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An SRY Mutation Causing Human Sex Reversal Resolves a General Mechanism of 
Structure-Specific DNA Recognition: Application to the Four-Way DNA Junction? 
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ABSTRACT: SRY, a genetic “master switch” for male development in mammals, exhibits two biochemical 
activities: sequence-specific recognition of duplex DNA and sequence-independent binding to the sharp 
angles of four-way DNA junctions. Here, we distinguish between these activities by analysis of a mutant 
SRY associated with human sex reversal (46, XY female with pure gonadal dysgenesis). The substitution 
(I68T in human SRY) alters a nonpolar side chain in the minor-groove DNA recognition a-helix of the 
HMG box [Haqq, C. M., King, C.-Y., Ukiyama, E., Haqq, T. N., Falsalfi, S . ,  Donahoe, P. K., & Weiss, 
M. A. (1994) Science 266, 1494-15001. The native (but not mutant) side chain inserts between specific 
base pairs in duplex DNA, interrupting base stacking at a site of induced DNA bending. Isotope-aided 
‘H-NMR spectroscopy demonstrates that analogous side-chain insertion occurs on binding of SRY to a 
four-way junction, establishing a shared mechanism of sequence- and structure-specific DNA binding. 
Although the mutant DNA-binding domain exhibits >50-fold reduction in sequence-specific DNA 
recognition, near wild-type affinity for four-way junctions is retained. Our results (i) identify a shared 
SRY-DNA contact at a site of either induced or intrinsic DNA bending, (ii) demonstrate that this contact 
is not required to bind an intrinsically bent DNA target, and (iii) rationalize patterns of sequence 
conservation or diversity among HMG boxes. Clinical association of the I68T mutation with human sex 
reversal supports the hypothesis that specific DNA recognition by SRY is required for male sex 
determination. 

Sexual dimorphism provides a model of a genetic switch 
between alternative programs of development (Lovell-Badge, 
1993). The male phenotype in mammals is determined by 
SRY’ (Sinclair et al.,  1990), a putative transcription factor 
(Cohen et al.,  1994) encoded by the short arm of the Y 
chromosome (Goodfellow & Lovell-Badge, 1993). Assign- 
ment of SRY as the testis-determining factor (TDF) is 
supported by studies of transgenic murine models (Koopman 
et al., 1991) and human intersex abnormalities (Berta et al., 
1990; McElreavy et al., 1992; Hawkins et al., 1992ab; Harley 
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et al., 1992; Wain et al., 1993). Here, we resolve a general 
mechanism of structure-specific DNA recognition by analysis 
of a mutant SRY associated with human sex reversal 
(McElreavy et al., 1992). Our results identify a contact 
between the protein and a four-way DNA junction. This 
contact, insertion of a nonpolar side chain between base pairs 
(Haqq et al., 1994), is reminiscent of analogous (sequence- 
specific) contacts at sites of sharp DNA bending in crystal 
structures of the TATA-binding protein (Kim, Y., et al., 
1993; Kim, J. L., et al., 1993) and prokaryotic transcription 
factor PurR (Schumacher et al., 1994). Its extension to the 
sharp angles of a four-way DNA junction has implications 
for the evolution of HMG-box sequences and supports the 
hypothesis that the sex-determining function of SRY requires 
sequence-specific DNA recognition. 

SRY contains a conserved motif (the HMG box) first 
described among high-mobility-group (HMG) nuclear pro- 
teins. This motif is also shared by a newly recognized class 
of transcription factors [Gubbay et al.,  1990; see Grosschedl 
et al. (1994) for review]. The HMG box exhibits a novel 
a-helical fold as determined by nuclear magnetic resonance 
(NMR) spectroscopy (Weir et al., 1993; Read et al., 1993; 
Jones et al., 1994). The tertiary structure is L-shaped, 
defining convex and concave protein surfaces (Figure 1 A). 
The HMG box exhibits an unusual range of DNA-binding 
activities. (i) Classical high-mobility group nuclear proteins 
are sequence nonspecific but bind to sites of altered DNA 
structure, such as supercoiled DNA, four-way DNA junc- 
tions, or intrinsically bent drug-DNA adducts (Pi1 & 
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FIGURE 1: (A and B) Model of the human SRY HMG box (residues 61-128). In Molscript rendition (A) positions of mutations associated 
with sex reversal are shown in red; an asterisk indicates I68 (position 16 of the HMG box). In panel B (DG ensemble) are shown well- 
ordered side chains (RMSD < 2 A); the arrow indicates 168. (C and D) Models of the four-way junction (von Kitzing et al., 1990): panel 
C, schematic rendition of the Mg2+-stabilized X structure (Lilley & Clegg, 1993); panel D, molecular mechanics model. The angle formed 
by divergent arms is shown in red; one set of junctional base pairs in (D) is shown in green. 

Lippard, 1992). (ii) HMG-box transcription factors (includ- 
ing SRY) recognize specific DNA sequences (Nasrin et al., 
1991; Harley et al., 1992; Haqq et al., 1993) and induce 
sharp DNA bends (Van de Wetering & Clevers, 1992; Giese 
et al., 1992). Unlike classical DNA-binding motifs (Sauer 
& Pabo, 1992), the HMG box binds primarily in the DNA 
minor groove (Van de Wetering & Clevers, 1992; Giese et 
al., 1992). HMG-box transcription factors also exhibit 
sequence-independent binding to the sharp angles of four- 
way DNA junctions (Figure 1C; Ferrari et al., 1992). 

Does the HMG box exhibit a single mechanism of DNA 
binding, and if so, how can this mechanism account for 
diverse DNA-binding activities? What in particular is the 
relationship between sequence-specific and structure-specific 
DNA recognition? In the present study we compare how 
the SRY HMG box binds to a specific DNA duplex (an 
induced DNA bend) and nonspecific four-way DNA junction 
(an intrinsic DNA bend). Our results, based on isotope- 
assisted 'H-NMR spectroscopy and site-directed mutagenesis, 
provide evidence for a shared mechanism of DNA binding. 

Remarkably, however, the two DNA-binding activities are 
distinguished by a mutation in the SRY HMG box associated 
with human sex reversal. The results provide insight into 
the biological role of SRY and the relationship between 
HMG box structure and function. 

MATERIALS AND METHODS 

Protein Purification. The SRY HMG box (85 residues) 
was expressed in Escherichia coli as a thrombin-cleavable 
fusion protein as described (Hinck et al., 1993) with inclusion 
of a C-terminal His6 tag, permitting affinity purification (Qian 
et al., 1993). Final purification of the HMG-box fragment 
was accomplished by FPLC using a Monos column (Phar- 
macia, Inc.). Purity was '98% as assessed by SDS- 
polyacrylamide gel electrophoresis. The His6 tag does not 
affect protein folding (as determined by circular dichroism 
and 'H-NMR) or specific DNA binding (as determined by 
gel-shift assay). 

Isotopic Labeling. Selective biosynthetic incorporation of 
[13C]isoleucine was accomplished in a prototrophic strain of 
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E. coli [BL21(DE3)] by feedback inhibition of endogenous 
biosynthesis with unlabeled valine and leucine in minimal 
medium. 13C-HMQC spectra of the labeled protein (Griffey 
et al., 1983) demonstrated >98% labeling with <2% 
metabolic diffusion of the label to other amino acids. 
Uniform 13C and 15N labeling was accomplished in the same 
strain using minimal medium containing [13C]glucose and 
[ 15N]ammonium sulfate. 

Four- Way DNA Junctions. Sequences were obtained from 
previous studies. Individual duplex arms do not exhibit 
specific SRY binding. (i) The following four 30-base-pair 
oligonucleotides were prepared as described by Ferrari et 
al. (1992): strand I ,  5’-AGCGCTCTCACACGGCCCT- 
CCGCCCAGCTG; strand 2, 5’-CAGCTGGGCGGAGG- 
- GGCGCGGACGTTAACC; strand 3,  5’-GGTTAAC- 
GTCCGCGCGGGTAATCTGGTAGA; and strand 4, 5’- 
TCTACCA~TTACCCCCGTGTGAGAGCGCT. The 
junctional bases are undaned .  One strand was labeled with 
32P and annealed overnight with the other three strands from 
80 to 4 OC in 50 mM Tris-HC1 (pH 7.5),5 mM dithiothreitol, 
10 mM MgC12, and 50 mg/mL BSA. Efficiency of junction 
formation was >80% as estimated by 12% PAGE. The four- 
way junction was eluted from the gel; the recovered DNA 
was quantified using a 32P scintillation counter. (ii) Junction 
J1, containing four 16-base-pair oligonucleotides, was pre- 
pared as described by Chazin and co-workers (Chen et al., 
1993): strand I ,  5’-CGCAATCCTGAGCACG-3’; strand 
2, 5’-GCATTCGGACTATGGC-3’; 5’-GCCATAGTGGA- 
TTGCG-3’; ands trand 4, 5’-CGTGCTCACCGAAT- 
GC-3’. The junctional bases are underlined. StrKds (1 mM) 
were mixed in equimolar proportions in 10 mM potassium 
phosphate (pD 7.0), 50 mM NaC1, 0.05% NaN3, and 5 mM 
MgC12, heated in an NMR tube to 90 “C, and annealed by 
slow cooling. The final ‘H-NMR spectrum was similar to 
that described (Chen et al., 1993). 

DNA-Binding Assay. Oligonucleotides were purchased 
from Oligos, Etc. (Wilsonville, OR). (i) The duplex probe 
was labeled with 32P, annealed, and analyzed using the gel 
retardation assay as described (Haqq et al., 1993; King & 
Weiss, 1993). Each reaction contained 50-500 nM protein 
and 0.8 nM labeled DNA in 10 mM potassium phosphate 
(pH 7.0), 50 ng/mL bovine serum albumin (BSA), 50 mM 
KC1, and 2.5 mM MgC12; the reaction was incubated for 1 
h on ice. Only specific binding is observed under these 
conditions. (ii) For analysis of four-way DNA junctions, 
reactions contained 25-250 nM protein and 4 nM labeled 
junction in the same buffer. 

Site-Directed Mutagenesis. Single amino acid substitu- 
tions were introduced into the SRY coding region in phage 
M13mp19RF by oligonucleotide-directed mutagenesis as 
described (Kunkel, 1985) and recloned by PCR into an 
expression plasmid (Hinck et al., 1993). All constructions 
were verified by DNA sequencing. Purification of the variant 
proteins was as described for the wild type. 

NMR Spectroscopy. Spectra were observed at 500 MHz 
using a Varian Unity spectrometer at Harvard Medical 
School. lH-13C heteronuclear multiple-quantum coherence 
(HMQC) spectra were acquired by indirect detection as 
described (Griffey et al., 1983). 

A model of a four-way DNA 
junction (von Kitzing et al., 1990) was kindly provided by 
the authors. A model of the SRY HMG box was built from 
a homologous NMR structure (HMG1 box b; Weir et al., 
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1993) by distance geometry and simulated annealing (DGI 
SA) by the method of Have1 and Snow (1991) as described 
(Haqq et al., 1994). In brief, 21 779 distance and 226 
chirality restraints were used. Distance bounds were based 
on minimum and maximum distances in the NMR ensemble; 
0.15 8, was added to the maximum and subtracted from the 
minimum when the total bound length was <3  8,. All 
interatomic distances, including protons, were included for 
identical residues. For conservative substitutions, distance 
constraints up to Cg and and x 2  dihedral restraints were 
also added. Ideal a-helical constraints (q, t+b, and distances) 
were added to define secondary structure. Restraints were 
not introduced for nonconservative substitutions. There were 
no distance restraint violations. The SRY HMG box and 
HMGl box b exhibit 25% sequence identity and 35% 
sequence similarity. 

HYPOTHESIS 
How can one protein motif exhibit both sequence-specific2 

and structure-specific DNA binding? The simplest hypoth- 
esis is molecular mimicry: that the DNA structure in a 
specific SRY complex (an induced DNA bend) resembles 
two arms of a four-way DNA junction (an intrinsic DNA 
bend; shown in red in Figure 1C and 1D). Thls hypothesis 
makes two testable predictions. (1) The HMG box employs 
a universal DNA-binding surface, complementary to a DNA 
bend whether induced or ,intrinsic. (2) Sequence- and 
structure-specific DNA recognition can be resolved by 
mutagenesis. In particular, side chains required to alter the 
structure of a specific DNA duplex may be dispensable in 
binding to a four-way junction. Analysis of phenotypes 
associated with such mutations would provide biological 
insight into the function of SRY in mammalian development. 

MODEL 
A specific complex between the SRY HMG box and 

duplex DNA exhibits a novel protein-DNA contact (King 
& Weiss, 1993). Analysis of nuclear Overhauser enhance- 
ments (NOES) demonstrated that an isoleucine inserts 
between AT base pairs (arrow): 

L 
5’-TGAT TGTTC-3’ 
3 ‘ -ACTA ACAAG- 5 ‘ 

The isoleucine spin system is shifted to high field, presum- 
ably by the ring currents of flanking DNA bases. The side 
chain enters through the DNA minor groove; only its tip 
(the &methyl group; resonance at - 1.22 ppm indicated by 
an arrow and asterisk in Figure 2a) contacts internal 
thymidine N3 imino protons. There are two isoleucine 
residues in the human SRY HMG box, 1683 and I90 (Sinclair 
et al., 1990; Whitfield et al., 1994). ‘H-NMR resonances 
of the inserted isoleucine have been assigned by mutagenesis 
to I68 (position 16 in the HMG box motif; Haqq et al., 1994). 
The three-dimensional environment of I68 has been inferred 
from homology modeling based on the solution structure of 
HMGl box b (Figure 1A,B; Weir et al., 1993; Haqq et al., 
1994). In this model (as in the parent structure) residue 68 

Sequence-spec@ DNA binding refers to recognition of specific 
sites in duplex D N A ;  structure-specific DNA binding designates 
recognition of  noncanonical DNA structures (such as the sharp angles 
of a four-way junction) independent of base sequence. 

Residue numbers refer to the human SRY sequence (Whitfield et 
al., 1993) unless otherwise indicated. 
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FIGURE 2: 'H-NMR spectra of the (a) specific complex between 
the 15-bp target site and the native SRY HMG box (King & Weiss, 
1993), (b) free native SRY domain, (c) I9OV variant domain, (d) 
I68T variant domain, (e) free four-way junction J1 (Chen et al., 
1993), (f, g) variant SRY junctional complexes as labeled, and (h) 
wild-type SRY junctional complex. The upfield portion of each 
spectrum is enlarged as indicated. Asterisks and arrows indicate 
d-CH3 resonances of 168. 

FIGURE 3: Schematic model of the L-shaped HMG box (left) and 
bent DNA site (right). The asterisk indicates the position of residue 
16 of the HMG box as the crux of the concave protein surface 
("inside the L"; Weir et al., 1993; Read et al., 1993; Jones et al., 
1994). Intermolecular NOES indicate direct contact between residue 
16 (I68 in human SRY; Whitfield et al., 1993) and the DNA minor 
groove. 

projects from a-helix 1 at the crux of an angular surface: 
the concave aspect of the L-shaped structure (Figure 3). 
Involvement of this surface in DNA binding is consistent 
with the inferred positions of mutations associated with 
human sex reversal (indicated in red in Figure 1A,B) and is 
supported by studies of homologous HMG-box proteins 
(Falciola et al., 1994; Read et al., 1994). Isoleucine insertion 
interrupts base stacking (but not base pairing) at the site of 

insertion (King & Weiss, 1993). This interaction is analo- 
gous to features of the TATA-binding protein (TBP)-DNA 
complex (Kim et al., 1993a,b) and would likewise be 
expected to induce a sharp DNA bend as demonstrated by 
anomalous electrophoretic mobility (Van de Wetering & 
Clevers, 1992; Giese et al., 1992). We would also expect 
that the DNA minor groove must widen to accommodate 
a-helix 1 (Haqq et al., 1994); analogous widening occurs in 
the PurR complex (Schumacher et al., 1994) and in the 
TBP-DNA complex to accommodate a @-sheet (Kim, Y., 
et al., 1993; Kim, J. L., et al., 1993). 

RESULTS 

Prediction 1: An Analogous Ile Contact Occurs in a Four- 
Way DNA Junction. The mechanism of SRY binding to 
four-way junction J1 with Mg2+ (Chen et al., 1993) was 
investigated by 'H-NMR. Strikingly, the spectrum of a 1: 1 
complex contains a methyl resonance shifted to high field 
(- 1.03 ppm; asterisk in Figure 2h), which is similar to that 
of 168-dCH3 in the spectrum of a specific complex (Figure 
2a). Such a correspondence, if verified by resonance 
assignment, would demonstrate use of a similar or over- 
lapping DNA-binding surface (prediction 1). Resonance 
assignment was obtained in two steps by isotopic labeling 
(Figure 4) and site-directed mutagenesis (Figure 2e-h). (i) 
Selective labeling of the SRY domain with 13C-enriched 
isoleucine is shown by comparison of HMQC spectra (Figure 
4A,B). The label confers the expected 140-Hz 'JCH coupling 
to the upfield resonance (spectrum a in Figure 4C), verifying 
its classification as an isoleucine resonance. (ii) Assignment 
to I68 is demonstrated by inspection of the spectra of variant 
junctional complexes I68T and I90V (Figure 2f,g). The site 
of I68 insertion in the four-way junction has not been 
determined. Since the SRY HMG box does not bind to the 
isolated arms (data not shown), the insertion site is presumed 
to be at or near the junctional base pairs (green in Figure 
1D). Since in the presence of Mg2+ the four-way DNA 
junction contains two acute and two obtuse angles (Lilley 
& Clegg, 1993), it is likely that the 1 : 1 complex represents 
an equilibrium among two or more binding configurations. 
Such an equilibrium could account for the large line width 
of the I68 methyl resonance (relative to thymidine CH3 
resonances in the DNA) either by intermediate exchange or 
by partial overlap of inequivalent I68 resonances in slow 
exchange. Distinct 1:l complexes are not resolved by the 
gel mobility shift assay (Ferrari et al., 1992). 

Prediction 2: Isoleucine Insertion Is Required for Specific 
DNA Recognition but Is Dispensable for Four- Way Junction 
Binding. We test prediction 2 by analysis of a variant SRY 
HMG box I68T, containing a substitution associated with 
human sex reversal (McElreavy et al., 1992). A conservative 
substitution of the other isoleucine (I90V, expected to pack 
in the hydrophobic core; Weir et al., 1993; Read et al., 1993; 
Jones et al., 1994; Haqq et al., 1994) was constructed as a 
control. 'H-NMR spectra (Figure 2b-d) and thermodynamic 
stabilities (not shown) of the variant and native domains are 
similar. 

Threonine, because of its shorter length (lacking a d-sub- 
stituent) and polar substituent @-OH function), would not 
be expected to penetrate between base pairs. If side-chain 
insertion stabilizes an induced DNA bend and if such bending 
is required to bind a specific duplex site, then the I68T 
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FIGURE 4: (A) HMQC spectrum of the SRY domain selectively labeled with [13C]isoleucine. (B) HMQC spectrum of the SRY domain 
uniformly enriched with 13C and 15N. y’-CH3 and &CH3 resonances (near 17 and 12 ppm in the 13C dimension, respectively) are outlined. 
(C) Upper panel: structure of the isoleucine side chain (6-CH3 in boldface). Lower panel: ‘H-Nh4R spectra of the (a) junctional complex 
with a selective isoleucine I3C label, (b) junctional complex without a label, (c) labeled domain alone, and (d) unlabeled domain alone. 

domain would be expected to exhibit reduced specific 
binding. In contrast, binding to a Mg2+-stabilized four-way 
DNA junction might be maintained, since molecular me- 
chanics calculations (von Kitzing et al., 1990) predict that 
its structure (Figure 1C,D) exhibits the three postulated 
hallmarks of a specific duplex complex: (a) the arms define 
sharp DNA bends with intact base pairing; (b) junctional 
base pairs are displaced at the center of the intrinsic bend, 
mimicking displacement by an inserted amino acid; and (c) 
the minor groove is widened 5‘ to the site of strand exchange, 
as would be required to accommodate an a-helix. Although 
the structure of a four-way junction has not to date been 
determined by X-ray crystallography, this model is supported 
by biochemical and spectroscopic studies [reviewed by Lilley 
and Clegg (1993)l. 

Binding of native and variant domains to a specific duplex 
DNA site was tested by gel retardation (Figure 5a). Whereas 
native and I90V domains each bind with an apparent 
dissociation constant of 25 nM (lanes 4 and 3), binding of 
the I68T variant is not detectable (lanes 1 and 2). The 
assay’s sensitivity implies that specific binding is weakened 
by at least 100-fold. In contrast, the I68T domain exhibits 
almost native binding to four-way junctions (Figure 5b). Such 
binding also occurs at nanomolar protein concentrations and 
gives rise to two complexes, presumably representing suc- 
cessive binding to distinct junctional angles (Ferrari et al., 
1992). The isolated arms exhibit no binding to the native 
or variant domains. Similar results are obtained with a 
variety of junctional sequences (not shown). Preserved 
binding of the 168T domain to four-way junctions is in accord 
with the diversity of side-chain functionalities (length, charge, 

and polarity) at this position among sequence-nonspecific 
HMG-box proteins (I, M, F, A, E, N, and Q; box in Figure 
5d). In contrast, sequence-specific HMG boxes contain only 
isoleucine, methionine, and phenylalanine (Figure 5c). We 
speculate that the latter conservation is imposed by specific 
steric and polarity requirements of side-chain-DNA insertion 
and resultant protein-induced DNA bending. 

DISCUSSION 
Identification of SRY as the sex-determining locus of the 

human Y chromosome was accomplished by “reverse genet- 
ics”: analysis of deletions and translocations associated with 
phenotypic sex reversal (XY females and XX males) [Sinclair 
et al., 1990; for review, see Goodfellow and Lovell-Badge 
(1993)]. Its genetic function as the long-sought testis- 
determining factor (TDF) was verified in transgenic XX mice 
(Koopman et al., 1991). Because this function was assigned 
in the absence of biochemical characterization, however, 
SRY’s mechanism of action poses an unsolved problem. An 
initial clue was provided by observation that SRY contains 
a newly recognized DNA-binding motif, the HMG box 
[Figure 1A,B; reviewed by Grosschedl et al. (1994)l. This 
motif is conserved among eukaryotes and defines an ancestral 
gene family (Nerr, 1992; Laudet et al., 1993). The SRY 
HMG box binds with similar affinity to specific DNA 
sequences (Nasrin et al., 1992; Harley et al., 1992; Haqq et 
al., 1993; Cohen et al., 1994; Hawley et al., 1994) and the 
sharp angles of four-way DNA junctions (Ferrari et al., 
1992). A model of a Mg2+-stabilized four-way junction is 
shown in Figure 1C,D (von Kitzing et al., 1990). The sharp 
angles, partially unstacked central base pairs, and widened 
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FIGURE 5: (Panels a and b) Gel retardation assays comparing binding to a specific DNA duplex (panel a, 5’-GGGGTGTTTGTGCAG-3’) 
and binding to a four-way junction (panel b). The duplex sequence is derived from a putative DNA control site in the promoter of the 
Mullerian inhibiting substance (MIS) gene (Haqq et al., 1993); similar results have been obtained with an optimal SRY-binding site with 
the central sequence 5’-ATTGTT (Haqq et al., 1994). The junction sequence (Materials and Methods) is as described by Ferrari et al. 
(1992); analogous results are obtained with the junction sequence J1 (Chen et al., 1993). (Panels c and d) Partial sequences of sequence- 
specific and structure-specific HMG boxes (Ner, 1992; Laudet et d., 1993; Whitfield et al., 1993; Grosschedl et al., 1994). In each case 
the position corresponding to I68 in human SRY is boxed. Abbreviations: hSRY, human; mSRY, mouse; sSRY, sheep and cattle; rSRY, 
rabbit; smSRY, sminthopsis; maSRY, macropus; dSRY, dunnart; gSRY, gorilla; bSRY, baboon; oSRY, orangutan; marSRY, marmoset; 
chSRY, chimpanzee; p.chSRY, pyg-chimp; Sox, SRY box gene; LEF-1, lymphocyte enhancer factor-1 ; TCF-1, human T cell-specific 
transcription factor; ROX- 1, repressor of the hypoxic genes of Saccharomyces cerevisiae; STE- 1 1, sexual development of Saccharomyces 
pombe; MAT-A 1, mating for type recognition A- 1 phenotype; MAT-MC, mating-type protein of S. pombe; IRE-ABP, insulin-response 
element binding; SSRP- 1, human structure-specific recognition protein; T- 160, murine recombination signal sequence binding protein; 
ABF, yeast ARS-binding protein; HMG-D, Drosophila HMG; HMG-T, trout HMG; rHMG, rat HMG; pHMG, pig HMG-1; NHP6A, non- 
histone chromosomal protein from S. cerevisiae; mTFl , mitochondrial transcription factor; hUBF, RNA polymerase I transcription factors. 
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minor groove of the four-way DNA junction (Lilley & Clegg, 
1993) are likely to mimic characteristic features of a specific 
SRY-DNA complex (Ferrari et al., 1992; King & Weiss, 
1993). 

Binding to four-way junctions provides a model for 
structure-specific but sequence-independent DNA recogni- 
tion. Such binding can in principle provide a mechanism 
of genetic regulation. In vitro, HMG-1 and -2 , which lack 
sequence specificity, can stimulate transcriptional initiation 
by RNA polymerases I1 and I11 (Johns, 1982; Tremethick & 
Molloy, 1986). Although the mechanism of activation is 
not well characterized, HMG binding to (or stabilization of) 
structurally altered promoter DNA has been proposed to 
regulate assembly of an initiation complex. HMG-box 
proteins UBF (an RNA polymerase I transcription factor) 
and mTFl (a mitochondrial polymerase transcription factor) 
bind to specific positions relative to their respective tran- 
scriptional start sites, yet neither recognizes a clear consensus 
DNA sequence (Fisher et al., 1989; Bell et al., 1989). Such 
studies indicate that transcriptional regulation by HMG-box 
proteins can be mediated by recognition of distinct topologi- 
cal domains rather than by recognition of duplex target 
sequences. Studies of phage A recombination complexes 
demonstrate an analogous role for sequence-independent but 
structure-specific DNA-binding proteins, permitting inter- 
changeability of integration host factor (IHF) with eukaryotic 
HMGl and HMG2 proteins (Segall et al., 1994). The 
respective contributions of sequence- and structure-specific 
recognition to the biological function of SRY or homologous 
HMG-box transcription factors have not been defined. In 
particular, altered DNA structures in the preinitiation com- 
plex (including the initiator element) may provide targets 
with features of both sequence- and structure-specific bind- 
ing. 

In this paper we have distinguished between the sequence- 
and structure-specific DNA-binding activities of SRY by 
analysis of a mutant protein that selectively retains one 
activity but not the other. This mutation (I68T) occurs at a 
DNA contact site (King & Weiss, 1993; Haqq et al., 1994) 
and is associated with human sex reversal (McElreavy et 
al., 1992; Vilain et al., 1993). Because the structure of SRY 
has not been determined, experimental design is based on 
the NMR structure of an HMG-1 fragment (box B; Weir et 
al., 1993; Read et al., 1993): three a-helices in a novel 
L-shaped fold (Figure 1A,B). A homology model of the 
SRY HMG box has been constructed by distance geometry 
by the method of Havel and Snow (1991) as previously 
described (Haqq et al., 1994). Its angular surface is proposed 
to be complementary to the structure of an induced or 
intrinsic DNA bend. The inferred position of I68 (asterisk 
in Figure 3) identifies the concave surface ("inside the L") 
as in contact with DNA. This hypothesis is motivated by 
the overall shape of the HMG box and not by the uncertain 
details of the homology model. The dramatic upfield 'H- 
NMR shift of I68 in both specific and junctional complexes 
strongly suggests a shared mechanism of DNA binding. We 
speculate that I68 represents a class of side chains required 
to induce specific DNA bending but not required to bind an 
intrinsically bent target. Insertion of a nonpolar (or aromatic) 
side chain between base pairs, proposed as a mechanism of 
specific DNA bending, is also observed in the bent PurR- 
and TATA-binding protein (TBP)-DNA complexes (Kim, 
Y., et al., 1993; Kim, J. L., et al., 1993; Schumacher et al., 
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1994) and is reminiscent of features of protein-RNA 
recognition (Fedor, 1994). 

How SRY directs testicular differentiation-and in par- 
ticular, how site-specific DNA bending contributes to the 
regulation of gene expression-are not known. The clinical 
correlation of the I68T mutation in SRY with human sex 
reversal supports the hypothesis that sequence specificity is 
required (Nasrin et al., 1991; Harley et al., 1992; Haqq et 
al., 1993, 1994) whereas binding to four-way junctions is 
insufficient. Because the four-way junction is not fully 
representative of the range of altered DNA structures in 
chromatin, the present results do not exclude other forms of 
structure-specific DNA recognition, as might occur in a 
preinitiation complex. Further progress in understanding the 
biological role of SRY -DNA interactions will require 
delineation of SRY-regulated genes (Lovell-Badge, 1994). 
Characterization of a downstream pathway of gene expres- 
sion (Haqq et al., 1994; Foster et al., 1994; Wagner et al., 
1994) will provide an opportunity to dissect the role of 
directed DNA bending in a developmental switch. 

ADDED IN PROOF 

T-cell factor-1 (Tcf-1), an HMG-box protein proposed to 
act as an architectural element to organize the spatial structure 
of T-cell-specific enhancers, has recently been shown to be 
required for thymocyte differentiation (Verbeek et aE., 1995). 
Because Tcf-1 and SRY exhibit similar DNA-binding 
properties and atypical transcriptional regulatory activity in 
cotransfection assays, similar biochemical mechanisms may 
control developmental decisions in the two systems. 
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