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One cell-specific and three ubiquitous nuclear proteins bind in vitro
to overlapping motifs in the domain Bi of the SV40 enhancer
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We have used the gel retardation assay to investigate the bind-
ing of nuclear proteins to the domain Bi of the SV40
enhancer, which contains the GT-II motif. Four proteins (GT-
IIA, GT-llBa, GT-IIB(8 and GT-IIC) were detected, three
of which were present in nuclear extracts from several cell
lines. The fourth protein (GT-IIC) showed a clear cell-
specificity, being absent from the lymphoid cell extracts test-
ed. The results of methylation interference assays and of the
binding of the proteins to mutated templates indicate that the
domain B1 contains three distinct, but overlapping, protein-
binding motifs (GT-IIA, B and C). The cell-specific binding
of protein GT-HC in vitro correlates with the in vivo enhancer
activity of its cognate motif, strongly suggesting that this pro-
tein acts as a positive trans-acting enhancer factor. Two of
the proteins also recognize other enhancer motifs; protein GT-
iIBa binds to the 1LE3 motif present in the immunoglobulin
heavy chain enhancer; protein GT-IIC binds to an enhancer
motif of the polyomavirus mutant PyEC9.1 adapted to growth
in F9 embryonal carcinoma cells, but not to the correspond-
ing wild-type sequence.
Key words: SV40 enhancer/domain B1/nuclear proteins

Introduction
Enhancers are important cis-acting control elements which
stimulate transcription in vivo from RNA polymerase class B(ll)
promoters, irrespective of their orientation and to some extent
of their location (Moreau et al., 1981; Banerji et al., 1981; for
reviews see Yaniv, 1984; Chambon et al., 1984; Serfling et al.,
1985; Picard, 1985; Sassone-Corsi and Borrelli, 1986; Wasylyk,
1986). In vivo competition and 'footprinting' experiments have
shown that their activity is mediated by trans-acting factors
(Scholer and Gruss, 1984; Borrelli et al., 1984; Mercola et al.,
1985; Ephrussi et al., 1985; Scholer et al., 1986; Wasylyk et
al., 1987). Several enhancers such as those of the immuno-
globulin heavy chain (IgH) (Banerji et al., 1983; Gullies et al.,
1983) and kappa light chain genes (Queen and Baltimore, 1983;
Picard and Schaffner, 1984; Atchinson and Perry, 1987), lym-
photropic papovavirus (Mosthaf et al., 1985) and the insulin gene
(Walker et al., 1983) exhibit cell-type specificity, suggesting that
some of the trans-acting factors necessary for their activity are
absent from some cell types. Others, typically the simian virus
40 (SV40) enhancer, are active in a variety of cell-types (Schirm
et al., 1987 and references therein, and see reviews above). In
vivo studies have shown that the SV40 enhancer is composed
of multiple sequence motifs which act synergistically to generate
enhancer activity in HeLa cells (Zenke et al., 1986; Herr and

Clarke, 1986). These seqence motifs, GT-ll, GT-I, TC-ll, Sph-
I, Sph-ll and P (see Figure 1) are organized in two domains,
A and B, whose multimerization generates enhancer activity
(Zenke et al., 1986). The B domain can be further subdivided
into two apparently independent subregions Bi and B2 (Figure
1; Zenke et al., 1986; Wildeman et al., 1986).
The activity of several enhancers, including that of SV40, has

also been partially reproduced in vitro (Sassone-Corsi et al., 1984,
1985; Wildeman et al., 1984; Sergeant et al., 1984; Scholer and
Gruss, 1985; Augereau and Chambon, 1986; Dougherty et al.,
1986). In vitro DNase I footprinting studies have shown that each
of the SV40 sequence motifs binds a protein(s) present in HeLa
cell nuclear extracts (Wildeman et al., 1986; Davidson et al.,
1986). The binding of these proteins is prevented by mutations
which are detrimental to enhancer activity in vivo, suggesting
that they correspond to trans-acting factors responsible for the
in vivo stimulation. Subsequently, it has been demonstrated that
the enhancer activity is mediated by a different set of motifs and
proteins in HeLa and mouse myeloma MPC11 cells (Davidson
et al., 1986; Nomiyama et al., 1987). This cell-type specific
recognition is in part achieved by the differential use of the
overlapping Sph and octamer motifs in enhancer domain A. A
differential pattern of protein binding was also noticed in the
enhancer B 1 domain, which contains the GT-II motif (Davidson
et al., 1986, see Figure 1). We have studied here the binding
of proteins present in nuclear extracts from several cell-types to
the B1 domain. We show that this region contains several overlap-
ping sequences which interact with distinct nuclear proteins. One
of these sequences binds a cell-type specific protein whose
presence correlates with the activity of the BI domain in vivo.

Results
Several proteins bind to the enhancer B] domain
To study the interaction of nuclear proteins with the region of
the SV40 enhancer containing motif GT-ll, synthetic oligonucleo-
tides containing the wild-type sequence from nucleotides
257-294 (BBB numbering system, Tooze, 1982) were cloned
between the KpnI and BamHI sites of a derivative of pUC18
(pGT2-0, Figure 2 and Materials and methods). The SV40 se-
quence was mutated at positions 268-270 (pGT2-1) or 281-283
(pGT2-2) or simultaneously at both positions (pGT2-3, Figure
2). The mutations in pGT2-1 and pGT2-2 correspond to those
present in recombinants pA4 and pA211 (Zenke et al., 1986,
see Figure 1). The mutation in pA4, but not in pA211, has a
marked deleterious effect on enhancer activity in vivo in HeLa
cells, while both prevent the binding in vitro of different pro-
teins present in HeLa cell extracts (Wildeman et al., 1986).
The [32p]-5' end-labelled KpnI-BamHI fragments from the

pGT2 series plasmids were incubated with HeLa cell nuclear ex-
tracts in the presence of the synthetic duplexes poly[dI-dC]
or poly[dA-dT] to suppress 'non-specific' interactions (see
Materials and methods; hereafter pGT2-0 to pGT2-3 refer to the
labelled KpnI-BamHn templates). The resulting labelled DNA-
protein complexes were resolved on a non-denaturing poly-
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Fig. 1. Organization of the SV40 early promoter. The top line shows the structure of the SV40 early promoter in plasmid pAO, containing a single copy of
the 72 bp sequence (Zenke et al., 1986). The position of the essential elements of the promoter, the TATA box, the 21 bp repeat element [22,21,21] and
72 bp enhancer element are indicated along with the coordinates (BBB system, Tooze, 1982) of several natural or engineered restriction enzyme recognition
sites. EES and LES indicate the position of the early-early and late-early mRNA start sites, respectively. The second line shows the sequence of the late
coding strand of the 72 bp element (indicated by the vertical broken lines) and the 5'-flanking sequences. The location of the sequence motifs which have been
identified in the enhancer region (see text and Zenke et al., 1986) is indicated by the boxes, along with the positions of the A, Bi and B2 enhancer domains.
'pA mutants' refers to the late coding strand sequences present in the mutated recombinants pA-2 to pA8 and pA211 (see Zenke et al., 1986; Nomiyama et
al., 1987).

acrylamide gel (Fried and Crothers, 1981; Gamer and Revzin,
1981; Strauss and Varshavsky, 1984). Incubation of the wild-
type template pGT2-0 with the HeLa cell nuclear extract and
poly[dA-dT] generated four major retarded complexes (A-D
in Figure 3A). The mutation in pGT2-1 prevented formation of
complexes B and C, while complex A was dramatically reduced
by the mutation in pGT2-2 (complex B consists of two closely
migrating species a and j, and for the sake of simplicity is re-

ferred to as B unless the two components show different be-
haviours, see below). Using pGT2-3, only complex D was

efficiently formed. These results indicate that three specific com-
plexes (A-C) are formed with the Bi domain, while D cor-

responds to a 'non-specific' complex (i.e. a complex not affected
by the mutations in pGT2-3). In addition, the proteins forming
complexes B and C appear to interact with the same or closely
overlapping sequences as both are affected by the mutation in
pGT2-1 (compare pGT2-0 with pGT2-1 in Figure 3A). Using
poly[dI-dC] as competitor, complexes A, C and D were effi-
ciently formed; however complex B was dramatically reduced
(compare HeLa cell results in Figure 3A and B).
Complexes analogous to A and B were observed using extracts

from non-differentiated mouse F9 embryonal carcinoma cells
[F9(ND) cells], the human Burkitt lymphoma-derived lympho-
blastoid cell line BJA-B (Klein et al., 1975), the human T cell
line Molt4 (Minowada et al., 1972), the mouse myeloma
MPC1 1, the mouse pre-B cell line 70Z/3 (Paige et al., 1978)
and the simian kidney cell line CV1 (Figure 3A and B and data
not shown). A minor difference however was observed using
MPC1 1 extracts, where complex A had an altered electrophoretic
mobility. Interestingly, complex B was not found in extracts from
retinoic acid-treated (differentiated) F9 cells (data not shown).
In addition to these specific complexes, several complexes not
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affected by the mutations in pGT2-3 were formed in the different
cell extracts. In each cell extract the formation of complexes A
and B exhibited the same sequence requirements as observed in
HeLa cell extracts (compare pGT2-0 to pGT2-3 in each case).
Complexes analogous to C were formed using non-differentiat-

ed and differentiated F9 or CVI cell extracts (Figure 3A and
B and data not shown). In non-differentiated F9 cell extracts,
complex C is slightly obscured by a 'non-specific' band (broken
arrow in Figure 3A and B). The presence of complex C was,
however, confirmed using the [32p]-5' end-labelled template
OGT2-50 (Figure 2, see below and data not shown). In contrast
to complexes A and B, no complex C was observed with the
lymphoid cell extracts (BJA-B, MPC11, Molt-4 and 70Z/3,
Figure 3A and data not shown). These results suggest that this
region of the SV40 enhancer may interact with three distinct
nuclear proteins, one of which (C) exhibits cell-specificity. In
order to test this hypothesis, we attempted to resolve these pro-
teins by ion-exchange chromatography.
HeLa or BJA-B cell nuclear extracts were applied to a heparin

agarose column. The retained proteins were eluted using a linear
0.2-0.6 M KCI gradient (Materials and methods) and fractions
analysed using the pGT2-0 template. The peak of HeLa cell pro-
teins forming complexes A and C eluted between 0.30-0.35 and
0.33-0.36 M KCI, respectively (Figure 4A). Complex B was
eluted as two separate peaks (ai and ,3) at 0.36-0.40 and
0.31-0.36 M KCl, respectively. In addition, several other minor
complexes (Figure 4A) were observed. These complexes are

'non-specific' as their formation was not prevented by the muta-
tions in pGT2-3 (data not shown).
The BJA-B proteins forming complexes A and B eluted at the

same KCI concentration as their HeLa cell counterparts indicating
that they are probably identical in the two cell-types (compare
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Fig. 2. Sequences of enhancer motif-containing templates. The top line
shows the wild type SV40 sequence (bases 257-294) with the addition of
the BamHI and KpnI restriction sites (see text), which constitutes the
templated pGT2-0. E and L refer to the early and late coding strands, and
the numbers above the sequence, to the coordinates in the SV40 early
promoter. The positions, sequences and coordinates of the point mutations
which are present in templates pGT2-1, -2 and -3 are indicated below the
pGT2-0 sequence. The sequences of the other wild-type SV40 templates
(OGT2-50, OGT2-54, OGTI-13) and their corresponding mutants (OGT2-51
to OGT2-53, OGT2-55 and OGT1-14) are indicated in the same way as that
of pGT2-0. In each case, the locations of the GT-ll or GT-I motifs are

indicated. OPyB-O and OPyB-l contain, respectively, the wild-type and
mutant EC9. 1 polyoma virus enhancer B domain sequences from positions
5223-5246. The solid line between the two strands indicates the position of
the homology with the SV40 GT-IIC motif. E and L refer to the polyoma
virus early and late mRNA coding strands. OE3-0 and OE3-1 contain the
murine IgH enhancer sequences from positions 394 to 415 (numbering
system of Ephrussi et al., 1985) in either a wild-type or mutated form. The
solid line indicates the position of the AE3 motif (Ephrussi et al., 1985; Sen
and Baltimore, 1986a). NC and C refer to the heavy chain mRNA coding
and non-coding strands, respectively.

A and B in Figure 4A and B). In agreement with the results ob-
tained using the total extracts, no complex C was formed in any
of the eluted fractions (Figure 4B and data not shown). Similar
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Fig. 3. In vitro protein binding to the enhancer Bi domain. Panel A shows
the set of labelled protein-DNA complexes formed with nuclear extracts
from various cell types and the pGT2-series templates in the presence of
poly(dA-dT). The origin of the cell extracts is shown above the lanes and
the template of the pGT2 series below them. Each lane contains a constant
amount of DNA template with 16 isg HeLa extract, 8 sg F9 (ND) extract,
12 isg BJA-B extract and 16 iag MPCII extract, and a constant amount (2
Ag) of synthetic poly[dA-dT]. The positions of complexes A-D are
indicated by the arrows to the left of the figure. The broken arrows indicate
the position of a 'non-specific' complex found in the F9 cell extracts which
migrates close to the complex C (see text). Similar results were
reproducibly obtained using independently prepared nuclear extracts from
each cell type. Panel B shows the results of experiments similar to those
displayed in panel A, except that poly[dI-dC] replaced poly[dA-dT] as a
non-specific competitor. Nomenclature, as in panel A.

results were obtained with MPC1 1 extracts (data not shown).
These results confirm that complexes A, B and C are formed

by distinct nuclear proteins which apparently differ both by their
mol. wt and charge. Furthermore, the protein forming complex
C could not be detected in BJA-B and other lymphoid cell ex-
tracts tested, even after chromatography and thus appears to be
cell-specific. As the formation of complexes B and C, but not
A, was prevented using pGT2-1 (Figure 3A), this suggests the
possibility that two of these proteins may recognize the same or
overlapping sequences. To investigate this possibility, dimethyl-
sulfate (DMS) methylation interference experiments were per-
formed.
The proteinsforming complexes A, B and C bind to overlapping
sequences

The DMS methylation interference assay (Siebenlist et al., 1980
and Hendrickson and Schleif, 1985) was first used to determine
which guanine residues are important for the formation of the
three complexes. The guanine (G) residues in the [32p]-5' end-
labelled pGT2-0 template were partially methylated by treatment
with DMS. After electrophoresis, the A, B, and C complexes
formed using these modified templates were excised from the
retardation gel, and the eluted DNA was cleaved at the methylated
G residues by the method of Maxam and Gilbert (1980). G
residues which are underrepresented in the complexed DNA
relative to the unbound and the input DNA (B, F and S, respec-
tively, in Figure 5A and B) are those whose methylation inter-
fered with complex formation.
Methylation of residues G273, G276 and G283 prevented ef-

ficient formation of complex A in both HeLa and BJA-B nuclear
extracts (Figure 5A, B and data not shown). Complex forma-
tion was affected to a lesser extent by methylation at G272 and
G275. Formation of complex B was prevented by methylation
at G270, G272, G273 and to a lesser extent at G275, whereas
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Fig. 4. Chromatographic fractionation of the HeLa and BJA-B cell nuclear
extracts. Panel A shows the labelled protein-DNA complexes formed using
the pGT2-0 template with the HeLa cell proteins eluted from the heparin-
agarose column by a linear 0.2-0.6 M KCI gradient. The concentration of
KCI (M) in every sixth fraction is indicated above the lanes and the fraction
number below. Each lane contains a constant 6 u1 of protein fraction and 2
jsg poly(dA-dT). Only the relevant fractions from the gradient containing
the proteins forming complexes A-C are shown. The positions of
complexes A-D in the crude HeLa cell nuclear extract (N) are shown on

the right hand side of the figure. Bat and B,B refer to the two subspecies
which constitute complex B (see text). Similar results were obtained using
two independent nuclear extract preparations. Panel B shows the labelled
protein-DNA complexes formed by the BJA-B cell proteins eluted from the
heparin-agarose column as described in panel A. Nomenclature, as in panel
A. The positions of the A and Bax, Bo3 complexes formed using the crude
BJA-B cell nuclear extract (N) are indicated on the right hand side.

formation of complex C (which is not formed in lymphoid ex-

tracts) was prevented by methylation at G263, G267 and G268,
and to a lesser extent at G270 and G272 (Figure SA and B).
Similar results were obtained with complex B formed in BJA-B
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extracts (data not shown). Note, however, that as the Bcx and
B,B complexes migrate too closely to be eluted separately, the
results represent the cumulative effect of the two proteins. Thus,
we do not know whether they interact with identical sequences.
These results which are summarized in Figure 6 suggest that the
proteins forming complexes A, B and C interact with three dif-
ferent, but overlapping sequence motifs, GT-IIA, IIB and IIC
(271-284, 269 -275 and 262-272, respectively, see legend to
Figure 6).
To support this hypothesis, a set of complementary oligonucleo-

tides containing the wild-type SV40 sequences from positions
257 -275 (OGT2-50) or 271-293 (OGT2-54) were synthesiz-
ed (see Figure 2). In agreement with the predictions which could
be made from the methylation interference results, only com-
plex A was formed using [32p]-5' end-labelled OGT2-54 as
template, while complexes B and C, but not complex A, were
formed using OGT2-50 (data not shown). These two sequences
were then mutated at positions where, based on the methylation
interference experiments, one would expect to selectively pre-
vent the formation of either complex A, B or C. Thus mutation
in OGT2-50 at positions 270 and 273 (OGT2-52) should selec-
tively prevent formation of complex B, whereas mutation at posi-
tions 263, 267 and 268 (OGT2-51) should prevent only the
formation of complex C. Similarly, mutation in OGT2-54 at posi-
tions 272, 273, 276 and 283 (OGT2-55) should prevent the for-
mation of complex A. These predictions were fulfilled (data not
shown) and, in agreement with the results obtained using the
labelled oligonucleotide templates, complexes B and C formed
using pGT2-0 were competed by OGT2-50, whereas only for-
mation of complex A was unaffected (Figure 7A). Using
OGT2-51 only complexes Ba and B,B were competed, while
OGT2-52 competed complex C only. As expected, OGT2-53,
containing a combination of the mutations present in OGT2-51
and OGT2-52, competed neither complexes B nor C. Complex
B was efficiently competed only at high competitor concentra-
tion suggesting that the corresponding proteins may be abundant
in the extract, and B,B was reproducibly competed more efficiently
than Ba. Similarly, OGT2-54, but not OGT2-55, competed com-
plex A (Figure 7B). These results confirm that the A, B and C
complexes result from the interaction of three distinct nuclear
proteins (possibly four, considering Bai and BO) with the three
different partially overlapping motifs GT-IIA, IIB and IIC.
Interaction ofproteins A, B and C with other enhancer motifs
The proteins forming complexes A, B and C interact specifical-
ly with the region (domain B1) of the SV40 enhancer containing
the GT-II motif. Using the GT-II motif-containing template
pGT2-0, no competition for the formation of complexes A, B,
or C was observed with the template OGT1-13 which contains
the closely related SV40 GT-I motif (Figures 1 and 2 and Figure
7B; see also Zenke et al., 1986; OGT1-14 is a mutant control
for OGT1-13). In addition, no competition was observed with
the other SV40 enhancer motifs TC-ll, Sph-I and Sph-II, octamer
and P, nor with the Spl factor-binding motif GC-lI from the
21 bp repeat region of the SV40 early promoter (data not shown;
the sequences of the corresponding competing oligonucleotides
are given in the legend to Figure 7C). Similarly, no competition
was observed using the adenovirus type 2 (Ad2) binding sites
for nuclear factors I (NF-I) and IH (NF-II) (Rosenfeld and Kel-
ly, 1986; Rosenfeld et al., 1987; Pruijn et al., 1986), and the
herpes simplex virus thymidine kinase 'CAAT' box (Jones et al.,
1985, 1987) (data not shown).
Surprisingly, the B complex was efficiently competed by the

wild type, but not the mutated, ,uE3 motif (Ephrussi et al., 1985;
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Fig. 5. Methylation interference in complexes A, B and C. Panel A shows the pattern of methylation interference from HeLa cell complexes A, B and C on

the late coding strand of the pGT2-0 template. F indicates the free (i.e. 'unbound' DNA) and B the bound DNA (i.e. the DNA present in the respective A, B
or C complexes). S refers to the DNA which was used as the starting material for complex formation. The location and coordinates of those guanine (G)
residues, the methylation of which efficiently or partially prevented complex formation, are indicated by the filled or open triangles, respectively. Panel B
shows the pattern of methylation interference from HeLa cell complexes A, B and C on the early coding strand of the pGT2-0 template. Nomenclature, as in
panel A. The pGT2-0 template was [32p]-5' end-labelled on the early and late coding strands at the BamHI and Asp718 (an iso-enzyme of KpnI which

generates a protruding 5' end) restriction sites, respectively.

Sen and Baltimore, 1986a) from the IgH enhancer (see OE3-0
and OE3-1 in Figures 2 and 7C). This result indicates that the
same protein(s) can bind to the GT-IIB and /E3 motifs, although
the AE3 sequence shows no obvious homology to the GT-IIB
motif (see Figure 2). However, in contrast to the SV40 GT-ll
motif the tE3 motif competed for the formation of complex GT-
IIBa more efficiently than complex GT-llB,B (Figure 7C), sug-

gesting that the corresponding proteins do not recognize iden-
tical sequences. In agreement with these results, the [32p] -5'
end-labelled ,uE3 template generated a complex with an elec-
trophoretic mobility similar to that of complex Box, and the cor-

responding protein eluted during heparin-agarose
chromatography of HeLa cell and lymphoid cell extracts at the
same ionic strength as the protein responsible for the formation
of the GT-IIBca complex. However, complex Bo was formed less
efficiently than complex Ba using the OE3-0 template, in con-

trast to the results obtained with the SV40 enhancer motif GT-
II, but in agreement with the above competition results (data not
shown). A comparison of the kinetics of competition and of the
amounts of retarded complexes formed using the two motifs in-
dicates that the jtE3 motif present in OE3-0 is in fact a higher
affinity binding site than the SV40 GT-IIB motif for protein Ba
(Figure 7 and data not shown). It is noteworthy that the 1LE3 motif
template does not compete for the formation of complex C,
although its homology is higher for the GT-IIC than for the GT-
IIB motif.
The polyoma virus (Py) enhancer contains in its domain B

(Herbomel et al., 1984) a sequence related to the GT-HC motif
(see PyB-O in Figure 2). The enhancer of the polyoma virus host
range isolate PyEC9. 1 which, in contrast to the wild-type virus,
is active in non-differentiated F9 cells (Linney and Donerly, 1983;

Herbomel et al., 1984; Melin et al., 1985) contains a mutation
at position 5233 which generates the G-C base pair found in the
GT-IIC motif (position 268, Figure 2), thereby increasing the
homology. A template containing the PyEC9. 1 sequence,

OPyB-1, but not the corresponding wild-type Py template,
OPyB-0, efficiently competed for the formation of complex C
(Figure 7C). In agreement with this finding, a retarded complex
with similar mobility to that of complex C was found using the
OPyB-1, but not the wild-type template OPyB-0, (data not
shown). Thus protein C also binds to the PyEC9. 1, but not to
the wild-type, Py enhancer. Furthermore, these results indicate
that the octanucleotide homology 5'-TGGAATGT-3' found in
both the PyEC9.1 and SV40 templates, may constitute the
minimal protein binding site. Note that the G residues, the
methylation of which strongly interfered with formation of com-
plex C (G267, G268, and G263, see Figure 5A and B), lie within
this sequence.

Discussion
The data presented here indicate that the domain BI of the SV40
enhancer consists of three overlapping sequence motifs GT-IIA,
B and C. These three motifs interact with four nuclear proteins
hereafter designated proteins GT-IIA, GT-IIBa, GT-IIB3 and
GT-IIC. The interactions of each of these proteins with the Bi
domain are highly specific as they are selectively prevented by
point mutations, and competition with homologous or hetero-
logous (in the cases of proteins GT-HlBa and GT-IIC) enhancer
templates. Proteins GT-IIA, GT-HIBa and Bo3 are found in ex-

tracts from all of the cell lines tested with the notable exception
of differentiated F9 cells where GT-iHBa and Bo3 were absent.
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Fig. 6. The SV40 enhancer domain BI contains three overlapping protein
binding sites. The locations of the three sequence motifs GT-IIA, GT-IIB
and GT-IIC are shown schematically. The top half shows the sequence of
the SV40 early coding strand in the GT-ll region. The three sequence
motifs GT-IIA, -IIB and -IIC are boxed and indicated at the bottom of the

figure. The filled and broken triangles indicate the locations of the G

residues whose methylation strongly or partially interferred with the
formation of the respective HeLa A, B or C complexes (see Figure 5). The

filled and broken circles indicate the positions of the G residues which

interfered with the formation of the BJA-B, A and B complexes. The
bottom half of the figure shows the sequence of the late coding strand in the
GT-ll region. The GT-IIA, IIB and IIC motifs are boxed. The filled and
broken arrows and circles represent the late strand G residues whose

methylation interfered with the formation of the HeLa and BJA-B

complexes, respectively. In each case, the borders of the motifs were
determined by including the base adjacent to the first non-interfering G
residue. The 5' border of GT-IIA, however, includes G284, as partial
protection of this base was observed in DMS methylation protection
experiments using BJA-B nuclear extracts (Davidson et al., 1986). The
locations of the mutated triplets present in the pA mutant plasmids pA-2 to

pA6 are shown by the bars above and below the late strand coding
sequences, and indicated in the lower part of the figure.

Protein GT-IIC exhibits a clear cell specificity, being absent from
all of the lymphoid cell lines tested.

Possible functions ofproteins GT-IIA and B

An indication as to the function of these proteins may be deduc-
ed by the comparison of the results obtained here in vitro with
those obtained in in vivo studies. Mutations pA-2, pA-I and pAIB
(see Figures 1 and 6) specific to the binding site for protein GT-
HA cause a small decrease in the SV40enhancer activity which
is more pronounced in MPC 11, non-differentiated and differen-
tiated F9 cells than in HeLa cells (Nomiyama et al., 1987). The
fact that these mutations have only a minor effect in vivo does
not rule out the possibility that protein GT-IIA is in fact an
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enhancer factor, as the P motif (see Figure 1 and Zenke et al.,
1986), which plays only a minor role in the activity of the SV40
enhancer in vivo, is a major determinant in the activity of other
enhancers (Lee et al., 1987). That the same situation may apply
to protein Bca is suggested by the observation that this protein
binds with a high affinity to the 14E3 sequence which has been
implicated in the activity of the IgH enhancer (Ephrussi et al.,
1985; Sen and Baltimore, 1986b); however, a mutation specific
to the cognate sequence of protein Ba (pA3) has only little ef-
fect on the activity in vivo of the SV40 enhancer in the cell-types
tested up to now (Nomiyama et al., 1987). As the tE3 and GT-
JIB motifs share no obvious sequence homologies, it is not clear
whether the binding of protein Ba to the SV40 enhancer has a
functional significance or reflects an in vitro artefact of the gel
retardation system. We note, however, that the yeast Hap 1
transcriptional regulatory protein can bind to two different se-
quences (Pfeifer et al., 1987), each of which is functionally rele-
vant. Whether protein Bo3 which has a higher affinity for the SV40
motif GT-IIB than for the IgH motif AE3 could also be a factor
for another enhancer is unknown. Note also that none of our pre-
sent results exclude the possibility that the GT-IIA, Ba and B,B
proteins may contribute much more efficiently to the activity of
the SV40 enhancer in other cell-types. Alternatively, as the
enhancer domain B1 contains elements of the SV40 late promoter
(Vigneron et al., 1984; Ernoult-Lange et al., 1987), the GT-
HA, Ba and B,B proteins may participate in the activity of this
promoter. An - 3-fold decrease in late transcription has been
observed when the 270-300 region, which contains the binding
sites for proteins GT-IIA and GT-IIBai and Bo, was deleted (see
pSV4BK3 and pSV2A72 in Ernoult-Lange et al., 1987).
The GT-IICprotein may be a trans-actingfactorfor both the SV40
and the PyEC9.1 polyoma virus enhancers
Our present in vitro results show that the GT-IIC motif is
recognized in a cell-specific manner by the protein GT-IIC. This
motif (5'-CTGTGGAATGT-3') is essentially the motif defined
by mutations pA4, pA5 and pA6 (5'-GTGGAATGT-3') which
are detrimental to enhancer activity in HeLa cells in vivo (Zenke
et al., 1986; see also Figures 1 and 6). Herr and Clarke (1986)
have also found that a mutation located in the GT-IIC motif
(dpml, T-A base pair at position 262) is deleterious for the SV40
enhancer activity in HeLa cells. The competition experiments
with the PyEC9.1 enhancer motif indicate also that the GT-IIC
octanucleotide sequence, 5'-TGGAATGT-3' which coincides
with the genetically defined sequence motif, may correspond to
the minimal protein binding site. The same pA4, pA5 and pA6
mutations are also highly detrimental to SV40 enhancer activity
in non-differentiated and differentiated F9 cells, whereas they
have no significant effect in MPC1 1 B cells (Nomiyama et al.,
1987). Moreover, the multimerized GT-HC motif exhibits a
similar pattern of cell-specific activity in vivo (Schirm et al., 1987;
Ondek et al., 1987; Fromental et al., 1987). That protein GT-
UC is present in the cell-types where the motif is active (HeLa
and F9), but absent from the lymphoid B cells where the motif
is inactive (MPC11), suggests very strongly that this protein is
the positive trans-acting factor responsible for the activity of the
BI enhancer domain. Our results, however, do not exclude the
possibility that protein GT-IIC is present in an inactive form in
MPC1 1 cells, as has been suggested to be the case for the
enhancer binding NFxB protein in other cell-types (Sen and
Baltimore, 1986b).
The activity of the polyoma virus enhancer which is low in

non-differentiated F9 EC cells (Linney and Donerly, 1983;
Herbomel et al., 1984; Melin et al., 1985) is increased by the
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Fig. 7. Competition for the formation of the HeLa A, B and C complexes with the pGT2-0 template by homologous and heterologous enhancer motifs. Panel
A shows the results of the competition experiments using increasing concentrations of OGT2-50 to OGT2-53 templates as competitors (see Figure 2). The
quantity (in picomol) and origin of the competitor templates are shown above the lane. Each lane contains a constant amount of HeLa nuclear extract, [32p]_
5' end-labelled pGT2-0 DNA template and poly[dA-dT]. The positions of the A, Ba, Bo3 and C complexes in the absence of specific competitor DNA are
shown on the left hand side. Panel B shows the results of competition experiments using templates OGT2-54 and 55, and OGTI-13 and 14 (see Figure 2) as
competitors. The origin and quantity of competitor templates used are indicated above each lane. Panel C shows the competition of complexes Bca, Bo3 and C
by heterologous enhancer motifs. Competitors OE3-0 and OE3-1 contain the wild-type and mutated sequence of the tLE3 motif from the murine IgH enhancer
(see Figure 2 and Ephrussi et al., 1985; Sen and Baltimore, 1986a). OPyB-0 and OPyB-l contain the sequence, from positions 5223-5246, of the wild-type
polyomavirus (Py) or the mutant isolate PyEC9.1 enhancer B domains, respectively. The positions of the HeLa A, Bca, B,B and C complexes formed using the
pGT2-0 template are indicated to the left of the figures. The quantity of the competitor DNA used is indicated above each lane. No competition was observed
with oligonucleotides containing: the other SV40 enhancer motifs, TC-II [5'-(245)GGAAAGTCCCCAGG(232)-3'], P[5'-(201)GCATCTCAATTAGTCA-
GCAACCA(179)-3'] and Sph [5'-(222)AGGCAGAAGTATGCAAAGCATGCATCT(196)-3']; the Spl factor binding site GC-M of the SV40 21 bp repeats
[5'-(78)GCCCCTAACTCCGCCCAGTTC(58)-3']; the murine IgH enhancer motif uE1 [5'-(343)TTGAGTCAAGATGGCCGATCAG(364)-3']; the
adenovirus-2 (Ad2) binding site for the nuclear factor I (NF-I) [5'- (15)TACCTTATTTTGGATTGAAGCCAATATGATAA(46)-3']; the Ad2 binding site for
the nuclear factor Im (NF-III) [5'-(29)TTGAAGCCAATATGATAATGAGGGGGTGGAG(59)-3']; or the HSV thymidine kinae (TK) promoter 'CAAT' box
[5'-(-95)CGTCTTGTCATTGGCGAATTCGAACACG(-68)-3']. In each case only the motif (underlined) and the immediately flanking sequence are shown.
Each template was cloned in the modified pUC18 vector (Materials and methods) and the HindIH-EcoRI fragment containing that motif was used in the
competition experiments.

mutation present in the PyEC9. 1 isolate. It is therefore very in-
teresting that the protein GT-IIC binds to the mutated motif pre-
sent in the domain B of the PyEC9. 1 enhancer, but not to the
corresponding wild-type motif. As non-differentiated F9 cells
contain the protein GT-IIC, this differential binding may account
for the activity of the mutant PyEC9. 1 enhancer in these cells.
The binding of the positively acting factor GT-IIC may also in
part be responsible for the inability of the adenovirus-2 ElA gene
products to efficiently repress this mutant Py enhancer (Borrelli
et al., 1984; Hen et al., 1986).
7he SV40 enhancer GT-I and GT-II motifs and the enhancer
'core' homology
The results obtained using point mutations within the GT-IIA, B,
and C motifs suggest that the conservation of some bases is critical
for these motifs to function as efficient protein binding sites. This
conclusion is strongly supported by the observation that the SV40
GT-I motif and the wild-type Py sequence, each of which differs
from the minimal protein binding region of the GT-IIC motif
at only one position (TA to AT at position 264 in comparison
with motif GT-I, and GC to AT at position 268 in comparison
with Py, see Figures 1 and 2), do not compete for the formation
of complex C. In fact, motif GT-I binds different nuclear pro-
teins (Xiao et al., 1987). Thus, in the case of SV40 enhancer,
the two so-called 'core' sequences (5'-GTGGAG-3', Laimins
et al., 1982 and Weiher et al., 1983) bind distinct nuclear pro-
teins. That the only difference between motif GT-I and motif GT-
IIC is the change of an A-T base pair to a T-A base pair in-
dicates that the presence of a 'core' homology has little predic-
tive value concerning the possible binding of a given factor.

The finding that both the A (Davidson et al., 1986) and the
B1 enhancer domains consists of cell-specifically recognized over-
lapping sequence motifs, shows that the SV40 enhancer has evolv-
ed to contain a large number of combinatorial regulatory
possibilities within a short DNA segment. The purification of
the proteins which bind to these motifs will help to elucidate the
mechanism of enhaqcer activity.

Materials and methods
Preparation of nuclear extracts and chromatography
Nuclear extracts were prepared from HeLa, BJA-B and Molt4 cells according
to the method of Dignam et al. (1983) with the modifications of Wildeman et
al. (1984) and dialysed at 4°C against buffer A [20 mM Hepes pH 7.9, 1 mM
DTT, 1 mM MgCl2, 20 mM KCI, 25% glycerol (w/v), and 0.5 mM phenyl-
methylsulfonyl-fluoride (PMSF)]. F9(ND), CV1, 70Z/3 (NI) and MPC1 1 cell
nuclear extracts were prepared in the same way, except that all solutions con-
tained the protease inhibitors, aprotinin (5 sg/ml), leupeptin (30 Ag/ml), pepstatin
(5 Zg/ml) and 0.2 mM PMSF. Protein concentration was measured by the method
of Bradford (1976).

Aliquots of 5 ml of nuclear extract (4 mg/ml) in buffer A were applied to a

20 ml heparin-agarose column, and the column was washed with three volumes
of buffer A containing 0.1 M KCI. The retained proteins were eluted with a 60 ml
linear 0.2-0.6 M KCI gradient. Fractions of 1 ml were collected and the KCI
concentration determined by conductivity. The fractions were dialysed against
buffer A, frozen in liquid nitrogen and stored at -700C. The proteins were purified
3- to 5-fold by this chromatography step.
Construction of recombinant plasmids and preparation of DNA templates
The pGT2-series templates were cloned between the KpnI and BamHI sites of
a modified pUC18 vector (Rosales et al., 1987) by 'shotgun' ligation of syn-
thetic complementary oligonucleotides (Grundstrom et al., 1985), the sequences
of which are described in Figure 2. The nucleotide sequence of the inserts was
verified by the dideoxynucleotide chain ternination method (Sanger et al., 1977).
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All plasmids were prepared by standard methods (Zenke et al., 1986) and purified
over two CsCl gradients. The pGT2-series plasmids were cleaved at the BamHI
site, dephosphorylated with calf alkaline phosphatase, and labelled with
['y-32P]-ATP (5000 ci/mmol, Amersham) using T4 polynucleotide kinase. The
end-labelled templates were excised withKpnI, purified on an 8% polyacrylamide
gel and recovered by electroelution.

[32p]-5' end-labelled OGT2,OE3 and OPyB series templates were prepared
as follows. An equal quantity (5 pmol) of two synthetic complementary oligo-
nucleotides were [32p]-5' end-labelled with T4 polynucleotide kinase, and
hybridized in the same buffer by incubation at room temperature for 2 h. The
resulting double-stranded DNA templates were purified on an 8% polyacrylamide
gel, and recovered by electroelution.
To prepare competitor DNA, an equal quantity (.500 pmol) of the two com-

plementary oligonucleotides was added to a hybridization buffer containing 50 mM
Tris-HCI (pH 7.9), 5mM MgCl2 and1 mM EDTA. Themixture (501l) was
incubated for 2 h at room temperature. The quantity of double-stranded
oligonucleotide was determined byOD measurement at 260 nm.

Gel retardation and DMS methylation interference assays
Gel retardation assays were performed essentially as described by Strauss and
Varshavsky (1984) with the modifications of Singh etal. (1986). Aliquots of 4-16
Ag of protein were mixed with 2 jig of either poly[dA-dT] or poly[dI-dC] (Phar-
macia) in 10A1 of 10 mM Hepes pH 7.9, 1 mM DTT, 1 mM MgCl2, 30 mM
KCI and 12% glycerol. Pre-incubation was carried out in ice for 15 min, before
adding 10-20 fmol (4 x 104 c.p.m.) of the [32p]-5' end-labelled DNA template
to the above mixture. Incubation was continued at 20°C for 15 min and the DNA-
protein complexes were loaded onto a low ionic strength 7% polyacrylamide gel
(30:1 cross-linking ratio) containing 6.7 mM Tris-HCI pH 7.5, 3.3 mM sodium
acetate and1 mM EDTA. Electrophoresis was performed at 25 mA until a suitable
separation had been achieved. The gel was then dried and subjected to
autoradiography.
The DMS methylation interference assays were carried out essentially as

previously described (Hendrickson and Schleif, 1985). 2 x 106 c.p.m. of
[32p]-5' end-labelled DNA fragments were partially methylated at the guanine
(G) residues by treatment with DMS (Rosales et al., 1987). The methylated DNA
was ethanol-'precipitated in the presence of 10 jtg tRNA washed with 70% ethanol,
and 2 x 10 c.p.m. used in the gel retardation assay as described above. After
electrophoresis, the wet gel was autoradiographed at4°C overnight. The com-
plexed and 'unbound' DNA were excised from the gel and electroeluted. After
two precipitations with ethanol, the DNA fragments were cleaved at the methylated
G residues as described by Maxam and Gilbert (1980), and electrophoresed on
a 15% polyacrylamide-7.5 M urea gel. The gel was then fixed, dried and
autoradiographed.
Gel retardation competition assays
Binding reactions and gel electrophoresis were carried out as described above,
except that the cold competitor DNA was added together with the labelled DNA
following the pre-incubation period.
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