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Negative Protein 1, Which Is Required for Function of the Chicken
Lysozyme Gene Silencer in Conjunction with Hormone Receptors,
Is Identical to the Multivalent Zinc Finger Repressor CTCF
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The transcriptional repressor negative protein 1 (NeP1) binds specifically to the F1 element of the chicken
lysozyme gene silencer and mediates synergistic repression by v-ERBA, thyroid hormone receptor, or retinoic
acid receptor. Another protein, CCCTC-binding factor (CTCF), specifically binds to 50-bp-long sequences that
contain repetitive CCCTC elements in the vicinity of vertebrate c-myc genes. Previously cloned chicken, mouse,
and human CTCF cDNAs encode a highly conserved 11-Zn-finger protein. Here, NeP1 was purified and DNA
bases critical for NeP1-F1 interaction were determined. NeP1 is found to bind a 50-bp stretch of nucleotides
without any obvious sequence similarity to known CTCF binding sequences. Despite this remarkable differ-
ence, these two proteins are identical. They have the same molecular weight, and NeP1 contains peptide
sequences which are identical to sequences in CTCF. Moreover, NeP1 and CTCF specifically recognize each
other’s binding DNA sequence and induce identical conformational alterations in the F1 DNA. Therefore, we
propose to replace the name NeP1 with CTCF. To analyze the puzzling sequence divergence in CTCF binding
sites, we studied the DNA binding of 12 CTCF deletions with serially truncated Zn fingers. While fingers 4 to
11 are indispensable for CTCF binding to the human c-myc P2 promoter site A, a completely different
combination of fingers, namely, 1 to 8 or 5 to 11, was sufficient to bind the lysozyme silencer site F1. Thus,

CTCF is a true multivalent factor with multiple repressive functions and multiple sequence specificities.

Transcriptional repression is an important feature of gene
regulation in prokaryotes as well as in eukaryotes. Despite the
wealth of information on prokaryotic repression, eukaryotic
repression has been analyzed only quite recently. In addition to
the mechanism of repression conferred by competitive binding
to a particular DNA target sequence, active repression is an
important mechanism of transcriptional inhibition (for a re-
view, see reference 14). Possible mechanisms for active repres-
sion have been summarized as involving a repression domain
either (i) interfering directly with the preinitiation complex, (ii)
binding to coactivators, or (iii) mediating repression by binding
to corepressors, which in turn interfere with coactivators or the
preinitiation complex. Such active repression has been found
in several cases, and the corresponding regulatory sequences
have been called silencers, analogous to enhancer elements,
since they function independent of their position and orienta-
tion and since they are often organized in a modular structure
(for a review, see reference 25).

Such a modular structure has been found for the chicken
lysozyme silencer, located 2.4 kb upstream of the transcrip-
tional start site. This silencer is comprised of two DNA re-
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sponse elements (F1 and F2) which synergistically repress gene
activity. One silencer module (F2) is bound either by v-ERBA,
the thyroid hormone receptor (T3R), or the retinoic acid re-
ceptor (RAR) (4). Functional tests revealed that ligand-free
T3R, RAR, or v-ERBA acts as a silencer protein (3, 4). In the
presence of T3R and the ligand (thyroid hormone [T3]), the
two silencer modules can synergistically activate gene tran-
scription (17). The second module (F1) of the chicken ly-
sozyme silencer binds a ubiquitously expressed nuclear protein,
termed negative protein 1 (NeP1). The biochemical character-
istics of NeP1 have been determined previously (17), leading to
identification of the most unusual property of binding quite a
long stretch of DNA (about 50 bp) as a monomeric protein.
Negative transcriptional regulation is also believed to play
an important role in maintaining appropriate expression levels
of the c-myc oncogene during normal cell growth stimulation
and differentiation (24). A highly conserved and ubiquitously
expressed transcriptional repressor, CTCF, has been shown to
bind to a negative element upstream of the chicken myc pro-
moter (21). This binding site (footprint V [FPV]) contains
several CCCTC repeats (11, 16) and is bound by a single DNA
binding domain of CTCF, comprising 11 Zn fingers (16). In
contrast to the upstream position of the binding site in the case
of the chicken c-myc gene, CTCF binds to sites within the
coding regions of the mouse and human c-myc genes (11).
These sites are known to function as RNA polymerase II
pausing regions (9, 18, 26, 27). One common feature of each of
the 50-bp-long CTCF binding sites in c-myc genes is a high GC
content: 65, 85, and 87% in sites A and B of mammalian c-myc
genes and site V of the chicken c-myc gene, respectively. Here
we show, despite an extreme divergence between the GC-rich
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CTCF binding sites in the c-myc genes and the AT-rich ly-
sozyme silencer F1 sequence, which contains no CCCTC motif,
that the F1 binding factor NeP1 is identical to CTCF. The
high-affinity binding of CTCF to different sequences is appar-
ently achieved by involving different sets of the 11 Zn fingers.

(This work contains parts of the Ph.D. thesis of M. Burcin.)

MATERIALS AND METHODS

Purification and sequencing of NeP1. NeP1 was purified from HeLa cell
nuclear extract and prepared as described previously (1). Fractions eluting with
600 mM NaCl from an F1 DNA-affinity column were separated by sodium
dodecyl sulfate (SDS)-7% polyacrylamide gel electrophoresis (PAGE) (20). The
gel was stained with Coomassie brilliant blue, and the NeP1 band was excised
and cleaved directly in the gel essentially as described elsewhere (8). After
extensive washing with water, the gel pieces were minced, dried in a SpeedVac
concentrator, resuspended with 200 pl of buffer (12 mM Tris, 0.5 mM EDTA, pH
8.5) containing endoprotease LysC (Boehringer Mannheim), and incubated at
37°C for 8 h at an enzyme-to-protein ratio of 1:10. The resulting peptide frag-
ments were eluted twice with 60% acetonitrile-0.1% trifluoroacetic acid (each
for 1 h), and the eluate was filtered through an Anotop filter (0.02-wm pore size;
Merck) and concentrated by evaporation with the SpeedVac concentrator. The
peptides were separated by reversed-phase high-pressure liquid chromatography
(column, Superspher 60RP-select B; Merck). Eluents were 0.1% trifluoroacetic
acid in water (solvent A) and 0.1% trifluoroacetic acid in acetonitrile (solvent B).
The gradient used was 0 to 60% solvent B in 60 min; the flow rate was 300 wl/min.
Eluted peptides were detected at 206 nm and sequenced in an ABI 492A pulsed
liquid phase protein sequencer (Applied Biosystems, Weiterstadt, Germany)
according to the manufacturer’s instructions.

CTCF expression. The full-length cDNA of chicken CTCF was expressed in
COS-1 cells with the plasmid pSG5-CTCF (16). A total of 2 X 10° to 3 X 10°
COS 1-cells were transfected with 25 pg of DNA by the standard protocols. After
cultivation for 48 h, the cells were collected, resuspended in 200 pl of lysis buffer
(20 mM HEPES [pH 7.8], 400 mM KClI, 20% glycerol, 2 mM dithiothreitol), and
frozen in cold methanol (—80°C). After thawing on ice and sedimentation of the
cell debris (11,000 rpm, 4°C, 10 min), the supernatant was used for electro-
phoretic mobility shift assay (EMSA) (see below).

CTCF Zn finger deletions were generated (11) and expressed by in vitro
transcription and translation using the TnT Kit (Promega). Quality of translation
was monitored by SDS gel analysis of [3>-S]Met-labelled proteins, and similar
quantities of the different deletions were judged after staining of the SDS-
acrylamide gel. For the EMSA experiments, equal amounts of translation reac-
tion products were used per lane.

Southwestern blot and Western blot analysis. After separation of crude nu-
clear proteins or NeP1-CTCF-enriched protein fractions by SDS-PAGE using a
7% polyacrylamide gel, the proteins were electroblotted onto a polyvinylidene
difluoride membrane (Immobilon P; Millipore). For Southwestern blot analysis,
the membrane, after de- and renaturation, was blocked overnight in SW buffer
(20 mM HEPES [pH 7.6], 20 mM KCl, 5 mM MgCl,, 10% [vol/vol] glycerol, 1
mM dithiothreitol) with 5% (wt/vol) milk powder (Carnation). The membrane
was washed several times with SW buffer and preincubated with 4 ml of SW
buffer containing 2 pg of poly(dI-dC) for 1 h. Incubation with the radioactive
DNA (2.5 X 10° to 10 X 10° cpm/ml of buffer) was carried out at 16°C for 3 h
in a rotating cylinder. After repeated washes in SW buffer, the membrane was air
dried and autoradiographed. For Western blot analysis, the protein-loaded mem-
brane was treated according to the manufacturer’s protocol (Aurion).

Probe construction. The F1 sequence upstream of the chicken lysozyme gene
was synthesized as complementary oligonucleotides of 66 bp in length, annealed,
and end labelled with a-*>?P-deoxynucleoside triphosphates with Klenow enzyme.
The CTCF binding element FPV from the chicken c-myc promoter region was
isolated from pFPV (16) by HindIII/EcoRI digestion. The resulting fragment of
88 bp was end labelled with a->*P-deoxynucleoside triphosphates with Klenow
enzyme, loaded onto a 5% polyacrylamide gel, cut out, and eluted in TE buffer
(10 mM Tris, 1 mM EDTA, pH 7.6) under gentle agitation for 15 h at room
temperature.

EMSA. DNA-protein binding reactions for the EMSA were carried out in 40
wl of 1X SW buffer supplemented with 1 to 4 pug of salmon sperm DNA and 0.5
to 1.0 pg of poly(dI-dC) depending on the protein amounts. After preincubation
for 15 min on ice, 15 to 40 fmol of the radiolabelled probe was added and
incubated for 20 min at room temperature. DNA-protein complexes were ana-
lyzed on nondenaturing polyacrylamide gels (5% [wt/vol] acrylamide; 0.125%
[wt/vol] bisacrylamide) in TBE buffer (90 mM Tris, 90 mM borate, 2 mM EDTA,
pH 8.3). Electrophoresis was performed at 4°C with a field strength of 12 V/cm
for 3 h.

DMS-DEPC interference assay. A single-stranded F1 oligonucleotide (sense
or antisense) was end labelled with [y->?P]dATP with T4 polynucleotide kinase
according to the supplier’s instructions (Boehringer; New England Biolabs). The
probes were heated for 2 min to denature the enzyme, and the DNA was
annealed to the unlabelled complementary strand. The oligonucleotides were
passed over a Sephadex G-50 column and ethanol precipitated. The probes were
treated with dimethyl sulfoxide (DMS) or formic acid according to the work of
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Maniatis et al. (23). The diethylpyrocarbonate (DEPC) treatment was carried
out as described by Sturm et al. (28). DMS- and DEPC-treated probes were used
in a preparative EMSA reaction. After electrophoresis, the bands were excised
and eluted in TE buffer (10 mM Tris, 1 mM EDTA, pH 7.6) overnight at 4°C.
After pelleting of the acrylamide by centrifugation, the DNA was precipitated
and cleaved with 10% piperidine at 90°C for 30 min. A total of 10,000 cpm of
each probe was applied to a 10% polyacrylamide sequencing gel.

Site-directed mutagenesis and cell culture. Mutated F1 sequences were gen-
erated with the Muta-Gene phagemid in vitro mutagenesis kit (Bio-Rad) as
described by Kunkel (19). The chicken cell line HD3 was cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum, 2% chicken
serum, 100 pg of streptomycin per ml, and 100 U of penicillin per ml (Gibco).
DNA transfections and chloramphenicol acetyltransferase (CAT) assays were
carried out as described elsewhere (4, 17).

RESULTS

Purification and sequencing of NeP1 show identities with
CTCF. Since only a few actively repressing transcription factors
have been analyzed in detail (for a review, see reference 14)
and since the modular structure of the lysozyme silencer shows
interesting synergy in both repression and induction, we
wanted to purify and characterize NeP1. HeLa cell nuclear
extract was prepared and applied onto a Q-Sepharose column
to enrich NeP1. The fractions eluting from 350 to 500 mM
NaCl were further fractionated with a heparin-Sepharose col-
umn. NeP1 purification was controlled by EMSAs at each
fractionation step with the F1-DNA sequence used as probe.
Fractions with detectable NeP1 DNA binding activity were
eluted with 900 mM NacCl with a step gradient. After dialysis,
the protein fractions were applied to an F1-DNA-affinity col-
umn. Fractions eluting with 600 mM NaCl were further puri-
fied by SDS-PAGE. Analytical lanes were blotted, and NeP1
was identified by a Southwestern procedure (5). After separa-
tion on a preparative gel, the NeP1 band was cut out, blotted,
and sequenced (8). The sequences obtained were LRY-
TEEGK and (S)DLGVHLRK. Since the peptides are derived
from a digestion with endoproteinase LysC, the peptide se-
quences given should be preceded by a lysine residue. A data-
base search identified the protein as the transcription factor
CTCF (11, 16). This finding was surprising and unexpected,
since inspection of the long AT-rich NeP1 binding sequence F1
showed no apparent similarity to the previously characterized
GC-rich CTCF binding sites in the c-myc gene proximal pro-
moter regions. Therefore, we wanted to employ additional
criteria to test whether indeed NeP1 is identical to CTCF.

NeP1 and CTCF have identical properties. Initially we asked
whether the F1 binding NeP1 protein copurifies with CTCF.
The NeP1 purification was controlled at each fractionation
step by binding to the F1 DNA sequence. Binding was tested
by EMSA (not shown) as well as by Southwestern analysis (Fig.
1A). Typical for Southwestern experiments is the detection of
several nonspecific bands in addition to the specific band.
Binding specificity was determined by competition experiments
with the unlabelled F1 DNA and as a control with a nonspecific
unlabelled DNA. These competitions revealed that proteins
migrating at an apparent molecular mass of 130 kDa bind
specifically to the F1 element (5). The same apparent molec-
ular weight is found for CTCF (21) (Fig. 1B). In order to assess
whether the F1 binding NeP1 protein copurifies with CTCEF,
we performed a Western blot analysis. A band recognized by
immunoblotting with an anti-CTCF antibody (Fig. 1B) comi-
grates with a band identified by the F1 fragment in the South-
western experiment. Moreover, the NeP1 Southwestern band
and the CTCF Western band are present in identical chroma-
tography fractions throughout the entire purification proce-
dure (Fig. 1). Therefore, NeP1 has the properties of CTCF in
affinity chromatography on the F1-containing column.

EMSA experiments with the F1 DNA and nuclear extracts
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FIG. 1. Purification of a protein detected by NeP1-specific DNA and by a
CTCF-specific antibody. (A) Autoradiogram of a Southwestern experiment with
SDS-PAGE-separated and blotted proteins visualized with the 3?P-labelled F1
DNA. The band marked “NeP1/CTCF” is the specific band (5) seen in unfrac-
tionated nuclear extract (ne), after Q-Sepharose fractionation (QS), subsequent
ammonium sulfate precipitation (ppt), and further fractionation by heparin
Sepharose (HS) and DNA-affinity column (DNA). (B) Western blot analysis of
fractionated nuclear extract (see panel A) after SDS-PAGE and blotting with a
polyclonal antibody against chicken CTCF (16). As a negative control, bacterial
protein extract was used (lane B).

from several species revealed the same mobility of the specif-
ically retarded complex (17). The detailed comparison between
chicken and human nuclear extracts in proteolytic clipping
assays demonstrated a high conservation of this protein in the
two species (17), a finding recently demonstrated for CTCF on
the amino acid level as well (11). Therefore, we asked whether
the cloned and expressed chicken CTCF would generate a
band shift with the F1 sequence comparable to that of HeLa
nuclear extract. This is clearly the case, since an identical
position is found for both retarded complexes (Fig. 2, lanes 1
and 2). Affinity-purified NeP1 shows an additional band of
higher mobility which is frequently seen and which very likely
is caused by a degradation during the purification procedure.

We next used protease digestion to determine the identity of
purified NeP1 with cloned CTCF. Treatment of both affinity-
purified NeP1 and cloned chicken CTCF expressed in COS
cells with two different proteases (trypsin and dispase) revealed
a set of partial proteolytic degradation products binding to the
F1 sequence (Fig. 2). All of these products were found for both
NeP1 and CTCF, providing further evidence for the identity of
NeP1 and CTCF.

Since previous publications have identified F1 and site V as
strong and specific binding sites for NeP1 and CTCF, respec-
tively, we wondered whether F1 and site V show similar affin-
ities to the purified NeP1 protein. Therefore, we carried out
gel retardation assays using both response elements and the
affinity-purified NeP1 protein (Fig. 3). Both DNA elements
generate similarly retarded bands, showing only a slight differ-
ence in migration between the DNA probes caused by the
different probe lengths. Specific competition with the F1 se-
quence is identical for both retarded complexes, and nonspe-
cific competition does not affect either complex (Fig. 3), indi-
cating that there is no gross difference in binding affinity to
these two binding sites. Therefore, CTCF and NeP1 bind
equally well each other’s cognate binding sites.
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FIG. 2. Proteolytic band shift assay. Affinity-purified NeP1 or nuclear extract
from COS cells expressing chicken CTCF was used for band shift reactions with
the F1 probe. Lanes marked with trypsin or dispase indicate the protein treat-
ment with increasing amounts of the respective protease. Affinity-purified NeP1
shows an additional band of higher mobility which is frequently seen and which
very likely is caused by a degradation during the purification procedure.

Taken together with our data on NeP1 peptide sequencing,
all of the above tested parameters argue strongly for the iden-
tity of NeP1 and CTCF.

Protein contact sites within the F1 sequence. We wondered
whether the apparent divergence between F1 and other CTCF
binding sites would be reflected in a different contact pattern
visualized by a methylation and carbethoxylation interference
assay. In this assay, the F1 sequence was partially methylated at
the N-7 positions of the guanines or partially carbethoxylated
at the N-7 positions of the adenines. Subsequent EMSA with
the purified NeP1 fraction separated the protein-bound DNA
from the unbound DNA. The methylation or carbethoxylation
of each of the two DNA strands was visualized after piperidine
reaction and separation of the reaction products on a sequenc-
ing gel (Fig. 4). Several positions throughout the binding site,
when modified, were found to interfere with protein binding

ol bt -t et b bd bt ot W <=NePI/CTCF
WHHHHM

£l - FPV _ Gelshift probe
- F1 F1 FI F1 DR4 -~ F1 Fl F1 Fl1 DR4 Competitor DNA
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FIG. 3. Affinity-purified NeP1 binds with similar affinities to the F1 and the
FPV probes. The band shift reaction was analyzed in the presence or absence of
specific (F1) or nonspecific competitors with the indicated amounts. Nonspecific
competition was tested with a binding site for the thyroid hormone receptor
(DR4).
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FIG. 4. Specific methylated or carbethoxylated nucleotides in the F1 se-
quence interfere with protein binding. Either of the 3*P-end-labelled strands
(sense or antisense) was annealed with the complementary strand and partially
methylated (DMS) or carbethoxylated (DEPC). The unbound (U) and the pro-
tein-bound (B) DNA were analyzed after a gel shift reaction with purified NeP1.
The modified nucleotides interfering with binding are indicated by asterisks.

(labelled with an asterisk in Fig. 4). The distribution of these
interfering sites is indicated on the DNA double helix (Fig.
5A). A large region is covered by these sites, which are found
on the back as well as on the front of the DNA. A gap in
contact sites is seen in the vicinity of the site preferentially cut
by DNase I after NeP1 binding in vitro (4). Similarities and
differences in these interference patterns among the three se-
quences (F1 and c-myc sites A and V) are summarized and
discussed below (see Fig. 7).

To verify the residues critical for NeP1 binding, we gener-
ated clustered point mutations within the F1 sequence. Three
different mutants (mutl to mut3) containing mutations in two
adjacent nucleotides (Fig. 5A and 7) were designed. Gel re-
tardation analysis with the purified NeP1 fraction revealed that
all three mutant F1 fragments show a severely reduced binding
affinity: mut2 retains a residual binding activity, whereas the
specific binding of mutl and mut3 is not detectable (Fig. 5B).

Mutations which specifically eliminate protein binding to
the F1 sequence reduce synergistic repression of the silencer
mediated by v-erbA. The natural sequence arrangement of F1
within the chicken lysozyme silencer is such that it is adjacent
to the T3R binding site F2 (4). In order to test whether the
contribution of the F1 sequence to repression depends specif-
ically on the ability of NeP1-CTCF to bind to this sequence, we
cloned the mutated F1 sites (F1mutl through Flmut3) and a
double mutation (F1lmutl+mut3) next to the F2 site upstream
of the tkCAT reporter gene. Transfection of these F1-F2 con-
structs into chicken HD3 cells showed, as predicted by our
previous data (4), a strong repression mediated by the pres-
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ence of both F1 and F2 elements in response to v-erbA binding
to the F2 element sequence (Fig. 5C). While the wild-type
F1-F2 combination leads to a synergistic increase in repression,
the F1 element alone does not noticeably affect reporter gene
activity (Fig. 5C) except in the case of a multimerized F1
element (4). Remarkably, all three mutations in the F1 se-
quence which eliminated or decreased NeP1-CTCF binding
result in practically complete loss of synergistic repression (Fig.
5C). Therefore, CTCF binding to the element F1 is required
for efficient transcriptional repression in response to v-erbA
binding in the vicinity of the F2 element.

Different sets of CTCF Zn fingers bind the divergent CTCF
binding sequences. Having shown that NeP1 factor binding to
the F1 lysozyme silencer element is CTCF, we asked how this
protein could recognize this DNA sequence, which has so little
similarity to the sequence of CTCF binding sites determined
previously in c-myc genes (see Fig. 7) (11, 16). Since a single
Zn finger can recognize and make contacts with three to four
consecutive base pairs (7, 10), the arrangement of CTCF-
contacting bases in the F1 DNA segment compared to that in
two other CTCF binding sites (summarized in Fig. 7) suggests
that within the 11-Zn-finger domain of CTCF different groups
of individual fingers may be used to create different DNA
interaction subdomains capable of specific binding to different
nucleotide sequences. If so, then different fingers deleted se-
quentially from either end of the 11-Zn-finger region should
contribute specifically to the binding to divergent sequences.
This hypothesis was tested by using the full-length DNA bind-
ing domain of CTCF and its 11 serially truncated forms (11)
for EMSA with the F1 sequence as a DNA probe. The amino-
terminally deleted CTCF forms containing Zn fingers 2 to 11,
3to 11, and 4 to 11 generated an amount of complexed DNA
similar to that of the full-length DNA binding domain contain-
ing Zn fingers 1 to 11 (Fig. 6A). Even the deletion with the
remaining fingers 5 to 11 showed only a slight reduction of
binding activity in contrast to that exhibited by fingers 6 to 11,
which have lost almost all of the F1 binding activity. Similarly,
the carboxy-terminal deletions show that some particular fin-
gers are dispensable: fingers 1 to 10 show wild-type binding,
whereas fingers 1 to 9 and 1 to 8 display a gradual loss in
generating a DNA complex. Only fingers 1 to 7 and the more
severe deletions 1 to 6 and 1 to 5 have lost detectable DNA
binding activity. Therefore, fingers 1 to 8 or fingers 5 to 11 are
sufficient to bind to the F1 DNA fragment, indicating that
fingers 5 to 8 are necessary. This particular type of finger
contribution to DNA binding by CTCEF is remarkably different
from that described previously with the site V sequence and
with the c-myc site A sequence (11). For example, and also for
control and comparison, c-myc site A was tested here as well,
showing that fingers 4 to 11 have lost almost all binding activity
and that the C-terminal deletion of the single finger number 11
(construct 1 to 10) also abrogates DNA binding (Fig. 6B).

Thus, the tested sequences require different sets of the
CTCF Zn fingers (Fig. 7). This finding explains how a partic-
ular DNA binding protein efficiently and specifically binds
highly divergent DNA sequences.

DISCUSSION

Transcriptional repression in eukaryotes is achieved by a
variety of mechanisms. One class of mechanisms involves spe-
cific domains of DNA binding proteins actively repressing gene
transcription (for a recent review, see reference 14). These
repression domains may either act directly on the preinitiation
complex, or on activation domains of transcriptional activators
including their coactivators, or bind to corepressors. Combi-
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FIG. 5. Mutations within the F1 sequence interfere with binding and function. (A) The F1 sequence DNA helix model is shown with the interfering nucleotides
(from Fig. 4) indicated by shaded circles. Dark shading indicates the interfering base modifications facing the front of the helix, whereas the light shading indicates a
location behind the helix. The sugar residues of interfering nucleotides are filled. The three different mutations with two nucleotides exchanged each are indicated
(mutl, mut2, and mut3), and the DNase I-hypersensitive site seen in footprint reactions (4) (arrow) is shown. (B) Band shift reactions with purified NeP1 and the
wild-type F1 probe or the three different F1 mutations. (C) CAT activity of the indicated reporter constructs after transfection into HD3 cells is expressed relative to
that of the reporter plasmid tkCAT. Reporter gene activity was set to 1 and showed a standard deviation of *0.1.

nations of these may be used as well. Such a combination very
likely mediates the repression exerted by the unliganded thy-
roid hormone receptor (TR). For this receptor, it has been
shown that in the absence of ligand the carboxy-terminal do-
main is able to interact with TFIIB, a component of the preini-
tiation complex. The presence of ligand abrogates repression
and binding (2). In addition, in analyzing transcriptional re-
pression in vitro, binding of TR to TATA-binding protein
(TBP) was shown to inhibit the formation of a functional
preinitiation complex (13). Again, this interaction was allevi-
ated by the presence of ligand. In contrast to these direct
effects of TR on the preinitiation complex, corepressors have
been identified as interacting with TR (6, 15).

We have previously identified the functional TR binding site
F2 within the lysozyme gene silencer at —2.4 kb upstream of
the transcription start site (4) and have found that binding of
another protein, called NeP1, to 50 bp of DNA next to the F2
site is required to mediate efficient transcriptional repression
by unliganded TR (4, 17).

The mechanism for synergistic repression by TR and NeP1 is
not known. Synergy mediated by cooperative binding to naked
DNA might be excluded, since, at least in vitro, the DNA
binding affinity is not changed for TR or NeP1 by the presence
or absence of the respective neighboring factor (1). Another
possible mechanism involves chromatin remodelling by induc-
tion of a particular DNA conformation such as bending ac-
companied by nucleosomal repositioning or disruption. In-
deed, a strong DNA bend induced by NeP1 binding to the F1

element has been shown previously (1). Moreover, binding of
different TR complexes together with NeP1 did not change the
magnitude of the DNA flexure angle; rather, the position of
the bend center shifted within a range of about 20 bp. Simul-
taneously, the bending orientation was moved in the case of
the NeP1-TR-RXR complex (1). We think that NeP1-induced
DNA bending may occur in conjunction with repositioning of
nucleosomes resulting in altered chromatin structure. A role
for nucleosome assembly in TR silencing has been found in
Xenopus oocytes (30). Nucleosome redistribution caused by
NeP1 may facilitate interaction of TR with both DNA and its
protein partners connecting TR to the transcription preinitia-
tion complex.

Independent of the lysozyme silencer analysis, a nuclear
factor mediating active repression on the c-myc gene has been
identified and analyzed (11, 16, 21). This factor, CTCEF, is
characterized by a DNA binding domain consisting of 11 zinc
fingers and by two repression domains. These repression do-
mains can be transferred to the Gal4-DNA binding domain
and reduce transcription (11).

Here we show that NeP1 is identical to CTCF, despite ex-
treme divergent binding sites. This identity is suggested by
many lines of evidence. (A) Both proteins have an identical
apparent molecular mass of 130 kDa (Fig. 1). (B) Identical
peptide sequences after independent, binding-site-specific pu-
rification were generated. (C) Both proteins bind with similar
affinity to the respective binding site of the other protein (Fig.
2 and 3). In addition, a large DNase I footprint area of about



1286 BURCIN ET AL.

A. 32P-DNA probe: lysozyme silencer site F1
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B. 32P-DNA probe: human c-myc site A
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FIG. 6. F1 and c-myc site A are bound by different sets of Zn finger deletions
of CTCF. The DNA binding domain of CTCF containing all 11 Zn fingers, ZF
(1-11), or different N-terminal and C-terminal deletions leaving the indicated sets of
Zn fingers intact were in vitro transcribed and translated, and equal amounts of each
protein were incubated with the F1 probe (A) or with the c-myc site A probe (B).
Retarded complexes were resolved after gel electrophoresis. Control lanes in-
cluded the CTCF DNA binding domain synthesized from the pCITE/CTCF1
plasmid (16), TnT lysate not primed with a template (Lysate), or no protein.
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50 bp (4, 21) is generated, identical DNA bending was found
for the affinity-purified NeP1 and for the cloned CTCF (1), and
DNA binding was shown to be dependent on Zn ions or on the
Zn finger domain (16, 17). Furthermore, a ubiquitous distri-
bution has been observed for both, and the proteins were
found to be very conserved between different species (16, 17).
(D) There are apparently no other CTCF gene family mem-
bers because, on a Southern blot containing human, mouse,
chicken, and frog DNA probed with human CTCF cDNA at
low stringency, genomic CTCF appears as a single copy locus
(11b). In addition, in total RNA samples from different human
tissues the CTCF mRNA is represented by a single Northern
blot band. Moreover, only one single chromosome locus was
found to contain human genomic CTCF as determined by both
fluorescent in situ hybridization and somatic cell hybrid meth-
ods (11a). Previously noticed multiple CTCF forms in Western
blot analyses (16) are likely to be produced by specific proteo-
lytic cleavage (20a). Therefore, the name NeP1 will be re-
placed by CTCEF, irrespective of whether the protein is isolated
from chicken or from mammalian sources.

A remarkable flexibility in binding DNA sequence selection
by CTCF is evident by comparing the CTCF binding sites in
the c-myc gene from chickens and humans with the lysozyme
silencer site. Pairwise comparison of site A to sites FPV and F1
shows that from a total of 46 positions only 17 (in F1) or 18 (in
FPV) positions contain identical nucleotides (Fig. 7). More-
over, homologies with the human c-myc site A are restricted to
one-half of the chicken c-myc site (FPV), whereas the homol-
ogous positions in the lysozyme F1 site are distributed over the
length of the sequence, thus indicating that there is no com-
mon consensus sequence for these three CTCF binding sites.
Accordingly, binding of these sequences by CTCF is mediated
by making contacts at many different nucleotides as deter-
mined by DNA-modification interference assays (Fig. 5 and 7)

GG FPV ch c-myc

GAG h c-myc
Fl ch lys
Flmutl, 2,3

Predicted CTCF
Zn finger
positions

1 -NH2

FIG. 7. Comparison of three different CTCF binding sites and the finger disposition model. The CTCF binding sequences FPV from the chicken c-myc gene, site
A from the human c-myc gene, and F1 from the chicken lysozyme silencer are aligned. Identical nucleotides at the same positions relative to the site A sequence are
shown in boldface. Indicated are the nucleotides substituted in the three F1 mutated elements. Nucleotides interfering with CTCF binding after DMS or DEPC
treatment are indicated by the dots above the sequence (upper strand) or below the sequence (lower strand), and the CTCF-induced DNase I-hypersensitive site is
indicated by an arrow. Individual CTCF Zn fingers indispensable for DNA binding are shown by black bars. Fingers dispensable for binding to a particular DNA

sequence are printed in gray. For further details, see the text.
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(11). For example, while the FPV site shows contact positions
restricted to about one-half of the sequence, the myc site A and
the F1 sequences display these contacts over a much longer
stretch and contain contact points absent in the site FPV se-
quence. Since one Zn finger can make specific contacts with
only three to four nucleotides (7, 10), the different number and
arrangement of contact points in these three CTCF binding
sequences suggest that Zn fingers required for binding are
different for all three response elements (Fig. 7). Indeed, pro-
teolytic protection analysis has shown that the longer CTCF
binding sequence with more contact points involves more
CTCF fingers in binding (11). Testing the CTCF Zn finger
domain with serially truncated fingers for binding to FPV, to
site A (11), and to site F1 has revealed that, upon one-by-one
finger deletion, different sets of individual fingers remain suf-
ficient to mediate binding to each DNA sequence (Fig. 6 and
7).

Although a general code for predicting the DNA-Zn finger
recognition based on amino acid composition of a given finger
is still very speculative, some essential rules have been estab-
lished for predicting, at least partially, DNA subsite sequence
specificity (29). According to these rules, the 11 Zn fingers of
CTCF could be aligned with the DNA sequences of three
binding sites as depicted in Fig. 7. Taking into account obvious
limitations of such predictions, this model puts together rea-
sonably well most of the contact bases determined by interfer-
ence assays with the particular groups of individual fingers
which were found to be sufficient for binding of CTCF to
individual target sites.

For example, the C-terminal set of four Zn fingers, which
could be deleted without losing binding to the FPV sequence
(11), is positioned by this alignment to the region of the FPV
sequence devoid of contact points. In the case of the lysozyme
sequence F1, three C-terminal fingers are placed by the model
to several contact nucleotides at the 5" end of the F1 sequence.
Therefore, removing these fingers is expected to eliminate
binding. However, they could be deleted without losing binding
(Fig. 6A). This apparent discrepancy with the theoretical
model may be explained if the F1 DNA binding by the domain
without fingers 1 to 4 is stabilized by fingers 9 to 11, whereas
deletion of fingers 9 to 11 could be compensated in DNA
binding by the presence of fingers 1 to 4. This appears to be the
case, since despite the requirement of fingers from 5 to 8 for
binding to the F1 site (Fig. 6A), a domain composed solely of
these fingers is not sufficient in binding the F1 DNA (12).
Additional support for the finger disposition model presented
in Fig. 7 is provided by mutational analysis of CTCF binding
sites. Each of the three different point mutations within the F1
site, mutl to mut3, shown in Fig. 7, which reduce CTCF bind-
ing (Fig. 5B) and abolish synergistic transcriptional repression
(Fig. 5C), is predicted by the model to alter a recognition
subsite for exactly those fingers which cannot be deleted with-
out losing binding (these fingers are shown by black bars in Fig.
7). Similarly, mutations eliminating CTCF binding to two c-
myc sites, the Nsi mutation in the chicken c-myc site FPV (16)
and the ACA mutation in the human c-myc site A (11), are
within subsites predicted by the model to interact with fingers
5 to 6 (essential for binding to the FPV sequence [Fig. 7]) and
fingers 10 to 11 (essential for binding to site A [Fig. 7]).

To fit a recognition code and to adjust with contact nucle-
otides distributed over very long DNA sequences of sites A and
F1, the finger disposition model suggested here requires a gap
between N-terminal and C-terminal sets of individual fingers
as shown in Fig. 7. However, inspection of the CTCF amino
acid sequence (11, 16) shows that in the contiguous 11-Zn-
finger CTCF domain these sets of fingers are not separated
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from one another. Therefore, it is likely that, in order to make
contacts with CTCEF, the structure of the DNA segment within
site A or F1 can locally alter, i.e., by melting and looping out
the DNA separating the two contact point clusters. Such struc-
tural alteration indeed does appear to take place when CTCF
binds the site F1 sequence. It has been noticed previously that
binding of CTCF induces a strong DNase I-hypersensitive site
within the 50-bp-long F1 footprint (4) at the position that
coincides exactly with the DNA region expected to loop out
according to the model (Fig. 7). Moreover, the DNA bending
center of the F1-CTCF complex has been mapped to this
region as well (1). In contrast to CTCF binding sites A and F1,
the CTCF contacting nucleotides are grouped in one region of
the chicken c-myc site FPV (Fig. 7), and the finger disposition
model does not require structural changes in DNA in order to
align contact points with the set of indispensable fingers. Ac-
cordingly, there is no DNase I-hypersensitive site within the
FPV CTCEF footprint (22). Thus, local DNA structure alter-
ations induced by CTCF may depend on the primary sequence
context of its binding sites and may be determined by combi-
natorial contributions of different sets of individual Zn fingers
to binding. Currently, we are testing possible functional differ-
ences of different CTCF binding sites.

In conclusion, we have shown that, despite the difference in
target DNA binding sequences, the NeP1 protein required for
transcriptional regulation of the lysozyme gene silencer by the
thyroid receptor is identical to the 11-Zn-finger transcriptional
repressor CTCF. This finding suggests a new role for CTCF in
structural organization of at least some chromatin regions
which contain thyroid-receptor-responsive regulatory ele-
ments. Because of the remarkable flexibility in binding site
selection by utilizing different sets of Zn fingers exemplified
here by comparing CTCF binding sequences from the ly-
sozyme silencer and from c-myc genes, we conclude that CTCF
is a true multivalent transcriptional factor possessing multiple
sequence specificities.
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