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ABSTRACT: Protein-directed reorganization of DNA underlies mechanisms of transcription, replication,
and recombination. A molecular model for DNA reorganization in the regulation of gene expression is
provided by the sequence-specific high-mobility-group (HMG) box. Structures of HMG-box complexes
with DNA are characterized by expansion of the minor groove, sharp bending toward the major groove,
and local unwinding of the double helix. The Raman vibrational signature of such DNA reorganization
has been identified in a study of the SRY HMG box, encoded by the human male-determining region of
the Y chromosome. We observe in the human SRWIG:DNA complex extraordinarily large
perturbations to Raman bands associated with vibrational modes of the DNA backbone and accompanying
large increases in intensities of Raman bands attributable to base unstacking. In contrast, DNA major-
groove binding, as occurs for the bZIP protein GCN4 [Benevides, J. M., Li, T., Lu, X.-J., Srinivasan,
A. R., Olson, W. K., Weiss, M. A., and Thomas, G. J., Jr. (20B@chemistry 39548-556], perturbs

the Raman signature of DNA only marginally. Raman markers of minor-groove recognition in the human
SRY—HMG:DNA complex are due primarily to perturbation of specific vibrational modes of deoxyribose
moieties and presumably reflect desolvation at the nonpolar interface of protein and DNA. These Raman
markers may be diagnostic of protein-induced DNA bending and are proposed as a baseline for comparative
analysis of mutations in SRY that cause human sex reversal.

The DNA-binding domains of gene-regulatory proteins tigated here J) is closely related to the hSRY fragment
exhibit considerable diversity in structural motif, mechanism investigated previously by biochemical and NMR methods
of nucleotide recognition, and extent of induced fit at the (6, 7). The hSRY-HMG box binds to the minor groove of
protein—nucleic acid interfacel~3). Of particular interest  its DNA target site and substantially distorts the B-DNA
is the phenomenon of protein-directed bending of the double conformation, as depicted in Figure 1A. The mechanism in
helix, which may have functional consequences at sites re-part involves the insertion of an isoleucyl side chain (lle 13),
mote from that of protein bindingdj. Because high-reso-  which expands the minor groove and induces sharp bending
lution structures of DNA target sites in both protein-bound of the double helix toward the compressed major grogye (
and protein-free states are not generally available, we are8). The DNA-bound protein manifests the same L-shaped
investigating the utility of Raman spectroscopy as a probe a-helical fold (Figure 1B) shared by the sequence-nonspecific
of protein-induced changes in DNA structure. class of HMG proteins9—11). In contrast, the basic leucine

The focus of the present study is on the high-mobility- zipper (bZIP) protein GCN4 recognizes the major groove
group (HMG} box of a putative transcriptional regulator but induces no appreciable change in DNA conformation
encoded by the male sex-determining region of the humanupon binding to an AP-1 target site, as demonstrated in the
Y chrosomosome (hSRY). The 87-residue fragment inves- following paper in this issuel@). Thus, DNA complexes

of the hSRY-HMG box and GCN4 represent opposite
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Ficure 1. (A) Stereo model of the hSRYHMG:DNA complex (7), showing paths of the protein main chain (magenta) and DNA backbone
(cyan). (B) Superposition of structures of the DNA-bound hSRN¥G box (red) and HMG boxes (yellow and blue) that bind DNA
nonspecifically. (C) Packing of V5 and neighboring side chains in the minor wing of the R&RAG box.

Protein-directed bending of the DNA double helix requires pressor proteins are characterized by perturbations to Raman
local backbone distortions. These are expected to perturbbands of the DNAaseq13—16), complexes of the hSRY
significantly the vibrational Raman signature of B-DNA. HMG box are distinguished by perturbations to Raman bands
Although experimental and theoretical studies lend support associated primarily with the DNBackboneThe specificity
to this hypothesis 17, 18), Raman bands diagnostic of of such recognition is proposed to reflect sequence-dependent
specifically bent DNA structures have not been identified. backbone deformability as an example of indirect readout.
The hSRY-HMG:DNA complex may, in principle, be = We expect that the novel Raman markers identified here will
exploited for the purpose of identifying such Raman markers. be of value in the characterization of other DNA structures
Interest in hSRY also results from the fact that mutations in involved in gene regulation.

differentiation leading to human sex reversal (46, XY pure arise not only through loss of DNA binding but also from

gonadal dysgenesis]9). qualitative differences in DNA reorganizatior6)( The
In the present study, we identify a number of unusual availability of Raman indicators of protein-induced DNA
Raman markers specific to the native hSRANMG:DNA bending should provide a means of assaying such differences.

complex. Whereas complexes of major-groove-binding re- As an illustration of the biomedical relevance of this
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approach, we compare the Raman signature of the wild-typeto spectra were compensated by computer subtraction rou-
hSRY—HMG:DNA complex with that of the clinical variant,  tines described previous|2§). For normalization of differ-

Val 5 — Leu (V5L), which has been implicated in pure ence spectra, the Raman band near 1092'cdue to the
gonadal dysgenesi®Q@, 21). The V5L allele of hSRY has  symmetric P-O stretching vibration of the phosphodioxy
been observed in both father (an XY male) and daughter group (PQ"), was used as an internal intensity standag). (

(an XY female), and so provides an example of an inherited  Raman difference peaks and troughs that represent at least
form of sex reversalZ2). Our results extend the repertoire 5% of the parent band intensity and have a signal-to-noise
of motif-specific Raman markers and have implications for ratio of at least 2:1 are judged to be experimentally

the mechanism of hSRY function in gene regulation. significant. Further discussion of Raman difference spec-
troscopy as a probe of structural perturbations of nucleic acids
MATERIALS AND METHODS and nucleoprotein complexes is given elsewh&® 28).

1. Preparation and Purification of the hSRY-HMG Box. _ 4- €onformational AnalysisDNA dimer steps from the
The present study utilizes the same 87-residue hSRY protem/DI_\lA complexes in the Nucleic Acid Databag8)(
fragment investigated previously by NMR spectroscopy 2nd Protein Data Banig0)—PDBIHRZ [35 NMR structures
(sequence: & SQDRV KRPMN® AFIVW SRDQR® of the complex of SRY with the d(GTTTGTGE)
RKMAL ENPRM?20 RNSE| SKQLG® YQWKM LTEAE % d(GCACAAAC) duplex [), a slightly different sequence
KWPFF QEAQK LQAMHR EKYP™ NYKYR PRRKAE from the target DNA used in the current studies], PDB1LEF

KMLPK N®) (8). Residues Q2 through N86 of this fragment [12 NMR structures of the Lef-1 complesQ)], and PDT012
(Q57 through N141 of the human SRY protein) are numbered [the 1.8 A resolution crystal structure of the yeast TATA-

in accordance with the HMG-box consensus scheme defined?®X Pinding protein complex3()]—were analyzed at the
by previous investigators7( 23). The fragment was ex- backbone and base-pair level using the SCHNAaP software

pressed irEscherichia coliwith a thrombin-cleavable His ~ Package &2). Computed torsion angles in complementary
fusion @4) and was purified as describe®5. Final strands were compared against standard values from repre-
purification was accomplished by FPLC using a MonoS sentative A- and B-DNA crystal structure33j. Dimer step

column (Pharmacia, Inc.). Purity-08%) was assessed by Parameters [Twist, Roll, and Slidé4)], the vertical phos-
SDS—polyacrylamide gel electrophoresis. The amino acid phate dlsplgcc_ament within dimer ‘Q’.tEng’[a parameter
substitution V5L was introduced into the hSRY coding region KnoWn to distinguish A- and B-helical forms39)], and

in phage M13mp19RF by oligonucleotide-directed mutagen- torsion gngles were plotted as a function .of chain sequence
esis and polymerase chain reaction and was cloned into arf® classify and compare chain conformations.

expression plasmid2@). All constructions were verified by
DNA sequencing.

2. Synthesis, Purification, and Complexation of the DNA- 1. Raman Spectroscopy of the DNA Target Site2 DNA
Binding Site.Strands of the asymmetric DNA-binding site sequence d(GAACAATCYH(GATTGTTC) is closely related
[5'-d(GAACAATC) and 3-d(GATTGTTC)] were synthe-  to the octanucleotide duplex investigated previously by NMR
sized on an Applied Biosystems model 381A DNA synthe- as a target of hSR¥HMG interaction 7). The brevity of
sizer using controlled pore glass supports Artyanoethyl the sequence favors spectroscopic simplicity. However, it is
phosphoramidite derivatives. Purification of single strands appropriate to address the possibility of dissociation of the
was performed on an ISCO model 2350 HPLC system, as octanucleotide duplex into single strands in the absence of
described 16). Single strands were mixed in equimolar protein binding. We assessed the stability of secondary
amounts on the basis of concentrations determined by UV structure of the duplex and, hence, its suitability as a target
absorbance measurememsgf), brought to a final volume  for hSRY—HMG box binding as a function of temperature
of 2 mL at pH 7.0, and lyophilized as duplex DNA. using Raman and NMR methods. Raman melting profiles
Approximately 0.5 mg of this duplex was resuspended in (data not shown) indicat&, = 56 & 2 °C and a van't Hoff
10 mL of 50 mM KCI at pH 6.9, heated to S for 30 enthalpyAH = 75 kcal mol! for strand dissociation3@).
min, then slowly cooled to 20C to complete duplex  The Raman melting experiments demonstrate a duplex at
annealing. Lyophilized duplex was redissolved in Milli-Q the conditions employed for hSRYHMG binding (in 50
water to a concentration of 50 mg/mL, and 1:1 complexes mM KClI solution at 20°C). This has also been confirmed
were prepared by direct titration with hSRYHMG, yielding by NMR measurements (M. A. Weiss, unpublished results).
the complex in 50 mM KCI at pH 7.0. The complete Raman spectrum (6a0750 cnt? region)

3. Raman Spectroscop$olutions of the hSR¥HMG of the DNA octamer is shown in Figure 2. Raman markers
box, DNA duplex, and their complex (hRSRYAMG:DNA) at 837 and 1090 cnt are diagnostic of canonical B-DNA
were sealed in glass capillary cells (Kimax no. 34507) and (37, 38), and bands at 668 (dT), 681 (dG), 727 (dA), 747
thermostated at 20C for Raman spectroscopy. Spectra were (dT), and 785 (dC) identify C2endo/anti deoxynucleosides
excited with the 514.5 nm line of an argon laser (Innova- (39). This spectrum is the signature of the DNA target site
70, Coherent, Inc., Santa Clara, CA) and collected on a triple and provides the basis for interpreting difference bands
spectrograph (model 1877, Spex Ind., Edison, NJ) equippedgenerated by hSRYHMG binding (see below). Band
with a liquid nitrogen cooled CCD detector (model LN-CCD- assignments are in accordance with those given previously
1152UV, Princeton Instruments, Princeton, NJ). Usually, 10 (27, 40).
exposures of 120 s duration were accumulated an@(5 2. Raman Spectroscopy of the hSRNG Box. (a)
accumulations were averaged to produce the spectra showrSecondary Structur&he Raman spectrum of the 87-residue
below. Spectral resolution is 5 crh Solvent contributions ~ hSRY—HMG box (sequence above) is shown in Figure 3.

RESULTS
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whereas Trp 52 projects from the back surface of the protein
(7). The environments of these side chains in the free protein
have not been characterized. Raman markers of tryptophan
in the spectrum of Figure 3 report on the environment of
the average Trp side chain of the free protein, as follows.
The Raman band at 877 cfn(indolyl modeW17 indicates
that the average N1H hydrogen bond is relatively stra8) (
The structure of the DNA-bound protein provides no
evidence of N1H hydrogen bonding with other protein
residues, but hydrogen bonding with water molecules cannot
be ruled out. Because the 877 thband is sharp (Figure
3), it appears that each N1H forms a relatively strong
hydrogen bond. Further, the indoles exhibit a Fermi doublet
with components near 1358 and 1338¢ér4), for which

the intensity ratidssdl133s < 1 is diagnostic of a hydrophilic

1 environment for at least two and possibly all three tryptophan
side chains. Finally, the sharp Raman marker at 1550'cm
(indolyl modeW3) indicates that the magnitude of the €2
C3—CpB—Ca side-chain torsion angley??, is in the low
anti range (approximately 9bfor all Trp residues43). Thus,

Trp side-chain orientations in the free protein are very
different from those in the specific complex (Trp 15, Trp
43, and Trp 52 exhibit respectiyé* values of-47°, +166,
and+42° in the NMR complex).

(c) Ervironments of Tyrosine Side Chain$he four
tyrosines of the hSR¥HMG box, Tyr 41, Tyr 69, Tyr 72,
and Tyr 74, contribute to a pair of Raman bands (Fermi
doublet near 852 and 826 c#), for which the relative
intensity ratio (gsdls2s = 1.7) indicates that the average
phenoxyl group is a somewhat greater acceptor than donor
of hydrogen bonds in the free proteid5). This confirms
that the tyrosine phenoxyls are not all exposed to solvent.
In the NMR structure of the complex, Tyr 41 projects from
the surface of helix 3, whereas the remaining tyrosines occur
in the C-terminal region (Figure 1C). As shown below, the

N average tyrosine phenoxyl environment is affected by DNA
" 1500 binding.

3. Raman Analysis of the Wild-Type hSRY-HMG:DNA
Complex.Raman spectra of the specific complex (hSRY
HMG:DNA) and sum of constituents (hSRYHMG +
DNA) are given in the top and second-from-top traces,
respectively, of Figure 4. Subtraction of the two (complex
minus sum) yields the difference spectrum shown in the
Positions of prominent amide | (peak at 1654 énand lower two traces of Figure 4. The large number of difference
shoulder at 1674 cnt) and amide Il bands (1302 and 1253 bands and their high intensities are evidence of dramatic
cmY) identify a-helix and irregular conformations as the structural rearrangements with binding. In the following
principal types of secondary structure. The present findings sections, a structural interpretation is proposed on the basis
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Ficure 2: Raman spectrum in the region 600750 cnt?! of the
target B-DNA sequence [d(GAACAAT&)(GATTGTTC)] at 50
mg/mL in 50 mM KCI, pH 6.9, 20C. Labels indicate assignments
of bands to base (C, T, A, or G) or backbone (bk) residues.
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Ficure 3: Raman spectra in the region 660725 cnt! of the
wild-type protein (hSRY¥-HMG box, bottom) and Val 5~ Leu
mutant (hSRY-HMGV5L, top), each at 50 mg/mL in 50 mM KCl,
pH 7.0, 20°C. Labels indicate Raman frequencies (émnamino
acid assignments (one-letter abbreviations), and standard nomen
clature for chemical subgroups. See also Table 1, below.

are in accord with solution NMR results, indicating ap-
proximately 60%a-helix for this (and homologous) protein

of previously established Raman conformation mark&vs (
39, 46) and available NMR results7). Our focus is on

(7) and suggest further that the nonhelical regions of the identifying effects of minor-groove binding on the Raman

protein are deficient ifg-strand. This deficiency ¢#-strand
implies that residues 19 of the extended N-terminal
segment, which pack against helix 3 in the protein-DNA
complex (Figure 1C), are not well ordered in solution in the
absence of DNA binding. Such flexibility in the minor wing
of the HMG box would be consistent with NMR studies of
hSRY-related Sox domaingZ, 42).

(b) Erwironments of Tryptophan Side Chaififie hSRY-

spectrum of the DNA target site and reciprocal effects on
the Raman spectrum of the bound protein.

(@) Changes to DNA Structure. (i) Raman Markers of
Backbone ConformationThe spectral interval 668900
cm™1, which contains definitive Raman markers of deoxy-
nucleoside conformation and DNA backbone geomeisy, (
exhibits large spectral perturbations with binding of the
hSRY—HMG box to the DNA target site (Figure 4, bottom).

HMG box contains three tryptophans, Trp 15, Trp 43, and The 792 cm' component of the 784/792 crh doublet

Trp 52. In the NMR structure of the specific DNA complex,

(Figure 4, top) is due to a vibration localized in phosphodi-

the side chains of Trp 15 and Trp 43 pack in the hydrophobic ester groups of B-DNA and is diagnostic of B-form backbone

core at the crux of minor- and major-wing subdomains,

geometry, specifically of torsiona and¢ in the gauche
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attributed to recovery of Raman hypochromissg, (48, 50,
52), due to base unstacking with hSRYUMG binding.
Raman bands that serve as markers of major-groove hydrogen-
bonding interactions have also been descriligd-(16). The
prototype is the guanine mode near 1490 &mwhich shifts
to near 1470 cmt with N7 hydrogen bondingl@—15, 53,
54), producing a highly characteristic difference band profile
with trough at~1485 cm! and peak at~1475 cntl.
hSRY-HMG + DNA Interestingly, Figure 4 does not show such a profile. This is
consistent with a minor-groove binding mechanism.
Thymine exhibits a prominent Raman band of the exo-
cyclic C5H; group near 1376 cni (55), which increases in
intensity as the hydrophobicity of the Csknvironment
Difference increasesi(3). In the wild-typel repressor/operator complex,
for example, the band intensity increases due to shielding
WV\/\%M/\A\}M/\/\/\*WM of thymine C5H groups by the hydrophobic side chains of
bound repressorlf). Figure 4 suggests more complicated
Difference X 3 g g behavior in the case of hSRMHMG:DNA, probably involv-
T ing a band shift to ca. 1384 crhand an accompanying
intensity increase. Presently, no definitive basis exists for
interpreting this observation, although protein contacts (such
as partial intercalation of isoleucine) may be responsible.
(iv) Raman Bands of the Deoxyribose Rifm the basis
of NMR results 7), it has been proposed that electrostatic
‘ and hydrophobic interactions constitute a framework to
em”! 1500 stabilize bent DNA and provide a scaffold upon which
FiGURE 4. Raman spectra in the region 660725 cnt of the a_ddltlonal resu_jue—speqlﬁc cont:_acts take place. Eleven of
specific complex of the hSRYHMG box with DNA (top), the sixteen sugar rings are involved in such contacts. Therefore,
spectral sum of constituents (second from top), the computed we expect Raman bands associated with the furanose moiety
difference spectrum (complex minus sum of constituents, secondto be perturbed significantly by hSRYHMG binding.
from bottom), and a 3-fold amplification of the difference spectrum Indeed, Raman difference bands at 928, 1419, and 1455 cm
(bottom). (Figure 4, bottom), assigned to the furanose rihg,(reflect
range. On protein binding, the B-form marker shifts to lower large perturbations due to hSRYAMG binding at deoxy-
wavenumber, producing a derivative feature with peak at 796 ribose sites. None of the affected bands is perturbed by other
and trough at 785 cnt in the difference spectrum. This DNA-binding mechanismsl@, 15, 16, 46). The band at 928
indicates that protein binding induces a conformational cm™?, assigned to bond stretching of the deoxyribose ring
change in DNA phosphodiester moieties. The structural (17), exhibits the largest perturbation, an intensity loss of
transformation is also evidenced by other Raman bandabout 33%. The difference bands at 1419 and 1455'cm
perturbations, including intensity loss at 819 ¢mand assigned, respectively, to GHcissoring modes of CH,
concomitant gain at 850 cth Because the Raman band near and C2H, groups (7), show that the deoxyribose structural
819 cm is correlated with AT domains of DNAA(, 48), perturbations are delocalized. Because the furanose Raman
its intensity loss implicates AT sites as direct targets of bands undergo changes in intensity without apparent changes
hSRY—HMG binding. Raman difference bands at 850¢ém  in wavenumber, the perturbations are considered to reflect
have been observed previously in DNA structures for which altered residue environments (hydrophobic contacts with
the usual gauchétrans/gaucheconformation of torsions., protein) rather than altered helix geometry (such as bending
B, andy, respectively, is converted to all trars4-16, 49, and/or unwinding).
50). In the case of bacteriophage D108 Ner repressor, for (b) Changes in Protein Structure in hSRMMG Com-
example, the 850 cn feature was proposed as an indicator plexesRaman difference features at 761, 1099, 1178, 1207,
of underwinding of the double helixLf). and 1341 cm! can be attributed to reorientation and
(i) Raman Markers of Deoxynucleoside Conformation.  repacking of side chains of the hSRYMG box with DNA
addition to changes in DNA phosphodiester geometry, binding. Magnitudes of these features suggest that the number
deoxynucleoside conformations are also altered in the of affected side chains{25—30 residues) is larger than the
complex. The troughs at 666 and 722 ¢nand peak at 732  subset of side chains+(L2) at the proteirrDNA interface
cmtin the Figure 4 difference spectrum are consistent with (7). In support of the Raman finding¥1 NMR studies of
a change in dT conformation from G@ndo/anti to C3endo/ the SRY peptide DNA complex demonstrate unusually large
anti 561). Similarly, the derivative feature near 1329341 complexation shifts among DNA resonances, as previously
cm ! and peak near 694 crhindicate changes in dA and/ described §). The resolution of eight imino resonances in
or dG conformations. The Figure 4 difference spectrum the spectrum of the complex at 4Q is in accord with the
supports previous proposalg 8) that hSRY-HMG binding duplex status of the DNA (data not shown).
perturbs AT-paired regions of the target site. Fingerprint regions of théH-15N heteronuclear quantum
(iii) Raman Markers of Base Eironment and Interaction.  coherence (HSQC or HMQC) spectra of the same hSRY
Figure 4 difference peaks at 1238, 1492, and 1570'are HMG box and hSR¥-HMG:DNA complex analyzed by

Raman Intensity

1000
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FIGURE 5: (A) H-15N HSQC spectrum of the free h\SRYHMG domain and (B}H-*N HMQC spectrum of a specific equimolar complex

with the 8 bp target site. Both sequences are identical to those employed in the Raman analysis. The spectral region shown contains peptide
NH “fingerprint” cross-peaks. The inset at the lower left of each panel contains the three indole NH resonances; the side-chain carboxamide
resonances cluster at the upper right; the arrow in panel A indicates the anomalously broad NH resonance of Trp 15; the asterisk in panel
B indicates the downfield-shifted indole resonance of Trp 43. Spectra were observed at 600 MHz in 50 mM KCI and 10 mM potassium
phosphate (pH 6.5) at 28 in 90% HO and 10% DO. The protein concentration was 1 mM. Because the free domain exhibits large
variations in NH line widths, line broadening was modulated in panel A to enhance sensitivity for broad cross-peaks of low intensity, as
exemplified by the indole of Trp 15 (arrow); lower contours were also employed. Exponential apodization and low contouring is not
needed in the complex, which exhibits more uniform proton line widths (panel B). Line width variation of the free domain is ascribed to
conformational fluctuations on the NMR (msec) time scale; such motions are presumably damped in the complex.

Raman are shown in Figure 5 for samples uniformly enriched 1—9 in the minor wing, cannot be assessed due to overlap
with 1°N. Unlike examples of lock-and-key ligand binding, of Raman bands of protein and DNA components.

in which complexation shifts are ordinarily localized atthe 4 raman Analysis of a Mutant (V5L) hSRYMG:DNA
macromolecular interface, the spectra of the free and boundCompIex. An inherited form of XY sex reversal with

domains exhibit little correspondence. Changes in chemicalincomplete penetrance is associated with the substitution V5L
shift are observed among the majority of peptide NH ;. the RSRY-HMG box (0, 21). Werner et al. 7)
resonances and thus are not confined to the 12 residyes ( speculated that C-terminal side chains of the HMG box
at the proteir-DNA interface. This i.s (;onsistent w.ith_the interact more favorably with V5 than L5 in presenting an
Raman results. Although the protein is monomeric in the gtetive hinding surface for DNA (Figure 1C). Nevertheless,
absence of DNA, it exhibits major and minor cross-peaks o assays (Supporting Information) appear to show that wild-

of \;ariablg in'ltensi;y, sugg_erﬁting slow anfd hintsrmeéjiate type and V5L domains exhibit similar specific DNA-binding
conformational exchanges. The spectrum of the bound state,¢injties. The decrease in binding efficiency of the variant
exhibits a single predominant conformation. With DNA

: V5L 1, WT :
binding, the indole NH resonances of the three tryptophan is modestRy” /K, © < 1.5). We have obtained the Raman

V5L -

side chains (boxes inset in each panel) exhibit changes in%’?\leg;rgoﬁch;th;.s\ﬁ‘ TﬁiﬁgtR?;]n;)r:e; E:;Fr(';?ﬁ]e ) -
both line width (narrowing of the anomalously broad Trp " I parison wi 'ghatu Wi
15 resonance; arrow in panel A) and chemical shift (1 ppm ype compiex.
downfield shift of the Trp 43 resonance; asterisk in panel ~ The upper trace of Figure 6 shows the difference spectrum
B). No significant changes are observed in the line width computed by subtracting the spectrum of the wild-type
and chemical shift of the Trp 52 resonance, consistent with complex (hSRY-HMG:DNA) from that of the mutant
its location on the back surface of the domain. The qualitative complex (h\SR¥-HMG"®-:DNA). Only weak Raman dif-
and quantitative changes in the HSQC spectrum of the ference bands assignable to protein are evident, indicating
protein suggest a nonlocal conformational adjustment of the that DNA structures in the mutant and wild-type complexes
hSRY—HMG box upon DNA binding. [A detailed descrip- are very similar to one another and dramatically different
tion of these NMR results will be given elsewhere (E. Rivera, from the protein-free DNA target site. A spectral subtraction
H. Chen, A. Radek, J. Radek, G. C., and M.A.W., manuscript showing direct comparison of the mutant complex with its
in preparation).] constituents (available as Supporting Information) confirms

Despite changes in the NMR footprint of the main chain the virtual identity of the perturbed DNA structures. Thus,
and Raman signature of side-chain environments, no sig-gel assays indicating apparently simil&r values for wild-
nificant change is observed in protein helix content upon type and mutant complexes are supported by the Raman
binding, as judged by amide | and amide Il markers. This results demonstrating overall structural similarity of the two
implies modification (and stabilization) of tertiary structure complexes. Analogous NMR evidence suggests that structural
utilizing preexistingo-helical segments. A more detailed differences are small and localized to the immediate environ-
assessment of tertiary structure, such as packing of residuesnent of the mutated side chain (H. Chen and M.A.W.,
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Table 1: Raman Frequencies, Intensities, and Assignments for the
hSRY-HMG Box?

WT Complex - V5L Complex frequency
(cm™) intensity assignmeht
* 591 0.7 M
. W“’/\“/"“/\'VMW 598 0.4 P)
= 621 0.5 F
5 643 1.3 Y
= 649 1.1 (M)
= , 700 0.7 M, W, E
é WT Complex - Constituents 721 1.0 M, Y
5 758 4.4 W, V
e 826 1.7 Y
852 2.2 Y, (P.Q)
877 2.4 W
896 1.9 A (Q)
934 3.1 skeletal mode-helix
956 2.3 [CH symmetric rock]
‘ . N . , 1002 6.0 F
— 1008 3.7 w
800 1000 1200 1400 1600 1032 18 =
em’ 1045 4.1 S, T (E, D) [€O stretch];
) . (P) [Co—N stretch]
Ficure 6: (Bottom) Raman difference spectrum (from Figure 4) 1077 26 [G-C stretch]; K, R, Q,
demonstrating the dramatic change in structure of target DNA N [C—N stretch]
associated with wild-type hSRYHMG binding. (Top) Raman 1101 1.7 P [G-N stretch]; [G-C stretch]
difference spectrum demonstrating overall structural similarity of 1125 1.6 W; [C-C stretch]; [C-N stretch]
DNA in wild-type (hSRY—HMG:DNA, minuend) and mutant 1157 8 [C-N stretch]
(hSRY-HMGV5L:DNA, subtrahend) complexes. The difference 1177 2.2 Y, F; [CH symmetric rock]
band observed near 1045 chiasterisk) is due to uncompensated 1206 1.7 Y,F
buffer; other weaker features are assignable to minor differences 1253 4.2 amide IlI
in protein content. 1302 5.3 amide Ill
1318 5.8 [CH twist/wag]
unpublished results). The close correspondence between iggg gg w; [CH twistiwag]
DNA-specific difference features of native and variant 1405 9 [COO symmetric stretch]
complexes implies that the induced DNA bend angles are 1430 4.2 W; [CH, CH; def]
also similar, an inference supported directly by permutation 1447 10.0 [CH scissor]
gel electrophoresis (A. Jancso-Radek and M.A.W., unpub- ig?g i-g w .
lished results). In view of the dramatically different clinical 1604 21 Y E
phenotypes, similar DNA-binding and structural properties 1615 3.4 Y, W
of wild-type and mutant hSRY domains are unexpected and 1654 6.7 amide |
contrast sharply with the large nonlocal structural effects 1674 4.1 amide |
Py 9 1727 1.1 (E, D, Q, N) [E=O stretch]

shown previously to result from mutations in theepressor
DNA-binding domain 15).

DISCUSSION

aFrequencies (cr) units and relative intensities on an arbitrary
0—10 scale are from data of Figure MAssignments to specific amino
acid side chains (one-letter abbreviations) are based upon recent studies
of isotope-labeled proteing4, 76-79). Square brackets ([ ]) indicate

. . . . . chemical-group frequencies common to more than one type of side
Sexual dimorphism provides a model of a genetic switch ¢cpain.

between alternative programs of developmé&g).(The male
phenotype in mammals is determined by SRY, a specific
HMG-box protein and putative transcription factor encoded
by the Y chromosome2(Q, 21, 57—65). Lacking discrete
domains of transcriptional activation or repression, hSR
appears to function through its HMG box. The present study
employs the hSR¥HMG box as a specific DNA-bending

recognition. An additional model of protefDNA recog-
niton is furnished by the basic leucine-zipper (bZIP) motif,
v which is the focus of the following paper in this issue)
Collectively, these results define a library of Raman markers
to distinguish different modes of DNA recognitiofh2).

protein. Novel Raman markers are obtained (Tables 1 and 2. Minor-Groawe Recognition and Base GeometDNA
2) and utilized in the comparative study of a clinical variant minor-groove binding by the hSRYHMG box generates

associated with an inherited form of sex reversal.
1. Raman Markers of DNA Recognitidn.previous papers

large structural perturbations in DNA, including a bend of
roughly 70-80° in the double helical axis7( 22). The

of this series, we identified Raman difference signatures thatpresent work establishes that the DNA Raman spectrum
serve as fingerprints of DNA major-groove recognition and responds with extraordinarily large perturbations, which are
nonspecific recognition. The former is exemplified by wild- consistent with what is known about the solution structures

type and mutant cl repressors of phaigéls) and the Ner
repressor of phage D1048); the latter is represented by
the single-stranded DNA-binding protein of phage M48)(
Here, we have exploited the hSRYIMG box as a Raman

of the h\SRY-HMG:DNA complex (7) and a homologous
complex of Lef-1 80). These exhibit unusual conformational
features, which resemble somewhat those of A-DNA: un-
derwinding with expansion of the minor groove, and

model for a third mechanism of DNA binding, minor-groove compression of the major groove.
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Table 2: Frequencies and Proposed Assignments for Raman Difference Bands of the HBRBYDNA Complex

cm~* or intensity shift residue assignment inferred structure change
785— 796 C5-0—P-0-C3 modification of B-form DNA backbone
819— 850 O-P-0-C3 change ofy, 3, y torsions ¢ tg* to ttt)
668— 640 dT C2-endo/anti dT to C3endo/anti dT
722— 732 dA C2-endo/anti dA to C3endo/anti dA
7324 dA adenine unstacking
1238t dT thymine unstacking
1490t dG, dA purine unstacking
1575t dG, dA purine unstacking
928/ deoxyribose ring altered furanose geometry (DNA bending)
1419} deoxyribose CH; altered furanose geometry (DNA bending)
1455t deoxyribose C%i, altered furanose geometry (DNA bending)

aFrom data of Figure 5, bottom traceSymbols—, 1, and! indicate wavenumber shift, intensity increase, and intensity decrease, respectively.

It is of interest to compare conformational features of the 3. Minor-Groave Recognition and Deoxynucleoside Con-
DNA target bound by the hSRYHMG box with those of formation.Panels E-H of Figure 7 compare the deoxyribosyl
DNA targets bound by two other minor-groove-binding torsions, y, J, ¢, and &, known to distinguish helical
proteins, the TATA-binding protein (TBP) and Lef-1. A conformations §3) in target DNAs. The sugars in comple-
guantitative analysis of structural parameters that reflect DNA mentary strands of the hSRYHMG:DNA complex (left
bending induced by the three proteins, hSRY, Lef-1, and column), for example, adopt and 6 values at the borders
TBP, is represented in the left, middle, and right columns, separating A- and Borms 33), with the exception of the
respectively, of Figure 7. The top three rows (panets® lle 13 intercalation site and the ®nd, where the sugar
display the twist, roll, and slide, respectively, of DNA base- assumes unusual puckering. In contrast, part of the sequence
pair steps along the three binding sites. Panel D shows astrand of Lef-1:DNA (middle column) adopts the novel
novel parameterZp, demonstrated previoushd®) to dis- TATA conformation (with B-typey and A-typed) also found
criminate between local A- and B-forms of DNA. The error between the phenylalanyl intercalation sites in TBP:DNA
bars (one standard deviation) in each case reflect imprecision(right column) 72), while the complementary strand under-
in the NMR-derived structures. goes a concomitant B(ty> B(ll) conformational switch73)

The hSRY-HMG-bound DNA (Figure 7, left column)  with characteristic flipping ok (C4—-C3—-03—P) and{
exhibits minimal slide, a range of roll angles, uniform (C3—03—P—05) torsions. As in the TBP:DNA complex,
untwisting or underwinding, and a marginal trend toward the TATA-like deformations in Lef-1:DNA abut the inter-
A-DNA phosphate positioning. The largest positive roll calation site. The B(ll) steps of the Lef-1:DNA complex,
angles occur at two points of proteiiDNA contact, made  however, oppose the perturbed residues, whereas those of
by helix 3 (asterisk) and the inserted lle 13 (arrow). A the TBP-bound DNA are displaced to the intercalation site
corresponding analysis of the Lef-1 DNA-binding site reveals bordering the DNA hairpin loop in the crystal complex.
substantial differences in the sequence-specific pattern ofThese differences should be recognizable using Raman
structural deformations. Significant positive and negative marker bands sensitive to torsiopsand § (13, 48).
values of slide are observed within and abutting the binding 4. Induced Fit of the hSRYHMG Box.NMR analysis of
site. Large positive roll angles occur only at or near the site the hSRY-HMG:DNA complex (/) revealed a correspon-
of side-chain insertion and not at points of contact by helix dence between the structure of the DNA-bound hSRY
3, with the extent of underwinding (measured by twist) being fragment and unbound structures of HMG boxes that have
highly irregular. Further, th&s parameter lies almost wholly  the potential to bind nonspecificall@{11). This structural
within the range expected for-BNA. Thus, the more  correspondence (Figure 1B) originally suggested that the
sharply bent Lef-1 complex exhibits less A-DNA character hSRY—HMG box provides a preformed template for DNA
than the hSR¥HMG:DNA complex. It is not known bending, i.e., the induced fit occurs predominantly in the
whether these differences reflect (a) the lengths of oligo- DNA target rather than in the protein. Such protein-dependent
nucleotides bound to hSRY (8 bp) and Lef-1 (15 bp), (b) reorganization of DNA would represent one extreme of a
the unique C-terminal basic tail bound in the major groove range of adaptive binding, for which the opposite extreme
of the Lef-1 site, or (c) the different protocols of RMD is represented by the GCN4 bZIP domai?)( Recently,
refinements in the two studies. The last possibility arises from this perspective has been called into question by NMR
the inclusion of both experimental and ideal restraints with structures of the hSRY-related domains, Sox-4 and Sox-5
different weights in the respective empirical energy functions. (41, 42). The Sox structures are remarkable for flexibility
It will be of interest to compare Raman markers of the hSRY in the orientation of helix 3 and positioning of the N-terminal
and Lef-1 complexes to assess the degree of similarity segment relative to helices 1 and 2 at the crux of the HMG
between molecular vibrational perturbations in the two box. These features imply DNA-dependent reorganization
minor-groove complexes. A robust database of TBP:DNA of the protein tertiary structure.
crystal complexes3(l, 66—71) reveals a third pattern of base- The present study demonstrates that the overall helix
pair geometry andp values, exemplified in the right column  content of the hSR¥HMG domain is essentially conserved
of Figure 7 by the TBP-deformed DNA from yea8tl. It upon DNA binding. Nonetheless, two observations are
will also be of interest to examine the Raman signature of consistent with a model of DNA-induced protein refolding.
the TBP:DNA complex for comparison with results obtained First, the extent of change in Raman markers assigned to
in the present hNSR¥HMG:DNA analysis. side chains is greater than can be accounted for by the
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FiGure 7: Structural comparison of the DNA associated with three minor-groove binding proteins: hSRY (left column), Lef-1 (middle
column), and TBP (right column), as determined by NMRR30) and X-ray 1) methods. The respective panels (rowst from top to

bottom) show sequence-related variations in conformational parameters known to distinguish A- and B-DNA: local base-pair step parameters
(Twist, Roll, Slide); dimer phosphate positioBs and representative torsion anglgsd, ¢, and{), as described in the text and references

therein. The vertical arrows and asterisks in the Roll plots designate amino acid intercalation sites and helix contacts, respectively. Solid
squares and open circles in rows-H distinguish torsions along the sequence strand and complementary strand, respectively. DNA from

the NMR ensembles is described in terms of the averages and standard deviations (error bars) of parameters at individual base-pair steps.

number of residues in the direct proteiDNA interface, as amide | region. Such editing has been implemented in Raman
calibrated from complexes of therepressor 13, 15) and studies of filamentous bacteriophage ft#) and will be
GCN4 bZIP protein 12). These difference features reflect employed in future Raman studies of hSRY.

changes in side-chain environments, not only at the hSRY . . e
a . ) 5. hSRY Variant and Inherited SexJResal. The specific
HMG—DNA interface but also in other segments (hydro affinity of the mutant HMG box (\SRY.HMGY5L) for the

phobic core) of the protein. Nonlocal changes in the HSQC L .
NMR fingerprint of the protein on DNA binding are DNA target sequence is similar to that of the wild-type HMG

consistent with the Raman results. Second, Raman marker£©X (Supporting Information, FiguSrLe SwlT) The reduction in
of Trp environments in the free protein in conjunction with ~ affinity of the variant is modest(;*"/Kg" < 1.5). This is
NMR results on the complex imply alterations upon DNA Surprising because the mutant is associated with inherited

binding that extend beyond the proteiBNA interface. sex reversal40, 21). In addition, the mutant and wild-type
A prediction specific to the induced-fit Sox modeli( complexes exhibit similar Raman band perturbations (Figure
42) is that the N-terming-strand (residues-19) of h\SRY— 6). It is possible that the expression and activity of hSRY

HMG folds against helix 3 upon DNA binding. This are so tightly regulated in vivo that even slight reductions
prediction could be tested by use'df isotope-edited Raman  in affinity can disrupt testicular differentiation. Alternatively,
spectra to resolve protein and DNA contributions in the it is possible that despite its near-native binding to naked
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DNA, the variant exhibits a greater deficit in binding to in is to establish Raman signatures of different DNA-binding
vivo targets in chromatin. Another explanation is that V5 is motifs. Given the importance of architectural DNA-binding
a site of neutral polymorphism in the human population and proteins in mammalian embryogene$is{6, 60), we antici-

not a bona fide site of clinical mutation, although several pate that such biophysical signatures may aid in the distinc-
observations suggest that this is not the case: First, valinetion between biologically active and inactive DNA structures.
is invariant at this position among both mammalian SRY

alleles and autosomal Sox genés,(58). Second, substitu- ACKNOWLEDGMENT
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