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Specific interactions between proteins from mouse 3T6 cells
and the enhancer sequence of polyoma virus were detected
using the method of band shifting on polyacrylamide gels.
Proteins eluted from 3T6 nuclei using a buffer containing
0.55 M NaCl, formed a stable complex with the B enhancer
of polyoma virus. At least two different factors are involved
in this interaction. The contact sites which were mapped on
the DNA sequence using DNase I footprinting correspond to
a GC-rich palindrome surrounded by two sequences
homeologous respectively to the immunoglobulin and to the
immunoglobulin and SV40 enhancers. Moreover Bal31 dele-
tion analysis confirmed that similar sequences are required
for the formation of the complex. In spite of a common func-
tion and partial sequence homology among some enhancers,
neither the polyoma A enhancer, the mouse immunoglobulin
heavy chain gene enhancer, nor the origin-promoter-enhancer
region of SV40 efficiently competed with the polyoma B
enhancer for the binding of these molecules.
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Introduction

Enhancers are DNA sequences that stimulate transcription in cis
in a position- and orientation-independent manner even when they
are located > 1000 nucleotides from a gene (for review see
Yaniv, 1982; Gruss, 1984). Initially discovered in SV40 and other
viruses (Banerji et al., 1981; Moreau et al., 1981), enhancers
have also been found in the immunoglobulin genes of mammalian
cells (Banerji et al. , 1983; Gillies ez al., 1983; Neuberger, 1983;
Picard and Schaffner, 1984). Many hypotheses can be envisag-
ed to explain their action: for instance as bi-directional entry sites
for transcriptional proteins; as organizers of chromatin structure;
as regulators of the superhelical density of DNA domains; or
as attachment sites to transcriptionally active membrane or matrix
sites. However, almost nothing is known yet about the exact
mechanism of enhancer function and the molecules involved in
this process. Therefore, we began by looking for the existence
of proteins which interact with enhancer sequences. For these
studies, we chose the polyoma enhancer element. This structure
was first defined as a 244-bp sequence located to the late side
of the origin of replication (de Villiers and Schaffner, 1981;
Figure 1) and has been subdivided into two independently func-
tioning regions. The A element corresponding to the BclI-Pvull
fragment, and the B element corresponding to the Pvull-Pvull
fragment (Herbomel et al., 1984; Figure 1). These elements were
further analysed and the essential sequences determined using
deletion analysis (Herbomel ef al., 1984; Veldman et al., 1985),
which has revealed a mosaic organization of the activating
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sequences. The A (a) or B (8) enhancer elements were found
not only to be necessary for the expression from the early pro-
moter but also for the replication of the virus (Tyndall et al.,
1981; Luthman et al., 1982; Muller et al., 1983). The replica-
tion function of the A or B element could be replaced by
heterologous enhancers suggesting that it is the enhancer func-
tion per se that is necessary to activate replication (de Villiers
et al., 1984). Thus, the same sequences are probably involved
in both transcription and replication.

A variety of host range mutations which permit growth of the
virus in non-permissive embryonal carcinoma cells were located
in the enhancer sequences of polyoma (Katinka et al., 1980).
This result suggests that enhancer sequences may serve as
modulators for cell type-specific gene expression (Yaniv, 1982).

The polyoma enhancer is functionally analogous to the 72-bp
repeat of SV40. This region of SV40 is included in a segment
of viral DNA which is free of nucleosomes and exhibits a mark-
ed DNase I sensitivity (Saragosti et al., 1980). The altered
chromatin structure is in part associated with the enhancer se-
quence itself (Fromm and Berg, 1983; Jongstra et al., 1984) and
could be a general feature of active regulatory regions in
eukaryotes (Elgin, 1984). DNase I hypersensitivity is also
displayed by the polyoma virus enhancer (Herbomel ez al., 1981).
The existence of specific cellular DNA-binding proteins was pro-
posed to explain the formation and maintenance of an altered
chromatin conformation in the region of promoters or enhancers
(Herbomel ef al., 1981; Cereghini and Yaniv, 1984). A search
for such proteins has recently revealed a protein that binds to
the upstream control sequences of the chicken (3-globin gene
(Emerson and Felsenfeld, 1984). Chromatin assembly in vitro
in the presence of this protein creates a nuclease-sensitive site
similar to that observed in vivo. Also, studies using the Drosophila
heat shock promoter have revealed two specific proteins, one
which binds the TATA box and another which binds the heat
shock regulatory element sequences that are exposed to DNase
I in chromatin (Wu, 1984a, 1984b; Parker and Topol, 1984).
Indirect evidence for cell-specific factors which interact with
enhancers include the observation of species and tissue specificity
in their activity (Laimins ez al., 1982; de Villiers et al., 1982).
The tissue specificity is most pronounced in the case of the Ig
heavy chain gene enhancer, active only in lymphocytes (Gillies
et al., 1983; Banerji et al., 1983). Also in vivo or in vitro
transcription competition experiments using the SV40 enhancer
strongly suggest that cellular proteins interact with such elements
(Scholler and Gruss, 1984; Wildeman et al., 1984; Sassone-Corsi
et al., 1985). Finally, dimethyl sulphate protection experiments
performed in vivo with the mouse immunoglobulin heavy chain
gene enhancer were consistent with the tissue-specific binding
of molecules to the enhancer (Ephrussi e al., 1985).

In this paper we show directly that there are specific interac-
tions of cellular proteins, present in mouse 3T6 cells with the
B enhancer of polyoma virus. The site of interaction is precisely
mapped on the viral DNA sequence using DNase I footprinting
and Bal31 deletion analysis. The behaviour of the specific DNA-
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Fig. 1. The regulatory region of polyoma virus. The numbering of nucleotides is according to Tyndall er al. (1981). The restriction sites for Bcll, Pvull, Apal

and Bgll are indicated by small vertical arrows; major late cap sites (Cowie et al.

, 1981) and early cap sites (Cowie er al., 1982) are indicated by boxes with

arrows, palindromes or direct repeats by small horizontal arrows; the two DNase I hypersensitive sites mapped in the chromatin (Herbomel e al., 1981) by
large vertical arrows termed HS1 and HS2. Also indicated are the origin region (ori) and the TATA box sequence of the early promoter. (a) The 244-bp
polyoma Bcll-Pvull enhancer region is subdivided into the A (Bcll-Pvull) and B (Pvull-Pvull) enhancer elements with the enhancer core sequences identified
by Herbomel et al. (1984) represented by black bars. (b) The homologies between the polyoma enhancer and the enhancers of adenovirus (Hearing and

Shenk, 1983), Ig heavy chain gene enhancer (Banerji et al., 1983), BPV (Weiher

and Botchan, 1984) and SV40 (Weiher et al., 1983) are represented by

black bars. (c) Binding sites of large T antigen as deduced from footprinting experiments are shown (Cowie and Kamen, 1984; Dilworth er al., 1984).

a
Bel | Puull Pvull Apal
) A | B | f
TSR | -

280

140

100

110

0 210

b

1
28

20880 5. 6y el
140 100
- + - +

9 10

0 210
-+

+

10

¥

-

Fig. 2. Retardation of protein-DNA complexes on polyacrylamide gel (a) Description of DNA fragments used in the experiments is given in Figure 2a.
Straight lines represent DNA of the polyoma enhancer region, wavy lines DNA of prokaryotic origin. The 280-bp fragment contains the entire enhancer
region, the 140-bp fragment, the B enhancer, the 100-bp fragment, the core of the B enhancer plus plasmid vector DNA, i.e., nucleotides 650 —693 of
pBR322 (Sutcliffe, 1979), the 110-bp fragment, the A enhancer and the 210-bp fragment exclusively plasmid vector DNA, i.e., nucleotides 0—210 of pSBI

(Herbomel er al., 1983). (b) DNA-protein incubations were made as explained in
1072 pmol of the fragments shown in a were used as probes in the presence of 1

Materials and methods and loaded on a 5% polyacrylamide gel. About
ug salmon sperm DNA and incubated without (—) or with (+) 12 ug

protein of a 0.4 M nuclear extract. (1) and (2) = fragment 280; (3) and (4) = fragment 140; (5) and (6) = fragment 100; (7) and (8) = fragment 110; (9)
and (10) = fragment 210. After electrophoresis the gel was fixed, dried and autoradiographed.

protein complex in polyacrylamide gels suggests that several pro-
tein molecules are interacting with the enhancer sequences.

Results

Proteins from a nuclear extract of mouse 3T6 cells interact
specifically with the B enhancer of polyoma virus

To study the interaction of cellular components with the enhancer
sequence of polyoma virus, we have chosen to use a method
which detects the slower migration of DNA-protein complexes
with respect to free DNA on polyacryamide gels (Garner and
Revzin, 1981). This method is quite sensitive, it can detect a com-
plex with a binding cdnstant of 105/M (Fried and Corthers, 1981).
In practice, we mixed a radioactively labelled DNA fragment
containing the enhancer sequence with a nuclear extract. The sam-
ple was then electrophoresed through a polyacrylamide gel, which
separates the naked fragment from the DNA-protein complexes.
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To eliminate the non-specific binding of nuclear proteins to test
DNA, high amounts of cold sonicated salmon sperm DNA or
restricted plasmid DNA were added as carrier. Polyoma or pro-
karyotic labelled DNA fragments of similar size to the enhancer
fragment but lacking enhancer activity were analysed under the
same conditions to make sure that all non-specific binding was
eliminated (Strauss and Varshavsky, 1984).

As detailed in Materials and methods, nuclei were prepared,
washed wtih 0.1 M NaCl and then resuspended in a higher NaCl
concentration to elute nuclear proteins that may interact with
DNA. As is shown in Figure 2b, the migration of the polyoma
244-bp Bcll-Pvull complete enhancer fragment was specifically
retarded by nuclear factor(s) present in the 0.4 M NaCl wash
of 3T6 cell nuclei (lane 2). In fact, most of the binding activity
was eluted with a stepwise wash between 0.3 and 0.55 M NaCl;
it was defined as the 0.55 M wash fraction. The proteins of this
fraction represent <2% of the total cellular proteins. Most of
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Fig. 3. Competition experiments. (a) SV40 fragments used as competitors. The regulatory region of SV40 is shown. The 72-bp repeats and 21- (22-) bp
repeats are boxed. The TATA box of the early promoter and the origin region are indicated. The 342-bp fragment contains the whole origin-promoter-
enhancer region, whereas the 160-bp fragment contains only the 72-bp repeats. The competitor fragments were cloned in pML2 and the plasmids obtained
were called pPA1 for the A enhancer of polyoma (Bc/I-Pvull fragment), pPB1 for the B enhancer of polyoma (Pvull-Pvull fragment), pSE1 for the 160-bp
SV40 enhancer fragment and pSO1 for the 342-bp SV40 origin fragment. IGE is the mouse heavy chain gene EcoRI-Pstl enhancer fragment inserted in the
pBR322 BamHI site (Sassone-Corsi et al., 1985). (b) Binding of the 0.4 M and 0.55 M extracts to the SV40 enhancer. DNA-protein incubations were made
as explained in Materials and methods and loaded on a 5% polyacrylamide gel. About 1072 pmol of the 160-bp SV40 enhancer fragment as shown in Figure
3a, was used as probe in the presence of 1 ug salmon sperm DNA and incubated without (—) or with (+) 1.5 pg protein of a 0.55 M nuclear extract or with
0.4 M nuclear extract (right gel). (¢) The incubations were made as explained in Materials and methods. The 140-bp B enhancer fragment was used as probe
in the presence of different amounts of EcoRlI-linearized pML2 and pML2 derivatives containing the competitor fragments and incubated with 12 ug protein of
a 0.4 M-nuclear extract except for IGE where 1.5 ug of a 0.55 M nuclear extract was used. The competitor DNA was mixed with the DNA probe before the
addition of the protein fraction. No competitor was adeded in lane 1; pPA1 was added as competitor in lanes 2—4, pPBI in lanes 5—7, pSEI in lanes
8—10, pSOI in lanes 11 —13 and IGE in lanes 14 —16. Respectively 1 ug (20-fold molar excess over probe), 3 ug (60-fold molar excess) and 5 ug (100-fold
molar excess) of competitor DNA were added, except for IGE where 0.5 ug (7-fold molar excess), 1.5 ug (20-fold molar excess) and 3 pg (40-fold molar
excess) were added. The same molar excess of pPB1 displayed a strong competition with the extract used for the competition with IGE. Lane 17 = no
competitor added with the extract used for IGE competition. The total amount of cold DNA was brought to 5 ug with pML2. (d) The DNA-protein
incubation was made as described in Materials and methods with the modifications explained below. The 140-bp B enhancer fragment was used as probe in
the presence of pML2 and pPB1 and incubated with 4 ug protein of a 0.4 M nuclear extract. (1) 2 pug pML2 were used. (2) 1 pg pML2 was used and 1 pg
pPB1 was added at the same time as the labelled fragment. (3) 2 ug pPB1 were added at the same time as the labelled fragment. (4) 1 ug pML2 was used
and 1 ug of pPB1 was added and incubated with proteins without addition of labelled fragment for 10 min, only then was the labelled fragment added and
incubation continued for another 10 min. (5) Same as 4 but 2 ug pPB1 were used without pML2. (6) 1 ug pML2 was used and the labelled fragment was
added and incubated with proteins without addition of pPB1 for 10 min, only then was 1 ug pPB1 added and incubation continued for another 10 min.

(7) Same as 6 but 2 ug pPB1 were used without pML2.
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the non-histone proteins are already eluted from nuclei at 0.3 M
NaCl, and only about one fifth of this amount is present in the
subsequent 0.55 M wash. No prominent histone bands are detect-
able on SDS-polyacrylamide gels of this extract: the core
nucleosome histones are still associated with the chromatin at
this salt concentration (Worcel ez al., 1983), and histone H1 was
eliminated during an ammonium sulphate precipitation step. The
matrix proteins also stay in the nucleus under these conditions
(Lewis et al., 1984). The 0.55 M extract contained traces of
nuclear DNA (20 ng/ug of protein).

Only a fraction (5—10%) of the labelled DNA fragment is
retarded in the band-shifting experiments. The specific factors
are certainly a minor fraction of the proteins in the extract (among
which are many non-specific DNA-binding proteins), and
therefore increasing the amount of protein in a reaction leads in-
evitably to non-specific interactions with the probe (results not
shown).

The Pvull-Pvull fragment, or the B enhancer displayed the
same pattern of retarded bands, with the same mobility relative
to free DNA, as that of the Bcll-Pvull 244-bp fragment (lane
4). This suggested that the complex was formed with the B
enhancer; indeed we found no specific interaction between the
A enhancer and the 0.4 M nuclear extract (lane 8). A faint band
was nevertheless seen at longer exposures: this binding activity
was more promiment in 1 M washes of nuclei but was not specific
for the A enhancer as revealed by competition experiments. The
55-bp core of the B enhancer sequence (nucleotides 5175 — 5229)
was sufficient to form the complex, albeit with roughly a 10-fold
weaker efficiency (lane 6). Finally, no interaction was found with
a 210-bp prokaryotic fragment (lane 10). Three other fragments
of different size (including a polyoma coding fragment) were
tested in the same conditions, and no specific interactions were
detected (results not shown). We conclude, therefore, that a
specific complex is formed between factor(s) of the nuclear ex-
tract and the B enhancer of polyoma virus. Protease K digestion
of the nuclear salt wash abolished the formation of the complex
clearly showing that the factor(s) we are studying is at least in
part a protein.

Other enhancer or promoter elements tested compete very inef-
ficiently for the binding of cellular factors to the B enhancer of
polyoma virus

Using the same approach, we detected a strong interaction of
proteins from the 0.4 M nuclear extract with the 342-bp origin-
promoter-enhancer fragment or the 160-bp enhancer fragment
of SV40 virus. The 0.55 M nuclear extract was much less reac-
tive however (Figure 3B). The existence of a homology with the
SV40 and Ig enhancers (Weiher ez al., 1983; Banerji et al., 1983)
prompted us to perform a series of competition experiments to
test if factors binding to these enhancer elements were identical
to those binding to the B enhancer of polyoma (see Figure 3a
and c). To do so, the different fragments were cloned in either
pBR322 or in its derivative, pML2 (Lusky and Botchan, 1981),
and the EcoRI linearized plasmids were used as competitors. Only
the pML2 derivative containing the B enhancer (pPB1) competed
strongly for binding to the labelled B enhancer fragment (Figure
3C, lanes 5—7). The other derivatives containing the polyoma
A enhancer (pPAl, lane 2 —4), the SV40 72-bp repeat (pSEI,
lanes 8 — 10), the SV40 origin-promoter-enhancer region (pSO1,
lanes 11 —13) or mouse heavy chain gene EcoRI-PstI enhancer
fragment (IGE, lanes 14 — 16) competed weakly or not at all with
the B enhancer (we used up to a 100-fold molar excess of com-
petitor). It is clear from Figure 3 that only for the homologous
fragment the decrease in the amount of complex is roughly pro-
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portional to the molar excess of the competing DNA.

The order in which the different components were added to
the reaction is crucial: no competition was observed if the labelled
fragment was added before the cold competitor DNA (see Figure
4d, lanes 6 —7), whereas efficient competition was observed
when the cold competitor DNA was added first (lanes 4 —5) or
mixed with the radioactive fragment before the addition of the
protein (lanes 2 —3). As only a 20- or 40-fold molar excess of
competitor was used in these experiments, a residual binding to
the probe is still observed. These results suggest that the half-
life time of the specific DNA-protein complex is relatively long
since no significant competition was observed when excess non-
radioactive homologous fragment was added after the formation
of the complex. All together these studies demonstrate that the
complex formed between the B enhancer and the nuclear factors
is relatively stable and quite specific for this enhancer sequence.

Several proteins are interacting with the polyoma B enhancer

The distribution of DNA on the polyacrylamide gels had a quite
reproducible pattern (Figure 4). The fastest migrating species cor-
responded to the naked DNA fragment. The slower migrating
bands, made up of four doublets, corresponded to the DNA-
protein complexes. The most abundant doublet dd’ (the separa-
tion between the two sub-bands is not visible in the figures) was
the slowest to migrate. The mobility of this band increased with
the decrease in the size of the DNA fragment containing the B
enhancer element that was used to form the complex (compare
lanes 2, 4 and 6 in Figure 2b). If the distance of migration of
the four doublets is plotted against the logarithm of the apparent
mol. wt. of the DNA-protein complexes, using naked DNA
fragments as standard, we can calculate the apparent mol. wt.
increment between the different bands and obtain some infor-
mation on the nature of the protein-DNA interaction. Large pro-
teins will induce a more pronounced retardation of the complex,
relative to naked DNA, than small proteins. Furthermore ben-
ding of the DNA by the protein will considerably slow the migra-
tion of the DNA. The mobility shift caused by bending depends
on the location of the binding site relative to the extremities of
the DNA fragment (Wu and Crothers, 1984). Since, in our ex-
periments, the location of the core element of enhancer B relative
to the extremities of the DNA fragment did not seem to affect
drastically the mobility of the complex (Figure 2b), we believe
that its shift is mainly due to the increase in mass brought about
by the binding of proteins. The mobility shift of free DNA to
position aa’ (Figure 4) is probably due to interaction with a
relatively high mol. wt. protein. The fact that the mol. wt. in-
crement between the first three doublets (a to b and b to ¢) is
constant suggests that the same protein may be added in the se-
cond and third steps of the band ladder (see Figure 2 of Fried
and Crothers, 1981, and discussion of this figure). The last
doublet is slightly shifted: this could be due to the addition of
a different subunit or to some conformational alteration in the
final complex. Altogether these results strongly suggest that the
quantal change in mobility of the bands is caused by the binding
of several polypeptide chains. Finally, with some preparations
and in some experiments other faint bands were visible: this could
be explained by the presence of another binding activity in some
preparations or more probably by the partial degradation of the
proteins of the complex during the preparation of the extract or
during incubation.

The fact that even when lower amounts of protein are used
the upper band is always the major one suggests that the binding
of the different factors is cooperative, or alternatively that a pre-
existing multimeric factor is partly dissociated in the gel.
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Fig. 4. Interpretation of the band pattern observed on polyacrylamide gels. (a) Pattern of intermediate bands as observed on 7.5% polyacrylamide gels. The
140-bp fragment was used as a probe in the presence of 5 ug salmon sperm DNA and incubated with 4.8 ug protein of a 0.4 M nuclear extract. The different
bands are labelled by letters. On less exposed autoradiographs, the upper band can be seen as a doublet. (b) The apparent mol. wt. of the intermediates is
plotted against the electrophoretic mobilities of the corresponding bands in a 5% polyacrylamide gel. DNA fragments used as markers are indicated by dots.
The different intermediates are represented by crosses. The apparent mol. wt. increment for three presumed subunits is given in the ordinate.

The DNA sequences protected by binding of the cellular factor(s)
correspond to essential sequences as defined by in vivo functional
tests

To try to localize more precisely the DNA sequences interac-
ting with the cellular factors, we performed DNase I footprin-
ting experiments (Galas and Schmitz, 1978). As only a small
fraction of DNA molecules were specifically complexed in our
binding assay, we decided to separate the complexed fragment
from the free DNA on a polyacrylamide gel after the DNase I
digestion and to compare the patterns obtained from both
fragments on a DNA sequencing gel. As both control DNA and
complexed DNA are incubated together with DNase I and subse-
quently separated on the basis of the existence of a stable com-
plex, the differences in the DNase I pattern between both DNAs
is most probably due to the stable interaction of some proteins
with the shifted DNA fragment. The results of such an experi-
ment are shown in Figure 5. Even after separation of the com-
plex, the protection observed is not complete for several possible

reasons. The upper band may still be contaminated with the non-
specific complexes that smeared on the preparative gel.
Moreover, the protection against DNase I cleavage by enhancer
binding proteins may be only partial. To obtain a quantitative
estimate of the protection pattern we scanned the autoradiograph
shown in Figure 5 with a microdensitometer and measured the
height of the corresponding peaks. To visualize protection or in-
creased sensitivity we used a graphic representation similar to
that of Ogata and Gilbert (1978). The logarithm of ratios bet-
ween the peak heights of control and complex channels is
displayed relative to the nucleotide sequence. If we consider as
significant for protection values >0.15 and for enhancement of
cleavage values < —0.15, then a protected region can be discern-
ed including the GC-rich palindrome and the SV40 and the Ig
enhancer homology. The pattern of protection is schematized in
Figure 6 by brackets: the upper strand is partially protected from
nucleotide 5140 to nucleotide 5200. In addition to protection,
we observe an increase in the frequency of several DNase I
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Fig. 5. DNase I footprinting of the B enhancer of polyoma virus. The experiment was performed as explained in Materials and methods. (a) Footprint of the
3'-labelled lower strand as depicted in Figure 6. Pu column = G+A chemical degradation products, Py column = C>T chemical degradation products, —
column stands for protein-free DNA corresponding to the lower band of a retardation gel, + column stands for complexed DNA corresponding to the
uppermost band of a retardation gel. (b) Footprint of the 3'-labelled upper strand as given in Figure 6. Symbols are as in (a). Protected regions are indicated
by brackets along the gel and enhanced digestion by arrows. Also indicated ar the GC-rich palindrome and the SV40 and Ig enhancer sequence homologies.
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Fig. 6. (a) Densitometer scanning of the footprinting experiment. The
autoradiograph shown in Figure 5 was scanned with a densitometer and
analysed according to Ogata and Gilbert (1978). The logarithm of the ratio
of the peak height of the control DNA band (—) to that of the protein
complexed DNA band (+) (log c/p) was displayed in the ordinate against
the position of the bands in the DNA sequence. A positive value
corresponds to protection and a negative one to enhancement of the DNase I
digestion. Only values >0.15 and < —0.15 are considered as significant.
Also indicated are the GC-rich palindrome, the sequences homologous to Ig
and SV40 enhancers and the short repeats homologous to the BPV
enhancer. Protected regions are indicated by brackets, enhancements of
digestion by vertical arrows. (b) Pattern of the DNase I footprint on the
DNA sequence. The sequence is numbered as in Tyndall er al. (1981).
Protected regions are indicated by brackets, enhanced digestion by arrows.
Also indicated are: the GC-rich palindrome by two horizontal divergent
arrows; the homology with the SV40, Ig and BPV enhancer sequences by
black bars.

cleavage sites as indicated in Figures 5 and 6 by arrows. The
pattern of protection of the other strand is less obvious, a partial
protection of the GC-rich palindrome is visible (from nucleotide
5158 to nucleotide 5203). Minor contacts or structural altera-
tions in the DNA outside this region cannot be completely ex-
cluded since we observe an increase in the cleavage of certain
sites in the origin-proximal sequences (Figure 6). The protected
region corresponds to the minimal essential sequences for the
activation of transcription and replication as defined in functional
tests by different groups (Tyndall et al., 1981; Muller et al.,
1983; Herbomel et al., 1984; Veldman et al., 1985; see
Discussion).

Identification of the minimal sequences required for the forma-
tion of the complex

Are the sequences defined by the footprinting experiment suffi-
cient and necessary for the formation of a specific complex? To
answer this question we prepared a set of fragments of different
length by Bal31 digestion: all these fragments have the same
labelled end, only the other end is variable (see Materials and
methods). The position of this variable end on the DNA sequence
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can be determined on a sequencing gel. The set of unidirectional
deletions was incubated with a 0.55 M nuclear extract, run on
a polyacrylamide gel and the retarded fragments were eluted and
analyzed on a sequencing gel (Figure 7).

The ability of the fragments deleted from the late side of the
B enhancer to form a stable complex with the 0.55 M nuclear
extract decreased drastically upon removal of the Ig homology.
Then, the nuclease entry into the GC-rich palindrome totally
abolished the formation of the complex (compare lanes 11 and
12 in Figure 7). With the fragments deleted from the early side
of the B enhancer, a gradual decrease of the binding (to ~10%)
is first observed after the deletion of the origin-proximal bovine
papilloma virus (BPV) homology. The deletion of the beginning
of the GC-rich palindrome results in a complete loss of protein-
fragment interaction (Figure 7, lanes 5 and 6).

These results suggest that the Ig and BPV homology regions
may play a role in the interaction of the B enhancer with the
0.55 M nuclear extract, nevertheless their removal does not
abolish totally the formation of this complex. A non-specific size
effect cannot be excluded at this stage: smaller fragments being
less easily bound than larger ones. However the observation that
fragments with equal size can differ in their binding capability
depending on the direction of the exonuclease digestion (com-
pare lanes 6 and 12) makes this interpretation less probable. In
conclusion, only fragments containing at least the GC-rich palin-
drome are able to form a stable complex with the 0.55 M nuclear
extract. Sequences on each side of this region increase the stability
of the complex.

Discussion

The methodology used in our work is a powerful technique for
detecting sequence-specific DNA-protein interactions despite
some technical imperfections. In the first step, components from
nuclear extracts are analysed for specific electrophoretic retar-
dation of the DNA fragment of interest, each particular com-
plex giving rise to a discrete electrophoretic species (Fried and
Crothers, 1981). The precise site of interaction with the DNA
fragment can then be mapped by using partial deletions or com-
peting fragments or more accurately by DNase I footprinting (or
other methods to analyse DNA-protein contacts) followed by
separation of the protein-DNA complex from the rest of the DNA
on a polyacrylamide gel and comparison of the patterns obtain-
ed from both samples on a sequencing gel.

We found that proteins from a nuclear extract from 3T6 cells
bind specifically to the polyoma virus B enhancer. The factors
interacting with the B enhancer are washed from nuclei of 3T6
cells with salt between 0.3 and 0.55 M. The pattern of bands
obtained on polyacrylamide gels suggests that the complex is com-
posed of at least two subunits, one larger and one or possibly
several smaller ones. The complex could be formed by the co-
operative interaction of the different molecules, the larger pro-
tein interacting first with the DNA. Alternatively, an enhancer-
binding particle could pre-exist in the cell. The faster migrating
bands would then represent dissociation products of this parti-
cle. It must be stressed that the footprint reflects the DNA-protein
interaction in the complex isolated from the uppermost band, thus
containing the whole set of factors or subunits of the particle.
This band disappears when the assay is performed in 0.3 M NaCl,
although lower bands are still visible. One or more components
of the complex are probably dissociating at this ionic strength.

A few potential candidates for the binding factors we detect
can be ruled out by the absence of strong competition with defined
DNA sequences: the TATA box binding factor (Davison et al.,
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BPV

SV

SV

BPV

Fig. 7. Bal31 deletion analysis. A mixture of fragments deleted unidirectionally from either the origin proximal or the late region proximal Pvull sites were
labelled at their invariable 3’ end and incubated with 2 ug of a 0.55 M nuclear extract for 10 min. Complexed fragments were separated from free DNA on a
5% polyacrylamide gel, the DNA eluted and loaded on a 6% sequencing gel. Deleted but not complexed fragments were taken as controls together with
purine or pyrimidine sequence ladders. Lanes 1—6, DNA fragments labelled at the late side (Pvull site at nucleotide 5133); lanes 7—12, DNA fragments
labelled at the early side (Pvull site at nucleotide 5270); lanes 1 and 7, purine sequence reactions; and lanes 2 and 8, pyrimidine sequence reactions; lanes 3
and 6, control fragments; lanes 4 and 10, retarded fragments of a short Bal31 digestion; lanes 5 and 11, control fragments; and lanes 6 and 12, retarded

fragments of a long Bal31 digestion.

1983), the Spl factor binding to the GGGCGG motifs of the
21-bp repeats of SV40 (Dynan and Tjian, 1983) that was pro-
posed by Mueller et al. (1984) to bind to partially homologous
polyoma sequences or a putative factor binding to the Weiher-
Gruss enhancer consensus sequence (Weiher et al., 1983).

2682

The enhancer-binding proteins that we detected are specific
for the B element of polyoma. No strong competition was observ-
ed when a large excess of the polyoma A, immunoglobulin heavy
chain or SV40 enhancer sequences were added. In agreement
with these results, Sassone-Corsi ez al. (1985) did not find strong



competition between the entire polyoma enhancer and the SV40
enhancer in their enhancer-dependent in vitro transcription assay.
The factors seem, thus, to be quite specific for the B enhancer,
although it is not excluded that, in addition to a specific factor,
other proteins can interact with several enhancers and are general-
ly involved in the process of enhancement. It is perhaps signifi-
cant that the GC-rich palindrome, that appears to be crucial for
the recognition of the polyoma B enhancer, does not show any
extensive homology to the Ig heavy chain enhancer (Banerji et
al., 1983; Gillies er al., 1983). In contrast, it is surrounded by
two protected sequences showing an almost perfect homology
with Ig enhancer sequences. In cells where the Ig enhancer is
active, another specificity factor will be required to promote bind-
ing to the homologous sequences. Comparison with the o-like
factors conferring promoter specificity to RNA polymerase in
Bacillus subtilis is tempting here (Losick and Pero, 1981).

The polyoma DNA sequences interacting with the proteins are
similar to those required in vivo for viral transcription and replica-
tion. The 55-bp core enhancer sequence (nucleotides
5175 —5229) is still capable of complex formation, although with
«largely lower efficiency than the whole B fragment (nucleotides
5130—5625). Similarly in vivo this element is less active than
the entire B fragment. The origin-proximal (right hand) limit of
this region was mapped by Veldman er al. (1985) between
nucleotides 5179 and 5214. The left hand border was functionally
defined (by DNA replication assay) to be between nucleotides
5131 and 5182 (Muller et al., 1983). The GC-rich palindrome
is protected in DNase I digestion experiments of chromatin and
a hypersensitive site was found at the right hand side of the
Weiher-Gruss consensus sequence homology (Herbomel et al.,
1981), again in concordance with our results. The GC-rich palin-
drome is also conserved in all polyoma PCC4 host range mutants,
stressing its importance for the enhancer function (Melin et al.,
1985).

Using Bal31 deletions and DNase I footprinting we tried to
define more precisely the nucleotides within the B enhancer in-
volved in DNA-protein contacts. The deletion analysis has shown
that the GC-rich palindrome is absolutely required for complex
formation. Sequences on its late side (the IgH homology) and
on its early side (the SV40 and part of the BPV1 homology)
drastically increase the capability to form stable complexes. The
DNase I protection experiments show that altogether ~ 30 bases
are weakly protected along the late strand (bottom strand in Figure
5) and ~ 60 bases are more strongly protected along the early
strand (upper strand). The protected region includes the GC-rich
palindrome and the IgH and SV40 homologies. In addition, cer-
tain DNase I hypersensitive sites are observed next to the pro-
tected sequences and the BPV1 homology. These results are in
agreement with our hypothesis that several proteins interact with
the enhancer sequences. The entire complex is more stable than
partially formed entities. Although no clear protection against
DNase I was detected for all the sequences involved in the for-
mation of the most stable complex, it can be envisaged that some
of the DNA sequences are interacting with proteins without be-
ing strongly protected against the nuclease. Furthermore, the fact
that the size of the residual complex formed on the core sequence
is comparable with that of the complex formed with a whole B
fragment (Figure 2) suggests that protein-protein contacts are
perhaps as important as protein-DNA interactions. After recogni-
tion of the GC-rich palindrome by the large subunit, the other
factors might interact with the bound protein and the complex
might subsequently be stabilized by the interaction of these pro-
teins with neighbouring DNA sequences.

Enhancer-binding factors

The asymmetry in the interaction we observe with both DNA
strands was also noted by others for the interaction of Sp1 with
the GGGCGG upstream sequences in the 21-bp repeat of the
SV40 early promoter (Gidoni et al., 1984), for that of the positive
transcription factor (TF III B) with the 5SS gene of Xenopus
(Sakonju and Brown, 1982) or the factor interacting with the
histone H3 gene promoter of Drosophila (Parker and Topol,
1984). This may be a general characteristic of factors interac-
ting with eukaryotic control regions, reflecting the (still unknown)
mechanism of action or the mechanism of transmission of the
differentiated state to the cellular progeny (see Brown, 1984).

As previously mentioned, two enhancers (A and B) were defin-
ed in the non-coding region of polyoma by cloning viral DNA
fragments upstream or downstream of the p-collagen CAT ex-
pression vector (Herbomel et al., 1984). Several other groups
found that the B element (the Pvull-Pvull fragment) can enhance
the expression of different genes like BPV early region, tk or
tk CAT (Lusky et al., 1983; Linney and Donerly, 1983). Fur-
thermore, the same polyoma fragment with a single point muta-
tion increases the strength of this enhancer in EC cells (Linney
and Donnerly, 1983) or in both EC cells and fibroblasts (Her-
bomel ez al., 1984). The fragment isolated from mutant strains
can enhance tk expression in the four possible orientations. On-
ly Mueller et al. (1984) failed to detect enhancement of tk stable
transformants with a polyoma fragment missing the A enhancer.
They proposed that the B element is functioning only as an
upstream sequence of the early promoter. However, in their
plasmid constructions the B element was included in a context
very different from that of Linney and Donnerly or of Herbomel
et al. (distance from promoter, presence of a polyoma early
transcription unit, etc.). The observation that both enhancers are
able to activate replication also contradicts the upstream promoter
sequence hypothesis for the B element (Muller et al., 1983).

At this point we can consider why we have not detected any
specific interaction with the A enhancer. It is clear that the B
element binding factors are not interacting with the A enhancer.
Both enhancers may act by a very dissimilar mechanism or the
factor interacting with A may not be present in our extracts. The
A binding factor(s) may have been degraded or disassembled dur-
ing the preparation of the extract. The integrity of the factor is
probably most important for its interaction with DNA; in this
respect it is worth noting that the specific binding activity with
the B enhancer was lost after passage of the extract on a phos-
phocellulose column (J.Piette, unpublished observations).

Of course, nothing is learnt here about the functional role of
the characterized complex or the mechanism by which it could
exert this role. This will require the development of an in vitro
system in which the polyoma enhancer is active in stimulating
transcription (see Sassone-Corsi et al., 1984 for SV40) or replica-
tion (see Li and Kelly, 1984 for SV40). Another approach will
be the use of antibodies raised against the factors involved in
the complex formation to analyse the location and role of the
factors in the cell. The purification of these factors is presently
under way.

Materials and methods

Preparation of nuclear extracts

Nuclear extracts were prepared according to Siebenlist ez al. (1984) with modifica-
tions. Mouse 3T6 cells were grown in Eagle’s modified medium supplemented
with 7% neonatal calf serum to a density of 107 cells/10-cm dish. Cells were
rinsed twice with phosphate buffered saline and scraped from the dishes; the cell
pellet was conserved in four volumes of Tris Dulbecco containing 30% glycerol
at —70°C.
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The content of 10 dishes was centrifuged at 1500 r.p.m. and resuspended in
10 ml A buffer (10 mM Hepes pH 8, 50 mM NaCl, 0.5 M sucrose, 1 mM
EDTA, 0.5 mM spermidine, 0.15 mM spermine, 0.5% Triton X-100, 1 mM
PMSF, 7 mM EtSH). The cells were disrupted in a Dounce homogenizer by
20 strokes with an A pestle, and centrifuged for 10 min at 1000 g. The nuclear pellet
was rinsed twice with 10 ml A buffer and resuspended in 3 ml B buffer with
100 mM NaCl (B buffer = 10 mM Hepes pH 8, 25% glycerol, 0.1 mM ED-
TA, 0.5 mM spermidine, 0.15 mM spermine, 1 mM PMSF, 7 mM EtSH). After
15 min of gentle agitation the nuclei were centrifuged at 1000 g and resuspend-
ed in 3 ml B buffer with 400 mM NaCl. After 30 min of gentle agitation, the
nuclei were centrifuged at 2000 g and the supernatant was brought to 45% satura-
tion with (NH,),SO,. Proteins were precipitated by centrifugation for 15 min at
12 000 r.p.m. The pellet was resuspended in 200 p1 B buffer with 100 mM NaCl.
The nuclear extract (= 0.4 M nuclear extract) was aliquoted and conserved at
—70°C.

Alternatively the first rinse with B buffer was performed at 0.3 M NaCl and
the nuclei washed at 0.55 M NaCl, this is called the 0.55 M nuclear extract.

The activity of the newly prepared extracts was tested each time and the op-
timal amount of proteins was used in the experiments explaining the variable quan-
tities of extracts appearing in the legends to figures. Protein concentrations were
determined by the method of Bradford (1976). DNA concentrations by DAPI-
fluorescence.

Analysis of DNA-protein complexes on polyacrylamide gels

The DNA fragments used as probes were 3’ labelled with the large fragment
of DNA polymerase I and purified on a polyacrylamide gel after separation of
the labelled extremities by restriction (Maxam and Gilbert, 1980).

A few nanograms of 3’-labelled DNA were incubated at 30°C with the in-
dicated amount of sonicated salmon sperm DNA and nuclear extract in 10 mM
Hepes pH 8, 17.5% glycerol, 0.1 mM EDTA, 100 mM NaCl, 10 mM MgCl,,
2 mM DTT and 100 pg/ml BSA in a total volume of 50 pl. After 15 min 5 pl
dye were added (1 x TBE, 25% glycerol, 1 mg/ml xylene cyanol) and after gen-
tle mixing 30 ul samples were loaded immediately on a 5% or 7.5%
polyacrylamide gel in 0.5 x TBE buffer. The sample was allowed to enter the
gel at 250 V and migration was at 185 V (Garner and Revzin, 1981). The gel
was fixed in 10% acetic acid and 10% methanol, dried and exposed overnight.

Competition experiments

The fragments used for competition were cloned between the EcoRI and Sall
sites of pML2 (Lusky and Botchan, 1981) with the exception of plasmid IGE
which was a gift from P.Sassone-Corsi (Sassone-Corsi et al., 1985). The incubation
was performed as explained above except that EcoRl-linearized and phenol-
extracted pML2 were used instead of salmon sperm DNA as carrier DNA. The
EcoRI-linearized and phenol-extracted pML2 derivatives were used as competitors.
The final amount of cold DNA was brought to a constant amount with pML2.
The order of addition of competitor and labelled DNA was as indicated in Figure
3.

DNase [ footprinting

The nuclear protein fractions were mixed with a DNA fragment labelled at a
single 3’ end in the presence of carrier DNA as described above. After incuba-
tion for 15 min, 5 ul of a 25 mM CaCl, and 50 mM MgCl, solution were added
together with 5 ul of a 10 pg/ml DNAse I solution. The digestion was stopped
after 1 min by adding S ul of 0.1 M EDTA and the mixture was loaded on a
5% polyacrylamide gel as indicated above. After migration, the gel was exposed
for 2 h at 4°C and the bands corresponding to the DNA-protein complex (+)
and free DNA (—) were cut out and eluted (Maxam and Gilbert, 1980). The
DNAse I-treated fragments were loaded on an 8% sequencing gel altogether with
the G + A and C>T chemical degradation products obtained with the same labell-
ed fragment to localize the DNase I pattern on the DNA sequence (Maxam and
Gilbert, 1980).

Bal31 deletion analysis

Plasmid pPBI containing the polyoma Pvull4 fragment between EcoRI and Sall
sites was cut with either EcoRI or with Sa/l and treated with Ba/31 nuclease for
different times. The protruding ends were then filled in with Klenow DNA
polymerase I fragment and the resulting blunt end fragments were cut with Sall
or EcoRl, respectively, and 3’ labelled with Klenow fragment. The mixture of
unidirectionally deleted fragments was then eluted from a preparative polyacryl-
amide gel and incubated with a protein extract as described above. The mixture
was loaded on a 5% polyacrylamide gel. After migration, the gel was exposed
for 12 h at 4°C and the band corresponding to the DNA-protein complex was
cut out and eluted (Maxam and Gilbert, 1980). The retarded fragments were loaded
on a.6% sequencing gel together with control DNA and the G+A and C>T
chemical degradation products obtained with an undeleted fragment labelled at
the same end to localize the end point of the deletions on the DNA sequence.
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