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We have characterized the complexes resulting from the
specific binding in vitro of proteins present in nuclear
extracts of several lymphoid and non-lymphoid cell lines
to the TC-I and TC-II sequences of the simian virus 40
(SV40) enhancer. No proteins could be detected, binding
selectively to the TC-I sequence, but two proteins TC-HA
and TC-IIB were identified interacting specifically with
both the TC-II/xB enhanson, 5'-GGAAAGTCCCC-3'
(important for the activity of the SV40 enhancer in vivo),
and with the related H-2Kb enhanson, 5'-TGGGGA-
TTCCCCA-3'. The binding of these two proteins to
mutated TC-II enhansons correlates with the effect of
these mutations in vivo, suggesting that both proteins may
be important for SV40 enhancer activity. The TC-IIA
binding activity was present in nuclear extracts of mature
lymphoid B cells and was increased in pre-B cell nuclear
extracts by lipopolysaccharide (LPS) and cycloheximide
treatment. Futhermore, complex formation between the
TC-IIA protein and the TC-II enhanson was efficiently
competed by the xB motif from the x chain enhancer,
indicating that TC-IIA is the NF-xB factor or a closely
related protein. However, in contrast to previous reports,
a TC-IIA/NF-xB-like protein whose properties could not
be distinguished from those of the TC-IIA protein present
in lymphoid B cells, was found in nuclear extracts of
several untreated non-lymphoid cell lines, notably of
HeLa cells, but not of undifferentiated F9 embryonal
carcinoma (EC) cells [F9(ND)]. The TC-IIA binding
activity which was moderately increased in HeLa cell
nuclear extracts by 12-O-tetradecanoylphorbol-13-acetate
(TPA) and/or cycloheximide treatment could be induced
in nuclear extracts of F9(ND) cells by cycloheximide, but
not by TPA. Moreover, the TC-IIA binding activity could
be induced in cytosolic fractions from F9(ND) cells by
treatment with deoxycholate, indicating that these cells
contain an inhibitor protein similar to the previously
described NF-xB inhibitor, IxB. The second TC-II
enhanson binding protein, TC-LIB, which could be clearly
distinguished from the TC-IIA/NF-xB-like protein, by
a number of differential properties, resembles the
previously described KBF1/H2TF1 protein as it binds
with a higher affinty to the H-2Kb enhanson than to the
TC-II/xB enhanson, and its pattern of methylation
interference on the H-2Kb and TC-II/xB enhansons is

identical to that reported for the KBF1/H2TF1 protein.
Proteins TC-IIA and TC-IIB also bind with different
affinities to a TC-ll-related sequence in the interleukin-2
promoter. A third DNA-protein complex, which was
also formed within the region of the SV40 enhancer
containing the TC sequences most probably, corresponds
to the binding of the previously described AP-2 factor.
However, its binding site is not indispensable for SV40
enhancer activity in vivo.
Key words: DNA binding in vitro/NF-xB/H2TFl/KBF1-like
factors/SV40 enhancer/TC motifs/undifferentiated and dif-
ferentiated F9 cells

Introduction
Enhancer elements are cis-acting DNA sequences which
stimulate transcription from RNA polymerase B (II)
promoters in an orientation and to some extent distance
independent manner (Banerji et al., 1981; Moreau et al.,
1981; Chambon et al., 1984; Serfling et al., 1985; Sassone-
Corsi and Borrelli, 1986; Maniatis et al., 1987; Atchison,
1988; Hatzopoulos et al., 1988; Jones et al., 1988; Muller
et al., 1988; Wasylyk, 1988; and references therein). The
simian virus 40 (SV40) enhancer (see Figure 1) is composed
of a mosaic of functional elements (enhansons) whose
synergism is necessary for normal enhancer activity (Herr
and Gluzman, 1985; Herr and Clarke, 1986; Zenke et al.,
1986; Nomiyama et al., 1987; Schirm et al., 1987;
Fromental et al., 1988; Ondek et al., 1988; and references
therein). Analysis of the proteins binding in vitro to the SV40
enhansons (Davidson et al., 1986; Landolfi et al., 1986;
Singh et al., 1986; Staudt et al.,1986; Wildeman et al.,
1986; Fletcher et al., 1987; Rosales et al., 1987; Scheidereit
et al., 1987; Sturm et al., 1987; Xiao et al., 1987a,b;
Davidson et al., 1988) has indicated an unexpectedly
complex pattern due to the binding of both ubiquitous and
cell specific proteins. Two HeLa cell proteins TEF-1 and
TEF-2, whose cell specificity correlates with that of their
cognate enhansons which are inactive in lymphoid B cells,
have been purified. TEF-1, a 53 kd protein, binds to two
class A enhansons, GT-IIC and Sph, of unrelated sequence
(Xiao et al. , 1987a; Davidson et al., 1988; Fromental et al.,
1988; see Figure 1 and also Introduction of Kanno et al.,
1989). TEF-1 binds cooperatively in vitro to tandem repeats
of either of these enhansons which correlates with the proto-
enhancer activity in vivo of these tandem repeats, whereas
non-cooperative binding is observed with spaced or inverted
repeats which have weaker proto-enhancer activity in vivo.
The GT-IIC or Sph enhansons cooperate in vivo with the
GT-I class B enhanson to form proto-enhancers, but in
contrast with the tandem repeats of the GT-IIC or Sph
enhansons, this cooperativity does not reflect a cooperative
binding in vitro between TEF-1 and the TEF-2 (GT-IC)
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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
locations of the sequence motifs which have been identified in the enhancer region (see text) are indicated by the boxes. In addition the 'core'
sequence and AP-2 binding sites are indicated above the sequence.

protein which specifically interacts with the GT-I enhanson
(Xiao et al., 1987b; Davidson et al., 1988). In addition to
these proteins several other HeLa cell proteins bind to the
SV40 enhancer: AP-1, AP-3 and AP-4 (Angel et al., 1987;
Chiu et al., 1987; Imagawa et al., 1987; Lee et al., 1987;
Mitchell et al., 1987; Mermod et al., 1988; Mercurio and
Karin, 1989). However the role of these latter proteins in
SV40 enhancer activity in vivo is not clearly established (see
Kanno et al., 1989).

Recently, a novel SV40 class C enhanson, TC-II
(5'-GGAAAGTCCCC-3'; see Figures 1, 2 and 7B) has been
characterized and shown to be active in both lymphoid and
non-lymphoid cells (Kanno et al., 1989). This enhanson is
homologous to the xB motif (KAP-1 in Figure 2) of the
immunoglobulin x chain enhancer (Sen and Baltimore,
1986a; Atchison and Perry, 1987; Lenardo et al., 1987),
and closely related to an upstream regulatory element of the
MHC class I H-2Kb and ,B2-microglobulin genes, as well
as to motifs present in several other viral and cellular
promoters [see Figure 7C and also Kanno et al. (1989) and
referencess therein]. The TC-II/xB sequence has been shown
to interact with a B cell specific DNA binding activity NF-
xB (Sen and Baltimore, 1986a; Atchison and Perry, 1987;
Kawakami et al., 1988; Lenardo et al., 1988), which can
be induced in pre-B, lymphoid T, and non-lymphoid cells
by treatment with lipopolysaccharide (LPS) and tumor
promoters [12-O-tetradecanoylphorbol-13-acetate (TPA)]
(Sen and Baltimore, 1986b; Baeuerle and Baltimore,
1988a,b; Shirakawa and Mizel, 1989; Shirakawa et al.,
1989), tumor necrosis factor a and interleukin-I (IL-1)
(Osbom et al., 1989) by virus infection (Lenardo et al.,
1989; Visvanathan and Goodbourn, 1989) or by the tat I
gene product of human lymphotrophic virus I (Leung and
Nabel, 1988). A second inducible DNA binding activity,
HIVEN86A, has also been described (Franza et al., 1987;
Ballard et al., 1988; Bohnlein et al., 1988). In contrast,
KBF1/H2TF1 is a DNA binding activity, present in a variety
of untreated lymphoid and non-lymphoid cells, which binds
to the TC-II/xB and H-2Kb motifs (Baldwin and Sharp,
1987, 1988; Israel et al., 1987; Yano et al., 1987; Singh
et al., 1988). In addition, a 57 kd HeLa cell protein, EBP-1,
has been identified and affinity purified using the region of
the SV40 enhancer containing the TC-II motif (Clark et al.,
1988,' 1989; Clark and Hay, 1989). At present, the relation-
ship between each of these proteins and their potential role
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in SV40 enhancer activity in vivo has not been established.
Two binding sites for the HeLa cell AP-2 protein (Ima-

gawa et al., 1987; Mitchell et al., 1987) are also present
in the region of the SV40 enhancer containing the TC motifs.
These sites overlap with, but are not identical to the TC
motifs or the TC-II enhanson (see Figures 1 and 2). Muta-
tions which are specific to the AP-2 sites have no deleterious
effect on enhancer activity in any of the cell types tested
[mutations pA16 to pAl9 in Zenke et al., (1986) and
Nomiyama et al. (1987); see Figure 5 in Kanno et al. (1989)]
and the SV40 AP-2 binding sites appear not to be functional
enhansons (Kanno et al., 1989). Thus, the possible role of
the AP-2 binding sites in SV40 enhancer activity in vivo also
remains unclear.
The observation that the SV40 TC-II enhanson is active

in both lymphoid and non-lymphoid cells (Kanno et al.,
1989) and the reports that both cell-specific and ubiquitous
proteins bind to this enhanson (see above) prompted us to
analyse the proteins binding to this enhanson in the variety
of cell lines in which we have analysed the TC-II enhanson
activity. Our results show the existence of at least three
distinct DNA binding activities. Surprisingly, one of these
activities, TC-HA which is indistinguishable from the NF-xB
factor, was present in nuclear extracts not only from
lymphoid B cells, but also from untreated human HeLa cells,
mouse fibroblast, LMTK- cells and retinoic acid-
differentiated EC F9 cells [F9(D)]. While already present
in nuclear extracts from untreated HeLa cells, the TC-IIA
binding activity could be further increased by treatment with
TPA and cycloheximide, whereas its presence in nuclear
extracts of undifferentiated F9 EC cells [F9(ND)] was
detectable only following cycloheximide treatment. The other
two DNA binding activities exhibit properties analogous to
the KBFI/H2TF1 (the TC-IIB protein) and AP-2 proteins.
The efficiency of binding of both the TC-IIA/NF-xB-like
and TC-HB/KBF1/H2TF 1-like proteins to a series of mutated
TC-II enhansons correlates wth the effect of these mutations
in vivo (Kanno et al., 1989), suggesting an important role
for these proteins in SV40 enhancer activity.

Results
Multiple protein DNA complexes are formed in vitro
with the SV40 TC-ll enhanson
To examine the interaction of nuclear proteins with the TC
motifs, complementary oligonucleotides were synthesized
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Fig. 2. Nucleotide sequence of templates containing the TC-II
enhanson and related sequences. The top line shows the wild type
sequence from coordinates 221 to 247 of the SV40 early promoter,
which spans the TC-II and TC-I sequences (E is early coding strand
and L is late coding strand). The sequences underlined in TC-0 show

the TC sequences as originally defined by Zenke et al. (1986), while
the boxed TC-II sequence is the TC-II enhanson. The positions and L

strand sequence of the mutations in templates TC-1, TC-2 and TC-20
to TC-26 are indicated below TC-0. Templates TC-3 and TC-4 contain

the wild type TC-II enhanson (indicated by a bar). The positions and

L strand sequence of the mutations present in TC-5 to TC-17 are

shown below TC-4. TC-IF and TC-2F show the wild type or mutated

TC-II enhanson which has been subcloned into the KpnI-BamHI site

of a modified pUC18 vector (see Materials and methods and Rosales

et al., 1987). KAP-1 corresponds to the nucleotide sequence of the

kappa light chain enhancer (the xB enhanson is indicated by a bar)
from positions 240 to 270 (numbering system of Picard and Schaffner,

1984) and KAP-2 to its mutant. KB-1 (the H-2Kh enhanson is

indicated by a bar) and KB-2 refer to the wild type and mutated

sequences respectively of the H-2Kb promoter region spanning
nucleotides 159-173 (Kimura et al., 1986), while MET-1 (the AP-2

binding site is indicated by a bar) corresponds to the metallothionein

enhancer region from coordinates 164 to 191 (Imagawa et al., 1987).

spanning the wild type SV40 enhancer from coordinates
221-247 (BBB numbering system; Tooze, 1982) (TC-O in
Figure 2). Mutations were introduced at nucleotides 227-
229 to destroy the TC-I motif (TC-1), and at positions
244-245 (TC-2) as the latter nucleotides had been
previously shown to be essential for the in vivo activity of
the TC-II enhanson within either the whole SV40 enhancer
(Zenke et al., 1986; Nomiyama et al., 1987) or an oligomer
containing the GT-I and TC-II motifs (Ondek et al., 1987).
The 32P-5'-end-labelled oligonucleotides TC-0, TC-1 and

TC-2 were incubated with six different nuclear extracts of
both lymphoid and non-lymphoid cell origin and the
DNA -protein complexes formed were separated by electro-
phoresis on a 6% polyacrylamide gel (Fried and Crothers,
1981; Garner and Revzin, 1981; Strauss and Varshavsky,
1984) (Figure 3). In all cases the same specific complexes
were observed with either TC-0 (not shown) or TC-1
templates, However, many non-specific interactions were
detected using the TC-0 template, and thus only data using
the TC-1 template will be shown hereafter. Incubation of
template TC-1 with HeLa cell nuclear extract yielded three
complexes, A, B and C (Figure 3A). The mutations present
in TC-2 reduced binding to complexes A and B, but not to
complex C, and an additional band migrating between
complex A and B appeared. Note that the remaining TC-2
complex at the position of complex A corresponds to that
formed by the binding of the AP-2 like factor, whereas the
nature of the intermediate band which could not be competed
using the metallothionein AP-2 binding site is unknown (see
below and Figure IOA). Mutations at positions 236-238
(CCC to TAG, specific to motif TC-ll) were also deleterious
to formation of complexes A and B only (TC-20 in Figure
2, data not shown). A fourth complex, D, was detectable
in varying intensity in all extracts, but neither of the
aforementioned mutations were detrimental to the formation
of this complex (Figure 3A and B and data not shown). Thus,
complexes C and D were considered to be non-specific.
A complex corresponding to HeLa cell complex A was

detected with nuclear extracts derived from the mouse
myeloma B cell line MPC 11, the pre-B cell line 70Z/3 (Paige
et al., 1978; Sakaguchi et al., 1980), 70Z/3 cells treated
with LPS [70Z/3(I)], 70Z/3 cells treated with LPS and
cycloheximide [70Z/3(I + CYC)] (Figure 3A), as well as
in mouse L cell fibroblasts (LMTK-) (Figure 3B, lane 13),
and retinoic acid-differentiated F9 cells [F9(D)] (data not
shown). The amounts of complex A varied in the different
extracts, with a marked 'induction' in 70Z/3(I) and a
'superinduction' in 70Z/3(I + CYC) (see lanes 7-16 in
Figure 3A). Note that complex A was undetectable only in
the non-differentiated F9 cells [F9(ND) in Figure 3; see also
Figure 9B]. On the other hand, complexes analogous to band
B were found in all cell lines tested (Figure 3 and data not
shown).

Complex B corresponds to the binding of a

KBF1/H2TF1-like protein
Factors binding to the upstream regulatory region of the
mouse MHC class I gene H-2Kb (underlined sequence in
the KB-1 oligonucleotide in Figure 2, see also Figure 7B)
have been reported in extracts of murine 3T6 cells (factor
KBF1; Israel et al., 1987) and HeLa, BALB/c3T3 and
mouse erythroleukemia (MEL) cells (factor H2TF1I; Baldwin
and Sharp, 1987). In both cases identical methylation
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Fig. 3. Formation of DNA-protein complexes using the TC-II or H-2Kb enhansons. (A) The 32P-5'-end-labelled TC-series templates used are
indicated below the figure and the nuclear extracts and lane numbers at the top. The arrows to the left indicate the positions of complexes A-D. Gel
retardation was performed with 5 yg of each cell extract and 2 jig of poly(dI-dC) as described in Materials and methods. Lanes 13-16 show a
shorter exposure of lanes 9-12. (B) Comparison of the complexes formed using the SV40 TC-II and the H-2Kb enhansons. The nomenclature is as
in (A). Note that in (A) and (B) similar results were obtained with at least two independently prepared extracts from each cell type.

interference patterns were found and KBF1/H2TF1 has been
shown to bind to the TC-ll motif (Baldwin and Sharp, 1987;
Israel et al., 1987). We thus investigated if this protein was
involved in the formation of one of the complexes obtained
with the TC-1 template. Using the KB-1 oligonucleotide
(Figures 3B and 9) and its mutant KB-2 (Figure 2, Figure
9 and data not shown), we observed specific complexes
similar to those obtained with the TC-1 template (Figure 3B).
Complex A was detected in all extracts except F9(ND), and
in increased amounts in 70Z/3(I) and 70Z/3(I + CYC)
extracts. Complex B, however, was stronger with the KB-I
than with the TC-1 template, suggesting that the protein
responsible for the formation of complex B has a higher
affinity for this motif, and thus could be the KBF1/H2TF1
protein. This suggestion was further supported by the results
of the competition experiments shown in Figure 8 (see
below), which indicate clearly that the protein forming
complex B exhibits a higher affinity for the KB-1 than for
the TC-1 template.

Further support for the similarity between the protein for-
ming complex B and KBFI/H2TFI was provided by
methylation interference assays of complex B. The in-
terference pattern obtained using HeLa, F9(ND), LMTK-
and 70Z/3(I) cell extracts was identical (data not shown;
summarized in Figure 7B) to that observed with the
KBF1/H2TF1 factor (Israel et al., 1987; Baldwin and Sharp,
1987, 1988).

Complex A corresponds to the binding of a NF-xB-like
protein
The protein NF-xB (see Introduction) has been shown to
bind to the xB motif located within the kappa light chain
enhancer which is identical over 11 bp to the region
containing the TC-ll motif of the SV40 enhancer (see KAP-l
in Figure 2). NF-xB, which has been implicated in the
activation of kappa light chain gene transcription appears
to be B cell specific, although it could also be detected in
HeLa and lymphoid T cell nuclear exracts following phorbol
ester (TPA) treatment and in both lymphoid and non-
lymphoid cells following virus infection (see Introduction

Fig. 4. Effect of partial proteolysis on complexes TC-IIA and TC-IIB.
The 32P-5 '-end-labelled templates and lane numbers are indicated at
the bottom, and the quantity (in ng) of pepsin added following
complex formation at the top along with the type of extract. The
arrows to the left indicate the positions of the A, B and A' complexes.
Retardation and proteolysis were performed as described in Materials
and methods with 2 uig of extract, 4 Ag poly(d1-dC) and the cloned
TC-IF and TC-2F templates.

for references). In addition, the NF-xB activity could be
induced in 70Z/3 cells treated with LPS, and superinduced
with LPS plus cycloheximide (Sen and Baltimore, 1986b).
Although the protein involved in complex A formation

mimicked the general behaviour described for NF-xB in
70Z/3 cells (Figure 3A), a band of similar electrophoretic
mobility was observed in all extracts tested except those from
F9(ND). Moreover, using either template TC-l (Figure 3A)
or KAP- 1 (data not shown), the same complex A was
observed in each extract, and in all cases cold TC- 1 or
KAP-lI competed the formation of complex A with similar
efficiency (see below in Figure 8, and data not shown). We
thus asked whether the protein responsible for the formation
of complex A in non-lymphoid cell extracts could be
distinguished from the NF-xB protein previously detected
in B cell lines.
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Fig. 5. Proteolysis of the TC-IIA complex formed with lymphoid and
non-lymphoid cell extracts. The 35P-5'-end-labelled TC-lF template
was used in each lane with 5 lAg of the nuclear extracts indicated
above the lanes. The quantity of pepsin is also indicated above each
lane and the lane numbers indicated at the bottom of the figure. The
positions of the A, B and A' complexes are indicated by the arrows to
the left.
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Fig. 6. DMS methylation interference of the A and A' complexes
formed with the SV40 TC-II enhanson in the TC-IF template.
Methylation of the TC-IF template, 32P-5'-end-labelled on either the
early or late coding strands, with DMS, and gel retardation were

performed as described in Materials and methods. The figure shows
the methlation interference performd on the A complex and its
proteolytic product A'. The lanes containing the SV40 early or late
coding strands are indicated above the figure, and G+A shows the
ladder of G and A residues of each strand obtained by depurination.
The nucleotide sequence of the appropriate strand is shown to the left
and to the right of the figure along with the coordinates of the
interfering G residues. C is a control lane with the original methylated
DNA cleaved with piperidine. U is the unbound DNA and A and A'
the DNA form the A and A' complexes respectively. The residues
which interfere with complex formation when methylated are

summarized in Figure 7B.

We first undertook a series of proteolysis experiments.
As it was difficult to achieve a good resolution of the
proteolysed complexes formed with template TC-1, we used

.. a * 0

Fig. 7. (A) Effect of single base pair changes in the SV40 TC-II
enhanson on the formation of the complexes TC-IIA and TC-IIB. Each
lane contains the 32P-5'-end-labelled TC-l template with 5 itg of 70Z/3
(I) extract, 2 1tg poly(dI-dC) and 1 pmol of the cold competitor
template indicated below each lane (- is no added competitor). The
base changes in each competitor template are shown above each lane,
where the WT sequence is on the top, along with the SV40
coordinates 235, 240 and 245. The arrows to the left indicate the
positions of the specific A and B, and non-specific D complexes. TC-4
is a control using the wild type competitor. The lanes -, 6 and 7 to
the right of the panel show independent duplicate competitions with
(-) no competitor or the TC-6 and 7 templates. (B) The positions of
full or partial methylation interference of the TC-IIA complex are

shown above the SV40 TC-II sequence by the filled or open circles
respectively. For the TC-IIB complex full interference of G235 was

seen. The effect of the single base changes from (A) are summarized
below the sequence. The open squares indicate no significant effect on

A and B complex formation, the filled triangles a fully deleterious
effect and the open triangles a partially deleterious effect. The stars
indicate those mutations which had a more deleterious effect on

formation of complex A than on formation of complex B. The H-2Kb
sequence is aligned to have maximum homology with the SV40 TC-1I
sequence. The filled circles show those G residues whose methylation
fully interfered with complex formation in Israel et al. (1987), Baldwin
and Sharp (1987) and our unpublished results. (C) Comaprison of the
sequences present in the IL-2 receptor ca (IL-2Ra), the (3-interferon
PRDII site (,B-IFN-PRDII) or the IL-2 promoters, with the SV40 TC-ll
enhanson (i.e. each case, see text for references). Each motif has been
aligned to have maximum homology with the SV40 TC-II sequence
and the differences from the SV40 sequence are underlined. The IL-2
sequence is separated from those of IL-2Rct and (-IFN-PRDII to
indicate that in competition retardation experiments this template
behaves more like the H-2Kb enhanson than the TC-II/xB enhanson.

a cloned 123 bp template fragment containing the wt TC-II
motif, TC-1F, or its corresponding mutant, TC-2F (Figure
2 and Materials and methods) and 70Z/3(I) (Figure 4) and
other (Figure 5, and data not shown) nuclear extracts. TC-1F
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Fig. 8. Relative affinities of the SV40 TC-II, xB and H-2Kb enhansons or the proteins TC-IIA and TC-IIB. Each lane in each panel contains 5 jg of
70Z/3(1) nuclear extract with 2 ,ug of poly(dI-dC), the 32P-5'-end-labelled template indicated at the bottom of the panel and the cold competitor
indicated above. The lane numbers are below each lane and the quantity (in pmoles) of the cold competitor above each lane. The positions of the A,
B and D complexes are indicated by the arrows to the left of each panel. Note that with the TC-1 template in (A), (B) and (C) there is a non-
specific complex comigrating with complex B which is not competed for even at the highest concentrations of the TC-3 and KAP-I competitors or
with the KB-i competitor which competes efficiently for formation of the B complex (see also text).

gave specific complexes analogous to the A and B complexes
obtained with the oligonucleotide template TC-1 (Figure 3A).
Notably, complex A formed with the TC-1F fragment was
also 'induced' in 70Z/3(I) and 'superinduced' with 70Z/3(I
+ CYC) extracts (data not shown). Using the mutated
template TC-2F, non-specific complexes were also seen
running at the same position as complex A (Figure 4, lane
5), which accounts for a fraction of the A complex observed
with 70Z/3 extracts (Figure 5, lane 9). Following formation
of the complexes with 70Z/3(I) extracts, increasing amounts
of pepsin (1, 10 or 100 ng) were added, resulting in the
gradual appearance of a new complex, A', whereas complex
A was reduced and complex B appeared to be unaltered
(Figure 4, lanes 1-4). Neither complexes A, B nor A' could
be detected after similar proteolytic treatment using the
mutated template, TC-2F (Figure 4, lanes 5-8). We then
performed similar proteolytic digestions with nuclear extracts
from HeLa, 70Z/3(NI) and F9(ND) cells (Figure 5), as well
as with extracts from F9(D), MPC 11 and 70Z/3(I + CYC)
cells, HeLa cells treated with TPA, and LMTK- cells (data
not shown). In every case, except F9(ND) cells, identical
patterns were observed, with an increase of band A' while
complex B remained unaltered. The absence of complex A'
formation in F9(ND) cells correlates with the absence of

complex A in F9(ND) cells when the oligonucleotide
template TC-1 is used (Figure 3A). Proteolytic digestions
performed with all extracts using the mutated template
TC-2F, gave results identical to those seen in lanes 5-8 of
Figure 4 (data not shown). Note that complex A' was weakly
present in some of the extracts, even in the absence of pepsin,
suggesting that some proteolysis occurred during extract
preparation. These results indicate that the proteins forming
the complexes A detected in 70Z/3(I) and (I + CYC) cell
and in HeLa cell extracts, all contained similar pepsin
sensitive sites, thus suggesting that in each case they were
very similar or identical.
To analyse further the relationship between complexes A

and A', we performed DMS methylation interference assays.
Following pepsin treatment and electrophoresis, complexes
A and A' were excised from the gel, eluted, and the DNA
cleaved at the modified guanine residues by piperidine
(Maxam and Gilbert, 1980). The interference patterns
obtained with 70Z/3(I + CYC) extracts are shown in Figure
6 (see also Figure 7B). Identical patterns were obtained with
70Z/3(I) extracts (data not shown). Lanes labelled A and
A' show on both the SV40 early and late coding strands,
the guanine (G) residues whose methylation interfered with
the formation of their respective complexes. Identical
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The SV40 TC-ll(xB) enhanson binds nuclear proteins

interference patterns of G residues at positions 240, 244 and
245 on the late strand and 235, 236, 237 and 238 on the
early strand were observed for complexes A and A',
indicating that the DNA binding domain was essentially
unchanged following proteolytic treatment. The interference
patterns for complexes A and A' correlated well with those
obtained for NF-xB (Sen and Baltimore, 1986a), except that
in our case there was a partial interference at G235. Taken
together these results show that proteins with similar DNA
binding domains and pepsin sensitive sites must be present
in each of the nuclear extracts, including those from non-
lymphoid cells, with the exception of F9(ND) cells.

The same SV40 sequence is required for the
formation of complexes A and B
As we were unable to differentiate the proteins forming
complex A in lymphoid and non-lymphoid cell extracts by
methylation interference and proteolytic digestion, we
attempted to define the nucleotides required for the formation
of the A complexes in each extract, and their relationship
to those required for formation of complex B. Formation
of complexes A and B with TC-l in 70Z/3(I) nuclear extracts
was competed using a series of oligonucleotides containing
single point mutations throughout the TC-II motif (TC-5 to
TC-17 in Figure 2). Mutations at positions 236, 237, 239,
241, 242 and 243 (TC-series 15, 14, 12, 10, 9 and 8 respec-
tively) were all highly deleterious to the formation of both
complexes as these oligonucleotides were unable to com-
pete efficiently for the binding of proteins A and B (Figure
7A, cf. with wild type TC-4 competition; see also Figure
7B). Note, however, that the mutation present in TC-9 at
position 242 may be more detrimental to the formation of
complex A than to that of complex B, and also that A to
G transitions at positions 242 and 243 were not deleterious
to formation of complexes A and B (data not shown). In
contrast mutations at positions 234, 235, 240 and 246 (TC-
competitor series 17, 16, 11 and 5 respectively) had little
or no effect on the formation of complexes A and B.
Templates with mutations at positions 244 and 245 (TC-
series 6 and 7) competed efficiently for the formation of
complex B, and only partially for that of complex A. The
template mutated at 238 (TC-13) competed more efficiently
than TC-6 and 7 (mutated at positions 245 and 244) for
formation of complexes A and B, but still to a lesser extent
than the wild type template (TC-4). It is noteworthy that
while methylation of G238 and G240 resulted in full
interference (see above), the replacement of these G by T
residues still allows protein binding. A summary of the bases
that appear to be important for the binding of both KBF I/
H2TF1 and NF-xB-like proteins is shown in Figure 7B.
Similar results were obtained using either HeLa or MPC 11
nuclear extracts (data not shown), indicating that the proteins
forming complex A in each cell line recognize the same
sequence and thus cannot be distinguished in this way. It
is also evident that the sequences recognized by the proteins
forming complexes A and B are similar, but not identical.

Relative affinity of the NF-xB and KBF1/H2TF1-like
proteins for the TC-II and H-2Kb motifs
As similar sequences appear to be involved in formation of
complexes A and B, we compared the relative affinity of
the corresponding proteins for templates containing either
the TC-II/xB or H-2Kb sequences in competition retarda-

tion assays. Increasing quantities (in fmoles) of either the
TC-II motif (TC-3 in Figures 2 and 8A), the xB motif
(KAP-1 in Figures 2 and 8B), or the H-2Kb motif (KB-I
in Figures 2 and 8C), were used to compete complex
formation on the TC-1 template in 70Z/3(I) extracts.
Virtually identical competition for formation of complex A
was observed using either the TC-II motif (TC-3) or the xB
motif (KAP-1) as a competitor. Moreover, formation of both
A and B complexes was similarly competed by the TC-ll
(TC-3) and xB (KAP-1) motifs (compare Figure 8, A and
B, taking into account the presence of a non-competable non-
specific band migrating at the position of the B complex),
which suggests that proteins A and B have a similar affinity
for the TC-II/xB motif. The H-2Kb motif, KB-1 (Figures
2 and 8C), competed nearly as efficiently as TC-3 or KAP-1
for the formation of complex A (cf. competition of complex
A by TC-3, KAP-1 and KB-l in Figures 8A, B and C) which
indicates that protein A has similar affinities for all three
motifs. However, the H-2Kb motif competed much more
efficiently for the formation of complex B than for that of
complex A (Figure 8C), indicating that protein B has a higher
affinity for this motif than for the TC-HI/xB motif. As ex-
pected, using the H-2Kb motif as a template (KB-1, Figure
8D), the TC-II/xB motif (TC-3 and KAP-1) competed more
efficiently for formation of complex A than for that of com-
plex B, while the H-2Kb motif was more efficient at com-
peting the formation of complex B. Similar patterns were
also observed using either HeLa or MPC 11 nuclear extracts
(data not shown).

Effect of tumor promoter (TPA) and cycloheximide
treatments of HeLa and F9(ND) cells on formation of
complexes A and B
It has been reported that the activity in vivo of a number
of enhancer elements is induced by treatment with phorbol
esters, which results in the activation of protein kinase C
(Nishizuka, 1988; and references therein). These elements
include the sequences binding the proteins AP-1 (Angel et
al., 1987; Lee et al., 1987), AP-2 (Imagawa et al., 1987)
and NF-xB (Sen and Baltimore, 1986b; Kaufman et al.,
1987; Lenardo et al., 1987); Nabel and Baltimore, 1987;
Nelsen et al., 1988; Pierce et al., 1988). Induction by TPA
of the in vivo activity of the element binding the NF-xB
protein (Nabel and Baltimore, 1987; Nelson et al., 1988;
Pierce et al., 1988) has been correlated with an increase of
this protein in nuclear extracts prepared from TPA-treated
Jurkat T and HeLa cells (Sen and Baltimore, 1986b; Nabel
and Baltimore, 1987; Baeurele and Baltimore, 1988a).
Moreover, Shirakawa and Mizel (1989) have shown that
NF-xB can be 'activated' by protein kinases in cytosolic
extracts of untreated pre-B cells. As both the NF-xB and
KBF1/H2TF1 proteins can bind to each others cognate
sequence, we wished to determine whether the KBF1/
H2TF1-like protein could also respond to TPA in the
presence or absence of the protein synthesis inhibitor
cycloheximide (CYC).

Figure 9A shows the results of TPA/CYC treatments of
HeLa cells on the formation of NF-xB or KBF1/H2TF1-like
complexes using either the TC-1 (lanes 1, 3, 7 and 11) or
KB-I (lanes 2, 5, 9 and 13) templates (lanes 4, 8, and 12
and 6, 10 and 14, depict the results using the mutated
templates TC-2 and KB-2 respectively). Densitometric scan-
ning indicated that the amount of the NF-xB-like TC-IIA
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protein in both HeLa/TPA and HeLa/CYC extracts doubled,
with a 4-fold increase noted in extracts treated with both TPA
and cycloheximide. These increases in the level of the
TC-IIA protein following TPA and/or cycloheximide
treatments correlate well with the transcriptional stimulation
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Fig. 9. Effect of TPA and/or CYC treatment on the proteins TC-IIA
and TC-IIB present in extracts of HeLa and F9(ND) cells. Above each
lane are the lane numbers, and the positions of the A, B, C and D
complexes are indicated by the arrows to the left of the figure. (A)
Each lane contains 5 yg of HeLa nuclear extract with the in vivo
treatments indicated above each lane along with 2 ug of poly(dI-dC)
and the 32P-5'-end-labelled template indicated below the lane. The
same results were obtained with two independently prepared nuclear
extracts. The induction of the A and B complexes was determined by
densitometric scanning of suitable exposures of the autoradiograms and
subtraction of the background observed using the mutated TC-2
template. These results show that while complex B remained constant,
complex A was induced 1.6-fold by TPA, 2.3-fold by cycloheximide
and 4. 1-fold by TPA and CYC. (B) Each lane contains 5 itg of either
nuclear or cytoplasmic F9(ND) extract as indicated above each lane
along with 0.8 ,tg of poly(dI-dC) and the 32P-5'-end-labelled template
indicated below the lane. + and - above each lane show the presence
or absence of the TPA, CYC or DOC treatments. DOC treatment
consisted in the addition of 0.2% DOC and 0.2% NP40 to the
cytoplasmic extract (Materials and methods) after addition of the
32P-5'-end-labelled KB-1 or mutated KB-2 templates, as indicated
below each lane. Note that with the cytoplasmic extracts the complex
formed at the position of complex B is a non-specific complex formed
by a cytoplasmic protein as its formation is unaffected by the
mutations present in the KB-2 template.

!4.;

brought about by the TC-II proto-enhancer in vivo following
similar treatments (Kanno et al., 1989). On the other hand,
densitometry of the KBFI/H2TF1 complex B using either
the TC-1 or KB-I templates indicated no significant changes
following TPA/CYC treatments. Thus, although the NF-xB
and KBF l/H2TF 1-like proteins have similar DNA binding
sequence requirements, they exhibit different responses to
either TPA or cycloheximide treatments in HeLa cells.
Kanno et al. (1989) found that the activity of both the

TC-II/xB and H-2Kb proto-enhancers could be increased in
vivo following treatment of F9(ND) cells with cyclo-
heximide, but not with TPA. Since the TC-IIA complex
could not be detected in F9(ND) cells (see above), we studied
the formation of complexes A and B in nuclear extracts from
F9(ND) cells treated with TPA and/or cycloheximide.
Although neither TPA nor cycloheximide treatments affected
the formation of complex B, the TC-IIA activity which was
undetectable in untreated F9(ND) nuclear extracts was
clearly 'induced' by cycloheximide, but not by TPA
treatment (Figure 9B, lanes 1-8; the KB-2 mutant template
is used as a control). Thus, as in HeLa cells, the
KBF1/H2TF1-like protein TC-IIB did not respond to
TPA/CYC treatment, whereas the TC-IIA/NF-xB-like
protein did. However, in contrast to the HeLa cell case, only
cycloheximide, but not TPA, could induce the TC-IIA bin-
ding activity in F9(ND) cells.

Baeuerle and Baltimore (1988a,b) have reported that the
NF-xB binding activity is sequestered in the cytoplasm of
untreated non-lymphoid cells by the inhibitor protein IxB
from which it can be released by deoxycholate (DOC)
treatment. Such an inhibitor also seems to be present in the
cytoplasm of untreated F9(ND) cells as the TC-IIA activity
could be induced by DOC treatment (Figure 9B, lanes
9-12). Moreover, it appears that some TC-IIA/NF-xB-like
activity remained sequestered in the cytoplasm even after
TPA and cycloheximide treatment of these cells (Figure 9B,
lanes 13-16).

Sequence requirement for binding of the AP-2 protein
to the TC region
A 52 kd HeLa cell protein, AP-2, which binds to sequences
located within the human metallothionein IIA enhancer

.4.
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Fig. 10. The hMTIIA AP-2 binding site competes for complex formation with the TC-2 template which contains intact AP-2 binding sites (see text).
Each lane contains 5 jig of nuclear extract from untreated HeLa cells with the 32P-5'-end-labelled TC-2 template (A) or hMTIIA MET-1 (B)
template. The quantity of the cold competitor templates are indicated above each lane, and the lane numbers at the bottom. The arrow to the left of
each panel shows the position of the complex formed with the AP-2-like protein. Note that this complex comigrates with complex A formed with the
wild type TC-II motif in template TC-l.
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(MET-I in Figure 2) and the SV40 enhancer region which
overlaps the TC motifs (Figures 1 and 2) has been purified
(Imagawa et al., 1987; Mitchell et al., 1987), and its
corresponding cDNA cloned (Williams et al., 1988).
Methidiumpropyl-EDTA-FE(II) footprinting (Imagawa et

al., 1987) and binding to mutated templates (Mitchell et al.,
1987) have indicated that protection of the SV40 enhancer
sequence, 5'-AAAGTCCCCAGGCTC-3', by AP-2 did not

require the presence of either the guanines at positions 244
and 245, nor the intact TC-I motif. However, while both
the TC-0 and TC-1 templates contain the putative AP-2
binding site, we were unable under our conditions to detect
the formation of a protein complex that did not correspond
to either the NF-xB or KBF1/H2TF1-like complexes (Figure
3A, and data not shown).
The TC-2 template, in which the guanines at positions 244

and 245 had been mutated, was therefore used to prevent
possible interference of AP-2 binding by the NF-xB or

KBF1/H2TF1-like proteins. To determine the specificity of
protein binding to the TC-2 template, competitions were

performed in HeLa cell nuclear extracts using varying
quantities of either the TC-0, TC-1, TC-2, TC-20, TC-21,
TC-22 or MET-1 templates (see Figure 2). The MET-I
template competed efficiently for the formation of the
complex indicated by the arrow (Figure 1OA), supporting
the proposal that we could not detect the binding of AP-2
using the TC-1 template, because the weaker AP-2 complex
was masked by complex A migrating at the same position
(see also TC-2 template in Figure 3A). A minimum 5-fold
less efficient competition for this AP-2-like complex was

noted using either the TC-0 (TCII + I wild type), TC-l (TC-
I mutated) or TC-2 templates. No competition for this
complex was observed using similar quantities of either
TC-20 (TC-II mutated), TC-21 (TC-II + TC-I mutated) or

TC-22 (GGC at positions 231-233 mutated) templates,
indicating that efficient binding of the AP-2-like factor
required the presence of sequences contained within the intact
TC-II motif plus adjacent 3' sequence (mutated in TC-22),
but not the TC-I motif. In addition the indicated complex
was formed with, and competed out, by either TC-23, 24,
25 or 26 templates (Figure 2, data not shown). Non-specific
competitor DNAs containing the GT-I (Xiao et al., 1987b),
TC-3 or KB-I sequences failed to compete (data not shown)
[the second faster migrating complex formed using the TC-2
template (Figure 1OA) was considered non-specific as all
competitor DNAs failed to compete efficiently]. Similar
results were obtained using the MET-l template (Figure lOB)
in which the complex indicated by an arrow was competed
in a manner similar to that observed in panel A. The second
and third complexes were not competed by any of the TC
or MET-I templates, while the fourth complex was competed
by all, regardless of the mutations present. Thus, each of
these three bands was considered to correspond to non-

specific complexes.

Discussion

Several proteins interact specifically with the region
of the SV40 enhancer containing the TC-ll enhanson,
but none recognize the enhancer 'core' sequence
per se
This study shows that at least three nuclear proteins
exhibiting different properties interact specifically with the
region of the SV40 enhancer containing the TC-ll motif. One

of these proteins, TC-IIA, was found in nuclear extracts from
each of the differentiated cell types studied here, but was
absent from those of untreated F9(ND) cells, while the
second protein TC-IIB appears to be ubiquitous. Both
proteins TC-IIA and TC-IIB bind to the TC-II enhanson
5'-(245)GGAAAGTCCCC(235)-3' (Kanno et al., 1989).
Note that while a mutation at position 235 has no effect on
protein binding in vitro (see Figure 7A and B) or on the
enhancer activity in vivo (Kanno et al., 1989), this residue
has been included in the enhanson since G235 methylation
interferes with protein binding either partially (TC-IIA) or
fully (TC-IIB). The third, AP-2-like, protein interacts with
a sequence which partially overlaps the TC-II enhanson, but
requires additional 3' sequences. In contrast no proteins
appear to interact selectively with the TC-I motif which
correlates with the 'inactivity' of this motif in vivo, both in
the whole SV40 enhancer and when it is oligomerized either
alone or in association with the GT-I enhanson (Zenke et
al., 1986; Nomiyama et al., 1987; Kanno et al., 1989).

Competition and direct binding experiments show that the
protein forming complex A in each cell type binds with
similar affinity to the SV40 TC-II, immunoglobulin xB and
H-2Kb enhansons, while the protein forming complex B has
a much higher (- 10 times) affinity for the H-2Kb enhanson
than for the TC-II and xB enhansons. However, both
proteins appear to exhibit similar, although not fully
identical, sequence requirements for binding to the TC-II
enhanson. Analysis of the binding of each protein to a series
of templates mutated in the TC-ll enhanson indicates that
several mutations were more detrimental to the formation
of complex A than to that of complex B (see below).
The binding site for the TC-II and IIB proteins overlaps

by two nucleotides, at positions 244 and 246 (see Figure
1) with the SV40 enhanson GT-I, 5'-(251)GGGTGTGG
(244)-3', which binds the protein TEF-2 (Xiao et al., 1987b;
Davidson et al., 1988). Both the GT-I and TC-H enhansons,
also overlap with the enhancer 'core' sequence
[5'-(247)GTGGAAAG(240)-3'] (Laimins et al., 1982;
Weiher et al., 1983). However, in the case of the proteins
TC-IIA and TC-IIB, sequences 3' to the 'core' are indispen-
sable for binding, whereas for the TEF-2 protein sequences
5' to the 'core' are absolutely required (Xiao et al., 1987b),
establishing clearly that the proteins TC-IIA and B are dif-
ferent from the AP-3 protein which has been reported to foot-
print on the SV40 enhancer 'core' sequence and was purified
using an affinity column containing this SV40 sequence (Chiu
et al., 1987; Mitchell et al., 1987; Mercurio and Karin,
1989). Moreover, in agreement with our previous gel retar-
dation results (Xiao et al., 1987a,b), no protein binding
specifically to the 'core' sequence could be detected in the
present study, as evidenced by the absence of a complex
which would be formed with the TC-20 template, but not
with the TC-2 template (Figure 2A and data not shown).
These in vitro results correlate well with the in vivo obser-
vations showing that the 'core' motif has no detectable enhan-
son activity in any of the cell types which have been tested
up to now (Fromental et al., 1988; Ondek et al., 1988; Kan-
no et al., 1989).

TC-IIA is an NF-xB-like protein present in nuclear
extracts of both lymphoid and non-lymphoid cells
with the exception of F9(ND) cells where its activity
can be induced by cycloheximide, but not TPA
The protein NF-xB, binds to the xB enhanson of the x chain
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enhancer (Sen and Baltimore, 1986a; Lenardo et al., 1987).
The NF-xB activity, which is present in lymphoid B cells
producing x chains, is induced in the pre-B cell line 70Z/3
by LPS or TPA and a superinduction is observed by
associating LPS or TPA with cycloheximide (Sen and
Baltimore, 1986b). We have observed here that the TC-IIA
activity, which is present in MPC 11 lymphoid B cells, is
LPS-induced in 70Z/3 cells and is superinduced in the latter
cells in the presence of LPS and cycloheximide. A complex,
with an electrophoretic mobility identical to that of complex
A formed with the TC-II enhanson, was also observed with
the xB enhanson in nuclear extracts from the various cell
lines except in untreated F9(ND), and in each case the xB
enhanson competed as efficiently as the TC-II enhanson for
formation of complex A. In addition the DMS methylation
interference patterns obtained with complex A (summarized
in Figure 7B) were identical to those obtained for NF-xB
(Sen and Baltimore, 1986a). Taken together, all of these
observations strongly suggest that the protein forming
complex A in the different nuclear extracts is a NF-xB-like
protein(s), if not NF-xB itself. The activity found in the non-
lymphoid cells was indeed indistinguishable from that found
in the induced 70Z/3 cells [70Z/3(I)] by several criteria:
electrophoretic mobility, methylation interference, binding
affinity to the TC-II, xB and H-2Kb enhansons, nucleotide
requirements for binding to the TC-II enhanson, and
sensitivity to proteolytic digeston. In particular, the fact that
the products of proteolytic digestion are identical in lymphoid
and non-lymphoid cells indicates that in each case the same
or very similar proteins are involved.

It is noteworthy that we detected the presence of an
NF-xB-like activity in nuclear extracts of untreated, HeLa,
F9(ND) and LMTK- non-lymphoid cells, whereas
previous observations indicated that NF-xB was totally
sequestered in the cytoplasm of HeLa cells by an inhibitor
protein, IxB, and could be found in nuclear extracts only
following TPA treatment (Baeuerle and Baltimore, 1988a,b).
Baeuerle and Baltimore (1988a,b) showed also that NF-xB
could be released from its IxB inhibitor by exposing the
cytoplasm of untreated HeLa cells to deoxycholate. We have,
however, detected a moderate (maximum 4-fold) induction
of the TC-IIA/NF-xB-like activity in nuclear extracts from
HeLa cells treated with TPA and/or cycloheximide. On the
other hand, no TC-IIA/NF-xB-like activity could be detected
in the nuclear extracts of untreated F9(ND) cells (Figures
3 and 9B). Interestingly, this activity was induced in the
nuclear extracts of these cells by cycloheximide but not by
TPA treatment (Figure 9B). This inability ofTPA to induce
the TC-IIA binding activity suggests that F9(ND) cells lack
the appropriate protein kinase C activity (Nishizuka, 1988)
or another essential downstream component in the signal
transduction pathway which is present in HeLa and pre-B
cells (see also Shirakawa and Mizel, 1989). However,
deoxycholate (DOC) treatment of whole cell (data not shown)
or cytoplasmic extracts of untreated F9(ND) cells induced
the formation of complex A (Figure 9B), indicating that,
in these cells, the NF-xB-like protein TC-IIA is fully
sequestered in the cytoplasm by an inhibitor protein probably
similar to IxB (see above), which is partially inactivated
following cycloheximide treatment or retinoic acid induced
differentiation.

Other proteins with DNA binding specificities analogous

to TC-IIA (NF-xB-like) have been identified in non-
lymphoid cells (Clark et al., 1988; Wu et al., 1988). Notably
EBP-1, a 57 kd HeLa cell protein, binds specifically to the
TC-ll and the xB enhansons (Clark et al., 1988, 1989; Clark
and Hay, 1989). This protein may correspond to the TC-
IIA protein described here, but further studies will be
necessary to clarify this point. It is therefore possible that
a family of closely related NF-xB-like proteins exists, some
of which (i.e. NF-xB) exhibit cell type specific regulation,
while others would be present in many cell types. However,
we do not understand why we (as well as others, see above)
have found a high NF-xB-like binding activity in untreated
HeLa cell nuclear extracts that was only weakly induced by
TPA and cycloheximide, whereas in other studies this
activity was low and strongly induced by these agents
(Baeuerle and Baltimore, 1988a,b). It is unlikely that in our
case this discrepancy could be accounted for by differences
in nuclear extract preparation protocols, since the same
protocol was used for the preparation of F9(ND) nuclear
extracts where complex A could not be detected unless the
cells were treated with cycloheximide (see above). More-
over, the TC-II enhanson is active in untreated HeLa cells
in vivo (see Kanno et al., 1989), suggesting that the TC-IIA
protein is 'normally' active in these cells. Cloning and
comparison of the cDNAs encoding each of these NF-xB-
like proteins will be necessary to understand their rela-
tionship.

The TC-IIB protein is a KBF1/H2TF1-fike protein
Proteins TC-IIA and TC-IIB can be differentiated in several
ways. Each protein forms a complex of distinct electro-
phoretic mobility and, while the formation of the TC-IIB
complex appears to be ubiquitous, the TC-IIA complex is
not formed with nuclear extracts of untreated F9(ND) cells.
Limited proteolytic digestion of the TC-IIA and TC-IIB
complexes results in the appearance of a faster migrating
complex A' and a concomitant decrease in complex A, but
complex B remain unchanged, indicating that protein A
contains a pepsin sensitive site absent in protein B.
Moreover, the formation of the TC-IIA and TC-IIB
complexes shows a differential response to TPA and cyclo-
heximide treatment. In 70Z/3 and HeLa cell nuclear extracts,
the TC-IIA activity is induced by each of these treatments,
where it is induced only by cycloheximide treatment in
F9(ND) nuclear extracts. In contrast, the formation of the
protein TC-IIB complex remains unaffected in all cases.

Competition gel retardation results show that, while the
forming complex A binds with similar affinity to the TC-II,
xB and H-2Kb sequences, the protein forming complex B
binds with a higher affinity to the H-2Kb sequence. Further-
more, TC-II enhanson methylation interference experiments
(our unpublished results) indicate that methylation of G235
partially interferes with formation of complex A, while com-
plete interference is seen for complex B formation (see
Figure 7B). These latter two observations are consistent with
those described for the protein KBFl/H2TF1 identified in
MEL, HeLa and 3T6 cell extracts (Israel et al., 1987; Yano
et al., 1987; Baldwin and Sharp, 1987, 1988), which binds
to the palindromic sequence 5'-TGGGGATTCCCCA-3' (see
KB-l in Figures 2 and 7B) in the upstream regulatory region
of the H-2Kb gene. This protein, which has been implicated
in the control of expression of the H-2Kb gene (Kimura et
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al., 1986; Baldwin and Sharp, 1987), was shown to bind
to the TC-II/xB sequence at least five times less efficiently
than to the H-2Kb sequence, and methylation interference
experiments indicate that methylation of all of the G residues
on each strand of the palindrome interfere with protein
binding (Baldwin and Sharp, 1987; Israel et al., 1987; see
Figure 7B). Thus, the properties of the TC-IIB protein
closely resemble those of the KBFl/H2TF1 protein.

Analysis of the binding of TC-IIA and TC-IIB to a series
of mutated templates also reveals differences between these
two proteins. Mutations at positions 244 and 245 have a more
detrimental effect on the binding of TC-IIA, than on that
of TC-IIB (TC-6 and 7 in Figure 7a). In addition, mutation
at position 242 also results in a weaker binding of TC-IIA
compared with TC-IIB. As expected, mutations of A243 or
242 to G, bringing the TC-II sequence closer to the H-2Kb
sequence (Figure 7B) had no effect on the formation of either
the TC-IIA or B complexes (our unpublished results).

Binding of the TC-IIA and B proteins to sequences
related to the TC-II enhanson
Several TC-II-related sequence motifs (see Figure 7C)
located in the HIV LTR (Nabel and Baltimore, 1987; Franza
et al., 1987), the IL-2 promoter (Hoyos et al., 1989; and
references therein), the IL-2 receptor a (IL-2Ra) promoter
(Leung and Nabel, 1988; Cross et al., 1989; and references
therein), and the fl-interferon promoter (3-IFN PRDII site)
(Fujita et al., 1989; Hiscott et al., 1989; Lenardo et al.,
1989; Visvanathan and Goodbourn, 1989) have been shown
to bind NF-xB-like proteins. Each of these sites, with the
exception of the HIV LTR, diverges from the consensus
sequence exemplified by the TC-II/xB enhanson (in each
case the differences from the TC-HI/xB enhanson have been
underlined-see Figure 7C).

In competition gel retardation experiments, the IL-2
sequence competed more efficiently for the formation of
complexes between protein B and either the TC-II or the
H-2Kb motifs than for the formation of complexes between
protein A and the same motifs (our unpublished data),
suggesting that in vivo the KBF1/H2TF1 factor or a related
protein, and not a NF-xB-like protein, may be involved in
the activation of the IL-2 promoter. The higher affinity of
the IL-2 sequence for the TC-IIB protein is consistent with
our observations (Figure 7) that the G - T mutation at
position 244 of the TC-II enhanson has a more detrimental
effect on the binding of TC-IIA than on that of TC-IIB, and
that the A - G mutation at position 243 has no deleterious
effect on the binding of proteins TC-IIA and TC-IIB (our
unpublished results). The ,B-IFN PRDII motif (Figure 7C)
competes for formation of the TC-IIA and TC-IIB complexes
as efficiently as the TC-II/xB enhanson (our unpublished
results), suggesting that some base changes, (A -T) at
position 241 and (G - T) at position 240, have no effect
on the binding of the proteins TC-IIA and B to the TC-II/xB
enhanson. In agreement with this assumption, we have found
here that the G - T transversion at position 240 has little
effect on protein binding to the TC-II/xB enhanson (TC-II
in Figure 7A). However, if a A - T change is tolerated
at position 241, it is clear that the A -C transversion in
the TC-II/xB enhanson at the same position (TC-10 in Figure
7A) is deleterious to the binding of both proteins TC-IIA
and B. Our observations (Figure 7A and unpublished data)

that the base changes, A - G at position 242 and G - T
at position 240 of TC-II, have no effect on the binding of
TC-IIA are in agreement with the observation that the
IL-2Rcz sequence which contains these changes (see Figure
7C) is a high affinity NF-xB binding site (Cross et al., 1989).

It appears therefore that there are a number of positions
within the TC-II enhanson where nucleotide changes do not
affect the binding of proteins TC-IIA and B, but that different
nucleotide substitutions at each of these positions may
differentially affect the binding of the NF-xB and KBF1/
H2TF1-like proteins, e.g. in the case of the IL-2 motif (see
above). Thus, conclusions concerning the possible role of
TC-I1A/NF-xB-like or TC-IIB/KBF1/H2TFl-like factors in
the activation of transcription from TC-H/xB or H-2Kb-like
motifs cannot be readily deduced by sequence comparisons
(see also the Discussion of Kanno et al., 1989), as
exemplified by the observation that the IL-2Ra and xB
sequences are not functionally interchangeable (Cross et al.,
1989).

The AP-2 factor binds to a sequence overlapping
with, but distinct from the TC-II enhanson
A third protein was detected which binds to the SV40
enhancer region containing the TC-motifs and can be
efficiently competed by the human metallothionein IIA
enhancer sequence containing the AP-2 binding site (Figures
1, 2 and 10). This binding activity probably corresponds to
the AP-2 protein (Imagawa et al., 1987; Mitchell et al.,
1987), since its binding site, as deduced from competition
with templates TC-0, TC-1, TC-2 and TC-20 to TC-26
(Figures 2 and 10, and unpublished data), corresponds
closely to the AP-2 consensus site 5'-CCCCAGGC-3'
(Mitchell et al., 1987). However in contrast to a previous
report (Imagawa et al., 1987), the SV40 sequences appear
to be at least five times less efficient as a competitor when
compared with the metallothionein sequence (MET-1, in
Figure 2). This discrepancy may be due to the method of
comparison, competition using the gel retardation assay in
our case, and titration using DNase I footprinting in the other
report. Our competition results also indicate that AP-2 cannot
bind efficiently to the TC-I motif, which is in contrast to
the DNase I footprinting data of a previous report which
suggested that the TC-I motif within the whole SV40
enhancer sequence is also an AP-2 binding site (Mitchell et
al., 1987). At present no clear role for the AP-2 protein in
the activation by the SV40 enhancer in vivo can be assign-
ed. Although this protein activates moderately SV40
transcription in vitro (Mitchell et al., 1987), the bases
mutated in TC-22, which are specific to, and deletrious for
AP-2 binding in vitro, are not detrimental to the SV40
enhancer activity in vivo (Zenke et al., 1986). Moreover,
there is no evidence indicating that the SV40 AP-2 site can
act as an enhanson in vivo (Kanno et al., 1989), although
a moderate stimulation of transcription was seen using a

reporter gene containing the metallothionein AP-2 binding
site in Drosophila cells where the AP-2 protein was overex-

pressed (Williams et al., 1988).

Materials and methods

Preparation of nuclear extracts
Nuclear extracts were prepared at 4°C from HeLa, F9(ND), MPCl 1,
LMTK- and 70Z/3 cells according to the method of Dignam et al. (1983)

4225



M.Macchi et al.

with the modifications of Wildeman et al. (1984) and dialysed for 3 h against
buffer C [20 mM HEPES pH 7.9, 2 mM dithiothreitol (DTT), 1 mM
MgCl2, 20 mM KCI, 25% glycerol (w/v) and 0.2 mM phenylmethyl-
sulphonyl-fluoride (PMSF)]. Induced 70Z/3 cell extracts were obtained by
treating the cells with 10 Zg/ml LPS (Difco) for 4 h prior to extract
preparation, as previously described (Paige et al., 1978; Staudt et al., 1986).
70Z/3 extracts were also prepared from cells treated with cycloheximide
(Aldrich-Chimie) added at a concentration of 10 jig/mI 20 min before the
addition of LPS (Sen and Baltimore, 1986b). For HeLa and F9(ND) cell
extracts, the phorbol ester tumor promoter TPA was added at a concentra-
tion of 100 ng/ml for 4 h, and cycloheximide at 35 ,tg/ml for 4 h (Wan
et al., 1987). Protein concentration was measured by the method of Bradford
(1976).

Construction of recombinant plasmids and preparation of DNA
templates
Synthetic oligonucleotides, TC-1F and TC-2F (Figure 2), were cloned
between the KpnI and BamHI sites of a modified pUC18 vector (Rosales
et al., 1987) by 'shotgun' ligation (Grundstrom et al., 1985). Plasmids were
prepared by standard methods (Zenke et al., 1986) and purified over two
CsCI gradients. The nucleotide sequence of the inserts was verified by the
dideoxynucleotide chain termination method (Sanger et al., 1977). The
plasmids were cleaved at the BamHI site, dephosphorylated with calf alkaline
phosphatase, and labelled with [-y32P]ATP (5000 Ci/mmol; Amersham)
using T4 polynucleotide kinase. The end-labelled templates were excised
with KpnI, purified on a 5% polyacrylamide gel and recovered by
eletroelution to yield the 123 bp template fragments TC-IF and TC-2F.
All other templates (Figure 2) were obtained as follows. Two chemically
synthesized complementary oligonucleotides (5 pmol) were 32P-5'-end
labelled separately with T4 polynucleotide kinase, mixed, incubated for
10 min at 65°C, and then left at room temperature for 1 h. The resulting
double stranded DNA templates were purified on a 10% polyacrylamide
gel and recovered by eletroelution.
To prepare competitor DNA, an equal quantity (200 pmol) of the two

complementary oligonucleotides was added to a hybridization buffer
containing 10 mM Tris-HCI pH 7.5 and 10 mM MgCI2 and the mixture
was incubated for 1 h at room temperature.

Gel retardation and methylation interference assays
Gel retardation assays were performed essentially as described by Strauss
and Varshavsky (1984) with the modifications of Singh et al. (1986). 5 jig
of protein was mixed with 2-4 Ag of poly(dI-dC) (Pharmacia) in 15 /O
of 15 mM NaCl, 1 mM MgCI2, 0.02 mM EDTA, 3 mM Tris-HCI
pH 7.5, 0.1 mM DTT, 0.4 mM sodium phosphate pH 7.0 and 6% glycerol.
The mixture was preincubated at 0°C for 15 min followed by the addition
of 2-5 fmol (1-1.5 x 104 c.p.m.) of either the 32P-5'-end-labelled DNA
fragments or synthetic oligonucleotides. Incubation was continued at 20°C
for 15 min and the DNA -protein complexes were loaded onto a low ionic
strength 6% polyacrylamide gel (30:1 cross-linking ratio) containing 6.7 mM
Tris-HCI pH 7.5, 3.3 mM sodium acetate and 1 mM EDTA. Treatment
of cytoplasmic extracts with deoxycholate (DOC) and NP40 after the addition
of the 32P-5'-end-labelled probe was performed as described by Baeuerle
and Baltimore (1988a). Electrophoresis was performed at 150 V until a
suitable separation had been achieved. The gel was then dried and
autoradiographed.
The methylation interference experiments were performed essentially as

previously described (Hendrickson and Schleif, 1985). 1 x 106 c.p.m. of
32P-5'-end-labelled DNA was methylated at 20°C for 4 min in 50 Al of
50 mM sodium cacodylate pH 8.0, 1 mM EDTA by the addition of 2 /Il
of DMS. The methylated DNA was ethanol-precipitated, washed with 70%
ethanol and used in the retardation assay as described above. After
electrophoresis the wet gel was autoradiographed at 4°C overnight. The
complexed 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 an 8% 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,
the exception being the addition of cold competitor DNA (as indicated in
legends to figure) at the same time as the labelled DNA following the
preincubation period.

Proteolysis experiments
A pepsin stock of 1 mg/ml (Sigma) was diluted in 10mM Tris-HCIpH 7.9
and 50% glycerol to 100, 10 nd 1 ng/lA; pepsin was added to the binding

reaction as indicated in the legend to Figure 4, and after incubation at 250C
for 10 min, inactivated with 250 ng of the protease inhibitor pepstatin (Sigma)
prior to loading the 'retardation' gel as described above.
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