an excess of 3P end-labelled 5’ single-stranded probe,
in the presence of 0.4 M NaCl, 50% formamide and 10 mM Pipes, pH 6.5
(Wasylyk et al., 1980). The hybridization mixture was then diluted 9-fold for
S1 nuclease digestion in 0.4 M NaCl, 3 mM ZnCl, and 30 mM sodium acetate
pH 4.5. After incubation for 2 h at 25°C, the products of digestion were
phenol-extracted, separated on sequencing gels and autoradiographed as
previously described (Wasylyk e al., 1980).

Enzymes

Restriction enzymes and other enzymes were obtained from commercial sup-
pliers and used according to their instructions (S1 nuclease was purchased
from BRL).
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