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Sox proteins, a subclass of high mobility group box
proteins, govern cell fate decisions by acting both as
classical transcription factors and architectural compo-
nents of chromatin. We aimed to demonstrate that the
DNA bending activity of Sox proteins is essential to reg-
ulate gene expression. We focused on mouse Sox2, which
participates in the transactivation of the Fgf4 (fibro-
blast growth factor 4) gene in the inner cell mass of the
blastocyst. We generated six substitutions in the high
mobility group box of Sox2. One mutant showed a re-
duced DNA bending activity on the Fgf4 enhancer (46°
instead of 80°), which resulted in more powerful trans-
activation compared with the wild type protein. We then
selected two single-base mutations in the Fgf4 enhancer
that make the DNA less bendable by the Sox2 protein.
Again, a different DNA bend (0° and 42° instead of 80°)
resulted in a different activation of transcription, but in
this case reduced bending corresponded to decreased
transcription. We found that the opposite effect on tran-
scription of similar DNA bending angles is due to a 20°
difference in the relative orientation of the DNA bends,
proving that a correct three-dimensional geometry of
enhanceosome complexes is necessary to promote
transcription.

Transcriptional activation of eukaryotic genes requires the
assembly of multiprotein complexes on promoter and enhancer
sequences. The right combination of factors binding to specific
DNA sequences ensures specificity, and the contacts between
the different proteins increase the stability of the complex.
However, the various transcription factors are often bound to
DNA at nonadjacent sites, and direct contacts between them
are possible only if they are juxtaposed through the deforma-
tion of the DNA helix. Long DNA fragments have sufficient
flexibility and can form loops, bringing in close contact proteins
bound to distant sites. On the contrary, fragments smaller than
500 bp1 are rather stiff (1), and the formation of multiprotein
complexes can require specific proteins that introduce bends in
DNA. Proteins of the HMG box family have DNA bending
activity and are thus expected to act as architectural factors.

The HMG box family is composed of chromatin proteins and

transcription factors that contain the DNA binding domain of
the same name (2, 3). All of these proteins share the ability to
recognize distorted DNA structures and introduce bends in
DNA. However, although chromatin proteins HMGB1 and 2
bind to DNA in a sequence-independent manner (4), transcrip-
tional regulators such as the sex-determining factor SRY (5)
are sequence-specific.

SRY is one of the best characterized DNA-bending proteins.
It is encoded on the Y chromosome and promotes the develop-
ment of male gonads. Through its HMG box, it recognizes sites
similar to the sequence A/TAACAAA/T (6), and, upon binding
DNA from the minor groove, it bends it at an 83° angle (7). A
mutation that significantly reduces the DNA bending activity
of human SRY causes sex reversal (8). However, a direct cor-
relation between the bending and transactivational activities of
SRY could never be definitively established, because so far no
SRY target gene has been identified with certainty, precluding
direct experiments on transcriptional control.

To prove beyond doubt that the bending activity of HMG box
proteins has a functional role in the regulation of transcription,
we focused our attention on Sox2. Sox (SRY-related HMG box)
proteins are stage- and tissue-specific transcription factors that
specify cell fate during development (9). Sox2 contains an HMG
box that recognizes and bends the same DNA sites as SRY and
has a transactivation domain at its C terminus (10). Sox2 starts
to be expressed at the blastocyst stage, in the inner cell mass;
there, in collaboration with the octamer-binding protein Oct-3
(11), it binds to the enhancer of the Fgf4 (fibroblast growth
factor 4) gene and determines its expression (12, 13).

We generated six different mutants in the HMG box of Sox2.
We found one mutant with reduced bending activity; this mu-
tant activates Fgf4 transcription more than the wild type pro-
tein. We also mutated the Sox2 binding site and selected for
single-nucleotide substitutions that render the DNA molecule
stiffer toward the action of wild type Sox2; again we found that
different DNA bending resulted in a different level of transcrip-
tion. In this case, reduced bending decreased transcription.
When we compared the complexes obtained using the mutated
protein and the mutated binding site, we found a 20° difference
in the relative orientation of the DNA bends. Taken together,
these data prove that a correct three-dimensional geometry of
nucleoprotein complexes is crucial for transcriptional activa-
tion by HMG box proteins.

EXPERIMENTAL PROCEDURES

Bacterial Expression Vectors and Protein Purification—Plasmid
pGex-Sox2.HMG was constructed by cloning into the EcoRI-SalI sites of
plasmid pGex-4T1 (Amersham Pharmacia Biotech), a 387-bp fragment
of mouse Sox2 cDNA (nucleotides 449–835; Ref. 10) coding for the Sox2
HMG box plus 26 amino acids upstream and 24 amino acids down-
stream. The fragment was obtained by PCR from mouse genomic DNA
using primers Sox2for (5�-GGGAATTCCAGCAAGCTTCGGGGGG-3�)
and Sox2rev (5�-AAGTCGACTAGCTCGCCATGCTGTTCCC-3�). To in-
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troduce mutations in the Sox2 HMG box, pGex-Sox2.HMG was used as
template in two-step PCR mutagenesis, using Sox2for and Sox2rev as
external primers and six pairs of internal mutagenic primers (substi-
tutions in bold type): M47Ifor: 5�-GAGGCCCATAAACGCCTTC-3�, and
M47Irev: 5�-GAAGGCGTTTATGGGCCTC-3�; N48Qfor: 5�-GAGGCCC-
ATGCAAGCCTTC-3�, and N48Qrev: 5�-GAAGGCTTGCATGGGCCTC-
3�; R58Kfor: 5�-GGGGCAGAAGCGTAAGATGG-3�, and R58Krev: 5�-C-
CATCTTACGCTTCTGCCCC-3�; K89Ifor: 5�-GAGACCGAGATACGG-
CCGT-3�, and K89Irev: 5�-ACGGCCGTATCTCGGTCTC-3�; F92Sfor:
5�-CGGCCGTCCATCGACGAG-3�, and F92Srev: 5�-CTCGTCGATGG-
ACGGCCG-3�, and Y112Ffor: 5�-CGGATTATAAATTCCGGCCGC-3�,
and Y112Frev: 5�-GCGGCCGGAATTTATAATCCG-3�. The final PCR
products were cloned into the EcoRI-SalI sites of pGex-4T1 to obtain the
mutant pGex-Sox2.HMG plasmids. Sequences were confirmed by dou-
ble-stranded sequencing. Plasmid pGex-Oct-3.POU was kindly pro-
vided by Hans Schöler (University of Pennsylvania).

Glutathione S-transferase (GST) fusion proteins were expressed in
Escherichia coli and purified on glutathione-Sepharose (Amersham
Pharmacia Biotech) according to the manufacturer’s protocol. The GST
moiety was separated from Sox2.HMG by incubating the fusion protein
bound to glutathione-Sepharose beads for 2 h at room temperature with
thrombin (final concentration, 2 units/�l in phosphate-buffered saline).
The Sox2 HMG boxes (wt and mutant) released in the buffer were
quantified by Coomassie staining in comparison with a known marker
and stored at �80 °C in phosphate-buffered saline containing 0.1 mM

dithiothreitol and 0.05% Nonidet P-40.
Electrophoretic Mobility Shift Assay—The �-32P-labeled Fgf probe

was made of annealed oligonucleotides Fgf-probe.for (5�-ctagAACTCTT-
TGTTTGGATGCTAATGGGA-3�) and Fgf-probe.rev (5�-tcgaTCCCATT-
AGCATCCAAACAAAGAGTT-3�). The Fgf probe reproduces the se-
quence of the murine Fgf4 enhancer (14) and contains adjacent Sox2
and Oct-3 binding sites. Purified polypeptides were incorporated in the
indicated amounts, in a final volume of 10 �l. Binding buffers, electro-
phoresis, and autoradiography were as desribed (7). The Oct-3 POU
domain alone has a low solubility after removal of the GST moiety; thus,
the binding reactions with the Oct-3 POU domain were performed by
incubating, first, the Sox2 HMG box with �500 ng of GST-OCT-3.POU
bound to glutathione-Sepharose in 8 �l of binding buffer, allowing the
two proteins to interact. After 45 min at 4 °C, the probe (0.1 nM) was
added together with thrombin (0.01 unit) to remove the GST, and after
40 min at room temperature the samples were applied to the gel.

Determination of the DNA-Protein Complex Dissociation Constants—
The amount of active protein in the preparations was determined by
competitive EMSA, adding increasing quantities (0–400 nM) of unla-
beled probe to binding mixture containing a small amount of labeled Fgf
probe (0.1 nM) and 150 nM Sox2 HMG box. Incubation and electrophore-
sis were carried out as described in the previous paragraph. The radio-
activity present in the bands was measured by exposing the dried gel to
PhosphorImager screens (Molecular Dynamics). The concentration of
active protein was deduced from the concentration of unlabeled probe
that starts to displace the labeled probe.

To determine the dissociation constants of the protein-DNA com-
plexes, wt and mutant Sox2 HMG boxes were titrated into binding
mixtures containing a fixed amount (0.1 nM) of probe. The samples were
electrophoresed, and the radioactivity was measured as described in the
previous paragraph. Under conditions of protein excess, the dissociation
constant is equivalent to the concentration of polypeptide that binds
50% of the probe.

Calculation of DNA Bend Parameters—For circular permutation
analysis, plasmids containing wt and mutant Fgf4 enhancers (pBend2-
Fgf4, pBend2-Fgf4.mut4 and pBend2-Fgf4.mut11) were prepared by
insertion of annealed synthetic oligonucleotides (Bend-Fgf4: 5�-CTAG-
AACTCTTTGTTTGGATGCTAATGGGA-3� and 5�-TCGATCCCATTA-
GCATCCAAACAAAGAGTT-3�; Bend-Fgf4.mut11: 5�-CTAGAACTCTT-
TATTTGGATGCTAATGGGA-3� and 5�-TCGATCCCATTAGCATCCA-
AATAAAGAGTT-3�; and Ben2-Fgf4.mut4: 5�-CTAGAACTCTTTGGTT-
GGATGCTAATGGGA-3� and 5�-TCGATCCCATTAGCATCCAACCAA-
AGAGTT-3�) between XbaI and SalI restriction sites in plasmid
pBend2. Preparation of probes, electrophoresis, and data analysis were
carried out as previously reported (7).

The series of phasing vectors was constructed by cloning the oligo-
nucleotide pairs described above into the EcoRI-SalI sites of pSB10
81–86 vectors (15). Probes were prepared by end-labeling RsaI-PvuII
fragments with 32P. Each probe was incubated in binding mixtures
containing wt or N48Q Sox2 HMG box in concentrations equal to the KD

of the complexes. After 10 min of incubation in ice, the samples were
electrophoresed at 4 °C in 10% polyacrylamide gels at 10 V/cm for
18–20 h. The relative mobilities (complex mobility divided by probe

mobility) were plotted as a function of the length of the spacer between
the Sox2 binding site and the intrinsic DNA bend, and the best fit to a
cosine function (phasing function) was determined (Prism software).
The relative orientations of DNA bends were determined from the
minima of the phasing functions. The helical periodicity was assumed
to be 10.5 bp/turn of the DNA helix.

Selection of Mutant Sox2 Binding Sites—Sequences recognized by
the wt Sox2 HMG box, but intrinsically less bendable than the wt
sequence, were selected from a pool of 131-bp DNA molecules contain-
ing mutant Sox2-binding sites in the middle of the fragment (D probe).
Plasmid pBend2-Fgf4 was used as template in two-step PCR muta-
genesis using as external primers bend.for (5�-AGATATCCAGCTGCC-
C-3�) and bend.rev (5�-GGATATCTTTAAACTCGAG-3�) and a pair of
degenerated primers, where one nucleotide of the Sox2 binding site was
individually substituted by the other three nucleotides: fgf1, CTAGA-
ACTCVTTGTTTGG and CCAAACAABGAGTTCTAG; fgf2, CTAGAAC-
TCTVTGTTTGG and CCAAACABAGAGTTCTAG; fgf3, GAACTCTT-
VGTTTGGATG and CCAAACBAAGAGTTCTAG; fgf4, GAACTCTTT-
HTTTGGATG and CATCCAAADAAAGAGTTC; fgf5, GAACTCTTTG-
VTTGGATG and CATCCAABCAAAGAGTTC; fgf6, AACTCTTTGTVT-
GGATGC and CATCCABACAAAGAGTTC; and fgf7, CTTTGTTVGGA-
TGCTAATG and CATTAGCATCCBAACAAAG, where H � A/C/T, B �
C/G/T, V � A/C/G, and D � A/T/G.

The seven PCR products were mixed together, obtaining a pool of 21
different DNA molecules containing mutant Sox2 binding sites in the
middle. The pool was end-labeled with 32P and used as probe in a band
shift assay with wt Sox2 HMG box in the conditions described above.
After autoradiography, shifted bands corresponding to lower mobility
complexes were cut out from the gel, and DNA was electroeluted and
reamplified by PCR. The PCR product was end-labeled with 32P and
used again as probe in a band shift assay. Four rounds of selection/
amplification were performed to enrich the pool of less bendable mole-
cules, and finally the molecules were cloned into the EcoRV restriction
site of pBluescript (Stratagene) and sequenced. Two of the mutations
(mut4 and mut11) were inserted into pBend2-Fgf4 and tested in circu-
lar permutation assays.

Transient Transfection Assays—Plasmid pT81-Fgf4 was constructed

FIG. 1. Determination of the affinity of wt and mutant Sox2
HMG boxes to the Fgf4 enhancer. A, increasing amounts of each
polypeptide, indicated at the tops of the lanes, were incubated in 10 �l
of binding buffer with a fixed amount of Fgf probe (0.1 nM). EMSA and
quantification of the bands are described under “Experimental Proce-
dures.” Arrow F, free Fgf probe; arrow B, wt and mutant HMG box/DNA
complex. B, fraction of bound Fgf probe as a function of active protein
concentration. The KD corresponds to the protein concentration that
binds 50% of the probe (mean of at least three independent experiments
with each polypeptide).
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by cloning into the BamHI-KpnI sites of pT81-luc (ATCC) a 286-bp
fragment (nucleotides 2939–3224) containing the Fgf4 enhancer (14),
obtained by PCR from mouse genomic DNA with primers enhFgf.for
(5�-GCGGATCCTTAGCTCGCTTCAGG-3�) and enhFgf.rev: (5�-GCGG-
TACCGAGCCACCAGACAGAAAG-3�). To introduce in the Fgf4 en-
hancer the nucleotide substitutions that decrease DNA flexibility,
pT81-Fgf4 was used as template in two-step PCR mutagenesis using
enhFgf.for and enhFgf.rev together with the two oligonucleotide pairs
mut4 (5�-GAAAACTCTTTGGTTGGATGC-3� and 5�-CTTTTGAGAAA-
CCAACCTACG-3�) and mut11 (5�-GAAAACTCTTTATTTGGATGC-3�
and 5�-CTTTTGAGAAATAAACCTACG-3�). The final PCR products
were cloned into BamHI-KpnI sites of pT81-luc, obtaining the pT81-
Fgf4mut4 and pT81-Fgf4mut11.

Plasmid pSG5-Sox2 was constructed by cloning into the BamHI site
of pSG5 (Stratagene) a 977-bp fragment (nucleotides 406–1383) corre-
sponding to the Sox2 coding region (10). To construct variants of pSG5-
Sox2, HindIII-SacII fragments obtained from each mutant pGex-
Sox2.HMG were cloned into the same sites of wt pSG5-Sox2,
substituting the wt sequence.

HeLa and 3T3 cells (�1.5 � 105 cells in a 6-cm dish) were transfected
by the calcium phosphate method with various combinations of reporter
plasmids (pT81-Fgf4, pT81-Fgf4mut4, and pT81-Fgf4mut11), wt and
mutant Sox2 expression plasmids, and pCMV-OCT3. PGK-�-gal was
used as normalizing vector. The total amount of transfected DNA was
adjusted to 9 �g with empty pBluescript. The amounts of plasmids used
in each experiment are reported in the legends of the figures.

RESULTS

Mutagenesis of the Sox2 HMG Box—The DNA binding and
bending activities of HMG box proteins are completely specified
by their HMG box. We therefore studied the interaction be-
tween the Sox2 HMG box and its cognate DNA target site.

We generated six point mutations within the HMG box to
find mutant proteins that bend DNA with different angles. The
sequences of Sox2 and SRY HMG boxes are very similar (about

85% identity); we then used the structure of the human SRY
HMG box-DNA complex (16) as a model to identify the Sox2
residues involved in contacts to DNA. In SRY, five amino acids
(Met-64, Asn-65, Phe-67, Ile-68, and Trp-98) form a T-shaped
wedge in direct contact with the central base pairs of the DNA
binding site. They mediate the widening of the minor groove
and the bending of the helix toward the major groove. Mutation
of Met-64 alters DNA bending and causes sex reversal (8). We
generated in Sox2 the mutations M47I, K89I, and F92S, which
correspond to SRY mutations that cause sex reversal; we also
selected in Sox2 Asn-48, adjacent to Met-47; Tyr-112, corre-
sponding to a SRY residue that contacts the 5� part of the
binding site; and Arg-58, which corresponds to a SRY residue
that forms salt bridges to the phosphate backbone. These res-
idues were replaced by conservative substitutions (Asn to Gln,
Arg to Lys, and Tyr to Phe) to avoid radical modifications of the
protein-DNA interaction surfaces. We produced wt and mutant
HMG boxes in E. coli (see “Experimental Procedures”), and we
tested in vitro their DNA binding and bending activities.

Analysis of DNA Binding Activity of wt and Mutant
Sox2—We then determined the dissociation constant (KD) of
the DNA-protein complexes formed by the wt and mutant Sox2
HMG boxes with the Fgf4 enhancer (only the concentration of
active protein was considered). The seven polypeptides were
titrated on a limiting amount of probe; KD is equal to the
concentration of active protein that binds 50% of the probe. Fig.
1 shows titrations with wt HMG box and mutant N48Q; the KD

values of all polypeptides are summarized in Table I. The KD

determined for wt Sox2 HMG box (1.5 � 10�8 M) is similar to
those estimated for SRY and other Sox proteins (8, 17). The
DNA affinities of mutants M47I, K89I, F92S, and Y112F were
indistinguishable from that of the wt, whereas mutants N48Q
and R58K showed 8- and 12-fold reductions, respectively. Thus,
all of the mutants bind the Fgf4 target site, and only two have
slightly reduced affinity.

DNA Bending Activity of wt and Mutant HMG Boxes—The
effect of the mutations on the DNA bending activity was as-
sayed by circular permutation analysis (CPA). This is a stand-
ard method to investigate distortions in DNA, based on the
observation that a fragment containing a bend near the end
migrates faster than a fragment with a bend in the middle (18).
The Fgf4 binding site was cloned into the pBend2 vector be-

FIG. 2. Mutation N48Q reduces Sox2 DNA bending activity. A, DNA fragments used as probes in CPA. Plasmid pBend2-Fgf4, containing
the wt Fgf4 enhancer (black box) flanked by tandemly repeated DNA sequences, was cleaved at the restriction sites indicated in the map. The DNA
fragments (designated A–G) all contain circular permutations of the same sequence of 146 bp. B, circular permutation analysis of DNA bending
induced by wt and mutant Sox2 HMG boxes. 3 fmol of labeled DNA probes were incubated in 10 �l of binding buffer with wt and mutant HMG
boxes (wt, 25 nM; N48Q, 300 nM). The retarded bands running behind the main protein-DNA complex band are complexes containing more than
one polypeptide molecule/DNA molecule. C, calculation of DNA bending angles. The mobility of the protein-DNA complexes (Rbound) was normalized
to the mobility of the corresponding free probe (Rfree). The distance of the center of the Sox2 binding site from the 5� end of the fragment was divided
by the total length of the probe (flexure displacement, D/L). The plotted points were interpolated with quadratic functions: y � 1.508x2 � 1.516x
� 0.907 (r2 � 0.994) for wt Sox2, and y � 0.470x2 � 0.500x � 0.777 (r2 � 0.952) for N48Q. The first and second order parameters of the equation
are in close agreement and yield an estimate of flexure angles of 80° for wt Sox2 and 46° for N48Q.

TABLE I
DNA affinity and bending activity of Sox2 mutants

Sox2 HMG box KD Angle

M degrees

Wild type 1.5 � 10�8 80
M47I 1.8 � 10�8 80
N48Q 12 � 10�8 46
R58K 18 � 10�8 80
K89I 3 � 10�8 80
F92S 0.9 � 10�8 80
Y112F 1.2 � 10�8 80
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tween two repeated 121-bp units, and seven circularly permu-
tated fragments were obtained by restriction enzyme digestion
(Fig. 2A) and used in EMSA as probes with wt and mutant
HMG boxes. On the basis of three independent experiments we
estimated that wt Sox2 induces an 80° deviation of the DNA
axis from linearity. This value is close to that determined for
SRY (83°; Ref. 7). Mutants M47I, R58K, K89I, F92S, and
Y112F distort DNA exactly as the wt protein, whereas N48Q is
significantly different (46°; Fig. 2B). A summary of the bio-
chemical properties of the seven polypeptides is presented in
Table I.

Effect of Oct-3 on Sox2 DNA Binding and Bending Activi-
ties—The transcriptional activation of Fgf4 gene is mediated by
the synergistic action of Sox2 and Oct-3 (12, 13). The two
proteins bind contiguous target sites in the Fgf4 enhancer and
interact with each other through the POU domain and the
HMG box. We then checked the influence of Oct-3 on the DNA
binding and bending activities of the Sox2 HMG box. Titration
and circular permutation experiments were performed again in
the presence of the Oct-3 DNA-binding region, composed by the
POU-specific domain and the POU homeodomain. In these
conditions, a ternary complex is formed by the Sox2 HMG box,
the Oct-3 POU domain, and DNA. The apparent DNA binding
affinity of both wt and N48Q HMG box is increased by the
presence of the Oct-3 POU domain (data not shown). On the
other hand, Oct-3 has little effect on the DNA bending activity
of Sox2 (Fig. 3). Two additional sets of bands appear. The
middle one corresponds to HMG box-POU domain-DNA com-
plexes, and the upper one corresponds to two HMG boxes
bound to DNA. The bending angle calculated for the ternary
complex (77°) is very close to that estimated for the HMG
box-DNA complex (80°). We conclude that the bending activity
of Sox2 is not significantly affected by Oct-3.

The N48Q Mutation Enhances the Transcriptional Activity of
Sox2—We then correlated the N48Q bending activity with its
transcriptional activity. 3T3 and HeLa cells were transiently
co-transfected with fixed amounts of Oct-3 expressing vector
and a reporter plasmid driven by the Fgf4 enhancer (Fig. 4A),
together with increasing amounts of expression vectors for
either wt or N48Q Sox2 (full-length proteins). Wt Sox2 deter-
mines, at the maximum level, a 7-fold induction of luciferase
expression (Fig. 4B), whereas the mutant N48Q reaches a
21-fold induction. At low concentrations, N48Q is actually less
effective than the wt protein, and this is probably due to its

reduced DNA binding affinity. At high concentrations, all DNA
target sites are presumably saturated even by the mutant, and
differences in the binding affinities become irrelevant, whereas
the transcriptional activities must depend exclusively on the
bending activity of Sox2. We conclude that the bending activity
of Sox2 affects transcriptional control directly.

DNA Mutations That Affect DNA Bending by Sox2—To fur-
ther confirm the correlation between DNA bending and tran-
scription, we used a complementary approach. We generated a
population of mutated Sox2 binding sites (Fig. 5A) by substi-
tuting individually every nucleotide to find DNA molecules
that are intrinsically stiffer and less bendable by wild type
Sox2 protein. By PCR we obtained a mixed population of
131-bp fragments containing the mutated Sox2 binding sites in
the middle, and we used it as probe in EMSA with wt Sox2.
Because of the position of the site, the migration of DNA-
protein complexes is very sensitive to differences in the bend-
ing angle. We recovered from the gel the complexes with higher
mobility than the wt sequence, containing less distorted DNA
fragments. After several cycles of selection and amplification
we ended up with fragments with reduced bendability that
were cloned and sequenced. The mutant sequences were in-
serted in the pBend-Fgf4 plasmid and compared in CPA. Mu-
tant 11 substitutes the fourth nucleotide of the binding site (A
instead of G), and this change abolishes distortion by Sox2 (Fig.
5C). In mutant 4 the fifth nucleotide is G instead of a T, and
this reduces the bending induced by wt Sox2 to 46° (Fig. 5B).

By itself, this result confirms that the DNA sequence deter-
mines the general architecture of nucleoprotein complexes, and
even slight variations can affect severely the overall geometry.
We then tested whether a different DNA bend (obtained
through modification of the binding site rather than the muta-
tion of the binding protein) could result in a difference in
transcription.

FIG. 4. Mutation N48Q increases the transactivational poten-
tial of Sox2 protein. A, diagram representing the reporter plasmid
pT81-Fgf4. The Fgf4 enhancer, containing Sox2, Oct-3, and Sp1 binding
sites, was cloned in front of the TK promoter and luciferase coding
region. B, transcriptional activities of wt and N48Q Sox2 proteins. 3T3
fibroblasts were transiently transfected with Sox2 expression plasmids
(0, 0.2, 0.5, 1, 2.5, 3, 3.5, and 4 �g) and pT81-Fgf4 reporter plasmid (2
�g). PGK-�-gal plasmid expression was used for internal normalization.
All transfections were carried out in triplicate, in three independent
experiments.

FIG. 3. Oct-3 does not affect Sox2 DNA bending activity. Wild
type Sox2 HMG box (25 nM) was incubated at 4 °C with or without 1 �M

of Oct-3 POU domain and circular permutation probes (0.3 nM) (see
“Experimental Procedures” for details). Arrow Fr, free DNA; arrow B1,
HMG box-DNA complex; arrow B2; HMG box-POU domain-DNA ter-
nary complex; arrow B3, complex with two HMG boxes binding to the
same DNA molecule. The bending angles induced by the Sox2 HMG box
alone (B1 complexes) and by the HMG box in cooperation with the Oct-3
POU domain (B2 complexes) are not significantly different.
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Reduced DNA Flexibility Affects Transactivation Mediated
by Sox2—The nucleotide substitutions reducing DNA flexibil-
ity (mut4 and mut11) were inserted in the reporter plasmid
pT81-Fgf4 and tested in transient co-transfections of wt Sox2
and Oct-3. Fig. 6 shows that a different DNA bend determines
a different activation of transcription. In this case, a smaller
distortion leads to a reduced activation rather than an increase
as seen with N48Q Sox2 protein. The planar angles formed by
wt Sox2 protein on the mut4 site and by N48Q Sox2 protein on
the wt site are similar, as measured by CPA. To unravel this
apparent paradox we made the hypothesis that the three-
dimensional geometries of the complexes N48Q/Fgf4 and wt-
Sox2/Fgf4mut4 were different. CPA is a good tool to detect
general protein-induced perturbations of DNA, including static
bending, increased DNA flexibility, and aberrant protein struc-
tures; however, it gives no information concerning the direction
of the DNA bend. A more specific method for the study of
protein-directed bends is phasing analysis, which allows delin-
eation of the direction of a DNA distortion in space (19).

Phasing Analysis—Phasing analysis utilizes as probes in
EMSA DNA fragments having an intrinsic bend at different
distances from the site of induced bending. The spacing be-
tween the intrinsic and the induced bends is incrementally
varied over one turn of the DNA helix (Fig. 7A); thus, there is
a spacing where the two bends are in phase and form a com-
plementary larger angle and a spacing where the two bends are
out of phase and have the effect of straightening the DNA
fragment. The mobility of the complexes in a polyacrylamide
gel is slowest when the two bends add up (cis-isomer) and
highest when the two bends counteract each other
(trans-isomer).

We compared by phasing analysis the complexes wtSox2/
Fgf4, N48Q/Fgf4, and wtSox2/Fgf4mut4 (Fig. 7B). We plotted
the relative mobilities of the complexes as a function of the
linker length (Fig. 7C), and we determined for each complex the
spacer length that gives the lowest complex mobility. The min-

ima for N48Q/Fgf4 and for wtSox2/Fgf4 are indistinguishable,
indicating that the bends point in the same direction. On the
contrary, a significant change was observed in the case of
wtSox2/Fgf4mut4, the spacer length giving the cis isomer dif-
fers by 0.6 bp in comparison with wtSox2/Fgf4. Assuming an
average of 10.5 bp/turn of the DNA helix, this corresponds to a
20° difference in the relative orientations of the DNA bends.
These data prove that the mutations in Sox2 protein (N48Q)
and the Fgf4 enhancer (mut4) determine different alterations
in the architecture of the corresponding nucleoprotein com-
plexes, compared with the wt complex.

DISCUSSION

In this study we investigated the role of the bending activity
of the Sox2 transcription factor in the transcriptional activa-
tion of the Fgf4 gene. We first quantified the affinity of the Sox2
HMG box to its target site. The estimated KD � 1.5 � 10�8 M

indicates a quite strong DNA binding activity, comparable with
that observed for other HMG box transcription factors, such as
SRY, LEF1, and Sox5 (8, 20, 21). We then calculated that, upon
binding, the HMG box induces an 80° distortion of the DNA
double helix. We also proved that Oct-3, which cooperates with
Sox2 in Fgf4 regulation, does not affect the DNA bending
activity of Sox2.

These results indicate that the interactions with DNA of SRY
and Sox2 are similar. Taking advantage of this similarity, we
introduced mutations into the Sox2 HMG box that were pre-
sumed to alter its DNA bending activity, using SRY as a guide.
The most dramatic effect was obtained by substituting Asn-48
with Gln (N48Q mutant); the bending activity was strongly
reduced. The substituted Asn corresponds to one of the five
amino acids of SRY that enter into the minor groove and induce
the distortion of the DNA helix (16). The side chain of this Asn
is involved in hydrogen bonding and electrostatic interactions
with the fourth and fifth base pairs of the binding site. The Asn
3 Gln substitution adds a methylene group to the side chain,
increases its bulk, and thus affects the induced DNA bending.
The DNA binding affinity is also reduced 8-fold.

An unexpected result came from mutant M47I. In SRY, the
corresponding substitution causes a reduction in the bending
activity of the protein, which phenotypically results in sex
reversal (8). The mutation in Sox2, on the contrary, has no
effect. This is even more surprising if we consider that the
adjacent Asn is indeed involved in DNA bending. Obviously,
the fine details of the interactions of SRY and Sox with DNA
are not completely identical.

Our goal was to prove that the ability of Sox2 to activate

FIG. 5. Single-nucleotide substitutions in the Sox2 binding site
reduce DNA flexibility. A, single nucleotides in the Sox2 binding site
of the Fgf4 enhancer were individually substituted, obtaining a pool of
21 mutants. From these, mut4 and mut11 were selected as having
reduced flexibility. B and C, circular permutation analysis of DNA
bending induced by wt Sox2 HMG box in mut4 (B) and mut11 (C). 3 fmol
of circularly permutated DNA probes (A–G) containing either mutation
were incubated in 10 �l of binding buffer with wt protein (25 nM).
Bending angles were calculated as described in the legend to Fig. 3.

FIG. 6. Mutations mut4 and mut11 decrease Sox2-mediated
transactivation of the Fgf4 enhancer. 3T3 fibroblasts were trans-
fected with 2 �g of either wt pT81-Fgf4, pT81-Fgf4mut4, or pT81-
Fgf4mut11, and increasing amounts of wt pSG5-Sox2 (0, 0.2, 0.5, 1,
2.5, 3, 3.5, and 4 �g). All transfections were carried out in triplicate,
in three independent experiments, as described in the legend to
Fig. 4.
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transcription is dependent on its ability to bend DNA. Indeed
we found that the reduction of the bending activity in mutant
N48Q determines a 3-fold increase of the protein transactiva-
tion potential, indicating that at least one of the mechanisms
used by Sox2 to promote transcription is based on its capacity
to manipulate DNA geometry. At first glance, the finding that
reduced bending corresponds to increased transcription seems
surprising. A similar result, however, was found in the case of
IHF, an E. coli protein that activates transcription at several
promoters by inducing a 180° DNA bend, thus promoting DNA-
RNA polymerase interactions (22). In a random mutation
screening, mutants of IHF that maximize transcriptional acti-
vation were identified; a reduction in the bending activity cor-

responded to stronger activation (23). Three-dimensional mod-
els showed that wt IHF bends DNA more sharply than is
necessary for DNA back looping to occur, and the optimal
bending angle is much less than the 180° turn imposed by wt
IHF. Even though the molecular mechanisms underlying IHF-
and Sox2-mediated transactivation are different, our data can
have a similar explanation; the distortion induced by wt Sox2
might be larger than optimal to promote contacts among the
proteins involved in Fgf4 transactivation.

One might ask why evolution selected a protein that is non-
optimal in its capacity for transcriptional activation. Sox2 reg-
ulates expression of �- and �-crystallin in the lens (24), os-
teopontin during hypoblast formation (25), and probably
several other genes. The expression of different genes might
have different architectural demands, and the entity of the
distortion imposed by wt Sox2 is possibly a compromise that
allows a sufficient expression of all its target genes. A different
explanation is also possible; an increased expression of Fgf4 is
not necessarily an advantage for the organism. Fgf4 is a se-
creted protein that acts within complex regulatory pathways,
in which intracellular and extracellular signals cooperate to
define the body plan of the embryo (26). Increased Fgf4 expres-
sion could disrupt the delicate equilibrium that regulates in-
tercellular communication.

In the second part of our work, we confirmed the relation
between DNA bending and transcriptional activity by modu-
lating DNA flexibility. The sequence of the Sox2 binding site
affects the flexibility of the DNA molecule; single nucleotide
substitutions reduce (mut4) or completely abolish (mut11) the
ability of wt Sox2 protein to distort DNA. The mut4 sequence is
bent by wt Sox2 by an angle similar to the one produced by the
mutant N48Q protein on the wild type sequence, as measured
by CPA. Unexpectedly, the substitutions in the protein and in
the DNA site had opposite effects on transcription. We ex-
plained this apparent paradox by means of phasing analysis;
we found that the mutations in the protein and in the binding
sites affect the three-dimensional geometry of the DNA-protein
complex in different ways. In particular, the orientation of the
directed DNA bend induced by N48Q is essentially identical to
that induced by wt Sox2. On the contrary, when mut4 is bound
by the wt protein, the bend points 20° away from the direction
of the wild type bend, most likely preventing the correct as-
sembly of the nucleoprotein complex on the Fgf4 enhancer.

In conclusion, in this work we have directly confirmed the
hypothesis that an essential component of the action of Sox
proteins is DNA bending. Furthermore, such bending must be
precise both in amplitude and in direction to provide a correct
framework for the rest of the transcriptional machinery to
operate.
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