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ABSTRACT. The testis-determining factor SRY contains an HMG box DNA-bending domain. Human and
murine factors (hSRY and mSRY, respectively) exhibit marked sequence divergence and are reported to
differ markedly in DNA bending properties. Surprisingly, the combined application of time-resolved
fluorescence resonance energy transfer (tr-FRET) and permutation gel electrophoresis demonstrates that
the hSRY-DNA complex is more sharply bent than the murine complex and not less bent as previously
reported. tr-FRET-based analyses of the distribution of end-to-end distances in the benrtpBitin
complexes further suggest that a broader range of DNA bend angles is populated in the murine ensemble
than in the human ensemble. The two domains and their respective DNA complexes nevertheless exhibit
similar thermodynamic stabilitie#d NMR spectra indicate analogous intercalation of distinct “cantilever”

side chains (isoleucine or methionine) with subtle differences in induced DNA structure. Interchange of
cantilevers does not affect DNA bending. That transgenic expression of either human or Bnyrine

XX mice can confer a male somatic phenotype suggests that SRY-directed transcriptional regulation is
robust to enhanced DNA bending and to changes in the precision of DNA bending. We propose that
male-specific gene regulation requires DNA bending above a critical threshold set by architectural
requirements of enhanceosome assembly.

Testis determination in eutherian mammals is directed by binding surfaces are extended by a C-terminal basic tail,
Sry, a gene on the Y chromosonk @). Mutations in SRY which remains in the minor groove at one end of the bent
are associated with human sex reversal (46, XY pure gonadalDNA site (Figure 1C,D:15).
dysgenesis) and cluster in its DNA-binding dom&dn4), a Human and murine SRY (hSRY and mSRY, respectively)
high-mobility group (HMG) box%). The HMG box defines  exhibit marked sequence divergence both within and extrinsic
a class of DNA-bending proteins of central importance in to the HMG box (6). Substitutions occur at 28 of 85
organogenesis(-9). Designated architectural transcription positions in the HMG box (Figure 2), spanning its DNA-
factors, such proteins exhibit an L-shaped structure (Figure binding surface (red boxes), other surfaces (green), and the
1A; 10-12) and novel mechanism of DNA recognition hydrophobic core (purple). The structure of mMSRY has not
(Figure 1B-D; 4, 13, 14). The structure of a specific SRY been characterized. Grosschedl and co-workers reported that
DNA complex demonstrates that the domain binds in an the hSRY domain bent a consensus SRY target site (5
expanded minor groove and induces a sharp DNA bédnd (
15).2 Bending is associated with partial unwinding and 1 Abbreviations: CD, circular dichroism;/B, DNA bending model

insertion of a “cantilever” side chain between base pairs as of Bianchi and colleaguesy); DTT, dithiothreitol; Fi, 5-acetamido-
fluorescein; FRET, fluorescence resonance energy transfer; fwhm, full

shown in schematic form in Figure 1B, disrupting base ygh at half-maximal intensity; HMG, high-mobility group; GMSA,
stacking but not base pairing (113 in Figure ¥C13). DNA- gel mobility shift assay; LEF-1, lymphoid enhancer factor 1; MIS,
Mullerian-Inhibiting Substance (also termed Anti-Mullerian Hormone);
NLS, nuclear localization signal; NOE, nuclear Overhauser eftett;

T This work was supported in part by an Equipment Grant 553-99 open reading frame; PGE, permutation gel electrophoresis; RP-HPLC,
from the Israel Science Foundation to E.H., Grant 98-362 from the reverse-phase high-performance liquid chromatographly;NMR,
United States/Israel Binational Foundation (E.H. and M.A.W.), and the proton nuclear magnetic resonance; SOX, SRY-related HMG box; SRY,
National Institutes of Health Grant GM051558 (M.A.W.). V.I. and E.H.  protein encoded by the sex-determining region of the Y chromosome;
were supported in part by the Damadian Center for Magnetic ResonanceTBP, TATA-binding protein; TCF-&, T-cell factor r and homologue
Research at Bar llan University. of LEF-1; T—L, DNA bending model of Thompson and Land§6f;

* To whom correspondence should be addressed. Telephone: (216)tr, time-resolved; TMR, tetramethylrhodamine. Amino acids are
368-5991. Fax: (216) 368-3419. E-mail: michael.weiss@case.edu. designated by the standard single-letter code. Unless otherwise stated,

* Case Western Reserve University. residue numbers in SRY or LEF-1 refer to the HMG box consensus

§ These authors contributed equally to this work. sequence as defined by Clore and co-workdys@onsensus position

'Present address: GeneGo, Inc., 227 S. Berrien St., New Buffalo, 1 corresponds to residue 56 of intact human SRY. Genes and DNA
MI 49117. sites are in italics and proteins in capital letters.

UPresent address: Epicentre Technologies Corp., 726 Post Rd., 2A similar DNA structure is induced upon binding of lymphoid
Madison, WI 53713. enhancer factor (LEF-114) and non-sequence-specific HMG boxes

@ Bar llan University. (HMG1, NHP6A, and HMG-D38—40). Unlike SRY, the tails of LEF-1

#Present address: 386 S. Crown Court, Palatine, IL 60074. and NHP6A bind across a compressed major groove.

10.1021/bi049920a CCC: $27.50 © 2004 American Chemical Society
Published on Web 05/14/2004



DNA Bending by Human and Murine SRY Reassessed Biochemistry, Vol. 43, No. 22, 2004067

I/M Cantilever

L C R W clinical mut.
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Ficure 1: Human SRY-DNA complex and tail sequences. (A) Ribbon model of the SRY HMG box with selected side chains labeled.
The position of the disordered tail is shown as a dashed red line. (B) Schematic model of insertion of the cantilever side chain between AT
base pairs, disrupting base stacking but not base pairing. (C and D) Ribbon models of the NMR sttsctaretéin Data Bank entry

1J46) giving front and side views related by & 96tation about the vertical axis. Purple highlights positions of vector-derived substitutions

in SRY fragments employed in an earlier comparison of hSRY and m3R) The C-terminal tail is shown in red (residues—&B) or

purple (residues 84 and 85); N-terminal residues Histant from DNA are shown in purple. The HMG box is otherwise shown in green,

and DNA is shown as gray sticks. Cantilever side chain 113 is shown in black (arrow in panel C). Y41, a nonconserved site on the back
surface of human SRY, is substituted with cysteine in murine SRY (see Figure 2) and with serine in the model murine domain studied here.
(E) Tail sequences of hSRY and mSRY indicating inadvertent vector-derived NSS substitutions (purple) in the hSRY fragment employed
in the prior study 17). Sites of human sex-reversal mutations in the tail are shown above the sequence in re®gp,70L2AC 63), P76R

(64), and R78W 65)]. The red bar delimits the tail. Residue numbers refer to the HMG box consensus or (in parentheses below) full-length
hSRY. The arrow denotes the truncation site in SRY employed in prior studies by othé& 87).

1 seeming inability of hSRY to cause sex reversal in XX
i oo eeees 13 e o e 33 transgenic mice €). The reported correlation between
human QD E VKRPMNAF VWSRDOQRRKMALENPRMRN . h . . . . . .
mouss  EG [H| VKRPMNAF || VWSRGERHKLAGQNPSMQN [T impaired testicular differentiation in transgenic mice and
62 o . - )
mman £V eoLevamuL e wrr taEAGKL B amH Y EK inhibited DNA bending appeared to be consistent with a case
mouss EISKQLGCRWKSLTEAEKRPFFQEAQRL [K| ILHREK of human sex reversal associated with an SRY variant
Puman ¥EH¥5ESE§§E§E%EE§ defective in DNA bending X8).
basic tall Comparison between the DNA bending properties of

Ficure 2: Sequences of human and murine SRY HMG boxes. hSRY and mSRY is_ of renewed biologiqal intere_st in light
Conserved residues are shown in black, substitutions at the DNA-Of @ recent reappraisal of the transgenic experimefs (
binding surface in red (circles and boxes), other surface substitutions20). In the original study, transgenic expression of the mouse
in green, and substitutions in the adjoining hydrophobic core in gjlele, but not humasry, was found to be sufficient to induce
purple. The arrow (red) denotes cantilever side chain 113 or M13. male somatic differentiation6f. The mSRYopen reading

The basic tail is underlined in red. In r&b, R21 is also described . ) p .
as contacting the DNA backbone, but analysis of the coordinates frame (rf) is contained within a 14 kb DNA segment (Figure

suggests it is too far from the DNA; consequently, R21 (human) 3, top), which contains appropriats-acting regulatory
and H21 (murine) are shown in green.

3The consensus DNA target site for SRY has been defined by
! . random binding site selectior6T), in accord with mutagenesis of
ATTGTT-3 and complemef) 25—30° less sharply than did  ¢andidate target elements uncovered by footprinting promoter and

the mSRY domain X7). These findings rationalized the enhancer element8,(17, 36).
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orf testicular differentiationZ0). Indeed, an identical phenotype
+ 14 kB was observed following replacement of tHepbrtion of the
— mSry orfby thehSrycoding region, including its stop codon

(Figure 3E). Expression ¢fSryunder the regulatory control
of murinecis-acting elements is thus sufficient for directing
testicular differentiation.

1179 bp This investigation of hSRY and mSRY employs time-
- el resolved fluorescence resonance energy transfer (tr-FRET)
A _:—:I mSry and permutation gel electrophoresis (PGE) to demonstrate
mHMG Q-rich repeat that the human protetnDNA complex is more sharply bent

than the murine complex. tr-FRET-based analyses of end-

B _:_] to-end distances in the bent DNA complexes further dem-
Q-rich repeat onstrate a salient difference in dynamics: a broader range

of DNA bend angles is populated in the murine ensemble
c I than in the human ensemble. The two domains nevertheless

exhibit similar secondary structures, as inferred from circular
dichroism (CD), and similar thermodynamic stabilities.
D m_] Proton nuclear magnetic resonantt¢ KMR) spectra of free
: and bound DNA sites suggest that induced DNA structures
hHMG Q-rich repeat share overall features, including analogous sites of cantilever
E _ insertion, but differ in structural details. To test whether the
: divergent cantilevers of hSRY and mSRY (113 and M13,
‘ hSRY ‘ ngp___afi“ _’efeafl respectively; arrow in Figure 2) are responsible for the
) ) , , observed differences in the DNA bend angle, we constructed
FiGure 3: Transgenic studies of Sry-directed sex reversal in XX 54 investigated an M131 analogue of the mSRY HMG box.
mice. The male somatic phenotype is induced by a 14 kb genomic N . . .
fragment of the Y chromosome containing t8ey open reading | he substitution did not affect DNA bending or the strin-
frame orf, top panel;6). The domain structure of mSRY is  gency of sequence recognition. In light of the ability of hSRY

delineated in panel A: N-terminal HMG box (green) and C-terminal to direct male development of XX transgenic mi@€)( our

g'létami”e'tmht.region d”edFO CtﬁGéepea.t (blue). ('? t?‘”d C%§3imfnri§ results suggest that SRY-directed sex reversal in the mouse
mSryconstructions encoding the domain swap of the m : : .
box with those of mSOX3 (B, red) or mSOX9 (C, powder blue; is robust with respect to enhanced DNA bending and to

19). In chimeric construction D, the N-terminal portion of tmSry changes in the precision of DNA bending. The extent of
HMG box is replaced with that diSry, including coding regions ~ enhancement ¢510° as inferred from PGE) is similar to
for N-terminal nonbox sequences (black) and the HMG box (green the range of DNA bend angles observed among primate
checkerboard20). Chimeric construction E contains intact th®ry SRY—DNA complexes 21).5 Accordingly, we propose that
orf, including the coding region for the C-terminal nonbox DNA bendi ithi ! d ,f h I
sequences (black) and thé op codon (arrowhead), instead of _bending within an allowed range of sharp angles can
the N-terminal segment of theSry orf The glutamine-rich domain  function to direct assembly of a male-specific enhanceosome.
of mSRY is thus not expresse(). Chimeric constructions in each

panel function in XX transgenic mice to induce testicular dif- MATERIALS AND METHODS

ferentiation and male somatic developmeif), 20). Sequences of i i nati i i
SOX3 and SOX9 HMG boxes are idgnticallﬁ r)wme?n and murine , F;rgte_:ln Purification.The murine SRY HMG box (residues
genes. —86 in the HMG box) and t_he corr_esp_ondlng human
domain @2) were expressed irEscherichia colias a
thrombin-cleavable fusion protein as described previously
elements for directing expression ofSry (Figure 3A) in (22 23). Fragments contained two additional N-terminal
the differentiating gonadal ridge. In the recent studies, residues (G,S) derived from the thrombin site in the fusion
“‘domain swap” of the HMG box of mSRY with that of  protein. Initial purification utilized an N-terminal Higag
mSOX3 or mSOX9 (Figure 3B,C) was shown not to impair  for Nji2* affinity chromatography. Further purification of the
male differentiation, indicating their functional equivalence SRy HMG box fragment was accomplished by FPLC using
in the context of MSRYX9).* Swap of murine and human 3 MonoS column (Pharmacia, Inc.) and reverse-phase HPLC.
HMG boxes and amino-terminal nonbox sequences (Figure The purity was>98% as assessed by SBgolyacrylamide
3D) likewise yields a chimeric protein that is able to direct ge| electrophoresis. Results of mass spectrometry were in
accord with expected values.
4 RodentSry coding regions contain a CAG DNA repeat encoding  Site-Directed MutagenesiSingle-amino acid substitutions

a novel glutamine-rich domain C-terminal to the HMG b6é8;(Figure ; ; ; ; ;
3A). Induction of sex reversal in XX transgenic mice by hSRY lacking were introduced into the SRY coding region in phage

this domain (Figure 3E) suggests that the glutamine-rich domain is M13Mp19RF by oligonucleotide-directed mutagenesis by
not required for male-specific gene regulati@@)( This conclusion is polymerase chain reaction (PCR) and cloned into an expres-
not in accord with transgenic studies of truncation mutantsm8fy sion plasmid 22, 23). All constructions were verified by
transgenes in which an intact glutamine-rich domain was apparently
required for XX sex reversab@). The possibility that such truncations
led to proteolyic instability or aggregation of the variant proteins, thus 5Using SRY fragments truncated at HMG residue 81 (residue 135
preventing SRY-directed gene regulation, could not be excluded, inintact human SRY), Goodfellow and colleagues reported®aar@ye
however. It remains formally possible that mSRY functions through in DNA bend angles among primates, from 82.8 the pigmy

its glutamine-rich domain whereas hSRY functions through recruitment chimpanzee to 90°3n the marmoset. The hSRY complex yielded an
of an unrelated set of interacting protei@), coincidentally leading angle of 89; the lower value in the chimpanzee is due in part to
to identical phenotypes. substitution of the 113 cantilever with phenylalanir2),

Q-rich repeat
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Ficure 4: Design of FRET studies and steady-state spectra. (A) Schematic illustration of DNA probe design. A central DNA bend is
expected to reduce the distance between respectignds of the DNA duplex. One end is labeled with fluorescein (donor) and the other

with tetramethylrhodamine (acceptor). (B) Emission spectra of the free and bound DNA following excitation at 465 nm. Singly labeled
DNA: black for emission of the donor in free DNA, red for the complex with hSRY, and green for the complex with mSRY (overlapping
spectra). Doubly labeled DNA: purple for free DNA, olive for the hSRY complex, and blue for the mSRY complex. The emission spectra

of the DNA singly labeled with the acceptor (free, complexed with hSRY, and complexed with mSRY) are shown in pink and underlays.
The correspondence between these data and the tr-FRET confirms the analysis. (C) Fluorescence decay of the donor (fluorescein) bound
to the B end of the model DNA duplex under 490 nm excitation detected at 520 nm (8 hm bandwidth, channel width of 0.0061 ns/channel).
Singly labeled DNA in the absence of an acceptor is shown in green; the donor emission decays in the doubly labeled DNA in the free form
(black) and complexes with mSRY (cyan) and hSRY (blue) are shown. The reduction of the donor fluorescence lifetime corresponds to the
changes of the emission spectra and is clearly a result of the distance-dependent FRET. (D) Gaussian models of end-to-end distances in the
free and bound DNA sites. The end-to-end distance distributions of doubly labeled model DNA free (black) and in the complexes with
mSRY (blue) and hSRY (red). The bending of the DNA by the complexation with the SRY domain is clearly visible in the reduction of

the mean of the distributions.

DNA sequencing. Some murine SRY domains contain a phosphorimager. Relative band intensities were quantitated
C41S substitution on the back surface of the HMG box to using ImageQuant version 5.2 (Molecular Dynamics).
avoid cysteine oxidation. Control studies of DNA binding Electrophoretic DNA Bending Assajpouble-stranded
and DNA bending indicate that the substitution is nonper- synthetic oligonucleotides & TGATTGTTCAG-3) con-
turbing (see panels A and B of Figure 5). taining the consensus’-BTTGTT-3' SRY binding site
Electrophoretic DNA Binding Assaythe 36 bp com-  (underlined) were cloned between thba and Sal sites
plementary oligonucleotides (€EATACTGCGGGGGT- of the circular permutation vector pBend25{. Probes of
GATTGTTCAGGATCATACTGCG-3) containing the con-  equal length (bending probes-8), with the binding site
sensus ATTGTT sequence were purchased from Oligos, Etc.located at varying distances from the ends, were generated
(Wilsonville, OR). One strand was labeled with-FFP]ATP by PCR, and 5labeled with $3P]JATP and T4 polynucleotide
(ICN Biomedicals, Inc.). The duplex probe was annealed and kinase. The 1Q:L binding reaction mixtures contained 50
analyzed using a gel retardation assay as described previouslynM KCI, 20 mM Tris-HCI (pH 7.4), 5 mM Mg, 50 ng
(13, 24). Each reaction mixture containee-32 nM protein of poly(dI-dC), 10% glycerol, approximately 1 nNFP-
and <1 nM labeled DNA in 10 mM potassium phosphate labeled DNA probe, and purified SRY HMG box protein
(pH 7.0), 30ug/mL bovine serum albumin (BSA), 50 mM (60 nM). After incubation on ice for-+2 h, samples were
KCI, 2.5 mM MgCh, 5% glycerol, and 4 mM dithiothreitol ~ run on polyacrylamide gels in 0:5(0.045 M) TBE buffer
(DTT); the reaction mixture was incubated in a volume of at~10 V/cm.
12.5uL for 1 h onice. Only specific binding is observed Circular Dichroism.Spectra were recorded using an Aviv
under these conditions at the protein concentrations that werespectropolarimeter (Proterion Corp., Lakewood, NJ) equipped
tested. Previously prepared 049 BE polyacrylamide gels  with thermister temperature control for automated analysis
(8%) were prerun for 4560 min at 10 V/cm and 4C. After of thermal unfolding. The samples were concentrated to
the sample was loaded, the gel was run at 15 V/cm for 1 h 30 uM in 140 mM KCI and 10 mM potassium phosphate
at 4°C. The gel was dried and exposed overnight, and the (pH 7.4) and observed in a quartz cuvette with a path length
gel image was visualized using a Molecular Dynamics of 1 mm.
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Ficure 5: DNA bending studies of the murine HMG box and analogues. (A and C) Permutation gel electrophoresis (PGE) studies indicating
similar specific DNA bending by wild-type mSRY HMG box and analogues C41S and C41S/M13l. (B and D) PGE studies indicating
sharper DNA bending by hSRY than by the C41S analogue of mSRY. (A) PGE using bending probes 1, 3, 4, and 6 (see Materials and
Methods): wild-type mSRY HMG box (lane a), C41S analogues (lane b), and C41S/M13I analogue (lane c). Studies employed DNA site
5-AGGGCACCCATTGTTCTCTCC-3and its complement (site a in Figure 6B; core consensus sequence underlined) as described by
Goodfellow and co-workerslg, 36). Inferred DNA bend angles are indistinguishable (7£.8.5° in this gel system; 10% polyacrylamide

with a 29:1 acrylamide:bisacrylamide ratio at@). (B) Plot of the relative electrophoretic mobility as function of flexure displacement in
DNA probes: wild-type mSRY HMG box [murine)], C41S analogues®), and C41S/M13l analoguej. (C) PGE using bending

probes +6: hSRY HMG box (lane h) and C41S mSRY HMG box (lane m). Studies employed DNA'sBd GATTGTTCAG-3 and

its complement (core consensus sequence underlined) as described by Ukiyama and co-workers (22). Inferred DNA bend angjles are 79
1° (human) and 71 1° (murine) in this gel system. (D) Plot of the relative electrophoretic mobility vs flexure displacement: hSRY HMG
box @) and C41S mSRY HMG box (striped circles). Assays employed 10% polyacrylamide with a 58:1 acrylamide:bisacrylamide ratio at
4°C.

Fluorescence Spectroscofpectra were recorded using Table 1: Thermodynamic Stabilities of mSRY and hSRY Donfains

an Aviv model ATF 105 fluorometer (Proterion Corp., m AG,

Lakewood, NJ) using bandwidths of 0.5 and 3 nm at the  gpecies  Cpa(M) (kcal moF*M-1) (kcal/mol) Tw (°C)
excitation gnd emission _monochromat_or, respectively. For -1 221 01 18101 40L01 390L05
FRET studies, the excitation and emission wavelengths were myrine 1.6+0.1 23401 3.7+ 0.1 36.0-05

490 and 520 nm, respectively, for the donor and 490 and murine C41S 1.2 0.1 2.3+0.1 3.8+£0.1 37.5+0.5

585 nm, respectively, for the acceptor. The quantum_yleld a Steady-state fluorescence and automated guanidine titrations were
of the donor was determined for each sample using a used to determine thermodynamic parameters, excefitf(obtained
reference solution of fluorescein in 0.1 M NaOH as a by CD). Cywi is defined as that concentration of guanidine at which

50% of the protein is unfolded. Thavalue, defined as the derivative
standard (0.8526). The calculated value for the quantum of AG, with respect to denaturant concentration, is related to the

y'_eld of the_ FI probe attached to t_he' &nd of the difference in solvent-accessible surface area between unfolded and
oligonucleotide was 0.83 atC for the singly labeled free  native states. The statistical confidence of fitting is in each case
DNA and varied between 0.8 and 0.9 for all other samples. characterized by aR value of greater than 0.9998;, was obtained
The Faster critical distanceR,, was calculated accordingly by temperature denaturation experiments monitored by CD at 222 nm.
(Table 2; 58.3 A at £C for the free DNA). Fluorescence-

detected guanidine titrations were monitored atCl by used in the titrant reservoir containing 7.2 M guanidine-HCI
intrinsic Trp fluorescence as measured at an emissionin the buffer described above. Experimental curves were
wavelength of 390 nm (slit width of 5 nm) following fitted by nonlinear least squares to the equatins =
excitation at 270 nm (slit width of 2 nm). For such studies, AG, + m[guanidine]= —RT In K, whereAG, is the free
human and murine domains were concentrated id/lin energy of unfolding extrapolated to zero denaturant concen-
140 mM KCIl and 10 mM potassium phosphate (pH 7.4) in tration andK is the equilibrium constant between the native
the titrating cuvette. The same concentration of SRY was and unfolded states of the protei®2( 27).
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Table 2: Time-Resolved FRET Analysis of End-to-End Distafces

sample peak (A) mean (A) fwhm (B) y2¢
free DNA 63.9 (63.8-64.1) 63.9 (63.864.1) 18.2 (17.920.5) 1.75
hSRY complex 51.5 (50:851.9) 51.8 (51.252.2) 28.9 (27.930.0) 1.66
mSRY complex 56.4 (55:857.0) 56.8 (56.257.3) 32.9 (30.629.7) 1.77

@ Measurements were taken af@. Each analysis included two independent repeats of each experiment analyzed simultaneously, a procedure
which reduced the statistical uncertainties of the parameters. The peak of the end-to-end distribution function and its mean are providesl. The value
in parentheses represent possible errors in parameters calculated by the detailed rigorous analysis procedure as described above (seée Materials an
Methods;28). The averagd, was 58.3 A for the free DNA at 4C, yet the specifidR, value suitable for each experiment was introduced via eq
3, using the radiative lifetime to account for the variation of the valueR,afith the lifetime components of the dondrfwhm is the full width
at half-maximum of the distributiort. The globaly? is derived from joint analysis of four donor fluorescence decay curves; its value is increased
by the large number of experiments forced into joint analysis. The quality of the fit of the calculated decay curves based on the distance distribution
model and the experimental decay curves was judged by several indicators (see Materials and Methods). The relajivehiindghpresented in
this table are global values obtained for the simultaneous fit of at least four decay curves obtained in two independent sets of experiments. For that
reason, even at the best fit values of the parameters, the gldbalues were relatively high.

FRET Sample Preparatiofrluorescence studies of DNA Global Analysis of tr-FRETDistance distribution functions
bending employed a 15 bp DNA duplex of sequence were obtained from simultaneous global analysis of four
5'-TCGGTGATTGTTCAG-3 (“‘upper strand”) and comple-  experimental fluorescence decay curves. These were recorded
ment (consensus target site underlined). The site of cantileverfor (i) samples containing only the donor, (i) samples
insertion is therefore between base pairs 8 and 9, i.e., neaicontaining only the acceptor, and (iii) donor and acceptor
the center of the oligonucleotide. Three samples of labeleddecay curves from samples containing both fluorophores.
DNA were prepared: (i) one containing'-fluorescein Global analyses of the fluorescence decay curves were
tethered to the'Sphosphate of the upper strand by a hexanyl performed using the Marquardt nonlinear least-squares
linker (6-FAM), (ii) one with tetramethylrhodamine tethered method 28). Four (or two) theoretical decay curves were
to the B-phosphate of the lower strand by an analogous linker calculated for each set of FRET experiments and fitted to
(TAMRA), and (iii) a doubly labeled derivative. HPLC- the corresponding experimental curves. Calculated decay
purified oligonucleotides were purchased from Qiagen Op- curves were prepared by numerical solution of a modified
eron (Alameda, CA) and purified further by HPLC after version of the second-order differential equati@s, (29):
annealing using an ion exchange semipreparative HPLC

column (DNA PAC PA-100, Dionex Corp., Sunnyvale, CA). P _ 3 U( ) e )p ‘9
For the FRET study, the duplex DNA probes were concen-  at ar ar kBT :
trated to 5uM in 10 mM potassium phosphate and 10 mM k(Np(r.t) (1)

Tris-HCI (pH 8.4) containing 140 mM KCI, 1 mM EDTA,

and 1 mM DTT. The ratio of labeling in the doubly labeled \yherep;(r t) is the probability density for finding an excited-

sample is close to 1:1 (see the Results). state donor (of the fluorescence lifetime compongrind
Time-Resaled Fluorescence Measuremerfishome-built normalized preexponential factar) with a distance from

system at Bar llan University employs time-correlated single- the acceptor at timeafter excitation, so the total probability

photon counting. The excitation source has a picoseconddensity is

mode-locked Ti:sapphire laser (Tsunami, Spectra-Physics,

Santa Clara, CA) pumped by a high-power diode laser -

(Millenia XsJ, Spectra-Physics) and equipped with broadband p(r.t) = Zai pi(r1) (2)

optics. The output frequency of the laser was multiplied by =

a flexible second- and third-harmonics generator (GWU, |n eq 1,D is the intramolecular segmental diffusion constant.

Spectra-Physics). The laser pulse width was 1.6 ps beforeThis was fixed to zero (i.e., no diffusion was assumed), since

doubling. A pulse selector (model 3980, Spectra-Physics)in the first set of experiments the analyses gave zero

was used to reduce the basic 80 MHz pulse rate to 4 MHz diffusion. U(r) is a distance-dependent potential of mean

with energies of up to 0.5 nJ/pulse (2 mW at 4 MHz). The force; ks is the Boltzmann constant, affdis the absolute

second harmonic was used for excitation at 490 nm. The temperature. This potential is usually taken to be harmonic

emission was collected with a polarizer at a magic angle (thus implying a Gaussian distribution for the distance

relative to the excitation polarizer at 520 nm. Measurements between the fluorescent probes)r) = a(r — b)?, wherea

were taken at 4C. The emission wavelength was selected andb are parameterdq(r) is the reaction term, including

by a double/s m subtractive monochromator, with an the spontaneous emission rate and thesteo energy transfer

emission slit width of 8 nm (DIGIKROM CM112), and rate:

directed to the surface of cooled microchannel plate PMT

(MCP-PMT, Hammamatsu 3809U-50) biased-£8200 V. k(r) = 1 + 1 9In10 P 1 (3)

The acceptor emission was collected at 585 nm (emission T 7128n'N, r®

bandwidth of 32 nm). A single-photon counting board (SPC

630, Becker & Hickel GmbH) fed via a preamplifier (HFAC- where 7, is the radiative lifetime of the donom is the

26DB 0.1UA) and triggered by a photodiode (PHD-400N) refractive index of the medium between the donor and

was used. The response of the system yielded a pulse widthacceptor N, is Avogadro’s numbery? is the orientational

of 35 ps. factor, andJ is the normalized spectral overlap integral.
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Evaluation of each analysis and the significance of inferred decrease in the emission intensity of the donor accompanied
parameters were based on four indicators: the glgBal by a corresponding increase in the emission intensity of the
values, the distributions of the residuals, the autocorrelation acceptor. The acceptor emission was very low in the absence
of the residuals, and the error intervals of the calculated of the donor (pink trace in Figure 4B). As expected for the
parameters28, 30). The error intervals were obtained by a Forster-type FRET mechanism, the shapes of the emission
rigorous analysis procedure carried out for each set of spectra of the two probes were unchanged. FRET studies
experiments. were conducted at 4C to permit comparison with PGE
NMR Spectroscopspectra were observed at 500 and 600 experiments at the same temperature (see below).
MHz using Varian spectrometers (Varian Instruments, Inc.,  Control steady-state spectroscopic experiments were un-
Palo Alto, CA). Spectra of exchangeable resonances weredertaken to test the suitability of these samples for tr-FRET
obtained in HO using laminar-shifted shaped pulses in the analysis of distributions of end-to-end distances. The pos-
absence of solvent presaturation as described previdiBly ( sibility of intermolecular FRET was excluded in control
Spectra of complexes were obtained at 15 and@n 10 studies of solutions containing equimolar mixtures of donor-
mM potassium phosphate (pH 6.0) and 50 mM KCI. labeled DNA and acceptor-labeled DNA (or their protein
Assignments of DNA imino and adenine H2 resonances were DNA complexes). Further, intramolecular FRET efficiencies
obtained as described previousy3). Assignment of M13 of the free and bound DNA sites are independent of the
resonances in the murine complex was based on comparisortoncentration of DNA (or the proteirDNA complex) in
with the spectrum of the M13I variant as described in studies the range of +15uM. Steady-state anisotropies of the donor

of hSRY (31). and acceptor attached to the DNA duplex were measured
for the free and protein-bound sites. For the singly labeled
RESULTS free DNA, the respective anisotropies of the donor and

This study employs human and murine SRY domains acceptor were 0.10 and 0.23 at’@. As expected, in the
consisting of the HMG box and C-terminal basic region doubly labeled DNA site, the anisotropy of the donor
similar in length to that employed in structural studies of increased to 0.13 due to the reduction of the fluorescence
hSRY by Clore and colleagues (Figure 115). The extent lifetime; the anisotropy of the acceptor was unchanged.
of specific DNA bending by the corresponding human Formation of the human and murine complexes in each case
domain is similar to that of full-length hSRY (Supporting caused a ca. 30% increase in donor emission anisotropy and
Information). Proteins were freshly reduced with DTT and a 20% increase in acceptor emission anisotropy (see the
repurified by RP-HPLC to prevent oxidation of cysteine or Supporting Information). Such effects presumably reflect the
methionine. Whereas the human domain lacks cysteine, thefurther reduction of the donor lifetime and changes in the
murine domain contains a single cysteine on the back surfaceDNA conformation on protein binding. These steady-state
of the HMG box (C41; Figures 1C and 2). To avoid artifacts fluorescence experiments demonstrate that the reduction of
due to its oxidation, studies in part employ murine domains the fluorescence intensity of the donor in the doubly labeled
containing the conservative C41S substitution. Control DNA site is indeed a result of FRET interaction and not of
studies indicated that the substitution does not affect specifica spurious quenching process (such as end-to-end stacking
DNA binding (Supporting Information) or DNA bending (see of DNA). Further, the spectroscopic properties of the probes
below). Position 41 in the HMG box is not conserved among are not perturbed by the bound protein. The low steady-state
SRY or SOX sequences. As expected, the hSRY and mSRYemission anisotropy of the donor and the partial anisotropy
domains exhibit similar secondary structures as inferred from of the acceptor emission in the free and bound DNA site
comparison of far-ultraviolet CD spectra (Supporting Infor- support the determination of intramolecular distances based
mation). These domains and the C41S murine analogueon averaged orientation factor34j. Qualitative inspection
exhibit similar thermodynamic and thermal stabilities (Table of the steady-state spectra suggests that the murine complex
1). is less bent than the human complex. Fluorescence spectra

Time-Resaled Fluorescence Resonance Energy Transfer. of the mSRY and C41S mSRY complexes are essentially
Bending of a consensus DNA target site was characterizedidentical (data not shown).
by tr-FRET analysisZ9, 32—35). End-to-end distances in Time-resolved measurements of the decay of donor
the DNA site are expected to be sensitive to the degree offluorescence at 4C (Figure 4C) demonstrate a significant
DNA bending (Figure 4A). DNA probes consist of a 15 bp change in FRET on protein binding. This effect is manifest
duplex labeled with a fluorescent donor (fluorescein) at one by the reduction of the lifetime of the fluorescein in the
5" end and/or a fluorescent acceptor (tetramethylrhodamine)doubly labeled DNA site on binding of either mSRY or
at the other 5end as described previous®X see Materials ~ hSRY. Because the reduction is more marked in the human
and Methods). To ensure the rotational mobility of the complex, qualitative inspection of these data reveals that
probes, the fluorophores were tethered to the DNA by a binding of hSRY shortens the mean end-to-end distance in
flexible linker. Comparison of absorption spectra demon- the DNA significantly more than does binding of mSRY.
strates that the donor-to-acceptor ratio of labeling in the Global analysis of the fluorescence decay of the donor in
doubly labeled duplex is close to 1:1. Fluorescence emissionthe singly and doubly labeled samples yields an estimate of
spectra of the DNA probes and representative pretBiNA the end-to-end distance distribution in the free and bound
complexes following excitation at 490 nm indicate that states (Figure 4D). Parameters are given in Table 2. When
protein binding has no effect on the shape of the spectrumthe hSRY HMG box binds, the mean end-to-end distance of
of the donor (Figure 4B). Comparison of the emission the DNA was reduced from 638 0.2 to 51.8+ 0.5 A. By
spectrum of the doubly labeled DNA and emission spectra contrast, when the mSRY HMG box binds, the mean distance
obtained for the two singly labeled sites demonstrates awas reduced to 56.8& 0.5 A. Reduction of end-to-end
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Table 3: DNA Bend Angles in Human or Murine SRY-p presented here indicate the opposite: the human complex is
Complexes 6—10° more acutely bent (column 5 in Table 8Because
DNAsite  protein gel angle (deg) A6 (deg) absolute calibration of PGE results is model-dependent, this
1 haman 10%/58 1 o range of bend angles (#83° for the human complex) may
0, . - . . e .
1 murine  10%/58:1 7 8 overestimate the act_ual ber_1d angl&ignificantly, with _
2 human 10%/58:1 87 - respect to differences in bending between human and murine
2 murine  10%/58:1 78 9 complexes, the PGE results presented here are in qualitative
g human 118(’://0//5588}11 %‘: o accord with tr-FRET analysis. The PGE estimateAsf is
7 e L ooesl 83 - smaller than that implied by a two-dimensional triangle
4 murine  10%/58:1 77 6 model of DNA bending (Figure 4A; see the Discussion).

a Studies employed the C41S analogue of the mSRY domain. DNA _leferences in DNA Stringency and Spemﬂcltyaccor(_j
sites are as defined in the text. Site 1 is as employed in FRET studies.With previous studies1(7), the hSRY and mSRY domains
Sites 2 and 3 are designat@€CR-11and TCR-15 respectively, in each recognize a consensus DNA target Sit€€{STTGTTC-
studies by Grosschedl and co-workers in Table $3.(Site 4 is 3 and complement; core bases underlined) with similar
obtained from Goodfellow and co-workerd§]. Protein domains affinities. An electrophoretic screen for changes in specificity

contain intact C-terminal basic tails. The murine domain contains the . - ;
C41S substitution, which does not affect DNA binding properties; the and stringency of sequence recognition (Figure 6A) was

position of Y41 at the back surface of hSRY is shown in Figure 1C. Performed on the basis of variant DNA probes (Figure 6B).
DNA bend angles were obtained using the-B- model @7). The The screen employed a constant protein concentration of 50

precision c_)f PGE-basgad_ est_imates of DNA bend angles is in generalnM. As reported by Grosschedl and co-workets)( the
+1°, implying uncertainties iM\¢ values of+2". murine domain discriminates more effectively between the
SRY site and the related LEF-1 site’'{bTTGAA and
distances reflects both DNA bending and DNA unwinding. complement; changes in bold face). Whereas the difference
Comparison of the distributions also reveals a statistically in the percent shift between SRY and LEF-1 sites is only
significant broadening of the end-to-end distribution in both 2-fold for hSRY (42% shift vs 18%; lanes a and d at the left
complexes. The full widths of the Gaussian distributions at in Figure 6A), the difference in the percent shift is 20-fold
half-maximal height (fwhm; column 4 in Table 2) increased for mSRY (40% vs 2%; lanes a and d in the middle panel
from ca. 18 A in the free DNA to ca. 30 A in the complexes. of Figure 6A). Similarly, whereas a core’ I — A
This broadening suggests that the bound DNA structurestransversion (BATTGTA-3' and complement; site b in
exhibit conformational flexibility and in turn a range of Figure 6B) slightly impairs binding of the human domain in
occupied DNA bend angles in the ensemble. The breadth ofaccord with past studied §), the same transversion slightly
the distribution in the free DNA is consistent with the enhances binding of the murine domain. Binding in each
allowed range of flexible linker configurations (A. R. case is enhanced by changing the bas®3he core (5
Srinivasan and W. Olson, personal communication). WhereasCATTGTAG-3' and complement; site ¢ in Figure 6B). The
macromolecular assembly often damps conformational fluc- 3' two base pairs are contacted by the C-terminal tail in the
tuations, broadening of end-to-end distance distributions in NMR structure of the SR¥DNA complex, which employed
the present bent DNA complexes suggests that binding of avariant site 5GTTTGTGC-3' (and complementl5). The
protein can enhance the flexibility of DNA. phenotypic interchangeability of murine and human SRY
Permutation Gel Electrophoresighe specific affinities HMG boxes in transgenic mice2@) indicates that these
of the mSRY and hSRY HMG boxes for a 36 bp DNA differences in specificity are unlikely to be biologically
duplex containing a consensus target site are in the range ofignificant.
5—10 nM in accord with past studie&d). Studies of DNA NMR Studies Demonstrate Analogous Side Chain Inter-
bending were extended by PGE analysis of th BTGTT- calation. Inspection of the sequences of mSRY and hSRY
3' core consensus site in four different sequence contexts.indicates four differences in the DNA-binding surface of the
Site 1 (3-GTGATTGTTCAG-3 and complement), em- HMG box (red boxes in Figure 2). Of these, the most
ployed in the FRET studies described above, is derived by prominent contact is made by the cantilever side chain at
optimizing a SOX binding site in the promoter of the position 13 (arrow in Figure 2). In the hSRADNA complex,
Mullerian-Inhibiting Substance (MIS) gene as described 113 inserts between AT base pairs at the center of the DNA
previously (3). Representative electrophoretic data are bend to disrupt base stacking but not base pairirg) 15).
shown in panels A and C of Figure 5. Sites 2 and 3 (5 The corresponding residue in mSRY is methionine, which
CCCATTGTTCTC-3 and 3-CCCATTGTTGCT-3, re-
spectively; differences in bold) were employed in the original & The apparent effect of' Flanking DNA sequences on the bend
studies of Grosschedl| and co-workers (designdt€R-11 angle of a variant hSRY peptiddNA complex (17) is almost

_ ; . ; : -~ completely attenuated in the tailed complexa® = 3° (Table S2 of
and T(?R 15 respectwely,_l?). $|te 4 (B-CGCATTGTT the Supporting Information)].
ATC-3 and complement) is derived from tR#3e enhancer ”NMR studies of an SR¥DNA complex yielded a DNA bend angle

employed in the DNA bending studies of Goodfellow and of 54 + 2° (15). These studies employed the nonconsensus DNA site

co-workers (8, 36) Analysis of electrophoretic mablies 3037 TICTECAORS ool SR E e e 0 Mo
as a function of flexure displacement in the permuted DNA {a angle of 67.54+ 1°. Thus, the PGE values in Table 3 may

probes by the FB model @7, Figure 5B,D) provides  overestimate the degree of bending by 12.3°. This may not be a
estimates of induced DNA angles as given in Table 3. general feature of the PGE method as studies of the LEF-1 HMG box
; ; ; :~dy Crane-Robinson and co-workers found that PGE-inferred bend angles
Wh_ereas pr:ewous comparison of human and murine doma|n§gOuld vary from 78 (using 141 bp DNA probes3?) to 130 (using
indicated that the mSRYDNA complex was 25-30° more 440 bp DNA probes42), whereas the bend angle observed in the NMR

sharply bent than the hSRYDNA complex (L7), the results structure of this complex is ca. 11714).
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Ficure 7: NMR studies of human and murine SRDNA
complexes. At the left are shown the downfield regions of 600 MHz
IH NMR spectra containing DNA imino resonances-{12.5 ppm)

and at the right upfield regions containing thymidine methyl and
protein aliphatic resonances: (A) free 15 bp DNA-GGGGT-
GATTGTTCAG-3 and its complement; inset in Figure 8A), (B)
1:1 complex with the hSRY HMG box, and (C) 1:1 complex with
the C41S analogue of the mSRY HMG box. Assignments of DNA
imino resonances (left) and selected protein aliphatic spin systems
(right) are as indicated. Resonance a in panel B is the upfield
resonance of L46. Brackets in panel B (left) indicate the site of
cantilever insertion between base pairs 8 and 9. Broadening of G1
and G15 terminal resonances is due to fraying of the double helix.
The asterisk in panel B denotes the cantilever side chain 113 in

sequence specificity. (A) GMSA screening of consensus and varianthSRY. The arrow in panel C denotes the corresponding side chain

DNA sites and (B) sequences. Lanesdin panel A refer to DNA

M13 in the murine complex. Complexation shifts of 113 and M13

sites a-d, respectively, defined in panel B; boxes denote the core are similar. Spectra were obtained atZ5in 10 mM potassium
consensus sequence. The mSRY HMG box and M13I analoguephosphate (pH 6.5) and 50 mM KCI in 90%®l and 10% BRO.

demonstrate more effective discrimination (asterisks in panel A)

against site d (SATTGAA-3', nonconsensus bases underlined) than due to fraying of the double helix. The methyl region contains

the hSRY domain, in accord with results of @&t For each protein,
a change of the'3lanking base pair from C to G (upper strand) in
the context of the BATTGTAX-3' site slightly enhances binding.

a poorly resolved group of thymidine resonances near 1.2 ppm.
Addition of the hSRY or C41S mSRY HMG box results

Percent shifts are as follows: (a) 42, (b) 36, (c) 59, and (d) 18 for N marl_<ed .cha_mg.es in the chemical shifts of imino resonances,
the hSRY HMG box, (a) 40, (b) 50, (c) 80, and (d) 2 for mSRY, providing intrinsic probes for DNA structure (panels B and
and (a) 21, (b) 24, (c) 48, and (d) 4 for m\SRY M13I. The murine C of Figure 7, respectively). The pattern of changes in

domain and M13l analogue contain the C41S substitution.

chemical shifts (“complexation shifts”) exhibits qualitative
similarities and detailed differences (Supporting Information).

differs from isoleucine in both shape and length. Because |, agch case, for example, G10 is shifted upfield and T11
homologous HMG boxes can utilize side chains at nonho- y,\nfield. Similarly, in each case, T5, T7, and G13 are

mologous sites to insert between DNA base pa640),
we sought to determine by two-dimensiond NMR

changed little. Conversely, differences between complexation
shifts of corresponding DNA imino resonances in the two

methods whether 113 and M13 play similar roles in respective complexes presumably reflect subtle changes in DNA
human and murine complexes. These studies employed a 15rycture. Although divergent amino acids at the protein

bp DNA duplex containing a central consensuU&\bTGTT-

DNA interface (boxes in Figure 2) can also affect such

3 sequence (site 1) in DNA bending studies (see above). complexation shifts, NMR studies of an engineered murine
Successive titration of the mSRY domain into a solution gomain containing a “humanized” interface indicate that the
containing the DNA duplex reveals slow exchange between contribution of DNA structure is predominant (unpublished
free and bound DNA resonances (Supporting Information) results). These findings in turn suggest that induced DNA

in accord with past studies of the human domédiB) (and

bend angles (whether human or murine) are specified not

the nanomolar affinities of these complexes (above). One- only by particular interfacial side chains, but also by the

dimensional'H NMR spectra of the imino and methyl
resonances of the free DNA are shown in Figure 7A (left-

overall framework of the respective HMG boxes.
Previous studies have established that 113 in hSRY inserts

and right-hand panels, respectively). Assignment of reso- between T8 and T9, leading to a dramatic upfield shift of

nances is as previously describd®); As is characteristic
of B-DNA, guanine imino resonances (base pairs416,

T8 into the guanidine imino regiorld). This is accompanied
by an upfield shift of the 113 spin system (asterisk in Figure

10, 13, and 15) are clustered between 12.0 and 13.2 ppm7B, right), presumably due to ring currents of adjoining DNA
whereas thymidine imino resonances are clustered betweerbases. Intermolecular nuclear Overhauser effects (NOESs) are
13.4 and 14.0 ppm. Terminal imino resonances are broadobserved from the imino protons of T8 and T9 to the
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1C and Supporting Informatiod5) at the cantilever insertion

5] A . . site. Possible origins of the extreme T8 upfield shift are
-1.07 o T8 weakening of the A8-T8 Watson-Crick imino hydrogen

057 bond and/or more marked disruption of base stacking
0.0 between base pairs 8 and 9, leading to attenuation of
054 downfield ring currents within the double helix. Evidence
1.0 5“GGGGTG| ATTGTT | CAG-3' for the latter mechanism is provided in both human and
1.5- 3"COCCAC  TARCAR | GTC-&' isoleucine murine complexes by the absence of a base stacking-related

| cantilever

L B e e LI NOE between the imino protons of T8 and T9 (Supporting
Information). In the reported structurgs), this distance is
154B 3.4 A and so would be readily detectable (Supporting
Information). The absence of this NOE at the observed
signal-to-noise ratio indicates that the +89 distance is

@,(ppm)

-1.04

2:2_ o ° greater than 3.9 A in these complexes. The patterfHof
05 o T8 NMR complexation shifts among adenine H2 resonances,
10 like that among imino resonances, is similar but not identical
15 methionine between the human and murine complexes (Supporting
cantilever Information). In these complexes, the imino protons of T8
" 42 138 134 130 126 122 and T9 retain strong NOE contacts with respective adenine

®, (ppm) H2 protons of the same base pair (permitting their assign-
2 ment) but not with H2 protons of flanking base pairs [7.67
FiIGURE 8: Two-dimensionatH NMR NOEs diagnostic of SRY (A7), 7.61 (A8), and 7.55 ppm (A9) at 1%C]. The distal

DNA intercalation. NOESY spectra of human (A) and murine (B) - jethy| resonances of the 113 and M13 cantilevers exhibit
protein-DNA complexes in 90% kO and 10% RO Correspond- NOEycontacts to the H2 resonances of both A8 and A9
ing intermolecular NOEs are observed involving 113 (human) and . '
M13 (murine) in the respective DNA complexes. The sequence of Possible weak NOEs between the latter DNA protons could

the duplex DNA site is the inset in panel A; the arrow denotes the not be evaluated due to the similarity of their chemical shifts.
site of insertion of the cantilever side chain. The mixing time was A table of interproton distances at the cantilever insertion

in each case 150 ms. Spectra were obtained as described in the; RYD I _
legend of Figure 7. The murine domain contains the C41S Site of the reported hS NA (5'-TTTGTG-3) complex

substitution. is provided in the Supporting Information.
Interchange of Cantileers Does Not Alter Specificity or
o-methyl resonance of 113 (Figure 8A). The mSRENA Bending.Previous studies have shown that foreshortened or

complex exhibits a similar pattern of chemical shifts and polar substitutions at position 13 of the hSRY HMG box
NOEs at these sites. Whereas the imino resonance of T9 issignificantly impair DNA binding 8, 31).To test whether
similar in the two complexes, T8 is shifted even further differences between isoleucine or methionine cantilevers are
upfield in the murine complex than in the human complex responsible for the distinct specificities and DNA bend angles
(Figure 7C, right). These bases are in contact with a of h\SRY and mSRY, we constructed an M13I variant of the
methioninee-methyl resonance (Figure 8B). A candidate C41S mSRY domain. The variant murine domain recapitu-
tyrosine hydroxyl resonance corresponding to that assignediates the specificity (Figure 6A, right) and DNA bend angle
in the human complex was not observé@)( The intercalat- (Figure 8A,B) of the wild-type domain. The absence of a
ing methionine was identified as residue 13 by a comparative significant effect of the cantilever shape on the DNA bend
study of an M13I variant domain (see below). TeNMR angle is consistent with the previous studies of a variant
spectrum of the M13l mSR¥DNA complex lacks an ~ hSRY domain in which 113 was substituted with phenyl-
upfield-shifted methionine methyl resonance but instead alanine as in the chimpanze2?. Together, these studies
exhibits an upfield-shifted isoleucine spin system in NOE suggest that the cavity induced between splayed AT base
contact with T8 and T9, similar to that observed in the human pairs must be filled by an aliphatic or aromatic side chain,
complex. A methionine cantilever has been observed in the presumably to avoid a cavity “penalty4(), but that the
structure of a LEFEDNA complex (L4). detailed configuration of the cantilever does not specify DNA
The extreme upfield shift of the T8 imino resonance affinity or bend angle.
observed in spectra of both the murine and human SRY
DNA complexes (12.51 and 12.71 ppm, respectively) was DISCUSSION
not observed in NMR studies of a nonconsensus SRXA
complex containing variant MIS target site BTTGTG-3 The present studies have investigated the DNA bending
and its complement (nonconsensus bases underliti®d; properties of human and murine SRY domains. These studies
Whereas the corresponding T8 resonance in the nonconsenemployed a combination of time-resolved FRET and gel-
sus site is also shifted upfield, its complexation shift is based PGE methods. Careful comparison of these domains
attenuated: the T8 resonance remains within the canonicalwas motivated by recent studies of chimeriSrytransgenes
T region of the imino*H NMR spectrum. PGE studies in XX mice (Figure 3;19, 20). Our results demonstrate that
indicate that the variant hSRY complex is°18ss bentthan  the hSRY domain bends a consensus DNA target site more
the consensus’ATTGTT-3' hSRY complex (site 1; see sharply than does the homologous murine domain. This
footnote 7). This difference suggests that the structure of conclusion is the opposite of that reached in a previous study
the (more sharply bent) hSRYDNA complex investigated  (17) but is in overall accord with a range of other observa-
here differs from the reported hSRYDNA structure (Figure  tions (Supporting Information21, 37, 42, 43). Although
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hSRY and mSRY each induce sharp bends in DNA, the Although hSRY is less stringent in its specificity than mSRY,
relative extent of DNA bending has been uncertain as a broadsex reversal in that patient strongly suggests that some degree
range of bend angles have been inferred from PGE. Thisof sequence recognition is required for testis determination.
range is due in part to differences among studies with respect Comparison with Preious Results Why might these
to protein constructions, DNA target sites, conditions of results conflict with the earlier biochemical study by Gross-
electrophoresis, length of DNA probes, and methods of chedl and co-workerd{). The answer may lie in inadvertent
interpretation. Such variability highlights the importance of differences between the amino acid sequences of the respec-
side-by-side comparisons of the two proteins by independenttive “human” domains. In the earlier study, the HMG box
biochemical and biophysical methods. fragments were expressedHtn coli as factor Xa-cleavable
The original studies ofSry transgenes in XX mice by  fusion proteins with glutathion&transferase. The mSRY
Lovell-Badge and colleagues found that a 14 kb genomic polypeptide (85 residues) consisted of 80 SRY-derived amino
segment of the murine Y chromosome containingritery acids (residues-382 in the HMG box consensus) flanked
orf and flanking control elements could direct male somatic by two additional residues at the amino terminus (Gl; derived
differentiation ). This pioneering observation demonstrated from the factor Xa site) and additional residues at the carboxy
that mSRY was sufficient for initiating a genetic program terminus (NSS, because of the translational stop codon in
of male organogenesis in an otherwise female geneticthe vector4?2). Similarly, the hSRY polypeptide (93 residues)
background. Surprisingly, however, an analogous 24 kb consisted of 88 SRY-derived amino acids (residue83

segment of the human Y chromosome contaitiSgycould in the HMG box consensus and five additional residues from
not function in a similar fashion. The seemingly “defective” the preceding nonbox sequends) flanked by the same
DNA binding properties of hSRY relative to mSRYLY) vector-derived amino- and carboxy-terminal extensions (Gl

were proposed to rationalize these results: failure of hNSRY- and NSS, respectivel$?2). The mSRY and hSRY polypep-
directed male gene expression in XX mice was proposed totides thus differed from the native proteins and from each
reflect impaired DNA bending or less stringent sequence other at each end of the HMG box and in particular contained
specificity (17). Other possibilities, such as divergence of variant distal tail sequences (Figure 1E). The contribution
cis-acting control elements between human and murine of the C-terminal tail to DNA bending has been emphasized
genomic segments or the absence of a glutamine-rich repeain studies of LEF-1 and TCFel (45).
hSRY, could not be excluded. Differences in DNA bending  The previous side-by-side PGE studies of DNA bending
have provided an attractive mechanism in light of the appeared to show that the hSRY-related DNA complex was
conservation of DNA bend angles observed among primateless sharply bent than the mSRY-related DNA compleg (
SRY complexesZ1). Further, a decrement in the angle of = 25-30°). Whereas the target sit¢-6CCATTGTTCTC-
DNA bending similar in magnitude to that reported between 3' (and complement; sitECR-11in ref 17) was bent by 85
MSRY and hSRY was characterized in a variant hSRY by the mSRY-derived fragment, it was bent by only &
DNA complex associated witde nao sex reversal 18). the hSRY-derived fragment. DNA bending was blunted in
Recent studies of transgenic XX mice by the laboratories each case (to angles of 5@nd 30, respectively) using
of Eicher (L9) and Lovell-BadgeZ0) have demonstrated that variant target siteTCR-15(5-CCCATTGTTGCT-3' and
“domain swap” of the mSRY HMG box with the boxes of complement, in which variant bases are bold). Gel
hSRY, mSOX3, or mSOX9 does not impahry-directed compositions were not reported. We have not investigated
male sex determination (Figure 3). Because the mSOX3 whether the reported DNA bend angles were influenced by
domain exhibits significantly weaker specific DNA binding vector-derived substitutions in the expressed domains or other
affinity than the mSRY domaimid) and because the hSRY  possible confounding factors, such as differential methionine
domain is less specific than the mSRY domain &fand oxidation or inadvertent proteolytic truncation of the human
results presented here), the transgenic studies indicate thatlomain. It is possible that the reported decrease ef3B
such biochemical differences do not impair the function of between hSRY and mMSRY complexes might have been an
the chimeric proteins in directing native sex-, stage-, and unappreciated consequence of the variant polypeptides previ-
tissue-specific gene expression. It is not known whether ously employed. In the study presented here, we have
position effects enhancing levels of expression of the undertaken a side-by-side comparison of corresponding
transgene can compensate for lower intrinsic affinities or mSRY and hSRY domains, each containing intact C-terminal
specificities, an uncertainty compounded by the variable tails. Although the reported differences in discrimination
phenotypes of the transgenic mic& 19). Nonetheless, of  between SRY consensus target sitesABTGTT-3' and
particular importance, the functional interchangeability of complement) and LEF-1 target sites-(BI TGAA-3' and
hSRY and mSRY Z0) implies that the multiple divergent complement) are verified (Figure 6), we find that hSRY
residues in hSRY (Figure 2) may be functionally regarded complexes are bent somewhat more sharply than are mSRY
as neutral polymorphisms in the mouse. Comparison of complexes (Table 3). Further, the marked impairment of
mSRY and hSRY thus provides an opportunity to investigate DNA bending previously reported between sit€sR-11and
what range of biochemical properties is compatible with TCR-15(A0 = 25—30° for both mSRY and hSRY) is not
SRY-directed testicular differentiation. Such studies would observed. Since these sites differ only in the tail-binding
complement investigation of the perturbed features of clinical region (3-CCCATTGTTCTC-3 vs 5-CCCATTGTTGCT-
variants that are apparently incompatible with testicular 3', in which differences are in bold), we speculate that an
differentiation (8). One such variant (113T in the hSRY intact tail largely “rescues” a bending defect (observet
HMG box; residue 68 in the intact protein) exhibits defective < 6° for both mSRY and hSRY in a 10%/58:1 gel system)
sequence-specific DNA recognition but retains the ability otherwise associated with thé-GCT flanking sequence.
to bind the sharp angles of four-way DNA junctiorsl). Partial truncation of the tail after residue 78 in the HMG
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box consensus decreases the DNA bend angle of both mSRYfwhm values in the two complexes suggest that a range of

and hSRY domains and to similar extentsf)(= 6—10°).8

Comparison of NMR, FRET, and PGE Resuitsmpara-
tive 'H NMR studies of the human and murine SRENA
complexes indicate differences in the complexation shifts of
imino resonances. These studies employed HeI GTT-

3 consensus sequence (distinct from the nonconserisus 5
TTTGTG-3 site seen in the available NMR structurés,

46). These'H NMR spectra provide intrinsic probes of
structural distortions in the double heli%3). In each case,

a similar overall pattern of complexation shifts is observed,

DNA bend angles are occupied in solution. Since NMR
spectra contain a single set of protein and DNA resonances
(46), transitions between distinct bent conformers must be
fast on the time scale of NMR chemical shiftsi ms) and
slow on the time scale of the lifetime of the excited state of
the donor, i.e., slower than 5 ns. It should be noted that the
FRET experiment showed that fluctuations of the end-to-
end distances were slower than the lifetime of the excited
state, and therefore, no intramolecular diffusion could be
detected. Such fast exchange also rationalizes why electro-

i.e., which resonances are shifted upfield or downfield on phoretic methods give rise to a single well-defined band and
protein binding. Differences are nonetheless observed in thenot multiple shifted 1:1 complexes or diffuse bands at the
detailed appearance of the spectrum, suggesting local adjusttrailing edge. These observations suggest that DNA bend
ment of structural parameters (such as the relative orientationangles observed in crystal structures or inferred from distance

of bases and the strengths of Wats@rick hydrogen bonds)
associated with the inequivalent DNA bend angles. It would
be of interest in the future to determine the three-dimensional
structure of an mMSRY¥DNA complex. Such a comparison
would enable the same DNA sequence to be visualized at
two different bend angles.

geometry models may represent only one of several possible
structures in solution.

Although binding of proteins to B-DNA is ordinarily
thought to damp conformational fluctuations (a general
feature of macromolecular assembly), sharp DNA bending
by hSRY or mSRY is associated with enhanced flexibility.

Whereas NMR chemical shifts and NOEs are local We speculate that the breadth of the tr-FRET-derived

parameters, a significant difference in the global structure distance distributions reflects the topography of the energy
of the protein-DNA complexes, as probed by the distance landscape of DNA far from its ordinary ground state: a
between respective’ ®nds of the two strands, is demon- Penalty in free energy is incurred on DNA bending and
strated by FRET. In the free DNA, this distance is ca. 64 A Unwinding. That a range of DNA bend angles must be
(Table 2), consistent with the canonical structure of B-DNA Populated also highlights the architectural plasticity of the
(including the effects of the linkers). Binding of the human HMG box. It W_ould _be of interest in the future to investigate
domain leads to a dramatic reduction in the end-to-end Whether mutations in the HMG box can perturb the precision
distance (ca. 52 A). By contrast, the effect of the murine Of DNA bending as well as its mean bend angle. Such studies
domain is less marked (ca. 57 A). Thus, the reduction in Might employ residual dipolar couplings in isotopically
the murine complex4l = 7.1+ 0.7 A) is only ca. 60% of Iabelgd DNA as a Iabqratory—frame_—based probe of DNA
that seen in the human compleAl(= 12.1 + 0.7 A). bending and conformational fluctuations. _
Because end-to-end distances are influenced by both DNA Role of the Cantileer Side ChainHuman and murine
bending and DNA unwinding, it is not possible to rigorously SRY differ in the identity of the amino acid employed as a
interpret these distances in relation to DNA bend angles. A cantilever side chain (residue 13 in the HMG box consensus).
simple triangle model, employed by us and others as a first- [N the structure of the human complex, 113 inserts between
order approximation22, 47), implies respective DNA bend TA ba;e pairs (arrow at the intercalation site 1{#5‘ ITGTT-
angles of 72 (hSRY) and 55 (MSRY). This model neglects ~ 3) to disrupt base stacking but not base pairiagl@). The

insight. corresponding methionine (M13) in mSRY inserts at the

PGE analysis of the same DNA site also indicates sharperszme S'ctje'. Athmetklglc;nllne tcartmlz‘ver Ihas prﬁwously trt])een
bending by the human domain, but the increment is only observed in the -1 structurd4). In each case, the

5—10°, smaller than what would naively be predicted on the terminal methyl resonance of the cantilever exhibits a large

basis of FRET distances. We suggest that this apparentf{JhpﬁEId_ Sr:]ti)ft’ _presDul\rl];att;ly due to the large ring currents of
discrepancy is due to less unwinding of the DNA in the € neighboring ases.

murine complex. It is not known how PGE estimates may To investigate whether this difference in cantilevers is
be influenced by conformational flexibility in the bent responsible for the overall differences in DNA bending or

protein-DNA complex. An interesting and unexpected stringency of DNA recognition, we have i_nvestigat(_ed the
feature of the FRET-derived distribution of end-to-end PrOPerties O_f an M13l ar_1alogue_ of_the murine d.oma'”- The
distances is its broadening in both complexes. Whereas th substitution is conservative, indicating that the distinct DNA

e . )
free DNA exhibits a range of flexibility consistent with the ~Pinding properties of mSRY and hSRY are due to other sites
mobility of the two linkers tethering the fluorophores, the

of sequence differences between the two domains. Because
only four other sites in the predicted proteiDNA interface
differ [three in the HMG box (red boxes in Figure 2) and

at position 75 of the HMG box (arrow in Figure 1E) were investigated K73R in the tail, 19, itis possible that their respective DNA

in the TCR-11site (site 2 in Table 3). Side-by-side comparison of PiNding properties are distinguished by a small number of
truncated murine and human complexes yields a decrease in the bendesidues. It is also possible that the multiple sequence

angle A6 = 10°) similar to that observed upon binding of the intact  variations extrinsic to the actual proteiDNA interface

domains in the same gel systel{ = 8 lines 3 and 4 in Table 3).  aftact the structural framework of the HMG box and

Partial truncation of the human or murine tails impairs DNA bending .~ L . .

to similar extents, indicating that their minimal HMG boxes differ in indirectly modulate DNA binding properties. The similar
DNA bending properties of structurally diverse cantilevers

8 The DNA bending properties of a truncated murine domain ending

the intrinsic set point for DNA bending.
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A. Threshold Model

Illlllll!llllcﬂff SRY On
«——
SRY off
free SRY upstream
+ dissociated factors
factors SIP

B. Cooperative DNA Recognition

SRY

model | model I
(protein-protein interaction) (DNA-mediated)

Ficure 9: Proposed mechanism of SRY-directed architectural gene regulation. (A) Schematic model of SRY-directed assembly of a male-
specific transcriptional preinitiation complex through sharp DNA bending. At the right, activated transcription occurs in the presence of
bound SRY (green) as a specific DNA bend permits assembly of the stable aetis@dotivator-basal preinitiation complex (enhanceosome;

50). At the left, activated transcription is off in the absence of bound SRY due to disassembly of the rbiN#protein complex and
dissociation of activatercoactivator complexes. Putative factor X (at right) is proposed to bind cooperatively with SRY to an adjoining
DNA site. (B) Enlargement of the proposed SRY multiproteDNA complex. Cooperative binding of factor X, a putative sequence-
specific DNA-binding protein (purple), is proposed to bind at a DNA site adjoining that of SRY. Cooperativity may be mediated either via
protein—protein interactions (model I, e.g., by an SRY-interacting protein at the left) or via changes in the local DNA structure induced by
SRY (model Il at the right).

(isoleucine, methionine, and phenylalanine) suggest that theThis model envisages that SRY-directed DNA bending
active “cantilever” metaphor4@) may be a misnomer: a  within a permissive range of angles facilitates assembly of
side chain of suitable length and hydrophobicity fills a cavity DNA—multiprotein preinitiation complexes (“enhanceo-
between base pairs created by the overall HMG framework. somes” and “repressosome$0, 51), giving rise to archi-
Such tolerance appears to differ from the rigid constraints tectural gene regulatio®(52). The notion of a threshold in
on cantilever shape imposed by the unrelated Lacl/GalR classDNA bending giving rise to a range of functional DNA bend
of major groove DNA-bending proteind9). The dimensions  angles is supported by studies of transcriptional activation
of the potential cavity in the SRY¥DNA complex may in E. coli. Integration host factor (IHF), a specific DNA-
nonetheless exclude other side chains on the basis of lengttbending protein that is able to induce 28bBends $3),
(alanine), shape (leucine), or size (tryptophan). facilitates open complex formation at downstream promoters
Biological Implications.How SRY functions to initiate  through structural reorganization of DNA4). An IHF DNA
testicular differentiation is not well understood. Its putative “U-turn” can functionally be replaceih vivo with a LEF-
function as an architectural transcription factor is consistent 1-directed DNA bend of 117(54). It is possible that the
with the presence of a specific HMG box but does not LEF-1-directed bend remains above the critical threshold but
exclude alternative biochemical mechanis2@) (A variety that further decreases in the angle of DNA bending would
of evidence, including analysis of human sex-reversal not be tolerated. Indeed, mutant IHF proteins have been
mutations, nonetheless supports the hypothesis that specifiégdentified in random genetic screens that have enhanced
DNA bending plays an essential role in male-specific gene transcriptional activation activity but induce DNA bend
regulation (for a review, see ref0). We discuss the angles of<18C (55).
biological implications of our results in the context of this A decreased angle of DNA bending below a critical
model. threshold may impair transcriptional regulation. Functional
These results suggest that SRY-directed sex reversal isanalysis of nucleotide substitutions in the LEF-1-responsive
robust with respect to enhanced DNA bending (in #@ enhancer element TCRa in T cells has shown that variant
range of~6—10°; Table 3), whereas a comparable decrease target sites bent to a reduced extent°j9&xhibit impaired
(A6 ~ 13 as visualized by NMR15) has been associated transcriptional activation uncorrelated with effects of the
with XY gonadal dysgenesisl®). We propose that sharp  substitutions on protein bindings§). Similar studies of
DNA bending above a critical threshold is necessary for amino acid substitutions in the HMG box of SOX2 and
directing male-specific transcriptional regulation (Figure 9A). nucleotide substitutions in itSTTGTTT-3 (and comple-



DNA Bending by Human and Murine SRY Reassessed

ment) target site demonstrated that spatially precise DNA
bending is essential for its transcriptional regulation of the
fgfd target gene (fibroblast growth factor 8y). Variant
SOX2-binding site 5TTTGGTT-3' (and complement) ex-
hibits a DNA bend angle of £2rather than an angle of 80

as in the native complex with no change in phase orientation.
Although SOX-2 binds well to the variant site, transactivation
of thefgf4 enhancer is blocked{). Surprisingly, substitution

of N48 in SOX-2 (residue 10 in the HMG box consensus;
Figure 2) with glutamine enhances transcriptional activation
despite impairing specific DNA binding by 8-fold and DNA
bending by 34 (to a bend angle of 4. However, the N43Q
SOX2—-DNA complex exhibits a change in phase orientation,
which is proposed to rescue transactivation by optimizing
other architectural features of the enhanceosd@me Testing

of this model awaits the biochemical reconstitution of a
SOX2-directed enhanceosome.

The protocol developed in transgenic XX mice for
phenotypic analysis of chimerimSry genes containing
“swapped” HMG boxes X9, 20) provides a powerful
approach for analysis of structur&unction relationships in
the murine SRY HMG box. The diversity of HMG boxes
functionally tolerated in chimerimSRYransgenes contrasts
with the subtle biochemical deficits observed or inferred in
a subset of sex-reversal human SRY variah8, (ncluding
mutations or deletions outside of the HMG b®8(59). It
is possible that biochemical differences occur between
molecular mechanisms of sex determination in the two
species, such as might result from polymorphisms among
putative SRY-interacting protein8@), phosphorylation sites
(61), expression levels, and rates of degradation. Irrespective
of such possible differences, it would be of interest in the
future to investigate how a wide range of DNA binding
properties are compatible with male sex determination in the
mouse. It may be possible, for example, to define upper and
lower bounds for allowed DNA bend angles through the use
of chimeric SRY-LEF-1 HMG boxes. When target genes
for SRY are characterized, a combination of genetic and
biochemical approaches may enable dissection of this and
related architectural requirements of SRY-directed enhan-
ceosome assembly. Such a multiprotedNA complex
would provide a model for the integration of sex- and tissue-
specific signals in a developmental switch.
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SUPPORTING INFORMATION AVAILABLE

Seven figures showing DNA binding properties for native
murine domain and C41S analogue, CD spectra of HMG
boxes, PGE bending studies of intact human SRY in relation
to the isolated HMG box, slowly exchanging bound and free
DNA sites, additional NOESY spectra of human and murine
SRY—DNA complexes, and a molecular model of cantilever
insertion and four tables giving selected interproton distances
at the cantilever insertion sitéH NMR imino chemical
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shifts, a summary of previous PGE-based DNA bending
studies, and the steady-state anisotropies of the free DNA
and the hSRY- and mMSRY-DNA complexes. This material

is available free of charge via the Internet at http://pubs.acs.org.
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