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The Drosophila Cut and mammalian Cut-like proteins contain, in addition to the homeodomain, three other
DNA-binding regions called Cut repeats. Cut-like proteins, therefore, belong to a distinct class of homeodo-
main proteins with multiple DNA-binding domains. In this study, we assessed the DNA-binding specificity of
the human Cut repeats by performing PCR-mediated random oligonucleotide selection with glutathione
S-transferase fusion proteins. Cut repeat 1, Cut repeat 3, and Cut repeat 3 plus the homeodomain selected
related yet distinct sequences. Therefore, sequences selected by one of the fusion proteins were often, but not
always, recognized by the other proteins. Consensus binding sites were derived for each fusion protein. In each
case, however, some selected sequences diverged from the consensus but were confirmed to be high-affinity
recognition sites by electrophoretic mobility shift assay. We conclude that Cut DNA-binding domains have
broad, overlapping DNA-binding specificities. Determination of dissociation constants indicated that in ad-
dition to the core consensus, flanking sequences have a moderate but significant effect on sequence recognition.
Evidence from electrophoretic mobility shift assay, DNase footprinting, and dissociation constant analyses
strongly suggested that glutathione S-transferase/Cut fusion proteins bind to DNA as dimers. The implications
of these findings are discussed in relation to the DNA-binding capabilities of Cut repeats. In contrast to other
studies, we found that the human Cut-like protein does not preferably bind to a site that includes an ATTA
homeodomain-binding motif. Here we demonstrate that the native human Cut-like protein recognizes more

efficiently a site containing an ATCGAT core consensus flanked with G/C-rich sequences.

Regulation of gene expression by sequence-specific tran-
scription factors requires that these factors first bind to specific
sites in DNA. Therefore, much of the research on specific gene
regulation has been focused on the prerequisites for specific
DNA binding. The identification of specific DNA recognition
sites has been facilitated by the recent development of the
method of PCR-mediated random oligonucleotide selection
(9). Using this procedure, high-affinity binding sites have been
identified for transcription factors with no known target. For
example, the c-Myc basic region-helix-loop-helix motif was
found to specifically bind to a CA(CG)TG consensus site (8).
The same procedure, when used with other transcription fac-
tors, has enabled the definition of a whole spectrum of specific
DNA sequences that can be recognized. GATA transcription
factors, in particular, were found to bind with high affinity to
DNA sites that diverged from the established consensus bind-
ing site (29, 39).

Protein domains necessary and sufficient for specific DNA
binding have been defined through mutational analysis as well
as gene-swapping experiments. This led to the identification of
different types of DNA-binding domains that are shared
among several transcription factors and are conserved
throughout evolution. The homeodomain was originally iden-
tified by sequence comparison of Drosophila gene products
that control embryonic development (reviewed in reference
37). The homeodomain is a 61-amino-acid DNA-binding do-
main encoded by the homeobox (reviewed in references 44 and
52). Homeodomains were eventually found in proteins
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throughout eukaryotes including mammals, nematodes, yeasts,
and plants. Many of these proteins were shown to play a role
in development or cellular differentiation, indicating that basic
developmental mechanisms have been conserved through evo-
lution. For example, mammalian Hox genes showing sequence
conservation with Drosophila homeotic selector genes have
been shown, like their fly counterparts, to play a role in the
formation of the anterior-posterior axis (reviewed in reference
37).

Other conserved DNA-binding domains have been found to
be associated with a homeodomain. The first of these domains
to be identified were the POU-specific and Paired domains,
found in POU and Paired classes of transcription factors. The
POU-specific domain is a 75- to 82-amino-acid domain which
is separated from the homeodomain by a short variable linker
region (47; reviewed in reference 43). These three protein
segments, taken together, form what is called the POU do-
main, so named because it was originally found in the pituitary-
specific Pit-1/GHF1, the Oct-1 and Oct-2 mammalian tran-
scription factors, and the Caenorhabditis elegans cell lineage
control gene unc-86 (17, 25, 47). High-affinity DNA binding by
the POU domain requires the participation of both the POU-
specific domain and the homeodomain (5, 55). The Paired
domain is a 128-amino-acid domain encoded by the paired box
originally identified in the Drosophila segmentation genes
paired and gooseberry (15, 51). The paired box was subse-
quently detected in mammalian Pax genes as well as in genes
from other vertebrates (reviewed in reference 21). Molecular
analysis of specific DNA binding by Paired proteins indicated
that the Paired domain can function either autonomously or
with the homeodomain (51). Sequence analysis of homeodo-
main proteins led to the suggestion that other protein motifs,
in addition to the POU and Paired domains, may play a role in
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Cut Repeat 3+Homeodomain (CR3HD)

FIG. 1. Schematic representation of the fusion proteins used in this study. A
representation of the human Cut protein is displayed at the top, with the Cut
repeats and the homeodomain depicted as boxes. Below are shown the protein
segments present in the GST and MBP fusion proteins.

DNA binding. These include POU-related regions in the liver-
specific transcription factor HNF-1/LBF-1 and in the fungal
mating-type protein B1-1 and the Cys-His-rich domain called
LIM (7, 18, 19, 27, 38, 41, 53).

The Drosophila Cut protein and its mammalian counter-
parts, the human CCAAT displacement protein (CDP), the
canine Clox (Cut-like Hox) protein, and the murine Cux pro-
tein, belong to a unique class of homeodomain proteins (3, 11,
40, 54). First, the Cut homeodomain is distinct in that it har-
bors a histidine at the ninth amino acid of the third helix. This
amino acid has been shown in some proteins to determine the
specificity of binding to the two bases following the TAAT
core. Also, distinct classes of homeodomain proteins contain
different amino acids at this position (52). Second, Cut-like
proteins contain three conserved 73 amino acid motifs, called
the Cut repeats, which share more than 50% amino acid iden-
tity with each other (3, 11, 40). Cut repeats have recently been
shown to bind specifically to DNA (2, 23). Cut-like proteins
therefore represent a novel class of homeodomain proteins
with multiple DNA-binding domains.

The biochemical activities as well as the biological functions
of Cut proteins in Drosophila melanogaster and in mammals
remain to be defined. The pattern of expression and the phe-
notype of mutants in D. melanogaster suggest that this protein
is involved in cell specification in several tissues, including the
external sense organs, the Malpighian tubules, muscles, and
the tracheal system (10, 13, 14, 26, 33). Thus, in various Cut
mutants, these structures did not develop and, when tested,
ectopic expression of Cut did not induce cell differentiation but
changed the cell type specificity of differentiating cells (10, 12,
14, 26, 32). Evidence accumulated thus far indicates that the
mammalian Cut-like proteins act as negative regulators of
gene expression (3, 16, 40, 54). In transient transfection exper-
iments, Clox, Cux, and human Cut/CDP have been shown to
repress transcriptional activity of the beta major histocompat-
ibility complex enhancer, the Ncam promoter, and the c-myc
promoter, respectively (3, 16, 54). In addition, higher expres-
sion of several genes, including the cytochrome 3 heavy-chain
(gp91-phox) gene, was shown to correlate with down-regula-
tion of CDP binding activity upon cellular differentiation. This
finding suggests that CDP represses the expression of these
genes in undifferentiated cells (6, 45, 48, 49).

The recent identification of mammalian Cut-like proteins as
potential transcriptional regulators of several genes revealed
that sequences with little apparent homology can serve as rec-
ognition sites for these proteins (3, 16, 40, 54). These findings
raised the question as to whether binding to dissimilar se-
quences was rendered possible by the presence of multiple
DNA-binding domains in the Cut-like proteins. In this study,
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we have examined the sequence specificity as well as binding
affinity of the human Cut DNA-binding domains. Results from
site selection, gel retardation, and DNase footprinting analyses
indicated that different Cut DNA-binding domains exhibit
broad and overlapping DNA-binding preferences. Consensus
binding sites were derived; however, some divergent sequences
were bound with similar affinity. Also, sites selected for one
Cut DNA-binding domain were frequently, but not always,
recognized by other domains. The consensus binding site for
the Cut repeat 3-plus-homeodomain fusion protein did not
include an ATTA homeodomain-binding motif, and binding
assays with Cut-like proteins from COS and HeLa cells con-
firmed that the presence of such a motif did not make a
higher-affinity recognition site.

MATERIALS AND METHODS

Plasmid construction. Plasmids for expression of the glutathione S-transferase
(GST)/Cut fusion proteins were prepared by inserting various fragments derived
from ¢cDNAs for the human Cut protein into the bacterial expression vector
pGEX-3X (Pharmacia). The sequence of the human Cut protein has been
published as the sequence for human CDP, and the cDNA sequence (HSCDP)
can be obtained from GenBank (accession number M74099 [40]). The nucleotide
and amino acid numbers used hereafter are taken from this cDNA sequence and
its deduced amino acid sequence. For Cut repeat 1, an EcoRI (nucleotides [nt]
1605)-BamHI (nt 2019) fragment was treated with Klenow enzyme and inserted
into the Smal site of pGEX-3X (the EcoRI site was added at nt 1605 during
c¢DNA cloning). For Cut repeat 2, an Rsal (nt 2861)-PstI (nt 3153) fragment was
inserted into the EcoRI site of pPGEX-3X after treatment of the fragment and the
vector with T4 DNA polymerase and Klenow enzyme, respectively. For Cut
repeat 3, a Caull (nt 3413)-Rsal (nt 3737) fragment was inserted by blunt ligation
into the EcoRI site of pGEX-3X after treatment of both the vector and the
fragment with Klenow enzyme. For Cut repeat 3 plus homeodomain, a Sau961
(nt 3379)-Sau96l (nt 3982) fragment was treated with Klenow enzyme and
inserted into the Smal site of pGEX-3X. For Cut homeodomain, a BstXI (nt
3625)-Apol (nt 3963) fragment was treated with T4 DNA polymerase and in-
serted into the Smal site of pGEX-3X. Plasmid for expression of the maltose-
binding protein (MBP)/Cut repeat 3-plus-homeodomain (MBP/CR3HD) fusion
protein was prepared by inserting the Sau96I (nt 3379)-Sau96I (nt 3982) frag-
ment from the human Cut cDNA into the EcoRI site of the bacterial expression
vector pMal-C2 (New England Biolabs); both vector and insert were treated with
Klenow enzyme before ligation. For transient transfection in COS cells, a Cut-
expressing vector, pSG5-Cut, was prepared by inserting a fragment from the
human Cut cDNA into the EcoRlI site of the pSGS vector (Stratagene). The Cut
c¢DNA fragment was from nt 1605 to 5376 in the HSCDP sequence (40). This
includes the coding sequence for the three Cut repeats and the Cut homeodo-
main. EcoRI sites were added during the cDNA cloning procedure.

Expression and purification of the fusion proteins. Plasmid vectors expressing
GST/Cut fusion proteins were introduced in Escherichia coli DHS5. Induction of
expression and purification of GST and MBP fusion proteins were done as
previously described (22, 34, 46). Glutathione-Sepharose was purchased from
Pharmacia (catalog no. 17-1756-01); amylose resin was purchased from New
England Biolabs (catalog no. 800-21S).

Denaturation and renaturation of GST fusion proteins. Our protocol was
derived from previous studies by Aceto et al. (1) and Sacchetta et al. (43a).
Bacterial extracts containing GST/Cut fusion proteins of different molecular
weights were either mixed together or treated separately. Bacterial extracts were
mixed with 2 volumes of a solution of 8 M urea (final concentration, 5.3 M) and
incubated at 4°C for 30 min with gentle agitation. Samples were then dialyzed
against a solution of 0.1 M KH,PO,-1 mM dithiothreitol-1 mM urea at 4°C for
2 h before purification by affinity chromatography over a glutathione-Sepharose
column. Integrity of GST fusion proteins at all steps was verified by polyacryl-
amide gel electrophoresis and Coomassie blue staining.

Electrophoretic mobility shift assays (EMSA). Reactions were performed with
50 ng of purified GST-Cut fusion proteins or 15 pg of total protein from
mininuclear extract in a final volume of 20 ul in 10 mM Tris (pH 7.5)-25 mM
NaCl-1 mM MgCl,-5 mM EDTA (pH 8.0)-1 mM dithiothreitol-5% glycerol.
Five micrograms of bovine serum albumin was included in the reaction mixture.
Proteins from mininuclear extracts were preincubated with 2 pg of poly(dI-dC)
for 5 min at room temperature. When specified, bacterially expressed proteins
were preincubated with 50 ng of poly(dI-dC) for 5 min at room temperature.
End-labeled double-stranded oligonucleotides (20,000 cpm, ~10 pg) were
added, and samples were further incubated for 15 min. Samples were loaded on
a 5% polyacrylamide gel (30:1 acrylamide/bisacrylamide), and complexes were
separated at 8 V/cm for 2 h in 0.5X Tris-borate-EDTA. Gels were dried and
visualized by autoradiography.

PCR-mediated random site selection. Binding site selections were performed
essentially as described previously (9). Fifty nanograms of purified fusion pro-
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Cut Repeat 1

(:) CAG ATCGAT CGCCCC
GCA ATCGAT CGCCCC
GGG ATCGAT CGCCCC
CCAT ATCGAT CGATC
CAATCTG ATCGAT CC
GGGGTA ATCGAT CGG
CACCATT ATCGAT CG
CC ATCGAT TGGCCCC
GGGG ATCGAT CGGTG
CCC ATCGAT CCCCCc
GG ATCGAT CCGCGTG
CAGGTCT ATCGAT AG
TGA ATCGAT CGGGTC

CAC AACGAT GGTGG
GGCAAT AACGAT TGT

GGA ATCAAT CCCCTG
GGGGTA ATCAAT GGG
CTAGTT ACCGAT TGG

TTA ATCGCT ATCGTG
CACTGGA ATGGAT CG
GGGGGT ATTGAT GGC
CACACGG ATTGAT GG
CACGGTC ATTGAT TG

CAC ATTGAT TGCCCC

(:) GGC ACTGAT CGCCCC
AG ATCAAC CTACCCC
GGGGCA ATTCAT GGC
CACGATA CTTGAT C
GAT ACGGAT TCCCC
ATCGCGGAT ATCGTG
CACGTGG ATGTAT CAG
CATAATC AGCAAT CG

CAC ATAGCA TTATCG
CCCCATC ACGCAT TG
CAC CAATAT CGCCCC

H 0w
w0
cor P

Total 32 32 32 32 32 32 32 31 30 25

Consensus A T C G A T

FIG. 2. Compilation of sequences selected by Cut repeat 1. Sequences were
selected by using purified GST/Cut repeat 1 proteins and PCR-generated ran-
dom oligonucleotides. After five rounds of selection, selected oligonucleotides
were cloned and analyzed by DNA sequencing. The DNA sequences were or-
ganized to fit the best possible alignment. On the basis of the frequency of each
nucleotide at each position, a core consensus sequence was deduced. Sequences
were classified in different groups according to their similarity to the derived
consensus binding site. Group 1 includes sequences which share the consensus
binding site, whereas sequences in groups 2 and 3 deviate from the consensus site
by one and two nucleotides, respectively, and group 4 comprises more divergent
sequences. In the box at the bottom, uppercase letters indicate bases in highly
constrained sequences, whereas lowercase letters indicate bases that are mod-
erately constrained. Sequences in group 4 were not included in the numerical
description of the consensus.

teins was incubated for 15 min at room temperature with ~10 ng of labeled,
double-stranded PCR-generated oligonucleotides in binding buffer containing 50
ng of poly(dI-dC) (100 ng for the homeodomain; see Results). Oligonucleotides
were random at 15 positions and flanked on either side by 15 nt which included
a PstI and an Xbal restriction site, respectively. The sequence of the oligonu-
cleotide used was 5'-AGACCTGCAGTCTGCN,sCTGTCGTCTAGAGGA-3'.
Protein-DNA complexes were separated from the free oligonucleotides by elec-
trophoresis on a 5% polyacrylamide gel (30:1 acrylamide/bisacrylamide). Fol-
lowing exposure of the wet gels, protein-DNA complexes were visualized, ex-
cised, and eluted overnight at 37°C in 300 pl of 10 mM Tris HCI (pH 8)-1 mM
EDTA. After ethanol precipitation, one half of the DNA was amplified by PCR
for 25 cycles. PCR cycles were as follows: 1 min at 94°C, 1 min at 50°C, and 1 min
at 72°C. Part of the PCR product (200 ng) was radiolabeled with T4 polynucle-
otide kinase and purified on 8% nondenaturing polyacrylamide gel. Five to 10 ng
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of this purified labeled DNA was used for the next round of selection. After the
fifth cycle, the PCR products were digested with PstI and Xbal and cloned into
the plasmid Bluescript KS (Stratagene). Sequencing of the inserts were per-
formed with the T7 polymerase sequencing kit (U.S. Biochemical).

Determination of dissociation constants. The dissociation constants (Kp)
value was determined by EMSA. DNA concentrations of the oligonucleotides
were determined fluorimetrically. A range of end-labeled double-stranded oli-
gonucleotides were incubated for 20 min with a fixed amount of each protein in
the absence of a nonspecific competitor. After separation of the protein-DNA
complexes from free DNA by electrophoresis on a gel, the radioactivity in the
bound and free DNA was determined in a liquid scintillation counter (LKB).
[Bound DNA]/[free DNA] was plotted against [bound DNA].

DNase footprinting assay. The Bluescript SK vector (Stratagene), which con-
tains a Clal site (ATCGAT) as well as a CCAAT box, was chosen for this
analysis. The plasmid was *?P end labeled at the Notl site with T4 polynucleotide
kinase and cleaved with Pvull and SstI. After electrophoresis through a 5%
polyacrylamide gel, the 209-bp NorI-Pvull labeled fragment was purified by
passive elution in 10 mM Tris HCI (pH 7.5)-1 mM EDTA. The ATCGAT and
CCAAT sequences start at positions +56 and +91, respectively, relative to the
labeled nucleotide. DNase footprinting was carried out essentially as described
elsewhere (16a, 20). End-labeled DNA (100,000 cpm per reaction) was incubated
with variable quantities of proteins, in the presence of 50 ng of poly(dI-dC), for
15 min at room temperature in a final volume of 25 wl in 10 mM Tris (pH 7.5)-25
mM NaCl-1 mM MgCl,-1 mM dithiothreitol-5% glycerol-4% (wt/vol) polyvinyl
alcohol. For GST/Cut repeat 3 (GST/CR3) and GST/homeodomain (GST/HD),
NaCl was replaced with potassium glutamate. Then 50 ul of 10 mM MgCl,-5
mM CaCl, was added, tubes were incubated for 90 s, 2 pl of DNase at 2.5 wg/ml
was added, tubes were incubated for 90 s, 90 pl of DNase stop solution (20 mM
EDTA, 1% sodium dodecyl sulfate, 0.2 M NaCl) was added, and tubes were
mixed by vortexing. Following phenol-chloroform extraction and ethanol precip-
itation, samples were electrophoresed through an 8% denaturing polyacrylamide
gel (30:1 acrylamide/bisacrylamide) in 1X Tris-borate-EDTA. Gels were visual-
ized by autoradiography without prior drying.

Transient transfection and mininuclear extract. COS cells were grown in
Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum.
The expression vector pSG5Cut was introduced by the DEAE-dextran technique
(36). Ten micrograms of plasmid DNA was added to 2 X 10° cells in 150-mm-
diameter plates. Cells were treated with chloroquine on the next day and har-
vested 48 h later. Mininuclear extracts were prepared from transfected and
untransfected cells by a published procedure (31).

RESULTS

Sequences selected for GST/Cut repeat fusion proteins in-
clude TATNG, CCAAT, and ATNNAT motifs. Cut repeats were
originally identified in the Drosophila Cut homeodomain pro-
tein as three repeats of 73 amino acids and later found in three
mammalian homologs, human CDP, canine Clox, and murine
Cux (3, 40, 54). From sequence comparison, Cut repeats are
well conserved between D. melanogaster and mammals, sug-
gesting that they carry an important biological function. In-
deed, we and others have previously demonstrated that Cut
repeats can function as DNA-binding domains (2, 23). In the
present study, we wished to determine the DNA-binding spec-
ificity of the Cut repeats from the human CDP/Cut-like pro-
tein. For this purpose, we used the procedure of PCR-medi-
ated random oligonucleotide site selection. Various protein
segments were expressed in bacteria as GST fusion proteins
and purified by affinity chromatography over a glutathione-
Sepharose column. The fusion proteins used in this study are
diagrammatically represented in Fig. 1. Radiolabeled, double-
stranded oligonucleotides were used in EMSA with each of the
fusion proteins. Oligonucleotides were random at 15 positions
and flanked on either side by 15 nt which allowed both anneal-
ing of primers and cleavage by restriction enzymes for cloning.
Cut repeat-binding sites were selected by isolating the lower-
mobility protein-DNA complex separated by polyacrylamide
gel electrophoresis, followed by PCR amplification of the iso-
lated DNA for subsequent EMSA. The binding-site selection
was carried out at least five times (eight times for Cut repeat
3); the selected oligonucleotides were then cloned and se-
quenced. A compilation of sequences selected by Cut repeat 1
is presented in Fig. 2. A consensus binding site, 5'-ATCGAT-
3’, was derived, and a significant number of CCAAT (ATTGG,
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a Cut Repeat 3

1  CACCAATCAGTATCG
2 CACGAACGGTTATCG
3 (3) CACCAATATGTATCG
4  CACCAATATATATCG
5  CACCCAGATATATTG
8 (2) CACCGATACATATGG
10 CCAATAGGTGTATCG
12 CACAGATACGTATTG
13  CAGCAGAACGTATTG
15 CACCGATACATATCG
16 CACCAATATGTATGG
18 CACAGATGCGTATTG
19 CACCAATAACCATGG
20 ACCAAATAACTATGG
23 CACACACGTGTATTG
24 CACCAATCGGTATCG
25 CACCGATATCTATGG
27 CACCGACACGTATGG
28 CACAGATTGTTATCG
30 GGCGAATAAGTATGG
31 CACCAATAACTATGG
32 CAGGAGTACATATTG
34 CACCGATAGTTATGG
17- GGGGATATATTGGGC

22 CCGATCAATTGCCCC
14 CAGATCGATCGCCCC
26 CAATGTACGATGCGC

A 120 1 61221 117 5 6 024 0 0 0

c 21 22014 2 0 3 2 7 4 1 0 0 8 0

G 11 2 4 9 3 3 4 411 0 0 0 924

T o 0 0 0 1 017 1 8 323 024 7 0
_—

Consensus ¢ A C CA/GA T A N N T A T N G

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

T T ™

.

' IS RS R R

FIG. 3. Compilation of sequences selected by Cut repeat 3. (a) Sequences
were selected by using purified GST/CR3 fusion proteins and PCR-generated
random oligonucleotides. After eight rounds of selection, selected oligonucleo-
tides were cloned and analyzed by DNA sequencing. The numbers in parentheses
indicate the number of times a particular sequence was found. On the basis of the
frequency of each nucleotide at each position, a core consensus sequence was
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in the reverse orientation) and closely related sequences were
also noted. A significant number of clones diverged from the
consensus but were still found to be good binding sites (see Fig.
5; also data not shown). Sequences were therefore classified in
different groups according to their similarity with the derived
consensus binding site. Group 1 includes sequences which
share the consensus binding site, whereas sequences in groups
2 and 3 deviate from the consensus site by one and two nucle-
otide(s), respectively, and group 4 comprises more divergent
sequences.

Oligonucleotides selected by Cut repeat 3 after five cycles
included a significant number of ATNNAT, TATNG, and CC
AAT or CCGAT sequences. It was not possible, however, to
align a majority of sites according to either one of these motifs.
Selection was therefore continued for three more cycles. Se-
lected sites after eight cycles are presented in Fig. 3. All but
three sequences could be aligned according to TATNG. The
derived consensus binding site, CACCNATANNTATNG, com-
prised a palindrome, and curiously, almost all selected se-
quences, when aligned, were in the same orientation. This
finding suggested that the flanking, invariant sequences were
possibly part of the binding site. Interestingly, when the flank-
ing sequences were juxtaposed to the central core, the palin-
drome that is part of the consensus binding site could be
extended to the right: CACCNATANNTATNGCTG. To en-
sure that selection had been brought to completion and that
divergent sequences were true binding sites, we verified that all
31 cloned sites were bound with similar affinities (Fig. 3b).

In the case of Cut repeat 2, no sequences were selected or
amplified, even though the procedure was repeated several
times with various fusion proteins containing Cut repeat 2
either alone or with variable lengths of adjacent protein seg-
ments. These results are in contrast with those of two other
groups which showed strong DNA binding by Cut repeat 2 (2,
4). Curiously, one of these groups did not observe DNA bind-
ing by Cut repeats 1 and 3 (2). The reason for these differences
is currently not known, but it does not appear to involve se-
quence divergence between Cut repeats isolated from different
mammalian species (3, 16, 40).

In contrast with the Cut repeats, when we performed the
same procedure with the Cut homeodomain, a large fraction of
the PCR-mediated random sequences were already present in
the retarded protein-DNA complex after the first selection
cycle, indicating that the Cut homeodomain can bind with a
relatively high affinity to nonspecific sequences. Sequences ob-
tained after seven selection cycles could not be aligned to a
single consensus. Similar results were obtained when the pro-
cedure was repeated in the presence of 100 ng of various
nonspecific competitor DNA [poly(dIdC), lambda DNA, or
salmon sperm DNA]. We conclude that the Cut homeodo-
main, when acting alone, does not exhibit a strong preference
for specific DNA sequences.

The flexible consensus obtained with Cut repeat 3 suggested
that this domain had a broad DNA-binding specificity. By
analogy with the POU domain, we considered that Cut repeat
3 may bind DNA with higher specificity and better affinity
when acting in conjunction with the Cut homeodomain which
is located next to it in the protein (2, 55). We therefore re-

deduced. Sequences 22, 14, and 26 could not be aligned with the others and were
not included in the calculation of the consensus. The position of a palindromic
sequence is shown by arrows. (b) End-labeled double-stranded oligonucleotides
generated by PCR were incubated with 50 ng of purified GST/CR3 fusion
proteins in the presence of 50 ng of poly(dI-dC). The specific sequence of each
oligonucleotide is shown in the list of selected sites.



VoL. 15, 1995

Cut Repeat 3+HD

AC ATCGAT CCACCTG
CAGG ATCGAT cCcccc
CACG ATCGAT CCCTC
CAC ATCGAT CCCCCC
G ATCGAT CTGGGGGC
TG ATCGAT CGCCGCC
GGGCTA ATCGAT GTG
CCC ATCGAT TCGGTG
GGGCA ATCGAT GGG
CAGGGGT ATCGAT GC
CAC ATTGAT CCCCCC
CACA ATTGAT CCCCC
CACGCCA ATTGAT CA
GCC ATTGAT CCCCCC
CAC ATTGAT GGCCCC
GGAGGC ATTGAT GTG
CACGGG ATTGAT GGT
CACACA ATTGAT TGG
CACAT ATTGAT CTGG

(:) CAC AATGAT CCCCCC
GGG ATGGAT GTGGGG
CACA ATGGAT CCCCC
CAC ATAGAT CCGGTA
ACAGG GTCGAT GGTG
GGG GTCGAT CGGGTG
GGGGGCGG GTCGAT C
CAC AATGAT TGCCCC
GCC AATGAT TGCCCC
GGGGCG TTCGAT GTG
TGCG ATAGAT TGGTG

(:) GCCA ATGCAT CCCCC
CACCGA ATACAT GGG
CAG GTCCAT CGCCCC

@ CACC ATGCAC CCTCC

™
N

H 00w
'
[
s oW

Total 33 33 33 33 33 33 33 33 32 30

Consensus G/C A T c/T G A T C/g C/G C/G

FIG. 4. Compilation of sequences selected by the Cut repeat 3-plus-homeo-
domain protein. DNA was selected by using purified GST/CR3HD fusion pro-
teins and PCR-generated random oligonucleotides. After five rounds of selec-
tion, selected oligonucleotides were cloned and analyzed by DNA sequencing.
The DNA sequences were organized to fit the best possible alignment. On the
basis of the frequency of each nucleotide at each position, a core consensus
sequence was deduced. Sequences were classified in different groups according
to their similarity to the derived consensus binding site. Group 1 includes se-
quences which share the consensus binding site, whereas sequences in groups 2
and 3 deviate from the consensus site by one and two nucleotides, respectively,
and group 4 comprises more divergent sequences. In the box at the bottom,
uppercase letters indicate bases in the highly constrained sequence, whereas
lowercase letters indicate bases that are moderately constrained. Sequences in
group 4 were not included in the numerical description of the consensus.

peated the site selection with a fusion protein containing Cut
repeat 3 and the Cut homeodomain. The recombinant protein
is described in Fig. 1, and the compilation of selected se-
quences is presented in Fig. 4. The consensus for Cut repeat 3
plus homeodomain was 5'-AT(C/T)GAT-3’, and we also noted
some preference for C or G at flanking positions. Interestingly,
this consensus is closely related to that of Cut repeat 1. These
results suggest that the presence of the Cut homeodomain may
modify the binding specificity of Cut repeat 3 or, alternatively,
that the homeodomain may be involved in cooperative DNA
binding with Cut repeat 3. In conclusion, consensus binding
sites were derived for Cut repeat 1, Cut repeat 3, and Cut
repeat 3 plus homeodomain. However, in each case, a signifi-
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FIG. 5. EMSA using GST/Cut fusion proteins and selected binding sites.
End-labeled double-stranded oligonucleotides generated by PCR were incu-
bated with 50 ng of purified GST/Cut fusion proteins in the presence of 50 ng of
poly(dI-dC). The specific sequence of each oligonucleotide, as well as the fusion
protein used for its selection, is given in Table 1.

cant number of selected sequences diverged from the consen-
sus.

Different Cut repeats show related but distinct sequence
specificity. To confirm that the selected sequences are true
protein-binding sites, we performed EMSA with probes se-
lected for the various Cut fusion proteins. This assay was also
expected to establish whether different fusion proteins would
exhibit distinct DNA-binding specificities. In total, 12 probes
were tested. The binding of Cut fusion proteins to these vari-
ous sites is presented in Fig. 5. The sequences of the probes are
listed in Table 1, together with the DNA-binding domain used
for their selection and the relative binding affinities of each
protein. All probes were well recognized by the fusion protein
for which they had been selected. This was true not only for
probes from group 1, which contain a perfect consensus bind-
ing site, but also for probes from groups 2, 3, and 4, whose
sequences diverged from the consensus (Fig. 5, probes 3, 4, 5,
7, 8, 10, 11, and 12). We conclude from this observation that
selected binding sites which diverged from the consensus bind-
ing sites are recognized with similar affinities. This finding
suggests that Cut repeats can tolerate a certain variability in
their recognition sites. It is also possible, as suggested by sub-
sequent experiments (see below), that sequences flanking the
core consensus play a role in determining binding affinity.
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TABLE 1. DNA-binding affinity of GST/Cut fusion proteins for selected binding sites

Binding affinity

Selection” Sequence of binding site”
CR1 CR3 CR3+HD

1 CR3+HD (1) CACACA ATTGAT TGG +++ + +++
2 CR3+HD (1) CAC ATTGAT CcCCcCcCC +/- - +++
3 CR1(3) GGGGCA ATTCAT GGC + +/— -

4 CR3+HD (2) CACAT ATTGAC CTGG +/—= - +++
5 CR3+HD (2) CAC AATGAT TGCCCC + - +++
6 CR1(1) TGA ATCGAT CGGGTC +++ ++ ++
7 CR1(2) TTA ATCGCT ATCGTG +++ + +

8 CR1(2) CAC AACGAT GGTGG ++ +/— ++

9 CR1 (1) CAG ATCGAT CGCCcCC +++ + +++
10 CR3+HD (2) GGG ATGGAT GTGGGG + - +++
11 CR3+HD (3) GCCA ATGCAT cCcccc + - +++
12 CR3+HD (4) CACC ATGCAC CcCTCC +/= - +++

“ The fusion protein used in the selection is indicated together with the group (in parentheses) to which the sequence belongs on the basis of its resemblance to the

deduced consensus binding site. Proteins are designated as in Fig. 1.
® Some sequences are in the reverse orientation to facilitate the comparison.

A second observation is that sequences selected by one fu-
sion protein were most often recognized by one or more other
fusion proteins. In particular, three of the probes were bound
very well by all fusion proteins (Fig. 5, probes 1, 6, and 9). This
is in accordance with the fact that selected sites for the various
fusion proteins contained similar sequence motifs. Also, the
fusion protein containing the Cut homeodomain in addition to
Cut repeat 3 exhibited binding preferences that are clearly
distinct from that of the Cut repeat fusion proteins. For exam-
ple, probes 2, 4, and 12 were recognized by Cut repeat 3 plus
homeodomain but not by Cut repeat proteins, while the re-
verse was true for probes 3 and 7. Altogether, these results
demonstrate that different Cut repeats or the combination of
Cut repeat 3 and the Cut homeodomain recognize closely
related sequences but still have distinct DNA-binding specific-
ities.

Sequences flanking the core consensus binding site influ-
ence binding affinity. A close examination of the results in Fig.
5 also revealed that sequences flanking the core consensus site
can have a significant effect on binding by Cut repeats 1 and
3. This is exemplified by the results obtained with probes 1 and
2 (Fig. 5). To further study the sequence requirements for
DNA binding, we analyzed the relative binding affinity of Cut
repeats to synthesized double-stranded oligonucleotides. The
sequences of these binding sites are displayed in Table 2.
Probes A and B contain the ATCGAT core which is commonly
found within selected sites. These two probes differ on the 3’
side of the core: probe A contains the sequence CGCCCC,
which was frequently selected, whereas probe B contains an
unrelated sequence. The relative binding affinities of each fu-
sion protein was first assessed by EMSA (Fig. 6). Probe A
represented a better binding site than probe B, suggesting that
sequences flanking the ATCGAT consensus are also part of
the recognition site. To assess with more accuracy the contri-

bution of flanking sequences, we determined the apparent
dissociation constant of each fusion protein to probes A and B.
In this experiment, DNA at various concentrations was incu-
bated with a fixed amount of purified proteins. Following a
20-min incubation, the free and bound DNA were separated by
polyacrylamide gel electrophoresis. After quantification, the
concentrations of bound over free DNAs were plotted against
that of free DNA. The Scatchard plots are shown in Fig. 7, and
the derived dissociation constants are presented in Table 2. It
is important to emphasize that calculations of dissociation con-
stants did not take into account the monomeric versus dimeric
nature of the fusion proteins (see below); therefore, the values
presented here are valid only for the purpose of comparing the
affinities of different GST fusion proteins. For this reason,
these values are referred to as apparent Kj,s. The effect of 3’
flanking sequences on the binding affinity appears in each case
to be in the range of about 1.5- to 2-fold. The comparison of
apparent K,,s obtained with different GST/Cut fusion proteins
indicates that Cut repeat 1 exhibited a more than 10-fold-
higher affinity than Cut repeat 3 for probes A and B. However,
when the Cut homeodomain was present with Cut repeat 3,
DNA-binding affinity was increased by more than 2 orders of
magnitude. These results suggest that Cut repeat 3 and the Cut
homeodomain cooperate to bind to DNA with higher affinity.

DNase footprinting analysis of DNA binding by MPB/Cut
and GST/Cut fusion proteins. To analyze further the DNA-
binding specificity of Cut DNA-binding domains, we per-
formed a DNase footprint analysis using a DNA fragment
containing an ATCGAT consensus as well as a CCAAT motif.
Several observations can be made from this analysis. Using
50 ng of proteins, we observed DNA protection with GST/
CR3HD, GST/CR1, and MBP/CR3HD, but not with GST/
CR3 or GST/HD (Fig. 8A). A larger amount of the last two
proteins was needed to obtain a footprint (Fig. 8B, lanes 6, 7,

TABLE 2. Dissociation constants of Cut fusion proteins for consensus binding sites

Probe® Sequen_ce _of consensus Kp (M)
binding site GST/CR1 GST/CR3 GST/CR3HD MBP/CR3HD
A AG ATCGAT CGCCCC 3.4 x10710 7.9 x107° 31x1071 4.6 x 10710
B AG ATCGAT CAGACT 5.9 x 1071 1.2x 1078 7.5 x 1071 ND

“ Probes A and B contain the ATCGAT core, which represents a common consensus binding site for all Cut fusion proteins, but differ at positions 3’ to the core

consensus.
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FIG. 6. EMSA using GST/Cut fusion proteins and consensus binding sites
with different flanking sequences. End-labeled double-stranded oligonucleotides
were incubated with 50 ng of purified GST/Cut fusion proteins in the presence of
50 ng of poly(dI-dC). Probes A and B contain the ATCGAT core, which repre-
sents a common consensus binding site for all Cut fusion proteins but differ at
positions 3’ to the core consensus. The sequences of oligonucleotides A and B
are given in Table 2.

9, and 10), and surprisingly, a similar and relatively large re-
gion of DNA was protected, suggesting that Cut repeat 3 and
the Cut homeodomain may have overlapping DNA-binding
preferences. When the two domains were present on the same
protein, as in GST/CR3HD and MBP/CR3HD, not only was a
lesser amount of protein needed, but the footprints were
smaller (compare lane 4 with lanes 6, 7, 9, and 10 in Fig. 8B).
This result emphasizes the gain both in DNA-binding affinity
and specificity when Cut repeat 3 and the Cut homeodomain
are present on the same protein.

The region containing the ATCGAT consensus was pro-
tected by all fusion proteins. This confirms that this sequence
is recognized by every Cut DNA-binding domain. On the other
hand, although CCAAT motifs and closely related sequences
were found in a significant fraction of the sites selected by each
fusion protein, the region containing a CCAAT motif was
protected only by GST/CR1. This may indicate that the affinity
of Cut repeat 1 for CCAAT sites is higher than that of other
Cut DNA-binding domains. We cannot, however, exclude the
possibility that the surrounding sequence environment is im-
portant in determining whether a CCAAT site will be recog-
nized by a particular Cut repeat. We note, for example, that
selected sites for Cut repeat 3 contain, in addition to the
CCAAT sequence, a TAT motif that is not present here.

Finally, the sizes of the footprints are quite revealing. Inter-
estingly, the footprints generated by GST/CR3HD and GST/
CR1 around the ATCGAT and CCAAT motifs were of 32 bp,
whereas the MBP/CR3HD protein produced a 16-bp footprint
which corresponded to the top half of the GST/CR3HD foot-
print (Fig. 8A, lanes 2, 4, and 12; Fig. 8B, lanes 2 and 4). This
result could be interpreted to mean that GST/Cut fusion pro-
teins bind to DNA as dimers, a notion that is in accordance
with the dimeric nature of GSTs. This hypothesis was further
tested in the experiments described below.

GST/Cut repeat fusion proteins bind to DNA as dimers.
One way to assess whether DNA binding involves a dimeric
protein is to perform EMSA with a mixture of proteins of
different sizes. Heterodimeric protein-DNA complexes should
migrate with an intermediate mobility in comparison with the
two homodimeric protein-DNA complexes. The formation of
heterodimers involves prior dissociation of the dimerization
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partners followed by reassociation of monomeric subunits to
generate homo- and heterodimers. Previous studies have dem-
onstrated that GST enzymes exist as stable dimers that can be
reversibly dissociated by incubation in the presence of a low
concentration of a chemical denaturant (1, 43a). A similar
approach was taken here. Bacterial extracts containing GST/
CR3 or GST/CR3HD fusion proteins of different sizes were
mixed, incubated in the presence of 5.3 M urea for 30 min, and
then dialyzed extensively before purification by affinity chro-
matography on glutathione-Sepharose beads. As controls,
GST/Cut fusion proteins were prepared in the same manner
but without prior mixing of the bacterial extracts. Protein-
DNA complexes of intermediate mobility were reproducibly
observed with GST/Cut fusion proteins purified from mixed
extracts (Fig. 9A, lanes 2 and 5; Fig. 9B, lanes 5 and 6), whereas
each of the controls generated a unique protein-DNA com-
plexes (Fig. 9A, lanes 1, 3, 4, and 6; Fig. 9B, lanes 1 to 4). This
result strongly suggests that GST/Cut fusion proteins exist as
dimers. Furthermore, consistent with the stable nature of GST
dimers, when EMSA were performed with GST/Cut fusion
proteins of different size but without prior treatment with a
denaturant, protein-DNA complexes of intermediate mobility
were not observed (data not shown).

MPB/CR3HD and GST/CR3HD fusion proteins exhibit dif-
ferent dissociation constants. Determination of the apparent
K s should be affected by the monomeric or dimeric nature of
the binding protein. Dimerization would have the effect of
lowering the apparent K,,. We therefore calculated the ap-
parent K;, of MBP/CR3HD and compared it with that of
the corresponding GST/CR3HD fusion protein (Fig. 7). The
value obtained for MBP/CR3HD, 4.6 X 10~ M, indicated a
lower binding affinity than that of the corresponding GST/
CR3HD fusion protein, 3.1 X 10~"" M. The difference in
apparent K,s is in agreement with the notion that MBP/
CR3HD bound to DNA as a monomer and GST/CR3HD
bound as dimers.

Cut-like proteins expressed in mammalian cells bind with
high affinity to the ATCGAT consensus binding site. The re-
sults presented above showed that the sequence ATCGAT
represents a good binding site for several of the Cut DNA-
binding domains. To confirm that a human Cut protein which
contains multiple DNA-binding domains can bind to this se-
quence, COS cells were transfected with the vector pSG5Cut
expressing a fragment of the human Cut cDNA encoding the
three Cut repeats and the Cut homeodomain. Nuclear extracts
prepared from untransfected and transfected COS cells were
used in EMSA with double-stranded oligonucleotide A as a
probe (Fig. 10, lanes 6 to 10). A protein-DNA complex of
slower mobility and of increasing intensity is visible in lanes 8
to 10, which contain, respectively, 1, 2, and 4 pl of nuclear
extract from transfected COS cells. We conclude that the pro-
teins expressed from the pSG5Cut vector can bind with high
affinity to the Cut consensus binding site. A common protein-
DNA complex was also present in all samples, from either
transfected or untransfected cells. This finding suggested that
COS cells contain an endogenous binding activity for oligonu-
cleotide A. To verify whether this binding activity involved an
endogenous Cut protein, EMSAs were performed in the ab-
sence or presence of monoclonal antibodies against the human
Cut protein (Fig. 10, lanes 11 to 16). For this experiment,
nuclear extracts were prepared from COS and HelLa cells. In
each case, the unique protein-DNA complex disappeared
when binding was performed in the presence of either of the
two anti-Cut monoclonal antibodies. These results demon-
strate that mammalian Cut proteins can bind with high affinity
to the ATCGAT consensus binding site.
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FIG. 7. Apparent K,s of Cut fusion proteins for consensus binding sites. Using end-labeled double-stranded oligonucleotides and purified GST/Cut and MBP/Cut
fusion proteins, a range of DNA concentration was incubated with a fixed amount (50 ng) of each protein in the absence of nonspecific competitor DNA. After
separation of the protein-DNA complexes from free DNA on a gel, the radioactivity in the fractions of bound and free DNA was calculated in a liquid scintillation

counter (LKB).

The mammalian Cut-like proteins do not bind with higher
affinity to a sequence that contains the ATTA homeodomain
motif. As this work was being completed, a study from another
group reported a Cut consensus binding with a similar ATC
GAT core but with different flanking sequences which included
a bona fide ATTA homeodomain motif (2). We decided to
compare the affinities of mammalian Cut proteins for the two
different Cut consensus binding sites. Oligonucleotides encod-
ing the two sequences were labeled to the same specific activ-
ity, and an equal amount of each probe was used in EMSA with
nuclear extracts from untransfected and transfected COS cells
(Fig. 10, lanes 1 to 10). The results clearly indicate that mam-
malian Cut proteins do not have a higher affinity for a se-
quence that contains an ATTA motif.

DISCUSSION

The Drosophila Cut protein and its mammalian counter-
parts, the human CDP/Cut, canine Clox, and murine Cux pro-
teins, belong to a unique class of homeodomain proteins (3, 11,
40, 54). These proteins have similar structural organizations,
with three Cut repeats followed by a Cut-type homeodomain.
Cut repeats are three conserved 73-amino-acid motifs origi-
nally shown to share from 52 to 63% amino acid identity with

each other in Drosophila Cut and later found to be highly
conserved in mammals (3, 11, 40, 54). The high degree of
conservation of Cut repeats suggests that they may have an
important biological function. Indeed, we and others have pre-
viously shown that Cut repeats can function as DNA-binding
domains (2, 23). In this study, we have addressed the DNA-
binding specificity of the human Cut DNA-binding domains,
using the procedure of PCR-mediated random site selection
with a bacterially expressed GST/CR1, GST/CR3, or GST/
CR3HD fusion protein. Our results show that different Cut
DNA-binding domains exhibit overlapping but distinct se-
quence specificities. Consensus binding sites were derived for
Cut repeat 1, Cut repeat 3, and Cut repeat 3 plus homeodo-
main; however, in each case, some selected sequences diverged
from the consensus by one, two, or even more nucleotides. This
was not due to an incomplete selection procedure, since these
sequences were shown in EMSA to be recognized with high
affinity. Therefore, these results indicate that Cut repeats can
tolerate a certain degree of flexibility in their DNA targets. A
similar relaxed sequence specificity was found for the GATA
factors (29, 39). One possible explanation for the apparent
relaxed binding specificity of Cut repeats comes from the ob-
servation that sequences flanking the core consensus site are
also part of the recognition site. This was first seen in EMSA
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FIG. 8. DNase footprinting analysis of Cut fusion proteins. (A) Fifty nanograms of each fusion protein was incubated with labeled DNA. Odd-numbered lanes,
control DNase digestion in the absence of protein. Proteins used for other lanes are indicated at the top. (B) Variable amounts (indicated in nanograms at the top)
of proteins were used. Odd-numbered lanes, control DNase digestion in the absence of protein.

using a panel of selected binding sites. Furthermore, when
dissociation constants for different sites were compared, spe-
cific 3’ flanking sequences were shown to have a twofold effect
on the binding affinity. Therefore, as was suggested for the
GATA factors, the observed divergences between some se-
lected sites could be explained on the basis that binding affin-
ities depend not exclusively on the conformity of each se-
quence with the core consensus binding site but possibly also
on the conjoined frequencies of specific nucleotides at deter-
mined positions in the core and in flanking sequences (39).
Four cDNAs encoding mammalian homologs of the Dro-
sophila Cut protein have been isolated so far, using four ap-
parently divergent DNA-binding sites in the protein purifica-
tion procedure or in the cDNA plaque screening: the FP and
the MElal sequences for the human CDP/Cut, the Be2 sub-
element for the canine Clox protein, and the Ncam promoter
a sequence for the murine Cux protein (3, 16, 40, 54). In
addition, we have previously demonstrated that the human Cut
protein can bind to the C3S sequence (23). The C3S sequence

includes the ATCGAT motif which corresponds to the con-
sensus binding site for Cut repeat 1 and Cut repeat 3 plus
homeodomain. We also note that multimerization of the Be2
subelement by blunt-end ligation would reconstitute the se-
quence ATCGAT. This helps explain why a dimer of the Be2
subelement was a good binding site for Clox whereas the
monomer was not (3). The FP sequence contains several AT
doublets as well as a CCAAT motif. Such motifs as well as
closely related sequences were found in a significant fraction of
the sites selected for the Clox and the human Cut DNA-
binding domains (reference 2 and 4 and this study). The
ME1lal sequence contains a GATC motif which is also found
in 16 of 34 sequences selected by the GST/CR3HD fusion
protein. In summary, each of the previously identified binding
sites contains a sequence motif that is found among the se-
quences obtained by in vitro site selection. This confirms that
these apparently divergent sequences are genuine binding sites
for Cut-like proteins. On the other hand, taken together, these
findings also suggest that the mammalian Cut-like proteins
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FIG. 9. EMSA using GST/Cut fusion proteins that had been incubated in 5.3
M urea. Bacterial extracts, either mixed or treated separately, were incubated in
the presence of 5.3 M urea for 30 min and then dialyzed extensively before
purification of GST fusion proteins. (A) GST/CR3 fusion proteins of different
molecular weights were incubated with end-labeled double-stranded oligonucle-
otides C3S (5'-AAAAGAAGCTTATCGATACCGT-3') in the presence of 50
ng of poly(dI-dC). Lanes: 1, GST/CR3 (10 ng); 2, GST/CR3 plus GST/CR3 long
(50 ng); 3, GST/CR3 long (100 ng); 4, GST/CR3 (10 ng); 5, GST/CR3 plus
GST/CR3 long (100 ng); 6, GST/CR3 long (100 ng). (B) GST/CR3HD fusion
proteins of different molecular weights were incubated with end-labeled double-
stranded oligonucleotides A (see Table 2) in the presence of 50 ng of poly(dI-
dC). Lanes: 1 and 2, 5 and 10 ng of GST/CR3HD; 3 and 4, 5 and 10 ng of
GST/CR3HD long; 5 and 6, 5 and 10 ng of GST/CR3HD plus GST/CR3HD
long.

have a relaxed DNA-binding specificity and that they are able
to recognize a wide range of sequences. Indeed, a significant
fraction of selected binding sites did not perfectly conform to
the derived consensus site yet represented high-affinity binding
sites.

EMSA and DNase footprint analysis with GST and MBP
fusion proteins indicated that DNA-binding affinity was greatly
increased when the Cut homeodomain was present in addition
to Cut repeat 3. Moreover, it appears from the site selection
analysis and subsequent gel retardation and DNase footprint-
ing studies that DNA-binding specificity was also modified.
Since these two domains are situated very close to one another
in the native Cut proteins, it is tempting to speculate that they
normally function in concert. The cooperation between the
Cut homeodomain and Cut repeat 3 is analogous in some
respects to that between the POU-specific domain and the
POU homeodomain. For both POU and Cut proteins, the
highest DNA-binding affinity and specificity is achieved when
their respective homeodomains bind to DNA in conjunction
with their adjacent DNA-binding domains (5, 55). In both
cases, the presence of the second DNA-binding domain slightly
modifies the binding specificity (5, 55). In contrast to the POU-
specific domain, however, Cut repeats can bind to DNA with
high affinity on their own.

Site selection using either GST/Cut homeodomain or GST/
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FIG. 10. EMSA using nuclear extracts from COS and HeLa cells. Nuclear
extracts prepared from untransfected (COS and HeLa) and transfected (COS)
cells were used in EMSA with double-stranded oligonucleotides containing an
ATCGAT core with (lanes 1 to 5) or without (lanes 6 to 16) an ATTA homeo-
domain-binding motif. Transfected COS cells received the vector pSG5Cut,
which encodes a human Cut-like protein with the three Cut repeats and the Cut
homeodomain. Lanes: 1 and 6, 2 pl of nuclear extract from untransfected COS
cells; 2 and 7, probe alone; 3 and 8, 4 and 9, and 5 and 10, 1, 2 and 4 pl,
respectively, of nuclear extract from transfected COS cells; 11 to 13, 2 pl of
nuclear extract from untransfected COS cells incubated with monoclonal anti-
bodies against hemagglutinin (lane 11) or human Cut-like proteins (antibodies A
and W3) (lanes 12 and 13); 14 to 16, 2 ul of nuclear extract from untransfected
HeLa cells incubated with monoclonal antibodies against hemagglutinin (lane
14) or human Cut-like proteins (A and W3) (lanes 15 and 16).

CR3H3 fusion proteins did not reveal a significant number of
targets containing the homeodomain ATTA-binding motif.
This result was not completely unexpected since the Cut ho-
meodomain differs from that of Engrailed and Antennapedia
at many positions involved in DNA contacts, and the effects of
these differences on DNA-binding specificity have not yet been
determined (28, 42). In contrast to our results, a consensus
binding site with an ATTA motif was recently reported for
Clox, another mammalian Cut-like protein (2). We found the
same ATCGAT core consensus but with GC-rich flanking se-
quences. When both consensus binding sites were tested in
parallel by using nuclear extracts from untransfected COS and
HeLa cells, the consensus binding site with GC-rich flanking
sequences was preferred. It is possible that the Clox protein
does not have the same DNA-binding specificity as the monkey
or the human Cut-like protein. The canine and human proteins
have identical amino acid sequences within the Cut repeats but
have several differences outside these domains (3, 40). It is
possible that some of these differences, in particular within the
Cut homeodomain, affect the DNA-binding specificity.

As this report was under revision, a study of Cut repeat
DNA-binding specificity was published by another group (4).
Similarly to our study, selected oligonucleotides for Cut repeat
3 contained the sequence TATNG (CNATA, in the reverse
orientation). The ATCGAT sequence was part of the consen-
sus binding site for Cut repeat 1 and was also present in 6 of 14
sites selected for Cut repeat 3. Our observation that different
Cut repeats display overlapping yet distinct DNA-binding pref-
erences was also made by these authors. On the other hand,
the CCAAT or CCGAT motif was found in sequences selected
for both Cut repeats 1 and 3 but at frequencies different from
those that we found. It is likely that the broad DNA-binding
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preference exhibited by Cut repeats is responsible for the fact
that similar sequences are found but at variable frequencies in
independent binding-site selections.

GSTs function as dimers. Therefore, we tested the hypoth-
esis that GST/Cut fusion proteins bind to DNA as dimers.
When GST/Cut fusion proteins of different molecular weights
were mixed, denatured, renatured and then used in EMSA,
protein-DNA complexes of intermediate mobility were ob-
served. The appearance of such complexes is best explained by
assuming that heterodimers of GST/Cut fusion proteins were
formed during the denaturation-renaturation process. Addi-
tional evidence for GST/Cut fusion protein binding to DNA as
dimers was provided from the comparison of DNase footprints
produced by MBP/CR3HD and GST/CR3HD fusion proteins.
The MBP protein protected a region of 16 bp corresponding to
the top half of the 32-bp region protected by the GST protein.
Finally, determination of the dissociation constants of these
two proteins for a consensus binding site revealed K,s of 4.6 X
10~ M for the MBP/CR3HD protein and 3.1 X 10~'* M for
the GST/CR3HD protein. This result is also in agreement with
the notion that GST/Cut proteins bind to DNA as dimers.

The three consensus binding sites derived for Cut repeat 1,
Cut repeat 3, or Cut repeat 3 plus homeodomain contain a
palindromic sequence. While we demonstrated that GST/Cut
fusion proteins bind to DNA as dimers, we do not think that
palindromic binding sites were selected essentially because
dimeric GST/Cut fusion proteins were used in the selection
procedure. If this were the case, we would have expected that
the monomeric MBP/CR3HD protein would have protected a
region more or less corresponding to one side of the palin-
drome, while the dimeric GST/CR3HD would protect both
sides. Instead, the 16-bp region protected by MBP/CR3HD
included the ATCGAT palindrome in its center, and the GST/
CR3HD protein protected the same 16-bp region plus another
region of 16 bp which contained an imperfect palindrome,
TTCGAT. These results are best explained by assuming that
binding to the ATCGAT sequence is determinant in targeting
the GST/CR3HD dimers to this region of DNA and that pro-
tection of the adjacent 16 bp results from cooperative binding.
In the same line of thinking, it is striking that the footprints
produced by GST/CR1 were also of 32 bp and that the ATC
GAT or CCAAT sites were positioned not in the middle of
these regions but clearly on one side of it. Therefore, we
speculate that binding to the CCAAT or ATCGAT sites tar-
geted the GST/CRI1 to these regions and that cooperative
binding allowed binding to, and protection of, larger regions of
DNA.

In addition to the fusion proteins described here, we have
recently prepared a set of MBP/Cut fusion proteins: MBP/
CR1, MBP/CR3, MBP/HD, and MBP/CR3HD. None of these
proteins except MBP/CR3HD were found to bind to DNA
(Fig. 7 and 8 and data not shown). Although many factors can
explain a negative result, it is striking that the groups that have
studied DNA binding of individual Cut repeats invariably have
used GST fusion proteins (2, 4). It is tempting to speculate that
Cut repeats cannot, as a single unit, form a stable complex with
DNA. We hypothesize that DNA binding requires that at least
two Cut DNA-binding domains act in concert: either Cut re-
peat 3 and the Cut homeodomain (as in MBP/CR3HD and
GST/CR3HD) or two Cut repeats (as in the GST/CR1, GST/
CR2, and GST/CR3 dimers) (references 2 and 4 and this
study). In the native Cut proteins, interaction with DNA may
involve cooperation of all the DNA-binding domains. Alterna-
tively, we can envisage that the evolutionary conserved region
predicted to form a coiled-coil structure at the amino-terminal
end of the Cut proteins may allow the formation of Cut ho-
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modimers which would then bind to DNA in a similar manner
as the GST/Cut homodimers. Future experiments should ad-
dress this question.

Combined results from several groups indicate that Cut-like
proteins contain four DNA-binding domains (references 2, 4,
and 23 and this study). This raises interesting questions about
the interactions of Cut-like proteins with their target genes in
the cell. On one hand, the presence of several DNA-binding
domains with related but distinct DNA-binding preferences
could obviously increase the repertoire of target genes that can
be regulated by Cut-like proteins. Alternatively, we might en-
visage that targeting to specific genes requires cooperative
binding of two, three, or even four DNA-binding domains to
distinct sites within the same promoter. We would then predict
that the distance between independent binding sites will have
an important effect on cooperative binding, as was shown for
some bacterial repressors (30). Another aspect worthy of con-
sideration is the effect of cooperative binding on gene expres-
sion. As previously demonstrated for multimeric DNA-binding
proteins, binding to two sites involves DNA looping, which, in
turn, may affect gene expression in a positive or negative man-
ner (24, 35). Another effect of cooperative binding is to permit
binding to lower-affinity binding sites. When such a site over-
laps with a trans-activator binding site, competition for binding
may result in repression of gene expression. This mechanism
has been proposed to explain repression of the Ubx promoter
by eve protein (50). In this instance, cooperative binding re-
quired protein-protein interactions between eve monomers.
Multimerization would not be a prerequisite for cooperative
DNA binding by Cut-like proteins since several DNA-binding
domains are present within these proteins. Future experiments
will address whether repression by Cut-like proteins involves or
even requires cooperative binding to multiple sites.
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