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factor CTCBF, involved in the control of human
collagen IV genes: subunits with homology to Ku
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The common promoter region of the human collagen
type IV genes COL4A1 and COL4A2 comprises a
C5TC7 sequence ('CTC box') which is specifically
recognized by the recently identified transcription fac-
tor CTC box binding factor (CTCBF) involved in the
control of divergent transcription of the two genes.
This factor has now been purified by affinity chromato-
graphy on heparin-agarose and CTC-Sepharose. The
CTCBF contains two subunits, CTC75 and CTC85,
with molecular weights of 75 and 85 kDa, respectively.
Sequence analysis of LysC-derived peptides of the two
subunits revealed identity or close homology to p70
and p80 subunits of the human autoantigen Ku. The
sequence-specific binding CTCBF represents a presum-
ably tetrameric complex composed of two CTC75/85
heterodimers with an apparent molecular weight of
360-400 kDa. UV crosslinking experiments, the use of
Ku-specific antibodies in gel retardation assays and
immunoblotting proved that both subunits are involved
in sequence-specific interaction with the CTC box
motif. The tetrameric complex dissociates in a concen-
tration-dependent manner to CTC75/85 heterodimers
which now bind sequence independently to DNA. Three
lines of evidence indicate that TATA binding protein
(TBP) is additionally involved in the formation of
CTCBF: (i) TBP can be detected in purified CTCBF;
(ii) the addition of recombinant TBP stimulates forma-
tion of the CTCBF-DNA complex; and (iii) antibodies
directed against TBP interfere strongly with the forma-
tion of the specific protein-DNA complex. The results
presented support the idea that the subunits CTC75
and CTC85 (identical or homologous to p7O and p80
of the Ku antigen) are integral parts of CTCBF, and
give a first indication of the importance of TBP in the
formation of CTCBF.
Key words: collagen IV/CTCBF/Ku antigen/TATA binding
protein/transcription factor

Introduction
Collagen type IV is the major structural component of all
basement membranes and is composed of two different
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chains, a 1 (IV) and a2(IV), which build the functional
heterotrimeric molecule al(IV)2cc2(IV) (Timpl and Dzia-
dek, 1986; Timpl, 1989). By specific interactions via both
ends and lateral aggregation, the molecules form a stable
network responsible for the stability and the 3-D structure
of basement membranes (Timpl et al., 1981; Yurchenco
and Schittny, 1990). The genes coding for both subunits,
COL4A1 and COL4A2, are found to be closely linked on
chromosome 13 in the human genome (Griffin et al.,
1987), and are arranged in a bidirectional transcription
unit (Poschl et al., 1988; Soininen et al., 1988). A similar
organization was also found in the mouse genome (Burbelo
et al., 1988; Kaytes et al., 1988). Divergent transcription
is controlled by a short common promoter of only 127 bp
in length. The promoter region contains no typical TATA
box motif, but a CCAAT motif and a GC box can be
found (Poschl et al., 1988). A CCAAT binding protein
and Sp 1 are able to interact with these motifs in vitro and
mutational analysis has shown that these sites are involved
in the regulation of transcription of both genes (Schmidt
et al., 1993). Additionally, we identified a nuclear factor
which binds dominantly to the collagen type IV promoter
in vitro and recognizes, according to methylation interfer-
ence analysis, specifically the sequence C5TC7, designated
'CTC box' (Fischer et al., 1993). Mutations within the
CTC box inhibited the binding of the CTC box binding
factor (CTCBF). By transfection studies it could be shown
that this factor is involved in the transcriptional control
of both collagen type IV genes (Fischer et al., 1993;
Schmidt et al., 1993). CTCBF acts in concert with other
transcription factors, Spl and a CCAAT binding protein,
and has differential effects on the stimulation of transcrip-
tion of COL4A1 and COL4A2 (Schmidt et al., 1993).
Additional binding sites for SpI, CCAAT binding protein
and CTCBF are also located within the first introns of
COL4A1 and COL4A2. Their functional contribution to
the control of bidirectional transcription is not yet clear.

Here we describe the purification and characterization
of CTCBF from HeLa cell nuclear extracts. The purified
factor contains two subunits of 75 and 85 kDa, designated
CTC75 and CTC85, which are involved in interactions
with DNA. Surprisingly, sequence analysis of LysC pep-
tides of the two subunits revealed identity or close homo-
logy with the p70 and p80 subunits of the Ku antigen.
Ku protein was originally identified as an autoantigen
recognized by sera from patients with various autoimmune
diseases (Mimori et al., 1981, 1986; Yaneva and Arnett,
1989; Reeves, 1992). According to the amino acid
sequences deduced from cDNA clones (Reeves and Sto-
egher, 1989; Yaneva et al., 1989; Falzon and Kuff, 1992;
Griffith et al., 1992a), the p70 and p80 subunits contain
leucine-zipper and helix-loop-helix motifs typical of
DNA binding proteins. Ku antigen has been found to

preferentially bind the ends of double-stranded DNA
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Fig. 1. Structure of the promoter region of the human collagen IV
genes COL4A1 and COL4A2. Positions of three cis-acting elements,
the CCAAT motif, the GC-motif and the CTC-box, are marked. The
locations of different DNA fragments used in gel retardation assays
are shown and mutations within the fragments are indicated.

fragments (Zhang and Yaneva, 1992). In other cases,
sequence-specific binding and function in the regulation
of gene expression could be shown (Roberts et al., 1989;
Knuth et al., 1990). Here we present evidence that Ku
antigen is an integral component of the sequence specific
transcription factor CTCBF. Additionally, it has been
shown that TBP is able to mediate the formation of the
intact CTCBF complex.

Results
Purification of the CTC binding factor
CTCBF was originally identified by its interaction with
the CTC box motif of the human collagen type IV
promoter (Fischer et al., 1993). The organization of the
promoter region of collagen IV genes and the localization
of DNA fragments used in gel retardation assays is
summarized in Figure 1. In gel retardation assays per-
formed with crude nuclear extracts and fragment CTCBH,
which comprises the CTC box motif, one major
DNA-protein complex can be seen (Figure 2, lane 1). The
specificity of this interaction was proven by competition
experiments. The binding of CTCBF to the C5TC7
sequence was only competed by fragments encompassing
intact CTC box motifs, like CTCBH (lane 2), the wild-
type promoter (wt prom, lane 8) or promoters containing
mutations not affecting the CTC motif (Splmut prom,
lane 6; CBPmut prom, lane 7). No competition effect was
observed using fragments missing the CTC box, like
Spl-BH or CBP-BH (lanes 3 and 4), or fragments with
mutations of the CTC box (CTCmut prom, lane 5). Besides
the major CTCBF-DNA complex I, minimal amounts of
an additional faster migrating complex II were observed
in nuclear extracts. Complex II seems to bind to DNA in an
unspecific manner, according to competition experiments
(lanes 7 and 8). A detailed localization of the binding site
of complex I has been shown previously (Fischer et al.,
1993; Schmidt et al., 1993).
CTCBF was first detected in nuclear extracts from

1 2 3 4 5 6 7 8

Fig. 2. CTCBF binds specifically to the CTC box motif in the human
collagen IV promoter. Gel retardation assays were performed with
labelled fragment CTC-BH with HeLa nuclear extract in the absence
(lane 1) or presence of a 100-fold molar excess of competitors CTC-
BH (lane 2), SP1-BH containing the GC box (lane 3), CBP-BH
comprising the CCAAT motif (lane 4), wild-type promoter wt-prom
(lane 8), as well as promoters mutated in the CTC box (lane 5), the
GC box (lane 6) and the CCAAT motif (lane 7). Two distinct bands
were observed reflecting the sequence-specific CTCBF (I) and a faster
migrating unspecific complex (II).

HT1080 fibrosarcoma cells, but was also found in nuclear
extracts of HeLa cells (Fischer et al., 1993). Therefore,
extracts from HeLa nuclei were used for the purification
of CTCBF. In a first step, the crude nuclear extracts were
fractionated by chromatography on heparin-agarose. The
flowthrough (HA/150), as well as fractions eluted with
250, 350 and 500 mM KCl (HA/250-HA/500), were
tested by gel retardation assays (Figure 3). Fraction
HA/350 contained the major CTCBF binding activity
(Figure 3A, lane 4). The formation of the complex could
be competed by a molar excess of the fragment CTC-BH
and the wild-type promoter wt prom (Figure 3B, lanes 2
and 3), but not by the promoter mutated within the CTC
box (CTCmut-prom, lane 4). The fractionation on heparin-
agarose did not increase the specific activity significantly,
but eliminated some of the dominant nuclear proteins
(data not shown). In some preparations, the HA/350
fraction was subsequently fractionated on native calf
thymus DNA cellulose and CTCBF was detected in
fractions eluted with 350 mM KCl (data not shown). Since
this purification step resulted in only a slight increase in
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Fig. 3. Fractionation of HeLa nuclear extract by chromatography on

heparin-agarose. (A) Gel retardation assay. Fractions eluted with 150
(HA/150), 250 (HA/250), 350 (HA/350) and 500 mM KCJ (HA/500)
were incubated with labelled CTC-BH. (B) Binding reactions with
HA/350 fraction were carried out in the absence (lane 1) or presence

of a 100-fold molar excess of competitors CTC-BH (lane 2), wild-type
promoter (wt prom, lane 3) and the promoter with mutated CTC box
(CTC mut-prom, lane 4). Sequence-specific CTCBF (I) and non-

specific complex II (II) are marked.

the amount of finally purified CTCBF, it was not generally
included.
The major purification step was achieved by sequence-

specific DNA affinity chromatography. The fragment CTC-
BH was catenated and multimers with a mean length of 600
bp were covalently linked to CNBr-activated Sepharose.
Pooled HA/350 fractions were applied to this column in
200 mM KCI. After washing with 250 mM KCI (CTC/
250), the retarded CTCBF activity was eluted in a single
step with 600 mM KCI (CTC/600). Gel retardation assays

with this fraction revealed two major complexes: the
CTCBF-specific complex (Figure 4, lanes 4-7) and a

faster migrating complex (lanes 3-6) already observed in
low amounts when crude nuclear extract was used (see
Figure 2). The two complexes are designated complex I
and complex II, respectively. Competition experiments
revealed, similar to nuclear extracts, that only complex I
could be competed specifically by CTC box-containing
CTC-BH, but not by the unrelated sequences CBP-BH
and Spl-BH (Figure 4, lanes 8-10). The ratio of complex
I:complex II varied with the concentration of the affinity-
purified factor in binding reactions. Complex I, corres-

ponding to CTCBF, dissociates to the faster migrating
complex II when the protein concentration in the binding
reaction is lowered (lanes 3-7).
An analysis of the CTC/600 fraction by SDS-PAGE

revealed as major constituents two proteins with apparent
sizes 75 and 85 kDa (Figure 8A, lane 3), present in almost
equimolar amounts. In the nuclear extract (NE, lane 1)
and the HA/350 fraction (lane 2), these two proteins
cannot be observed due to an excess of other proteins
(Figure 8A, lanes 1 and 2). In the following, the two
subunits of the CTCBF will be referred to as CTC75
and CTC85.

.
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Fig. 4. Sequence affinity chromatography of CTCBF. Pooled HA/350
fractions were fractionated by sequence affinity chromatography.
Decreasing amounts of eluted CTCBF in fraction CTC/600 (10-1 tl;

lanes 3-7), nuclear extract (NE, lane 1) and HA/350 fraction (lane 2)
were tested by gel retardation assays with fragment CTC-BH.
Competition experiments were performed in the absence (lane 3) and
presence of CTC box-containing fragment CTC-BH (lane 9) and
unrelated CBP-BH and Spl-BH (lanes 8 and 10). Sequence-specific
CTCBF complex I and non-specific complexes II are indicated.

Characterization of CTCBF-DNA complexes
According to the gel shift analysis shown in Figure 4 the
affinity-purified CTCBF formed complex I as well as the
non-specific complex II in a concentration-dependent
manner. The faster migrating complex II seemed to origin-
ate from the dissociation of complex I. This disintegration
of the specific complex I into complex II could be followed
by a diagonal gel shift assay (Figure SB). Affinity-purified
CTCBF was incubated with the DNA fragment CTC-
BH under conditions where the larger complex I was

preferentially formed. After separation in the first dimen-
sion, the lane was cut out and placed on another polyacryl-
amide gel. Dissociation of complex I into complex II

during electrophoresis in the second dimension was

observed only in the presence of 0.1% deoxycholate
(DOC), which disturbs protein-protein interactions,
whereas complex II remained stable under these condi-
tions. These data provide strong evidence that the forma-
tion of the CTCBF complex is controlled by
protein-protein interactions (Figure SB, arrow). To test
whether a similar relationship between these two com-

plexes can already be demonstrated in nuclear extract,
preparative gel retardation assays were performed under
conditions where both complexes are formed. Sub-
sequently, proteins were isolated from both complexes
and submitted to a second retardation assay. In both cases

the formation of only the faster migrating complex II was

observed (Figure SA, lanes 2 and 3), indicating that the

same proteins are able to form the specific complex I as

well as the unspecific complex II. The predominance of

the latter seemed to be caused by the low concentrations
of the eluted proteins in binding reactions, as is also the
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Fig. 5. The specific CTCBF complex I can disintegrate into the non-specific complex II. (A) Reshift of eluted complexes. A preparative gel
retardation assay of labelled CTC-BH with nuclear extract was carried out under conditions where complex I as well as complex II are formed
(lane 1). Both complexes were cut out, eluted and again used in a gel retardation assay (lanes 2 and 3). The specific complex I (I) and the unspecific
complex 11 (11) are marked. (B) Diagonal gel retardation assay. Labelled CTC-BH was incubated with affinity-purified CTCBF (CTC/600) under
conditions of preferential formation of the sequence-specific complex I. After separation in the first dimension, the lane was cut out, placed on a
second gel and fractionated in the presence of 0.1% DOC in the second dimension. Newly appearing complex II from the dissociation of complex I
is marked (arrow).

case when using diluted CTCBF (see Figure 4). Together,
these two experiments show that the two complexes I and
II formed by affinity-purified CTCBF are identical to the
complexes in the nuclear extract, where complex I showed
high sequence specificity and complex II could not be
competed specifically.
The direct interactions of the two subunits of CTCBF

with DNA were analysed by UV crosslinking studies
(Figure 6). The specific complex I and the non-specific
complex II were separated by preparative gel retardation
assays (lanes 1 and 2) and subsequently crosslinked to
the labelled CTC-BH fragment by UV irradiation within
the gel. The DNA-protein complexes were eluted and
analysed by SDS-PAGE. In both cases two bands, with
apparent molecular weights of 95 and 105 kDa, were
observed (lanes 3 and 4). Correction of the molecular
weight for the bound DNA led to proteins of -75 and
85 kDa, in good agreement with the apparent size of
subunits CTC75 and CTC85 of purified CTCBF. We
therefore conclude that in the specific complex I, as well
as in the unspecific complex II, both proteins are directly
involved in the interactions with DNA.
To analyse whether CTCBF is already preformed in the

nucleus, nuclear extract was fractionated on a TSK3000
column and the individual fractions were tested for CTCBF

Table I. Sequence analysis of peptides from purified CTC75 and
CTC85 generated by digestion with LysC

Protein Peptide Sequence Identity with:

CTC75 75-1 RTFNTSTG p70 (amino acids 300-307)
75-2 KVEYSEEELK p70 (amino acids 555-564)

CTC85 85-1 KTLFPLIEA p80 (amino acids 534-542)

Comparison with database entries revealed the identity of these
sequences with the published sequences of p70 (Reeves and Stoegher,
1989) and p80 (Yaneva et al., 1989) of human Ku antigen. Numbering
of amino acids refers to entries J04611 and J04977 of Genbank.

activity (Figure 7). Only the protein fraction with an
apparent molecular weight of 360-400 kDa (lane 6)
contained CTCBF, whose specific binding to the CTC box
was shown by competition assays (Figure 7, lanes 12-
15). Proteins involved in the formation of complex II
were distributed over a range of fractions representing a
molecular weight range of <160 kDa (data not shown).
According to these experiments, the nuclear extract con-
tains a preformed multimeric complex of CTC75 and
CTC85, which interacts sequence specifically with the
CTC box. The size of the complex and the apparent
equimolar ratio of subunits indicated a heterotetrameric
structure.
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Fig. 6. UV crosslinking. Left: gel retardation assays were performed
with affinity-purified CTC-BH (CTC/600 fraction) under conditions
resulting in the predominant formation of complex I (lane 1) or
complex II (lane 2). After autoradiography of the wet gel, both
complexes were cut out, submitted to UV irradiation and eluted from
the gel. Right: eluted proteins from complexes I and II (lanes 3 and 4)
were separated by SDS-PAGE. Labelled proteins were visualized by
autoradiography. Molecular weights (kDa) of marker proteins are
indicated.

Sequence analysis reveals a high homology of
CTCBF subunits and Ku antigen
The affinity-purified CTC75 and CTC85 subunits were
separated by SDS-PAGE, blotted and the individual
bands submitted to N-terminal sequencing. In both cases
the N-termini were found to be blocked. Therefore, the
proteins were digested with LysC protease, the resulting
peptide mixtures separated by reversed phase chromato-
graphy on a C18 column and the individual peaks submit-
ted to Edman degradation. The sequences of the peptides
LC75-1 and LC75-2 from CTC75, and LC85-1 from
CTC85, were determined (Table I) and found to be
identical with sequences from the p70 and p80 subunits,
respectively, of the human Ku antigen (Reeves and
Stoegher, 1989; Yaneva et al., 1989) These results indicate
a close homology or identity of the two subunits of
CTCBF with those of the human Ku antigen.

Antibodies specific for Ku antigen recognize the
CTCBF complex
To investigate further the relationship between CTCBF
and the Ku antigen, immunoblot analysis was performed
(Figure 8). The nuclear extract and the fractions HA/350
and CTC/600 were submitted to SDS-PAGE, blotted and
reacted with an antiserum specific for the human Ku
antigen (gift from Dr I.W.Mattaj). The antibodies recog-
nized the CTC75 and CTC85 proteins only in the affinity

fraction, where sufficient enrichment of CTCBF was
achieved (Figure 8B, lane 3).

It has been reported previously that the two subunits
of the Ku antigen may accidentally coelute with other
transcription factors from DNA affinity columns (Quinn
et al., 1991). The possibility of an unspecific enrichment
of Ku7O and Ku8O was finally ruled out by the reaction
of Ku-specific antibodies with the sequence specifically
bound tetrameric CTCBF complex (Figure 9). Gel retard-
ation assays were performed with the nuclear extract and
the fragment CTC-BH in the presence or absence of
antibodies directed against Ku. Antibodies directed against
the nucleolar proteins nucleolin and B23 (Figure 9A, lanes
3 and 4), as well as preimmune serum and bovine serum
albumin (BSA; lanes 5 and 6), were used as negative
controls. A supershift of the CTCBF complex was
observed exclusively after the addition of Ku-specific
antibodies (lane 2), but not after the addition of other
antibodies. Similar experiments were carried out with
affinity-purified CTCBF (Figure 9B). In contrast to the
complexes seen with unfractionated nuclear extracts, vari-
ous higher molecular weight aggregates were observed
(lanes 2-6). This effect is due to the crosslinking of
multiple complexes (I or II) via antibodies. Antinucleolin
antibodies did not show any comparable effect (lanes 8-
12). These experiments clearly indicated the presence of
the Ku protein in the specific complex I and excluded the
possibility of an unspecific enrichment of Ku during the
purification procedure used.

The TBP is able to mediate the formation of
CTCBF
The apparent molecular weight of the tetrameric CTCBF
present in the nuclear extract of HeLa cells was found to
be between 360 and 400 kDa, whereas the molecular
weight calculated from the presumed subunit composition
was 320 kDa. This discrepancy raised the question whether
CTCBF contains an additional protein possibly important
for its function. A candidate for such a putative protein
is TBP (reviewed in Sharp, 1992; Rigby, 1993). TBP is
the binding subunit of the general transcription factor
TFIID, which binds specifically to the TATA box, thus
mediating the correct positioning of RNA polymerase
II. It has been shown that TBP is important for the
transcriptional control not only of TATA box-containing
promoters, but also of TATA box-lacking promoters. For
TATA-less promoters, like the collagen IV promoter, a
model is favoured in which TBP is recruited to the
promoter region by protein-protein interaction via
tethering factors. The effect of TBP on the formation of
CTCBF is exhibited in Figure 10. The presence of increas-
ing amounts of recombinant TBP in gel retardation assays
caused a shift of the unspecific dimeric CTC75/85 complex
to the tetrameric CTCBF, whereas the addition of BSA
(Figure 10, lane 5) or recombinant transcription factor
SpI (results not shown) had no effect on the tetramer:dimer
ratio. The depletion of TBP by the addition of a TATA
box-containing oligonucleotide caused the complete disso-
ciation of CTCBF to dimers (lanes 7-9). Dissociation
could be reversed by the addition of recombinant TBP,
but not by the addition ofBSA (lanes 10-15). The presence
of TBP in the CTCBF complex was further shown by two
experiments. First, TBP could be detected in the affinity-
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Fig. 7. Determination of the size of CTCBF. HeLa nuclear extracts were fractionated by molecular sieve chromatography on a TSK3000 column and
fractions (1-10) were analysed by gel retardation assays (lanes 2-11). The column was calibrated by marker proteins (data not shown) and molecular
weight ranges of individual fractions are indicated. CTCBF could only be detected in fraction 5 (360-400 kDa, lane 6). The specificity of CTCBF in
fraction 5 was proven by competition assays performed in the absence (lane 12) or presence of competitors CTC-BH (lane 14), CBP-BH (lane 13)
and Spl-BH (lane 15) comprising the CTC box, CCAAT motif and the Spl binding motif, respectively.
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purified CTC/600 fraction by antibodies specific for TBP
B (Figure 8B, lane 4), but seems to be represented in non-

stoichiometric amounts as deduced from the analysis ofanti-Ku anti-TBP proteins (Figure 8A, lane 3). Only minor amounts of a

8 band of -37 kDa could be recognized. This limiting
concentration of TBP may explain the concentration-

-r 0v u dependent formation of CTCBF as observed before
(Figure 4). Secondly, the involvement of TBP could

-200 be shown by employing TBP-specific antibodies in gel
retardation assays using nuclear extracts (Figure 11). The

116 addition of increasing concentrations of the antibody did
97__68not result in a supershift; in contrast, it interfered strongly

with the formation of the CTCBF-DNA complex (lanes
45 2, 3 and 6-9). Antibodies directed against different pro-

teins, like Spl (lane 11), had no effect. These experiments
-32 indicate that TBP may represent an integral subunit

essential for the formation of the sequence specifically1 2 3 4 bound CTCBF complex.

Fig. 8. CTCBF subunits are immunologically related to Ku antigen.
(A) SDS-PAGE of nuclear extract (NE, lane 1), fraction HA/350
(lane 2) and affinity-purified CTCBF (CTC/600, lane 3). Proteins were
visualized by staining with Coomassie blue. (B) Immunoblot analysis
of fractions with antibodies specific for Ku antigen (lanes 1-3) and
recombinant human TBP (lane 4) (provided by M.Meisteremst,
Martinsried, Germany). Proteins reacting with Ku-specific and TBP-
specific antibodies are detected in the CTC/600 fraction.

Discussion
Here we describe the purification and characterization of
the transcription factor CTCBF from nuclear extracts
of HeLa cells. CTCBF was originally identified as a
presumably new nuclear factor which interacts in vitro
predominantly with the sequence C5TC7, the 'CTC box'
motif within the human collagen type IV promoter. CTCBF
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Fig. 9. The CTCBF-DNA complex is recognized by anti-Ku
antibodies. Gel retardation assays were performed with nuclear extract

(A) or affinity-purified CTCBF (CTC/600) (B) in either the absence
(A, lane 1; B, lanes I and 7) or presence of antibodies directed against
Ku protein (A, lane 2; B, lanes 2-6), nucleolin (A, lane 3; B, lanes 8-
12) and nucleolar protein B-23 (A, lane 4). Antibodies directed against
Ku were added to the preincubation mixture at a final dilution of
1:250 (lane 2), or were added at dilutions ranging from 1:250 to
1:25 000 (B, lanes 2-6). Preimmune serum (A, lane 5) and albumin
(A, lane 6) were used as non-specific controls. Retarded
CTCBF-DNA-antibody complexes are marked.
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Fig. 10. TBP is able to mediate the formation of CTCBF. Gel
retardation assays were performed with affinity-purified CTCBF in the
presence of increasing amounts of recombinant TBP (lanes 2-4) or

BSA (lane 5). The addition of increasing amounts of TATA box
oligonucleotide in the absence (lanes 6-9) or presence of additional
BSA (lanes 13-15) results in the disintegration of CTCBF (I), whereas
this effect can be partially reversed by the addition of recombinant
TBP (lanes 10-12).

is involved in the control of the divergent transcription of
COL4A1 and COL4A2 from their common promoter, but
differential effects were revealed on transcription of the
two genes (Fischer et al., 1993; Schmidt et al., 1993).

Fig. 11. Antibodies directed against recombinant TBP interfere with
the formation of the specific CTCBF-DNA complex. Nuclear extracts
were preincubated with the indicated concentrations of anti-TBP
before performing gel retardation assays (lanes 2, 3 and 6-9).
Antibodies specific for Spl had no effect on complex formation under
comparable conditions (lane 11). Both antisera were purchased from
Santa Cruz Biotechnology.

Purified CTCBF contains two major subunits, CTC75 and
CTC85. Sequence analysis of the LysC-derived peptides
from both subunits revealed identity to sequences within
the two subunits p70 and p80 of the human Ku autoantigen
described previously (Reeves and Stoegher, 1989; Yaneva
et al., 1989). The identity or homology of the subunits of
CTCBF and the Ku antigen was indicated by their similar
molecular weights and the recognition of CTC75 and
CTC85 by Ku-specific antibodies in Western blotting and
supershift assays. In contrast, Ku antigen was first detected
as autoantigen in patients with polymyositis-scleroderma
overlap syndrome (Mimori et al., 1981), and it turned out
to be a frequent but not characteristic autoantigen of
patients with various autoimmune diseases (Yaneva and
Arnett, 1989). Additionally, we present evidence that the
TBP may be involved in the formation of the sequence
specifically bound CTCBF complex.

Four different lines of evidence proved that CTCBF and
Ku antigen contain the same subunit proteins: (i) purified
CTCBF contained subunit proteins with similar sizes when
compared with the subunits of Ku antigen; (ii) these
proteins are recognized by anti-Ku antibodies; (iii) partial
sequencing revealed identical sequences; and (iv) the
CTCBF complex is recognized by anti-Ku antibodies in
supershift assays. Despite containing identical or at least
highly homologous subunits, complexes are formed with
distinct DNA binding characteristics. The slower migrating
complex I binds specifically to the CTC box and represents
the factor CTCBF. This complex is already present in the
nuclear extract and a molecular weight in the range 360-
400 kDa is indicated by molecular exclusion chromato-
graphy (Figure 7). During purification, this complex
revealed the tendency to dissociate into the faster migrating
complex II, which interacts sequence independently to
DNA and resembles the properties of Ku antigen. The loss
of sequence specificity impeded the isolation procedure to
a large extent. Since unspecific enrichment of the Ku
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antigen with other nuclear factors has been described
(Quinn et al., 1992), we proved by two independent
experiments that the subunits p70 and p80 are indeed
integral members of the specific DNA complex. First, UV
crosslinking experiments indicated their direct interaction
with DNA in the CTCBF complex which binds specifically
to the CTC box motif. Secondly, antibodies directed
against Ku antigen recognize purified subunits in Western
blot analysis (Figure 8); more importantly, however, they
are able to induce a supershift of CTCBF in gel retardation
assays (Figure 9). In contrast, antibodies against nucleolin,
which in some of our experiments co-purified with CTCBF,
did not show this effect. The subunit structure, size of the
complex and its tendency to disintegrate are indicative
for the hypothesis that CTCBF represents a multimeric
complex of two Ku antigen heterodimers. In this context,
the observation is important that the dissociation of tetra-
mers to dimers, as can be seen in diagonal gel shift
analysis (Figure 5), is induced by the presence of DOC.
This indicates the involvement of protein-protein inter-
actions in the formation of the presumably tetrameric
complex and makes it unlikely that CTCBF is due to non-
specific accumulation of subunits on the DNA, as described
earlier for purified Ku antigen (Griffith et al., 1992b; Blier
et al., 1993). Additionally, it was never observed that
increasing amounts of nuclear extract or purified CTCBF
resulted in the formation of increasing amounts of addi-
tional larger complexes on fragments containing the
CTC motif.

Besides its characteristic ability for non-specific inter-
actions with DNA, the participation of Ku antigen in
sequence-specific DNA binding has been described in
some cases. Specific binding was detected for the nuclear
factors TREF (which binds to a transcriptional control
element of the transferrin receptor gene; Roberts et al.,
1989), PSEl (which interacts with the human Ul promoter;
Knuth et al., 1990) and E1BF (Niu and Jacob, 1994).
These factors revealed distinct sequence specificities dif-
ferent from that of CTCBF. The subunits p70, as well as
p80, were involved in the interaction of TREF and PSEI
with DNA, similar to CTCBF (Figure 6). In contrast, it
was shown recently that p70 alone shows non-specific
DNA binding activities similar to the Ku heterodimer
(Wang et al., 1994).
An explanation for the multiple function of Ku antigen

may be its tendency to interact with different proteins, a
property which impedes its isolation and purification. In
two recent reports the Ku antigen has been described as
a regulatory component of the template-associated protein
kinase (DNA-PK), responsible for phosphorylation of the
C-terminal domain of RNA polymerase II (Dvir et al.,
1992) and other transcription factors like Spl (Gottlieb
and Jackson, 1993). The catalytic subunit of the kinase
complex is recruited to the template by protein-protein
interaction with Ku. It was stated that the unusual
sequence-independent DNA binding mode of Ku (bind
and slide) may provide a mechanism for targeting the
kinase to transcription complexes. Based on this idea, the
speculation would be attractive that the sequence-specific
binding of CTCBF to CTC motifs may enable the specific
targeting of DNA-PK to these regulatory promoter ele-
ments. This hypothesis must be tested by further
experiments.

The involvement of Ku antigen in a number of diverse
enzymatic and cellular activities has been described, like
its function in DNA repair and recombination (Taccioli
et al., 1994), as a somatostatin receptor (Romancer et al.,
1994) and having DNA-dependent ATPase (Cao et al.,
1994) or helicase activity (Tuteja et al., 1994). At present
there is no simple explanation for the multiple function
of the ubiquitous Ku antigen. Interaction with additional
proteins, modifications of the subunits or the existence of
a family of distinct but closely related proteins may be
possible explanations. Recently, a variant of Ku, named
Ku2, was isolated from B cells and was found to recognize
specifically an octamer motif (May et al., 1991). According
to the available sequence data, Ku2 and Ku are highly
homologous. At the N-terminal end of the large subunit
16 out of 19 amino acids were found to be identical, and
in an internal peptide of the smaller subunit, two residues
are substituted in a nonapeptide. Our limited sequence
data do not allow us to decide whether the subunits of
CTCBF are identical to Ku antigen or, alternatively,
represent closely related but different members of the
same family.
Our experiments clearly showed that p70 and p80

are integral parts of the specific CTCBF. However, the
difference between the molecular weight of 360-400
kDa for CTCBF as estimated by molecular exclusion
chromatography and the value of 320 kDa calculated for
a presumed tetrameric complex of two p75/p85 subunits
led to the speculation that CTCBF may contain an addi-
tional protein which does not interact directly with DNA.
In searching for such a protein we identified TBP as a
potential additional component. Three lines of evidence
indicate that TBP may be involved in the formation of
CTCBF. First, TBP can be detected in affinity-purified
CTCBF. The fact that it is contained in non-stoichiometric
amounts (Figure 8) explains the concentration dependence
of complex formation as well as the lability of the factor
during purification by the loss of sufficient amounts of
TBP. Secondly, the addition of antibodies directed against
TBP interferes strongly with the formation of the specific
CTCBF-DNA complex (Figure 11). Thirdly, the addition
of recombinant human TBP is able to stimulate the
formation of sequence-specific bound CTCBF (Figure 10).
In contrast, the depletion ofTBP by a TATA box-containing
oligonucleotide caused the dissociation of CTCBF (Figure
10). These experiments indicate that TBP is involved in
the formation of specific CTCBF and may be an integral
component of the complex. It is now known that TBP
represents the essential subunit of different multiprotein
complexes involved in the transcription of RNA poly-
merases I (SL- 1), II (TFIID) and III (Sharp, 1992) and
also of complexes forming on TATA-less promoters.
Interactions of TBP with other nuclear proteins, like c-
myc or El A, have also been described recently (Hartenboer
et al., 1993). Therefore, based on our data we cannot
completely exclude the possibility that other components
of the TFIID complex are also involved in CTCBF
formation. However, the reconstitution experiments using
recombinant TBP (Figure 10) make this possibility
unlikely.

In previous experiments we have shown that the binding
of CTCBF to the CTC box motif is essential for the
efficient transcription of the two human collagen genes,
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COL4Al and COL4A2, from their common bidirectional
promoter (Fischer et al., 1993; Schmidt et al., 1993). The
same is true for SpI and a CCAAT binding protein found
to bind in close proximity within the common promoter.
Similar combinations of the same motifs are also present
within the first introns of both genes, where they are
symmetrically arranged around the promoter. Since most
of these motifs are recognized in vitro by the respective
nuclear proteins (Fischer et al., 1993), it was speculated
that this arrangement might play an important role in the
coordinated control of the bidirectional transcription of
the collagen IV genes by mutual interactions of these
regions. Previously, Spl was shown to be involved in
such contacts (Mastrangelo et al., 1991; Su et al., 1991).
Whether CTCBF also enables the contact between CTC
box motifs at different sites, and whether such interactions
are indeed important for the coordinated transcriptional
control of the two collagen IV genes, has to be analysed
further by direct binding studies and functional analysis
of the different sites.

Motifs similar to the CTC box of the human collagen
type IV promoter were found in some other genes of
extracellular matrix proteins such as COL1Al (Roussow
et al., 1987; Lichtler et al., 1989), COL2A1 (Schmidt
et al., 1986), laminin B2 (Ogawa et al., 1988) and
osteonectin (McVey et al., 1988; Young et al., 1989), or
were observed close to the adenovirus IVa2 gene (Natara-
jan et al., 1984) or in the a-fucosidase gene in Dictyostel-
ium (May et al., 1989). The question as to whether these
sequence elements are also involved in the transcriptional
control of these genes has not yet been investigated.

Materials and methods
DNA fragments
All fragments used resemble the fragments described previously (Fischer
et al., 1993; Schmidt et al., 1993). Oligonucleotides with different motifs
of the human collagen IV promoter were subcloned into the SmaI site
of pBSII (Stratagene) and isolated as fragments by digestion with BamHI
and Hindlll. Fragment CBP-BH contains the CAAT motif (positions
6160-6183), fragment CTC-BH represents the CTC box (positions 6179-
6205) and Spl-BH contains the GC box motif (positions 6198-6225).
Fragment wt-prom represents the wild-type promoter (positions 6120-
6271). Mutations were introduced in fragments CBPmut-prom (position
6170, C to G), SpImut-prom (position 6212, C to A) and CTCmut-prom
(positions 6189-6190, CC to TA), as described previously (Schmidt
et al., 1993). All numbering of the sequences refers to database entry
EMBL:HSCOL4A12.

Antibodies and proteins
Ku-specific antibodies were generated by Dr W.van Venroij (Amsterdam,
The Netherlands) and were kindly provided by Dr I.W.Mattaj (Heidelberg,
Germany). Antibodies specific for human nucleolin and B23 were
provided by Prof. F.Anderer (Tubingen, Germany) and TBP-specific
antibodies were provided by M.Meisterernst (Martinsried, Germany).
Recombinant TBP and Spl were obtained from Promega Inc. and
specific antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz).

Preparation of nuclear extracts and purification of CTCBF
Extracts were prepared according to the method of Dignam et al. (1983)
with some modifications. Briefly, pelleted HeLa nuclei (purchased from
Computer Cell Culture Center, Mons, Belgium) were resuspended in
3 ml buffer C (20 mM HEPES-KOH, pH 7.9, 25% glycerol, 420 mM
NaCl, 1.5 mM MgCI2, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT)
per 109 nuclei and permeabilized by 15 strokes of a glass homogenizer
(B pestle). The suspension was stirred gently for 30 min and centrifuged
at 27 000 g for 30 min at 4°C. The supernatant was dialysed against 50
volumes of buffer D (20 mM HEPES-KOH, pH 7.9, 25% glycerol,

100 mM KCI, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT) for 5 h
and centrifuged again. The supernatant was divided into aliquots and
stored at -70°C. All steps were performed at 4°C.

Nuclear extract (10 ml) was applied in a final volume of 50 ml c-
buffer (25 mM HEPES, pH 7.9, 10% glycerol) containing 150 mM KCI
and 0.1 mM EDTA onto a heparin-agarose column (6 ml). The column
was washed with c-buffer containing 150 mM KCI; bound proteins were
eluted with c-buffer containing 250, 350 and 500 mM KCI. The fractions
(HA/150, HA/250, HA/350 and HA/500) were tested for CTCBF binding
activity by gel retardation assays as described above. Active fractions
of up to 10 fractionations were pooled, diluted to 200 mM KCI with c-
buffer and applied to a DNA affinity column (1 ml). The column
contained the fragment CTC-BH, ligated to form catenated DNA with
a mean length of 600 bp and linked to CNBr-activated Sepharose
(Pharmacia) as described (Kadonaga and Tjian, 1986). The column was
washed with a single step of c-buffer containing 250 mM KCI (CTC/
250); CTCBF was eluted by c-buffer containing 600 mM KC1 (CTC/
600). All purification steps were performed at 4°C and monitored by
UV absorption at 280 nm. Fractions were stored in aliquots at -70°C.

Gel retardation assays
Standard binding reactions (25 g1) were performed by incubating 2 jld
nuclear extract in 150 mM KCI, 25 mM HEPES, pH 7.5, and 2 gg of
poly (dA-dT) for 10 min at room temperature. After adding 1 fmol of
end-labelled fragment CTC-BH (0.04 ng; 2x104 c.p.m.), the reaction
mixture was incubated for another 20 min. The samples were fractionated
for 2 h at 150 V on 4% non-denaturing polyacrylamide gels in IX TG
buffer (50 mM Tris borate, 400 mM glycine, 2 mM EDTA). Gels were
fixed and dried before autoradiography. For the analysis of fractions
from the heparin-agarose column, 10 g1 aliquots were assayed in a
reaction mixture (35 g1) containing 150 mM KCl, 25 mM HEPES, pH
7.5 and 0.5 ,ug poly (dA-dT). For the analysis of affinity fractions, 1-
10 g1 aliquots were assayed in a 35 gl assay containing 200 ml KCI
and 25 mM HEPES, pH 7.5. Competition experiments were performed
by adding a 10- to 200-fold molar excess of unlabelled competitor DNA
to the preincubation mixture. Antibodies were added to the preincubation
mixture in a final dilution range of 1:250 to 1:25 000 (anti-Ku) or 1:2.5
to 1:250 (anti-nucleolin); antibodies specific for TBP and Spl (Santa
Cruz Biotechnology) were added at the concentrations indicated.

Diagonal gel retardation assays were carried out according to Schaufele
et al. (1990). Briefly, a gel retardation assay was performed with affinity-
purified CTCBF as described above. The lane of interest was cut out,
placed on top of another gel and overlaid with 0.1% deoxycholate
Electrophoresis was performed for 8 h at 40 V.

Preparative reshift
First, a preparative gel retardation was performed of binding reactions
(100 p1) containing 10 g1 of nuclear extract. The wet gel was exposed
to X-ray film for 1 h at -70°C. The positions of retarded bands were
marked and the corresponding gel pieces from 16 individual binding
reactions were cut out and pooled. The protein-DNA complexes were
eluted for 4 h at 4°C in 1 ml elution buffer (150 mM KCI, 25 mM
HEPES, pH 7.9, 10% glycerol, 0.1 mM PMSF). Aliquots of the eluate
(100 pl) were tested by gel retardation assay after the addition of 2 fmol
of end-labelled 2/BH.

UV crosslinking
A preparative gel retardation assay of the CTC/600 fraction was

performed as described above. After exposure of the wet gel to X-ray
film for 1 h, gel pieces corresponding to retarded bands were cut out
and exposed to UV light (302 nm) for 15 min. The protein-DNA
complexes were eluted at room temperature for 16 h in 1 ml elution
buffer (10 mM Tris, pH 7.5, 0.1% SDS). The supernatants were

precipitated with 0.1% Triton X-100, 10% TCA and analysed on a 5-
15% SDS-polyacrylamide gel. The gel was fixed and dried before
autoradiography.

Protein sequencing
Internal amino acid sequences were obtained by the method described
by Eckerskorn and Lottspeich (1989). Briefly, after electrophoresis of
affinity-purified CTCBF by preparative SDS-PAGE, the proteins were

stained with Zn-acetate. Protein-containing bands were excised precisely,
washed extensively with double-distilled water and lyophilized. The
proteins in the dry gel pieces were digested by incubation with LysC in
100 mM NH4HCO3, 0.5 mM CaC12 in a minimal reaction volume
sufficient for rehydration of the gel pieces. The fragments from digestion
with LysC were eluted by shaking with an equal volume of 75% (v/v)
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trifluoroacetic acid in water for 4 h, followed by an equal volume of
50% (v/v) trifluoroacetic acid in acetonitrile for an additional 4 h. The
elutions were repeated twice and the peptides were separated by reversed
phase chromatography (Aquapore RP300; ABI). Amino acid sequence
analysis of the purified peptides was performed by automated Edman
degradation using a gas phase sequencer 473 A (Applied Biosystems)
equipped with an isocratic HPLC system for the identification of the
phenylthiohydantoin derivatized amino acids.
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