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Bidirectional SV40 Transcription
Mediated by Tandem
Sp1 Binding Interactions

David Gidoni, James T. Kadonaga, Hugo Barrera-Saldafia
Keikichi Takahashi, Pierre Chambon, Robert Tjian

The pattern of gene expression in
mammalian cells requires thousands of
genes to be turned on and off in a tempo-
rally and spatially regulated mannér. The
¢ritical conditions suitable for regulating
the expression of a gene product often
occur at the level of transcription. To
understand the mechanisms of transcrip-
tional regulation in animal cells, we have
used DNA tumor viruses such as SV40
because they provide a relatively simple
and valuable model for studying tran-
scriptional specificity. Important cis-reg-
ulatory eléments of the SV40 early pro-
moter have been mapped, and reconsti-
tutéd in vitro transcription reactions
have adllowed us to identify and isolate
specific cellular factors that recognize
and bind to the viral promoter. We now
report our analysis of the interaction of a
sequence-specific DNA binding protein
that activates bidirectional transcription-
al initiation from the SV40 promoter
region.

The early genes of simian virus 40
(SV40) are expressed shortly after infec-
tion, whereas the late genes are maxi-
mally activated only after the onset of
viral DNA replication and repression of
viral early transcription by T antigen (7,
2). Analysis of viral promoter mutants
both in vivo and in vitro have established
that a region of approximately 300 base
pairs (bp) adjacent to the origin of DNA
replication contains multiple cis-regula-
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tory eleménts responsible for directing
transcription of both early and late viral
messenger RNA (mRNA) synthesis. Mu-
tational analyses of the viral transcrip-
tional control sequences have revealed
that the major early promoter consists of
three 21-bp répeated elements preceded

48. This article is based on five w,o’rkshops orga:
nized by P.R. at the Neurosciences Institute of
the Neurosciences Research Program in New
York during 1983-84. Each session was mibdet-
ated by oné of the four authors, who are listed
alphabetically. The following scientists partici-
pated in the workshops: F. Bonhoeffet, D. Bray,
M. Constantine-Paton, G. Edeliman, E. Frank,
J. Freeman, E. Gall, C. Goodman, Z. Hall, W.
Harris, M. Hollyday, R. Lund, E. Matagho, R.
Murphey, J. Nicholls, J. Pdlka, E. Rubel, G.
Stent, M. Stryker, D. Trisler, H. Van der Loos,
and D. Willshaw. The workshops were support-
ed by the Neurosciences Research Foundation.

its a heterogeneous population of start
sites scattered throughout the coritrol
region with a major initiation sité at
nucleotide 325 and several mriinor bnqs
located at various positions (/6). The 21-
bp repeats that constitute a major pro-
moter element for early transcription
also appear to be a component of the laté
promoter (7, 9, 11, 17-19). In particular;
a minor late transcript initiatirig at nucle-
otide 170 is strongly dependent on the
21-bp repeated sequences in vitro (9, 11,
19). Transcriptional analysis of various
plasmid templates containing the 21-bp
repeats in an inverted orientation rela:
tive to the AT-rich TATA homology
confirm the observation that this pro-
moter sequence can potentiate transcrip-
tion in a bidirectional manner (10, 11, 20,
21). .

To understand the relation dof these
various cis-acting regulatory sequences
to the cellular transcription machinery
that must recognize and interact with
them, we previously identified the pro-

Abstract. The 21-base pair repeat elements of the SV40 promoter contain six tandem
copies of the GGGCGG hexanucleotide (GC-box), each of which can bind, with varying
affinity, to the cellular transcription factor, Spl. In vitro SV40 early RNA synthesis is
mediated by interaction of Spl with GC-boxes I, II, and III, whereas transcription in the
late direction is mediated by binding to GC-boxes III, V, and VI.

by a stretch of AT-rich sequences, and
early transcription has been shown to
initiate predominantly from distinct sites
located 20 to 30 nucleotides downstream
from the AT-rich region (3-11). In addi-
tion, enhancer elements that stimulate
SV40 early ttanscription in vivo are lo-
cated within the 72-bp repeated se-
quences, which lie 110 to 250 bp up-
stream from the early transcription start
sites (4, 7, 12-15). Late viral transcrip-
tion appears to be under the direction of
multiple regulatory elements and exhib-

tein factors responsible for activating
SV40 RNA syiithesis in a cell-free tran-
scription system (22, 23). Fractionation
of crude HeLa cell éxtracts resulted in
the identification of a transcription fac-
tor, Spl, that binds specifically to a
hexanucleotidé sequence, GGGCGG
(GC-box); that is tandemly repeated six
times in the 21-bp repeats of SV40 (23,
24). Recently, Spl has beeft shown to
activate transcription and bind to the
GC-box sequences present ifi several
other viral and cellular promoters, in-

D. Gidoni, J, T. Kadonaga, and R. Tjian are in the Department of Biochemistry, University of California,
Betrkeley 94720. H. Barrera-Saldana, K. Takahashi, and P. Chambon are at LGME/CNRS et U.184/
INSERM, Institut de Chimie Biologique, Faculte de Medicine, Strasbourg 67085 Cedex, France. The current
address of D. Gidoni is Advanced Genetics Sciences, Inc., 6701 San Pablo Avenue, Oakland, California
94608. The current address of H. Barrera-Saldafia is Departamento Bioquimica, Facultad Medicina,
V.AN.L., Monterrey, N.L., Mexico. The current address of K. Takahashi is Medical Institute for
Bioregulation, Kyushu University, Maedashi 3-1-1, Higashi-ku, Fukuoka 812, Japan.
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cluding herpesvirus IE-3, IE-4/5, and TK
promoters, the AIDS virus long terminal
repeat (LTR), two monkey genomic pro-
moters, the mouse dihydrofolate reduc-
tase promoter, and human metallothio-
nein promoters (24-28). Footprint analy-
sis (protection of DNA from degradation
by deoxyribonuclease) of the binding of
Spl to SV40 DNA indicates that an
extended region of approximately 70 bp
is protected from deoxyribonuclease I
(DNase I) digestion (23, 24), and methyl-
ation protection experiments showed
that Spl makes close contacts with sev-
eral clusters of guanine residues on one
strand of the SV40 GC-box elements
(24). Deletion of these GC-box se-
quences abolishes the ability of the pro-
moter to respond to Spl (23). Because
the 21-bp repeats exhibit the interesting
property of mediating transcription in
both the early and late directions, we
wanted to further understand how the
interaction of the transcription factor
Sp1 might lead to bidirectional transcrip-
tional activation.

Accordingly, we performed DNA
binding experiments and reconstituted in
vitro transcription assays with Spl and
mutant templates bearing clustered base

21

substitutions in the SV40 promoter to
address the following questions concern-
ing the interaction of Sp1 with its recog-
nition sequences. (i) Which specific GC-
box elements within the 21-bp repeats
are responsible for directing early tran-
scription and which are responsible for
late direction transcription? (ii) Does the
extended Spl binding region revealed by
DNase footprinting and dimethyl sulfate
methylation protection experiments rep-
resent a single binding event or multiple
binding events? (iii) If there are tandem
but distinct binding sites within the Sp1
footprint region, can we correlate any
specific binding sites with the differential
activation of SV40 early and late tran-
scription?

GC-box requirements for SV40 early
transcription. To identify the Spl bind-
ing sequences that direct early transcrip-
tion, we analyzed a series of mutant
promoters in a reconstituted in vitro re-
action. These altered DNA templates,
designated the pSVGC series, were con-
structed by site-directed mutagenesis of
the SV40 transcriptional control region
as described in the legend to Fig. 1. Each
template  contains GGGCGG to
GGAAAG base substitutions within ei-

21 21

(HP)E(346) > > H(5171)
SVGC-0 [AT] !
<4+——SV40 late VI v wvoom n I Sv40 early—»
SVGCTK-0 [raTa [AT]
¢——HSV-TK VI V. W W 0 T gyv40 early—>
1 -
2 -
3 —
4 —
5 S
6 ——m——
12 - —-——
3 e ———————————
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456— NI E——

Fig. 1. Schematic diagrams of SV40 templates containing mutations within single or multiple
GC-box elements. The site-directed mutations have been constructed by Barrera-Saldana et al.
(37). The pSVGC-0 wild-type template, which is derived from pSEGO (37), contains the SV40
control elements that reside within the Hpa II-Hind III viral DNA fragment [corresponding to
SV40 nucleotides 346 and 5171 (/)] cloned into the Eco RI-Hind III polylinker sites of the
pUCI12 plasmid (38). Restriction endonucleases Hpa II, Hind III, and Eco RI are designated as
HP, H, and E, respectively [corresponding SV40 nucleotide numbers are according to (1)]. The
pSVGCTK-0 wild-type template is a promoter fusion construct in which the herpes simplex
virus (HSV) thymidine kinase (TK) gene and TATA-box (to nucleotide —32 upstream from the
RNA initiation site) was fused in the late orientation, six nucleotides downstream from the
SV40 21-bp repeats. The dashed lines represent the pUCI12 plasmid, and the thick line
designates HSV-TK sequences. The six copies of the sequence GGGCGG (GC-boxes) in the
SV40 21-bp repeat region are designated by rectangles. The increasing darkness of the hatched
rectangles represents increasing affinity of the GC-boxes for Spl. GC-box IV is designated by
an open rectangle because Sp1 bound at GC-box V appears to prevent efficient binding of the
factor to GC-box IV. The solid rectangles indicate GGGCGG to GGAAAG mutations within the
GC-boxes. Each mutant template is identified by its respective number corresponding to the
mutated GC-box.
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ther single or multiple GC-box elements
(Fig. 1). The in vitro transcription reac-
tions contained active fractions of par-
tially purified HeLa RNA polymerase II
and the general transcription fraction,
Sp2, along with variable amounts of the
Spl fraction (22). The RNA products
synthesized from wild-type and mutant
templates were analyzed and quantitated
by primer extension with the use of a 5’
end-labeled synthetic oligonucleotide
fragment complementary to the SV40
early transcripts (Fig. 1).

As shown previously, transcription of
early RNA from the wild-type SV40 tem-
plate is strongly dependent on the pres-
ence of the promoter-specific factor, Spl
(Fig. 2). This Spl-dependent transcrip-
tion is severely affected by mutations in
GC-boxes I, II, and III, each of which
reduces transcription to approximately
10 to 20 percent of the wild-type activity.
In contrast, mutations in GC-boxes IV,
V, or VI have very little, if any, detri-
mental effect upon in vitro transcription
from the early promoter (Fig. 2A, lanes a
to n, and Table 1). The greatest decrease
in early transcription is observed with a
double mutant that alters GC-boxes I
and II, whereas lesions in boxes V and
VI have little effect on transcription, and
changes in GC-boxes III and IV produce
an intermediate phenotype (Fig. 2A,
right panel, lanes o to t, and Table 1).
These results suggest that GC-boxes I,
II, and III, which are located proximal to
the start sites of SV40 early transcrip-
tion, contain the cis-acting elements that
mediate early viral transcription.

GC-box requirements for SV40 late di-
rection transcription. To identify the se-
quence elements within the 21-bp re-
peats that mediate transcription in the
opposite direction of the early RNA, that
is, the late direction, we used a set of

. templates (designated as the pPSVGCTK

series) that have the 21-bp repeats fused
to the TATA-box and coding sequences
of a heterologous gene, the thymidine
kinase (TK) gene of herpes simplex virus
(Fig. 1). Transcription from these hybrid
templates is under the control of the
SV40 21-bp repeats, while the TK
TATA-box element directs the RNA ini-
tiation site. The complication of detect-
ing transcripts with multiple initiation
sites, as it is normally observed with
RNA synthesis in the SV40 late direc-
tion, is thus avoided. The primary late
direction transcript detected by this as-
say represents a minor species that origi-
nates from nucleotide 170 rather than the
major late transcript at 325. As a conse-
quence, our experiments have been de-
signed to measure transcription in the
late direction and will not specifically
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address many of the unresolved issues
concerning late viral transcriptional reg-
ulation such as the early-to-late switch.
Spl activation of transcription in the
late direction was assayed by primer
extension with a 5’ end-labeled synthetic
oligonucleotide complementary to se-
quences within the coding region of the
TK gene (Fig. 1). Transcription of the
hybrid templates was highly dependent
on the presence of Spl (Fig. 2B, a to j),
whereas a control template that contains
the TK-TATA box and downstream gene
sequences but lacks the Spl GC-box
binding region does not direct any de-
tectable RNA synthesis. Mutations in
GC-box elements III, V, and VI cause
the greatest decrease in activity, where-
as lesions in GC-boxes I, II, and IV have
very little effect on transcription (Fig. 2B
and Table 1). In addition to the multiple
GC-box mutations shown in Fig. 2B,
we have also found a similar pattern of
mutant phenotypes with single GC-box
mutations, both with SV40-TK fusions
as well as bonafide SV40 templates di-
recting late transcription and initiating
from nucleotide 170, which were found
to be dependent on Spl activation in
vitro. Moreover, we designed a set of in
vitro reactions in which bidirectional
transcription is mediated by the 21-bp
repeats and transcription from the early
and late directions was assayed simulta-
neously with distinct primers (Fig. 2C).
The results confirm that GC-boxes I and
II are most important for activating early

Table 1. Effects of site-directed mutations
within the Sp1 binding sequences on bidirec-
tional transcription. The levels of Spl-depen-
dent transcription from the promoter mutant
series (described in Fig. 1 and indicated by
their respective numbers) are expressed as
the percentage of their corresponding wild-
type (pSVGC-0 and pSVGCTK-0) SV40 pro-
moter transcription levels.

Tem- Early Late
plate mRNA mRNA

(%) (%)

0* 100 100

1 21 95

2 24 73

3 11 25

4 80 90

5 83 63

6 75 16

12 5 51
34 20 26
56 46 8
456 30 2

*Wild type.

transcription, whereas GC-boxes V and
VI play a major role in late direction
transcript, and GC-box III appears to
have a secondary effect on transcription
in both directions. These in vitro tran-
scription results suggest that individual
GC-box sequences within the 21-bp
control elements have a differential ef-
fect on the bidirectional transcription
of SV40 early and late direction
RNA.

Binding of Spl to the 21-bp repeats.
The involvement of specific GC-box ele-

Fig. 2. Analysis of Sp1 directed SV40 transcription in the early and
late directions. (A) Mutational analysis of transcription in the early
direction. The pSVGC-0 (wild type) template and its related GC-box
mutant series (described in Fig. 1 and indicated above each lane in the
autoradiogram) were subjected to reconstituted in vitro transcription
assays followed by primer extension analysis as described below. To
detect SV40 early RNA, a specific complementary oligonucleotide
was used (see Fig. 1). The primer extension bands indicating specific
SV40 early RNA start sites are designated by arrowheads. (B)
Mutational analysis of transcription in late direction. The pSVGCTK
promoter-fusion templates (described in Fig. 1 and identified above
each lane in the autoradiogram) were subjected to in vitro transcrip-
tion experiments as described below. To detect late directed RNA
synthesis, the transcripts were hybridized to a HSV-TK RNA specific
primer (see Fig. 1) and extended as described below. The primer
extension bands indicating specific TK RNA (transcribed in the late
direction of the SV40 promoter) are marked by arrowheads. (C)
Simultaneous mutational analysis of transcription in both early and
late directions. The pPSVGCTK mutant promoter series were subject-
ed to in vitro transcription reconstitution assays. Transcripts were
concomitantly annealed with both TK and SV40 early-specific prim-
ers, extended and visualized as described below. The primer exten-
sion products indicating accurate TK and SV40 transcripts are
designated by arrowheads. The Spl was partially purified by fraction-
ation of a human (HeLa) whole cell extract (22). Each transcription
reaction contained 150 ng of template DNA, endogenous RNA
polymerase 1I (25 pg of total protein) and the general transcription
factor Sp2 [2.4 ug of total protein (22, 23)]. The promoter specific
factor Spl was either omitted (—) or added (+) in 5 ng of protein (10
wl) per reaction.The transcription reaction was allowed to proceed for
40 minutes at 30°C and a single-stranded, end-labeled (either SV40 or

A

B

ments in activating bidirectional SV40
transcription prompted us to examine
more directly the interaction of Sp1 with
the individual GC-box sequences. We
have therefore carried out deoxyribonu-
clease (DNase) I footprinting experi-
ments with each of the mutant templates
to see if the Spl binding region could be
subdivided into distinct binding sites that
correlated with the differential activation
of early and late transcription. With rela-
tively high concentrations of Spl, the
wild-type template exhibited a distinct
region protected from DNase digestion
(footprint) that extends for 70 bp and
covers the entire length of the three
tandem 21-bp repeats (Fig. 3, panel 0).
This footprint pattern is similar to that
which we previously observed (23, 24),
except that the higher concentrations of
Spl in these experiments gave a slightly
larger footprint because GC-boxes I and
II were protected more completely. Mu-
tations in GC-boxes I, II, or V prevent
binding of Spl to the altered GC-box
sequences (Fig. 3, panels 1, 2, and 5).
Base substitutions in GC-box III elimi-
nate protection of both GC-boxes III and
IV (Fig. 3, panel 3). In contrast, alter-
ations in GC-boxes IV and VI appear to
have very little effect on the binding of
Spl, and the footprint pattern is essen-
tially indistinguishable from that of wild-
type DNA (Fig. 3, panels 4 and 6). As
expected, the double sets of mutations in
GC-boxesIand II, Il and IV, and V and
VI each eliminate the binding of Spl to

0 1 2 84 4 5% 12 34 56
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TK) specific primer (Fig. 1) was hybridized at 53° or 60°C, respectively, for 1 hour and extended with AMYV reverse transcriptase for 45 minutes at
37°C. The final products were subsequently analyzed on denaturing 8 percent polyacrylamide gels and visualized by autoradiography.
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the altered sequences without affecting
the interaction at adjacent binding re-
gions (Fig. 4, panels 12, 34, and 56). The
triple mutant with base substitutions in
GC-boxes IV, V, and VI gives a foot-
print pattern that is identical to the dou-
ble mutant in GC-boxes V and VI, which
is in accord with the previous observa-
tion that a lesion in GC-box IV has no
phenotype. These findings suggest that
the Spl footprint region is comprised of
at least three binding sites with different
affinities for the factor and that the inter-
action of Spl with these sites is some-
what complex.

Although the DNase footprint studies
provided strong evidence for multiple
independent Spl domains within the

Wild type

5
-—=—44+M

-

i ]

H
—— -

SV40 21-bp repeats, we were not able to
discern either the internal structure of
the binding or the details of the sequence
requirements for the Spl interaction at
these sites. We have therefore carried
out dimethyl sulfate (DMS) methylation
protection studies with various GC-box
mutant DNA’s to investigate, at higher
resolution, the interaction of Sp1 with its
recognition sequences. Protection of
specific guanine residues from methyl-
ation at the N7 position by the binding
and close proximity of Spl was deter-
mined as described (24). In accord with
our previous observations (24), wild-
type DNA exhibits strong protection of
GC-boxes III and V, intermediate pro-
tection of GC-boxes II and VI, weak

protection of GC-box I, and very weak,
if any, protection of GC-box IV (Fig. S,
panel 0). Mutations in GC-boxes I, II,
III, IV, or VI prevent binding of Spl to
the altered GC-box sequences (Fig. S,
panels 1 to 4 and 6). Interestingly, muta-
tions in GC-box V prevent binding of
Spl to altered sequences but increase
protection of GC-box IV (Fig. S, panel
5). Also, under the conditions used in
these studies, there is no evidence for
cooperative binding of Spl to adjacent
GC-box sequences. These methylation
protection experiments confirm that
there are multiple independent binding
sites for Spl within the SV40 early pro-
moter and suggest that each of the six
GC-boxes is capable of binding Spl and

-
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Fig. 3. DNase I footprinting analysis of single GC-box—mutated SV40 promot-
er templates. The pSVGC-0 DNA and its related single GC-box mutant series
(as described in Fig. 1 and as identified above each lane in the autoradiogram)
were subjected to DNase 1 footprinting in the absence (—) or presence (+) of
Spl. Lanes M contain Maxam-Gilbert sequence ladders (39) of the same DNA
fragments used for binding (the G track is at the right and the A + G track is at
left). Rectangles indicate the GC-box sequence motifs in the 21-bp repeat
region. Arrows indicate the mutated GC-box sequence and brackets mark the
boundaries of the protected region. The end-labeled DNA probes for binding
experiments were derived from the pSVGC plasmid series (Fig. 1). Each
plasmid DNA was digested with Hind II1, labeled with [y->*P]ATP (adenosine
triphosphate) and polynucleotide kinase and redigested with Eco RI. End-
labeled fragments containing the Spl binding region were gel-purified, and
subjected to DNase I footprint protection analysis (23, 24). In each reaction, 3
ng (6 fmol) of labeled probe fragment and 1 ug of unlabeled sonicated calf
thymus DNA were incubated without Spl (=) or with (+) Sp1 (20 A, 10 ng of
protein) for 15 minutes at 0°C in 50 pl of reaction buffer. After the reaction was
warmed to room temperature, the DNA-protein complexes were partially
cleaved in the presence of either one or two empirically determined DNase |
concentrations. All cleavage products and their corresponding Maxam-Gilbert
sequence markers (39) were analyzed on denaturing 8 percent polyacrylamide
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,,f il H - .I H gels, and visualized by autoradiography.
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that the affinity of the factor for the
different GC-boxes is variable. An inter-
esting complication is that Sp1 bound to
GC-box V appears to prevent efficient
binding of the factor to adjacent GC-box
Iv.

Both DNase footprinting and DMS
methylation protection experiments sug-
gest that each of the six tandem GC-
boxes in the SV40 21-bp repeats is an
Spl binding site. On the other hand,
studies on the herpes simplex virus
(HSV) IE-3 promoter have shown that
Sp1 can bind to isolated, single GC-box
sequences and activate transcription
(26). If one protomer of Sp1 binds to one
GC-box sequence, then it is expected
that the Sp1 footprint of an isolated 21-
bp repeat sequence, which is a double
GC-box binding site, will be significantly
larger than a footprint of a single GC-box
site. This possibility was tested as fol-
lows. An Spl binding site that contains
one 21-bp repeat (which has GC-boxes
III and 1V) was chemically synthesized,
cloned into a plasmid vector, and then
used as a probe for DNase footprinting
with Spl. The footprint observed with
this isolated double GC-box binding site
was roughly 33 to 35 bp (Fig. 4, panel
2GC), which is almost twice as large as
the 18- to 20-bp footprints that have been
characterized with the five HSV IE-3
Spl binding sites that contain a single
GC-box (26). Thus, it seems likely that a
protomer of Spl interacts with one GC-
box.

In summary, DNA binding studies of
Sp1 on the SV40 21-bp repeats suggest
that the 70-bp footprint region consists of
six closely spaced binding sites, GC-
boxes I-VI, each of which can interact
individually with a protomer of Sp1. Effi-
cient binding to GC-box IV appears to
occur only when binding to GC-box V is
prevented by mutation of the GGGCGG
hexanucleotide. As a consequence, for
wild-type DNA, there can probably be,
at most, five Sp1 protomers bound to the
six GC-boxes.

Bidirectional activation of transcription
by Spl. Activation of transcription from
the SV40 early and late promoters in-
volves a complex set of specific protein-
DNA interactions. A number of studies
have identified the cis-acting elements
that mediate SV40 promoter recognition,
and recent biochemical fractionation of
transcription extracts has allowed the
isolation of a cellular factor, Spl, that
selectively activates SV40 transcription
through specific binding to the viral pro-
moter (22, 23). The initial DNase foot-
printing experiments revealed that an
approximately 70-bp region containing
the three 21-bp repeat elements and six

1 NOVEMBER 1985

GC-box sequences is specifically recog-
nized and bound by Spl (23, 24). In
addition, DMS methylation protection
studies showed that within the Sp1 bind-
ing region, there are multiple clusters of
guanine residues in the major groove of
DNA that are in close contact with Spl
(24). We now report that the Sp1 binding
region in SV40 is comprised of six inde-
pendent binding sites, each of which
contains a single GC-box element that is
capable of binding a protomer of Spl.
Also, a maximum of five Sp1 protomers
appears to be able to bind simultaneous-
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Fig. 4. DNAse I footprint analysis of templates
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ly to the six GC-boxes, and the affinities
for the different sites vary considerably.
For example, GC-boxes III and V have
the strongest affinity for Sp1, GC-boxes
II and VI are intermediate, GC-box I is
weak, and GC-box IV is essentially not
accessible to the factor when GC-box V
is occupied (Fig. 6). Transcription of
mutant templates bearing clustered base
substitutions in the GC-box elements in-
dicates that interaction of Sp1 with three
of the binding sites, GC-boxes I, II, and
III, is largely responsible for mediating
early transcription whereas binding to

1 u
&
|

L- I

containing multiple GC-box mutations. The

numbers above each lane correspond to the particular SVGC template used for binding studies
(Fig. 1). Panel 2GC shows an Sp1 footprint of two contiguous GC-boxes in the plasmid pAP6.
This plasmid was constructed by insertion of a chemically synthesized SV40 21-bp sequence,
which contains GC-boxes III and IV, into a derivative of pBR322. The footprinting assays were

carried out as described in the legend to Fig. 3.
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GC-boxes III, V, and VI predominantly
affects late direction transcription. Thus,
as shown in Fig. 6, SV40 bidirectional
transcription in vitro appears to be dif-
ferentially affected by the interaction of a
positive transcription factor at five sepa-
rate binding sites.

A comparison of the Sp1 footprint on
single GC-box binding sites (18 to 20 bp)
with the footprints on double GC-box
sites (33 to 35 bp) suggests that a pro-

tomer of Spl can interact with a single
GC-box. These experiments were car-
ried out with both partially purified Spl
as well as nearly homogeneous Spl [esti-
mated 95 percent purity (29)]. Also, the
DNase footprint pattern of the wild-type
SV40 21-bp repeats is identical when
using either the partially purified or near-
ly homogeneous Spl (29) and strongly
confirms that Spl is responsible for the
DNA binding properties described here.

Wild type
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The idea that a single GC-box can consti-
tute an Spl binding site has been inde-
pendently confirmed by footprint analy-
sis and transcription studies of several
other viral and cellular promoters, in-
cluding the herpes simplex virus immedi-
ate-early genes IE-3 and IE-4/5 (26) and a
delayed-early herpes gene, thymidine ki-
nase (27); the mouse dihydrofolate re-
ductase gene (28); human metallothio-
nein genes (30); and the major LTR
promoter of the AIDS virus (31). In all of
these promoters, upstream elements
contain multiple Sp1 binding sites, and in
several cases a region containing only
one GC-box element is sufficient to spec-
ify a strong binding site for Sp1. A com-
parison of the available Sp1 binding sites
that have been studied thus far also
suggests that the GC-box element, which
has been defined as the hexanucleotide,
GGGCGG, represents only a portion of a
longer decanucleotide consensus se-
quence, $GGGCGGSSE (32).

The interaction of Sp1 with GC-box IV
is somewhat complicated. First, DNase
footprint studies showed that mutation
of GC-box III eliminates Sp1 binding to
both GC-boxes III and IV (see Fig. 3,
panel 3). Second, in DMS methylation
protection experiments, efficient binding
to GC-box IV was observed only when
binding to GC-box V was prevented by
mutation (compare panel 0 with panel 5
in Fig. 5). The simplest interpretation of
these results is that Spl bound to GC-
box V (a high affinity site) prevents effi-
cient binding of the factor to GC-box IV
(a very low affinity site) due to steric
constraints. In support of this hypothe-
sis, the Spl recognition sequences in
GC-boxes IV and V, as determined from
the decanucleotide consensus sequence
described above, overlap by one nucleo-
tide, whereas the recognition sequences
that contain the other GC-boxes in the

Fig. 5. Dimethyl sulfate methylation protec-
tion of SV40 promoter templates containing
single GC-box mutations. The numbers above
each lane correspond to the particular SVGC
templates used for binding (Fig. 1). Each
reaction contained either 0, 20 pl, or 30 ul of
Spl fraction as indicated. Rectangles, the
GGGCGG sequence motifs in the SV40 21-bp
repeat region. Arrows, GC-boxes converted
to GGAAAG by site-directed mutagenesis
(Fig. 1). In all methylation protection experi-
ments, end-labeled DNA probe and unlabeled
carrier DNA were incubated with Spl as
described in the legend to Fig. 3. Partial
cleavage of N-7 guanine residues was carried
out by incubation of the protein-DNA com-
plexes with 1 to 4 pl of dimethyl sulfate for 1
minute at 0°C (24). The reactions were termi-
nated according to the Maxam-Gilbert se-
quencing procedure (39), and all samples were
analyzed on a denaturing 8 percent polyacryl-
amide sequencing gel.
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Fig. 6. Binding of Spl to the SV40 21-bp repeats. The 21-bp repeats and flanking SV40
sequences are shown and numbered according to (I). The six GC-boxes in the 21-bp repeats are
designated I to VI, and the direction of transcription that is affected by each Sp1 binding site is
indicated by the arrows that are immediately above the GC-boxes. Sp1 protomers are shown as
hatched ovals, and the increasing darkness of the lines represents increasing affinity of Sp1 for
the GC-boxes. An open oval is at GC-box IV because Spl bound to GC-box V appears to
prevent efficient binding of the factor to GC-box IV. The binding sites for large T antigen (T
Ag), the origin of replication (ORI), and a portion of the 72-bp repeated elements are also

shown.

21-bp repeats do not overlap. Also, the
in vitro transcription data on the wild-
type and mutant GC-box IV templates
(see Table 1) can be rationalized within
the framework of this model. First, mu-
tation of GC-box IV does not significant-
ly reduce the level of transcription from
either the early or late directions, which
is consistent with the negligible binding
of Sp1 to GC-box IV. Second, transcrip-
tion in the late direction from the triple
GC-box IV-V-VI mutant is much lower
than transcription from the double GC-
box V-VI mutant. Although this latter
result appears to be inconsistent with the
previous finding, it is, in fact, exactly
what is expected if efficient binding of
Sp1 to GC-box IV occurs only when GC-
box V is mutated because the factor will
bind to the GC-box V-VI mutant but not
to the GC-box IV-V-VI mutant. Third,
the surprisingly slight reduction in the
level of late direction transcription
caused by mutations in GC-box V (Table
1) could be the consequence of increased
binding of Sp1 to GC-box IV due to the
absence of the factor at GC-box V. Also,
these data suggest that binding of Spl to
GC-box IV can have an effect on tran-
scription for the mutant template, even
though it is probably not required in the
wild-type situation.

The discovery of six closely spaced
but apparently independent Spl binding
sites provides information that influ-
ences our view of how the bidirectionali-
ty of these promoter elements may actu-
ally function. For example, it seems evi-
dent that the binding site proximal to the
start site of transcription has the greatest
influence in activating RNA synthesis
for a given direction of transcription.
Thus, the functional bidirectionality of
the 21-bp repeats could actually be due
to multiple directional elements. Alter-
natively, each unit Sp1 binding sequence
could have the ability to activate tran-
scription in an orientation-independent
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manner with the direction of RNA syn-
thesis determined by the positioning of
the Spl binding site relative to other
promoter elements, such as a TATA-box
or other sequences that are required for
initiation of transcription. Although GC-
boxes I and VI are weak Spl binding
sites, they are important for specifying
transcription in the early and late direc-
tions of SV40, respectively. A similar
arrangement of a weak Spl binding site
proximal to the initiation site for tran-
scription has been observed in the HSV-
TK (thymidine kinase) promoter, in
which the first distal element contains a
GC-box sequence that binds Spl very
weakly (27) but has a large effect on
transcription in vivo and in vitro (27, 33,
34). The significance of positioning a
weak factor binding site proximal to the
initiation site is not clear, but a reason-
able rationale could be to allow better
control in modulating transcriptional ef-
ficiency.

Both DNase footprinting and DMS
methylation studies indicate that the six
GC-boxes in the SV40 promoter have
different affinities for Spl. Interestingly,
GC-boxes I and II, which are weak Spl
binding sites, overlap the SV40 T antigen
binding site (2). It is conceivable that T
antigen and Spl compete for the same
sequences and that autoregulation of
SV40 early transcription could, in part,
be mediated by the binding of T antigen
to site III, which could prevent Sp1 from
binding to GC-boxes I and II. Our previ-
ous experiments indicated, however,
that autoregulation by T antigen is large-
ly dependent on the interaction of the
repressor with T antigen binding sites I
and II 3, 35, 36), which do not overlap
with the binding sites for Spl1, and that
efficient repression of early transcription
occurs at concentrations of T antigen
significantly below those required for
effective binding to T antigen site III. We
do not understand all of the protein-

protein and protein-DNA interactions
that occur in the SV40 promoter region,
and it will be particularly interesting to
study the possible relation between Spl
and other proteins and transcription fac-
tors that may be involved in the mecha-
nism of switching from early to late
transcription during lytic SV40 infection.
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