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ABSTRACT LEF-1 (lymphoid enhancer-binding factor 1)
is a cell type-specific member of the family of high mobility
group (HMG) domain proteins that recognizes a specific
nucleotide sequence in the T cell receptor (TCR) a enhancer.
In this study, we extend the analysis of the DNA-binding
properties of LEF-1 and examine their contributions to the
regulation of gene expression. We find that LEF-1, like
nonspecific HMG-domain proteins, can interact with irregu-
lar DNA structures such as four-way junctions, albeit with
lower efficiency than with specific duplex DNA. We also show
by a phasing analysis that the LEF-induced DNA bend is
directed toward the major groove. In addition, we find that the
interaction of LEF-1 with a specific binding site in circular
DNA changes the linking number of DNA and unwinds the
double helix. Finally, we identified two nucleotides in the
LEF-1-binding site that are important for protein-induced
DNA bending. Mutations of these nucleotides decrease both
the extent of DNA bending and the transactivation of the
TCRa enhancer by LEF-1, suggesting a contribution of pro-
tein-induced DNA bending to the function of TCRa enhancer.

Regulation of DNA transactions such as transcription, recom-
bination, and replication often involve proteins that induce
various structural distortions in DNA. These protein-induced
changes in DNA structure that include bending and unwinding
have a possible role in the assembly of higher-order nucleo-
protein structures (1–4). High mobility group (HMG) proteins
in eukaryotes have been shown to bend the DNA helix and
have been implicated as ‘‘architectural elements’’ in the as-
sembly of stereospecific protein:DNA complexes (reviewed in
refs. 3 and 4). HMG domain proteins share an 85-aa structural
motif, termed the HMG domain, which recognizes DNA
through the minor groove and induces a sharp bend in the
DNA double helix (5–12). Several HMG domain proteins were
also found to interact with irregular DNA structures in a
sequence-nonspecific manner. In particular, HMG-1 interacts
with kinks in the DNA generated by cis-platin adducts and with
four-way junction DNA (7, 13).

HMG domain proteins can be grouped into two classes
according to the number of HMG domains present in the
proteins and the specificity of nucleotide sequence recognition
(3, 14). Members of the first class of proteins, represented by
HMG1 and UBF, contain multiple HMG domains (15–17).
These proteins recognize DNA with a very modest sequence
specificity and bind irregular DNA structures with high affinity
(16–18). LEF-1 and the testing-determining factor SRY are
representatives of the other class of HMG domain proteins
that recognize variants of the consensus nucleotide sequence
59-CTTTGAA through a single HMG domain (5, 6, 10,

19–22). In prokaryotes, HU protein and the integration host
factor (IHF) represent functional analogs of HMG domain
proteins and share similar DNA-binding properties despite
differences in the structural fold (23, 24). A functional role for
protein-induced DNA bending has been demonstrated in the
assembly of a higher-order nucleoprotein complex at the attP
site of bacteriophage lambda (2). In this context, IHF, which
bends the DNA helix, facilitates the recognition of nonadja-
cent binding sites by Int protein. A role of IHF-induced DNA
bending was inferred from experiments in which the IHF
binding site was substituted by heterologous DNA-bending
proteins or an intrinsic DNA bend (25–27). The HMG domain
of LEF-1, which bends the DNA helix by 120°–130°, was also
found to substitute for IHF in the assembly of a functional
intasome (6). However, evidence for a role of LEF-induced
DNA bending in the assembly and function of a multiprotein
enhancer complex is limited.

LEF-1 regulates the minimal TCRa enhancer together with
at least three other proteins: PEPB2a (CBFa, AML-1), Ets-1,
and members of the ATFyCREB family (28). LEF-1 binds in
the center of the enhancer and stabilizes a ternary complex
composed of PEBP2a and Ets-1 at one end of the enhancer.
Stabilization of the ternary complex is also dependent on an
ATFyCREB protein bound at the other side of the enhancer,
raising the possibility that bending by LEF-1 may juxtapose
ATFyCREB- and Ets-1-binding sites (28). Support for a
potential role of DNA bending was inferred from transfection
experiments in which the HMG domain allowed a partial
activation of enhancer function (28, 29). In addition, LEF-1 has
a context-dependent activation domain that contributes to
maximal function of the TCRa enhancer (30–32).

In this study, we extend our analysis of the role of DNA
bending by LEF-1 for the regulation of TCRa enhancer
function. We identified mutations in the LEF-1-binding site
that decrease the angle of protein-induced DNA bending and
reduce TCRa enhancer function in transfection experiments.
Moreover, we show that LEF-1 binds to specific linear duplex
DNA with higher affinity than to four-way junction DNA.
Finally, we show that the LEF-1-induced DNA bend has a
specific directionality and that binding of LEF-1 to circular
DNA results in a significant unwinding of the double helix.

MATERIALS AND METHODS

Plasmid Construction to Determine the Direction of the
Bend Angle. Double-stranded oligonucleotides (phase 0, 59-
cGTAGGGCACCCTTTGAAGCTCTC CCCtcgac; phase 1,
59-cGTAGGGCACCCTTTGAAGCTCTCCCtctcgac; phase
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3, 59-cGTAGGGCACCCTTTGAAGCTCTCCCCtcgctcgac;
phase 5, 59-cGTAGGGCACCC TTTGAAGCTCTCCCCtc-
gacctcgac; phase 7, 59-cGTAGGGCACCCTTTGAAGCTC
TCCCCtcgacacctcgac; phase 9, 59-cGTAGGGCACCCTTT-
GAAGCTCTCCCctcgacac tgctcgac; phase 11, 59-cG-
TAGGGCACCCTTTGAAGCTCTCCCCtcgacactgacctcgac;
only the upper strand is shown) consisting of a LEF-1-binding
site and a spacer of variable length (lowercase) were ligated
into plasmid pTZ19U (United States Biochemical) cleaved
with SacI and SalI. A DNA fragment containing six helically
phased A tracts was isolated from plasmid pBEND1 (gift of S.
Goodman and H. Nash, National Institutes of Health, Be-
thesda, MD) by restriction with XbaI and ligated into XbaI-
cleaved plasmid pTZ18U (United States Biochemical). The
final phasing constructs were generated by ligation of PstI and
AlwNI DNA fragments containing the LEF-1-binding site and
the gene for b-lactamase with a PstI and AlwNI DNA fragment
containing the A tract DNA and the origin of replication. The
final constructs were verified by DNA sequencing. For the
phasing analysis, a 475-bp PvuII DNA fragment was isolated
from each construct and radiolabeled with T4 polynucleotide
kinase and [g-32P]ATP. The different labeled DNA fragments
were incubated with purified LEF-HMG domain peptide and
analyzed in a gel electrophoretic mobility-shift assay.

Construction of Synthetic Four-Way Junction DNA. The four-
way junction DNA was generated by annealing the following
oligonucleotides (1, 59-CCCTATAACCCCTGAGCGGAAT-
TCCAGTCTGATAA; 2, 59-GTAGTCGT GATAGGTG-
CAGGGGTTATAGGG; 3, 59-AACAGTAGCTCTTATTC-
GAGCTCGC GCCCTATCACGACTA; 4, 59-TTTATCAGA-
CTGGAATTCCGCCGCGAGCTCGAATAAGAGCTACT-
GT) as described (33). Annealing of oligonucleotides 1 and 6
(59-TTATCAGACTGGAATTCCGCTCAGGGGTTATA-
GGG) and 3 and 5 (59-GTAGTCGTGATAGGGCGC-
GAGCTCGAATAAGAGCTACTGT) generated two linear,
double-stranded oligonucleotides that were used as control DNA
probes to distinguish between sequence- and structure-specific
DNA binding.

Electrophoretic Mobility-Shift Assay, DNaseI Footprint
Experiments, and Determination of the Equilibrium Dissoci-
ation Constants. Electrophoretic mobility-shift assays and
DNaseI footprint experiments were performed essentially as
previously described (20), with the concentration of LEF-
HMG domain peptide specified in the figure legends. The
dissociation constants for specific DNA binding were deter-
mined by performing saturation binding experiments as de-
scribed (5).

Analysis of LEF-1-Mediated DNA Underwinding. Oligonu-
cleotides comprising one or two LEF-1-binding sites were

ligated into the SalI site in plasmid Bluescript (Stratagene).
Supercoiled plasmid DNA (200 ng) was nicked with DNaseI in
the presence of ethidium bromide and incubated with varying
amounts of purified LEF-HMG domain peptide for 30 min at
37°C. The DNA nicks were closed by adding T4 DNA ligase
(34), and the topoisomer population was analyzed in 0.8%
agarose gels in TBE buffer (90 mM Trisy64.6 mM boric
acidy2.5 mM EDTA, pH 8.3) in the presence of different
concentrations of chloroquine. The direction of the topological
change was analyzed by determining the center of mass of the
topoisomer population.

Circular Permutation Assay, Calculation of DNA Bending
Parameters, and DNA Transfections. The circularly permuted
DNA fragments containing the wild-type and mutant LEF-1-
binding sites were constructed and analyzed as described in ref.
6. Bend angles were estimated by determining the ratio of the
mobility of the protein–DNA complex to the mobility of the
unbound DNA in a mobility-shift assay (35). DNA transfec-
tions into T cells and determination of chloramphenicol
acetyltransferase (CAT) activity were performed as described
in ref. 30.

RESULTS

Binding of the HMG Domain of LEF-1 to Four-Way Junc-
tion DNA. Several studies indicated that HMG domain pro-
teins can recognize irregular DNA structures in a sequence-
independent manner (36). In particular, the HMG domains of
HMG-1 and human SRY were reported to recognize four-way
junctions with higher affinity than linear duplex DNA that
contains a binding site for SRY (7, 13, 18, 37). To examine
whether the HMG domain of LEF-1 also shows a preference
for binding to distorted DNA, we incubated purified LEF-
HMG domain peptide with four-way junction DNA lacking a
specific LEF-1-binding site. The HMG domain formed a
complex with the four-way junction DNA probe in a concen-
tration-dependent manner (Fig. 1A). In contrast, no binding of
the LEF-HMG domain was observed with linear duplex
oligonucleotides comprising the same nucleotide sequence as
the four-way junction DNA (data not shown).

To quantitate the relative binding affinities of the LEF-1-
HMG domain for four-way junction DNA vs. the duplex
TCR-1 oligonucleotide containing a LEF-1-binding site, we
examined the formation of a LEF-HMG:TCR-1 complex in
the presence of excess of unlabeled TCR-1 oligonucleotide or
four-way junction DNA (Fig. 1B). Half-maximal competition
was detected with the duplex TCR-1 DNA at 35 nM and with
the four-way junction DNA at 70 nM. As a control, inefficient
competition was observed with nonspecific duplex DNA (data

FIG. 1. Binding of the HMG domain of LEF-1 to four-way junction DNA. (A) Increasing amounts (3 ng, 10 ng, and 30 ng) of purified LEF-HMG
domain peptide were incubated with radiolabeled four-way junction DNA and complex-formation-analyzed in electrophoretic mobility-shift assays.
At the highest protein concentration of LEF-HMG domain a significant portion of the DNA probe formed proteinyDNA aggregates that were
retained in the well. The mobilities of the proteinyDNA complexes (B) and the free probes (F) are indicated. (B) Analysis of the specificity of
LEF-HMG domain binding to the four-way junction DNA in electrophoretic mobility-shift assays. Ten nanograms of purified HMG domain of
LEF-1 was incubated with an oligonucleotide comprising a LEF-1-binding site in the presence of increasing amounts of unlabeled four-way junction
DNA or specific DNA as competitor. The positions of the proteinyDNA complexes (B) and the free probes (F) are indicated.
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not shown). Thus, the HMG domain of LEF-1 can also
recognize irregular DNA structures, albeit with an approxi-
mately 2-fold lower affinity than a specific duplex binding site.

Specific Binding of the LEF-HMG Domain to Circular DNA
Induces Negative Superhelical Turns. Previous experiments
indicated that DNA binding by the HMG domain of LEF-1
induces a sharp bend of 120°–130° in the DNA helix (6, 12).
The determination of DNA bending by circular permutation
analysis, however, does not distinguish between a planar bend
and a left-handed supercoil (38). Moreover, the severe distor-
tion of the DNA double helix upon binding of the HMG
domain of LEF-1 would be expected to induce negative
superhelical turns (39). To address this possibility, we nicked
plasmid DNA containing one or two LEF-1-binding sites with
DNaseI and incubated the nicked DNA with increasing
amounts of purified LEF-HMG domain peptide. Subse-
quently, we closed the DNA duplex with DNA ligase to
preserve any changes in the topology of the DNA. Analysis of
the topoisomers by agarose gel electrophoresis in the presence
of chloroquine revealed that the addition of 30 ng of LEF-
HMG domain shifted the topoisomer distribution (Fig. 2). A
comparison of this analysis with the analysis of the topoisomer
distribution in agarose gels in the absence of chloroquine
indicated that the HMG domain of LEF-1 induces negative
supercoils (Fig. 2; data not shown). Moreover, the topoisomer
distribution changed with an increase in the number of the
LEF-1-binding sites, indicating a site dependence of this effect.
Although the data of this analysis are consistent with an
unwinding of approximately half a helical turn per HMG
domain, the modest sequence specificity of LEF-1 (5) and the
lack of knowledge of the precise stoichiometry of the proteiny
DNA complex preclude a quantitative analysis of unwinding.

Detection of the Relative LEF-1 Bend Direction. The HMG
domain of LEF-1 was shown to substitute for the function of
IHF in a site-specific recombination assay (6). Recombination
was found to be dependent on a specific position and orien-
tation of the LEF-1-binding site relative to other factor-
binding sites, suggesting a precise directionality of the LEF-
induced DNA bend. To determine the direction of the HMG
domain-induced DNA bend, we extended our previous anal-
ysis by performing a phasing experiment (40, 41). Toward this
end, we used DNA probes in which the position of the
LEF-1-binding site was changed in increments of 1 or 2 nt
relative to an intrinsic DNA bend of A tracts (Fig. 3). The
LEF-HMG:DNA complex formed with the DNA probe con-

taining a spacer of 3 nt migrated with the fastest mobility. In
this phasing relationship, the HMG-domain-induced DNA
bend and the intrinsic DNA bend are in an opposite orienta-
tion and counteract each other. By contrast, the protein:DNA
complex formed with a DNA probe containing a spacer with
9 nt migrated with the slowest mobility, suggesting that the
DNA bends are in the same direction. The free DNA probes
also varied with a periodicity of approximately 10 bp, suggest-
ing that the DNA upstream of the A tracts DNA contains an
intrinsic but modest bend. Assuming a periodicity of 10.5 bp
per helical turn of DNA and based on the bending at the center
of A tracts toward the minor groove of the DNA, these data
suggest that the LEF-induced DNA bend is directed toward
the major groove of the DNA helix. This directionality of the
LEF-induced helix is consistent with the solution structure of
the LEF-HMG:DNA complex (12).

Effects of Nucleotide Mutations on DNA Bending. To gain
insight into the relationship between DNA binding and DNA
bending, we searched for mutations in the LEF-1-binding site
that change the bending angle without affecting the binding
affinity. In saturation binding experiments, the equilibrium
dissociation constants for the interaction of the LEF-HMG
domain with the mutant binding site probes TCR-8 and
TCR-15 were increased markedly (Table 1). By contrast, three
other mutant binding sites (probes TCR-11, TCR-12, and

FIG. 2. Change in the linking number of DNA upon binding of the
HMG domain of LEF-1. Five micrograms of singly nicked plasmid
DNA containing either one or two LEF-1-binding sites was incubated
with the indicated amounts of purified LEF-HMG domain peptide.
The DNA nicks were closed by adding T4 DNA ligase, and the
individual topoisomers were analyzed by agarose gel electrophoresis in
the presence of 1 mgyml chloroquine.

FIG. 3. Phasing analysis of DNA bending by the HMG domain of
LEF-1. (A) Schematic structures of the proteinyDNA complexes in
which the protein-induced DNA bend is in phase with the intrinsic
DNA bend (spacer length of 9) or out of phase (spacer length of 3).
The filled circle indicates the LEF-1-binding site, which is separated by
DNA of variable lengths (70–81 nt) from six A tracts. (B) Electro-
phoretic mobility-shift assay of purified LEF-HMG domain peptide (3
ng) bound to phased DNA probes. The numbers below indicate
nucleotides inserted between the LEF-1-binding site and the A tract
DNA. (C) Relative mobilities of proteinyDNA complexes as a func-
tion of the spacer length (solid line). The broken line shows the
variation in the mobilities of the free DNA probes.
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TCR-13) were recognized by the LEF-HMG domain with an
affinity that was only 2- to 3-fold higher than that of the TCR-1
probe, which represents the wild-type LEF-1-binding site (5).

The extent of DNA bending by LEF-1 at these mutant sites
was examined by circular permutation assays (Fig. 4). We
generated sets of circularly permuted DNA probes with wild-
type and mutant LEF-1-binding sites and determined the rates
of migration of the protein:DNA complexes in electrophoretic
mobility-shift assays (Fig. 4 B and C). Calculation of the
relative rates of migration of the protein:DNA complexes as a
function of the relative positions of the LEF-1-binding site
within the DNA probes indicated that several mutant DNA
probes have an altered DNA bend as compared with the
wild-type probe (Fig. 4 B and C). The graphic representation
of the electrophoretic mobility-shift data obtained with the
mutant LEF-1-binding sites showed a significant 40°–45° de-
crease in the bend angle and a shift of the bend center by
approximately 30 nucleotides toward the 39 end of the DNA
probes (Fig. 4D and Table 1). Taken together, these data
indicate that various mutations in the LEF-1-binding site alter
the DNA bending angle and the bend center. Notably, the bend
angle did not correlate strictly with changes in the affinity of
DNA binding by LEF-1. For example, the mutant sites TCR-8
and TCR-15 showed a decrease in both the binding affinity and
the bend angle (Table 1). Mutant sites TCR-12 and TCR-13,
however, are recognized by the LEF-HMG domain with
almost wild-type affinity but show the same reduction in the
bend angle as compared with the low-affinity sites.

The observed shift in the bend center of the mutant LEF-
1-binding sites raised the possibility that the introduced mu-
tations revealed an intrinsic bend of the DNA or generated a
cryptic binding site for LEF-1. To examine the binding of
LEF-1 to the wild-type and the mutant sites, we performed a
quantitative DNaseI footprint assay (Fig. 5). This experiment
revealed a similar level of binding of the LEF-1-HMG domain
peptide to the wild-type TCR-1 and mutant TCR-12 probes
and a reduced level of binding to the mutant TCR-15 probe.
Moreover, the position and extent of the DNaseI footprints
obtained with the mutant TCR-12 and TCR-15 probes were
identical to that of the wild-type TCR-1 probe, suggesting that
the shift in the bend center in the mutant LEF-1-binding sites
may reflect differences in the proteinyDNA interaction rather
than binding of LEF-1 to a cryptic downstream sequence. The
resolution of the DNaseI footprint analysis, however, may not
be sufficient to visualize subtle changes in DNA binding by
LEF-1.

Contribution of LEF-Induced DNA Bending to Regulation
of TCRa Enhancer Function. The observation that some
mutations decreased the angle of LEF-induced DNA bending,
without significantly changing the equilibrium dissociation
constant for protein:DNA interaction, raised the question as to
the effect of these mutations on the activity of the TCRa
enhancer. We transfected T cells with reporter gene constructs
in which the wild-type or various mutant TCRa enhancers
have been linked to the minimal fos promoter and the CAT
gene as indicator. A reproducible 4-fold reduction in CAT

activity was observed with the TCR-11 and TCR-12 enhancer
fragments carrying mutated LEF-1 binding sites (Fig. 6).

FIG. 4. Circular permutation analysis of the DNA flexure induced
by binding of the HMG domain of LEF-1. (A) Structure of the DNA
fragment used to generate circularly permuted probes. The filled box
shows the position of the wild-type or mutant LEF-1-binding site. (B)
Electrophoretic mobility-shift assay of binding of the LEF-HMG
domain to circularly permuted DNA probes. Five nanograms of
purified HMG domain peptide of LEF-1 was incubated with circularly
permuted DNA probes containing the TCR-1 (wild-type) binding site
and electrophoresed in polyacrylamide gel. The positions of proteiny
DNA complexes and the free probes (F) are shown. (C) Five nano-
grams of purified HMG domain peptide of LEF-1 was incubated with
circularly permuted DNA probes containing the TCR-12 (mutant)
binding site and electrophoresed in polyacrylamide gel. (D) Deter-
mination of the center of bending of the different binding sites. The
relative mobilities of the proteinyDNA complexes as shown in B and
C (and data not shown) were plotted as a function of the position of
the wild-type or mutant LEF-1-binding sites relative to the probe ends.
The filled box represents the wild-type or mutant LEF-1-binding site,
and the numbers below indicate the distance in base pairs (bp) from
the left-hand EcoRV (RV) site to the right-hand RV site. The bend
centers were estimated by extrapolating the linear portions of the
curves to a position on the DNA fragment.

Table 1. Schematic structure of wild-type and mutant LEF-1-binding sites

Binding site Nucleotide sequence Kd [M] Bending angle

60 84

TCR-1 59 GTAGGGCACCCTTTGAAGCTCTCCC 1 3 1029 130°
TCR-8 59 ---------------TTT------- 1 3 1028 90°
TCR-11 59 -----------A---TT D------- 3 3 1029 85°
TCR-12 59 -----------------T------- 2 3 1029 90°
TCR-13 59 -----------A------------- 2 3 1029 90°
TCR-15 59 -----------A---TT-------- 2 3 1028 85°

The determined equilibrium dissociation constants for binding of the HMG domain of LEF-1 to the
different LEF-1-binding sites and the estimated angles of HMG-domain-induced DNA bending are
indicated.
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Taking into account a 2-fold lower binding affinity of the
TCR-12 site for LEF-1 and the partial change in DNA bending,
this observed decrease in enhancer activity indicates that the
protein-induced DNA bend contributes at least by a factor of
two to enhancer function. Consistent with previous studies in
which we analyzed other point mutations in the LEF-1-binding
site (20, 28), the function of the mutant TCR-15 enhancer that
reduces LEF-1 binding by a factor of 20 was impaired approx-
imately 5-fold (Fig. 6 and Table 1).

DISCUSSION

In this study, we further examine the structural and functional
properties of LEF-1-induced DNA bending. We show by a
helical phasing analysis that the protein-induced DNA bend is
directed toward the major groove of the DNA helix. In this
protein:DNA complex partial intercalation of aromatic resi-
dues into the minor groove and wrapping of a basic C-terminal
tail around the major groove bent the DNA helix by 120° (12).
The structure of the LEF-HMG:DNA complex is reminiscent

of those of the HMG domain protein SRY (11) and the
unrelated TATA-binding protein TBP (42, 43). We also ob-
served in the helical phasing analysis that the migration of the
free DNA probes varied with a periodicity of approximately 10
bp. This anomalous migration of the free DNA probes can, in
principle, be accounted for by a structural distortion in the
sequences upstream of the A tract DNA or in the LEF-1-
binding site. An intrinsic DNA bend of 20° was detected in the
binding site of the bacterial catabolic activator protein (CAP),
which induces a sharp bend in the DNA helix (44). Together,
these observations raise the possibility that this structural
distortion, which might be transient in solution, contributes to
DNA binding by the HMG domain of LEF-1. Consistent with
this possibility, the HMG domain of LEF-1 efficiently recog-
nizes four-way junction DNA, which contains stably distorted
non-B-DNA (37). However, the relative binding affinity of
LEF-1 to its cognate binding site in linear B-DNA is higher
than that detected with the four-way junction DNA lacking the
LEF-1-binding site. Although SRY, another sequence-specific
HMG domain protein, was reported to bind four-way junction
DNA more efficiently than to linear DNA, it is likely that this
study did not use the optimal binding site for SRY (6, 7, 10, 22).
In contrast, nonspecific HMG domain proteins, which include
HMG-1, strongly prefer four-way junction DNA (33). Thus,
the structure-specific recognition of DNA is an intrinsic prop-
erty of this class of DNA-binding proteins and might reflect the
structural fold of the HMG domain (11, 12, 24, 45).

DNA binding of LEF-1 to circular DNA is accompanied by
a significant unwinding of the DNA helix and by negative
supercoiling. This is reminiscent of the supercoiling of circular
DNA that has been observed with the HMG proteins HMG-1
and mtTF (8, 46). Based on the functional role of LEF-1 in the
regulation of TCRa enhancer activity, protein-induced un-
winding of DNA may contribute to the function of LEF-1 in
the context of chromatin. Studies with in vitro-assembled
nucleosomes indicated that LEF-1 can stimulate the activity of
the HIV-1 and TCRa enhancers on chromatin templates (47,
48). The potential of LEF-1 to unwind the DNA helix may
affect the assembly or stability of a nucleosome (49). Alter-
natively, LEF-induced unwinding of DNA may play a role in
initiation of transcription by facilitating the binding of other
DNA-bending proteins, such as TBP (50), or by facilitating
DNA strand separation. Consistent with this possibility, bind-
ing of the HMG domain of LEF-1 to a site immediately
upstream of the minimal fos promoter increases in vitro
transcription 3-fold (K.G., unpublished observations). More-
over, the function of LEF-1 in stimulating TCRa enhancer-
mediated transcription in vitro is dependent on DNA topology.
LEF-1 activity was observed on circular DNA molecules but
was significantly impaired by relaxing the DNA with topo-
isomerase I (51).

The mutational analysis of the LEF-1-binding site identified
several nucleotides in the core recognition sequence that affect
the extent of protein-induced DNA bending. Most of the
mutations that decreased the bend angle also reduced the
efficiency of DNA binding by LEF-1 (up to 20-fold for
TCR-15). A similar correlation has been reported previously
for the CAP protein (52). However, we identified some
mutations in the LEF-1-binding site that reduced the bend
angle but were recognized by LEF-1 with an efficiency that was
only 2-fold lower than that observed with the wild-type binding
site (TCR-11, TCR-12, and TCR-13). These results indicate
that the DNA-binding affinity of LEF-1 does not strictly
correlate with the extent of the protein-induced DNA bend.

A common feature of the mutant binding sites is the
observed shift in the apparent bend centers to the 39 site of the
recognition sequence. A shift of the bend center, although less
pronounced, was also observed in a circular permutation
analysis of a mutant binding site for the bacterial CAP protein
(53). The structural basis for the shift in the bend center is

FIG. 5. In vitro DNaseI footprinting analysis of the HMG domain
of LEF-1 bound to different LEF-1-binding sites. Increasing amounts
(0 ng, 3 ng, 30 ng, and 100 ng) of purified LEF-HMG domain peptide
were incubated with 59 end-labeled DNA fragments containing the
wild-type (TCR-1) or mutant (TCR-12 and TCR-15) LEF-1-binding
site. Brackets indicate the region protected from DNaseI digestion.

FIG. 6. DNA bending participates in the regulation of the TCRa
enhancer. Reporter plasmids consisting of the minimal TCRa en-
hancer containing either the wild-type (TCR-1) or mutant (TCR-11,
TCR-12, TCR-15) LEF-1-binding sites were linked to the minimal fos
promoteryCAT gene. The different plasmid DNAs were transfected
into the T cell lines EL-4 and BW5147, and CAT activity was
determined after 48 hr. CAT activities are indicated relative to 100%
obtained with the wild-type TCRa enhancer construct.
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unclear. The DNaseI footprint analysis suggests that LEF-1
does not recognize cryptic downstream binding sites. Instead,
the presence of a natural bend in the DNA could bias the
position of the LEF-1 bend more clearly in the case of the small
bends at the mutant binding sites than in the large bend at the
wild-type binding site.

The identification of high-affinity binding sites that showed
a reduced bend angle allowed us to examine the contribution
of DNA bending to the activation of the TCRa enhancer. In
these experiments, we observed a correlation between the
LEF-HMG domain-induced DNA bend angle and the tran-
scriptional potential of the mutant binding sites in the context
of the TCRa enhancer. The decrease of the bend angle from
130° to 90° for the high-affinity TCR-11 and TCR-12 mutant
sites correlated with a 4-fold reduction of enhancer activity in
T cells. A more pronounced decrease in enhancer activity was
observed with a low-affinity TCR-15 mutant site. Taking into
account the 2-fold decrease in the binding affinity of LEF-1 for
the mutant TCR-11 and -12 enhancers, the effect of the altered
bend angle on the enhancer activity is 2-fold. Although this
effect is modest, the point mutations in the TCR-11 and -12
enhancers did not abrogate bending but rather reduced the
bend angle. Moreover, an interaction of LEF-1 with other
enhancer-binding proteins may obscure the effects of a de-
crease in the bend angle. Recent studies have shown that the
function of LEF-1 in the regulation of the TCRa enhancer is
augmented by an interaction with a protein termed ALY that
also associates with the TCRa enhancer-binding protein
AML-1 (32). Additional support for a role of protein-induced
DNA bending in the regulation of the TCRa enhancer was
provided by experiments in which LEF-1 was replaced by the
HMG domain of LEF-1 or SRY (28, 29). These experiments
indicated that the HMG domain is sufficient to mediate part
of the activation of TCRa enhancer. However, DNA bending
may not be an obligatory function of LEF-1. Recent experi-
ments demonstrated that LEF-1 can associate with b-catenin,
which is a component of the Wnt signaling pathway (54, 55).
In association with b-catenin, LEF-1 can function as a con-
ventional transcriptional activator that stimulates transcription
from a synthetic enhancer containing multimerized LEF-1
binding sites (56). In contrast, in vivo experiments in Drosoph-
ila suggest that LEF-1, in association with the b-catenin
orthologue armadillo, also regulates gene expression in a
context-dependent manner (57). Thus, the architectural func-
tion of LEF-1 may be a general feature of this protein.
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