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ABSTRACT. The sequence isomers d(CGCAAATTTGCG) and d(TCAAGGCCTTGA) form self-
complementary duplexes that present distinct targets for binding of the homodimeric architectural protein
HU of Bacillus stearothermophilugiUBst). Raman spectroscopy shows that although each duplex structure

is of the B-DNA type, there are subtle conformational dissimilarities between them, involving torsion
angles of the phosphodiester backbone and the arrangements of stacked bases. Each DNA duplex forms
a stable stoichiometric (1:1) complex with HUBst, in which the structure of the HUBst dimer is largely
conserved. However, the Raman signature of each DNA duplex is perturbed significantly and similarly
with HUBst binding, as reflected in marker bands assigned to localized vibrations of the phosphodiester
moieties and base residues. The spectral perturbations identify a reorganization of the DNA backbone
and partial unstacking of bases with HUBst binding, which is consistent with non-sequence-specific minor-
groove recognition. Prominent among the HUBst-induced perturbations¥I® are a conversion of
approximately one-third of the/S/y torsions from the canonica/t/g" conformation to an alternative
conformation, an equivalent conversion of deoxyadenosyl moieties from thernda/antito the C3-
endo/anticonformation, and appreciable unstacking of purines. The results imply that each solution complex
is characterized by structural perturbations extending throughout the 12-bp sequence. Comparison with
previously studied protein/DNA complexes suggests that binding of HUBst bends DNA by approximately
70°.

The in vivo regulation of gene expression requires DNA recognition by a versatile and nonspecific DNA-binding
interactions with both sequence-specific and nonspecific protein, the histone-like HU protein &acillus stearother-
binding proteins. Available high-resolution structures suggest mophilus(HUBst)! HUBst is a member of the broad and
fundamental mechanistic differences between the two modeshighly homologous family of dimeric HU proteins of
of binding (L—4). Characteristics of nonspecific binding eubacteria, which typically contain about 90 residue&q
include substantial conservation of the protein conformation, kDa) per subunitg). HU proteins function as architectural
minor-groove attachment, and significant bridging of protein/ factors in replication initiation, posttranscriptional control,
DNA contacts by water molecules. Nonspecific recognition recombination, DNA repair, and chromosomal condensation
implies moderate binding affinity and is typically refractory (8—12).
to the stabilization of stoichiometric complexes, thus repre- Homodimeric HUBst exhibits essentially identical three-
senting a potential obstacle to structure determination by dimensional structures in both crystalline and solution states
high-resolution method%y). In such cases, Raman spectros- (5, 13). However, like other HU proteins, no high-resolution
copy can provide a convenient alternative approach for structural information is available for its DNA complex. The
structure analysis. subunit N-terminal domain of the DNA-free dimer consists

In previous work, Raman difference spectroscopy has beenof two a-helices, which are interleaved with corresponding
exploited to identify vibrational signatures diagnostic of a-helices of a partner subunit to form a four-helix platform.
protein/DNA recognition in both sequence-specific and The C-terminal domain of each subunit forms a largely
nonspecific complexesé( 7). The vibrational time scale  antiparallels-stranded fold, which projects from the helix
relevant to Raman spectroscopyl0 1 s) is favorable to
direct Samp"ng of the equi”brium popu|ati0n of the protein/ 1 Abbreviations: EDTA, ethylenediaminetetraacetic acid; HMG, high

- . - P mobility group; hSRY-HMG box, high-mobility-group box encoded
DNA complex and constituents, irrespective of binding by the male sex-determining region of the human Y chromosome;

affinities in the subnanomolar range and relatively rapid Husst, protein HU fromBacillus stearothermophilusHF, integration
dissociation kinetics. Here, we employ Raman difference host factor; LEF-1, lymphoid enhancer-binding factor 1; PAGE,
spectroscopy to probe the molecular mechanism of DNA Polyacrylamide gel electrophoresis; TBE, Frisorate-EDTA, Tris,
tris(hydroxymethyl)aminomethane;, P—O torsion angle defined by
atoms O3-P-0O5-C5; 3, O—C torsion angle defined by atoms
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Ficure 1: A hypothetical structure for the complex formed by HUBst ar®dBA, generated by fitting the three-dimensional solution
structure of HUBst [NMR coordinates from PDB entry 1HUB](with an idealized BDNA target that is sharply bent at each of two
minor-groove binding sites, leading to a cumulative helix bend angleldi®’. The atomic structure of the complex is not known, although

a much lower total DNA bend angle-60—70°) has been proposed for HU froi. coli (68). Main-chain G atoms of HUBst dimer
subunits are rendered in blue and red, and the DNA backbone is in yellow. Putative DNA-binding arms of HUBst subunits were fitted to
the minor groove by homology modeling (http://us.expasy.org/sprot/) with the DNA-binding ske aili integration host factor (PDB

entry 11HF).

platform. The two C-terminal folds of the dimer do not determined by UV absorbanceds= 0.076 mLmg *-cm*!
interact with one another but diverge to form argisatms) or 1482 M 1-cm™) (21) using a Cary 3E spectrophotometer
proposed as suitable for grasping the DNA double hdjx ( (Varian, Inc., Palo Alto, CA). The DNA-binding activity of
13) (Figure 1). Biochemical and biophysical studies suggest the protein was established by circularization assag. (
that binding of HUBst to DNA induces a bend in the double  DNA SynthesesThe dodecameric sequence isomers,
helix with little or no apparent change in the protein structure d(CGCAAATTTGCG) and d(TCAAGGCCTTGA), were
(5). Similar results have been obtained for HU from synthesized on a Perspective Biosystems (Expedite) nucleic
Escherichia coli(14—16). acid synthesizer using controlled pore glass supports and

Despite the absence of a high-resolution structure for any g-cyanoethyl phosphoramidite derivatives. The mass spec-
HU:DNA complex, a model for HUBst/DNA recognition has  trum of each dodecamer (3642450.2 Da) was consistent
been suggested by analogy with the crystal structure deter-with the sequence (3643 Da). Protocols for strand purifica-
mined for a DNA complex of thé. coli integration host  tion by HPLC (ISCO Model 2350) and resuspension in
factor (IHF) 7). IHF, which exhibits both sequence-specific 0.1 M NacCl solution at pH 7.0 have been describ2g)(
and nonspecific modes of DNA binding, shares 40% homol- The self-complementary single strands were converted to
ogy with HUBst and other HU proteins. The model proposed duplexes by heating to 90C for 15 min in a dry bath,
for the HUBst:DNA complex positions thg-arms of the  followed by slow cooling. After annealing, the solutions were
dimer along the minor groove of B-DNA. The minor groove dialyzed for several hours at & agains 2 M NaCl and
is widened by partial intercalation of proline and methionine 1 mM EDTA solution. Dialysis was continued for an
side chains located at the end of egkhrm, and the DNA  additional 24 h against several changes of distilled water.
duplex is presumed to be significantly kinked or bent at the Following dialysis, each DNA duplex solution was lyophi-
intercalation sites1(8). lized, and the lyophilizate was stored at20 °C. The

To gain a better understanding of the nature of HUBst/ extinction coefficient at 260 nm for each duplexs= 112.5
DNA recognition, we have employed Raman spectroscopy mM~-cm 1) was calculated from available data3( 24).
to compare the solution structures of complexes formed by  |dentical dodecamers, labeled with the fluorescent dye
HUBst with two dodecameric DNA sequence isomers, QOregon Green 488, were purchased from Molecular Probes,
d(CGCAAATTTGCG) and d(TCAAGGCCTTGA), which  Eygene, OR. The mass spectrum of each labeled strand
are distinguished by their respective A/T- and G/C-rich (4333.7+ 1.5 Da) was consistent with the labeled sequence
central tracts. We also interpret Raman signatures of the(4333 Da). Stock solutions (14@M) in sample buffer (10
protein-free dodecamers and show that they present conformm Tris, 50 mM NacCl, pH 7.5) were stored at20 °C.

mationally distinct targets (although both are within the Concentrations of dye-labeled DNA solutions were deter-
B-DNA family) for recognition by homodimeric HUBst. The  mined from the extinction coefficientefso = 160.5

present study identifies minor-groove recognition as the mm-1.cm2) provided by the vendor.

mechanism of HUBst binding to both DNA targets. The  Nondenaturing Polyacrylamide Gel Electrophoresis (PAGE).
Raman results, which provide a new spectroscopic S|gnatureA”quotS of stock solutions of HUBst and labeled DNA in

of minor-groove recognition, are discussed in relation 10 gample buffer were mixed at specific molar ratios in the range

previously established Raman difference profiles of specific 1.4 < HUBst:-DNA < 1:1 to a final volume of~10 L and

and nonspecific DNA binding. were incubated at 18C for 15 min. For electrophoresis

experiments, the DNA concentration (ZK¥1) was maintained

MATERIALS AND METHODS higher than the estimateg; values governing HU binding
HUBst ExpressionRecombinant HUBst was expressed to undistorted €2.5uM) and distorted (0.002M) duplexes

in E. coli BL21(DE3)pLysS and purified according to (56, 68). A 2 uL aliquot of dye solution (15% glycerol,

described procedured q, 20). Protein concentration was 0.05% bromophenol blue) was added to each sample, and
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FIGURE 2: Raman spectrum in the region 660800 cnt! obtained by 532 nm excitation of HUBst (2@/uL in 10 mM Tris and 50 mM

NaCl, pH 7.5, solution). Wavenumber labels identify prominent Raman bands discussed in the text. Raman band assignments to amino acid

(one-letter abbreviations) or amide (am) vibrations, which are listed along the abscissa, are 20nThef CD spectrum of HUBst{0.3
mg/mL) is shown in the insert at the upper left. Raman and CD data were obtained@t 20

PAGE was conducted on 8% gels in TBE buffer (4.5 mM
Tris, 4.5 mM boric acid, 0.1 mM EDTA, pH 8.0) fe} h at
110 V and 4°C. Fluorescent DNA bands were visualized
using a Storm Imager (model 810, Molecular Dynamics, Inc.)
and quantified using Image Quant software (Molecular
Dynamics, Inc., version 4.2). The fractions of unbound and
protein-bound DNA in a given lane were determined from
the areas of the respectively assigned bands, and the tot
amount of DNA in the lane was computed from the sum of

pH 7.0, 20°C) were obtained on a Jasco J-720 spectro-
polarimeter (Japan Spectroscopic Co., Tokyo) using an
optical path of 0.1 cm. The spectropolarimeter was calibrated
with ammoniumd-camphor-10-sulfonate. CD data referenced
below represent the accumulated averages of five scans, each
obtained at a scan rate of 0.5 nm/s.

aRESULTS AND INTERPRETATION

Raman Signature of HUBsThe Raman spectrum of

band areas. Comparisons between lanes were made afteqUBst (Figure 2) is distinguished by a strong and broad
normalization of the band areas of a given lane to the total amide | band centered at 1658 thand a complex amide

amount of DNA in that lane.

Raman SpectroscopiRaman spectra were obtained on
solutions of HUBst (2Qug/uL ~ 1 mM dimer), DNA (40
uglul ~ 5.5 mM duplex), and their equimolar complex
(HUBSst:DNA), each in sample buffer. The HUBst:DNA
complex was prepared by dissolving the lyophilized protein
in 5.5 mM DNA solution in sample buffer. Samples of
approximately 5L volume were sealed in glass capillaries
(KIMAX No. 34507) and mounted in the thermostated (20
°C) sample illuminator of the Raman spectrophotometsy. (
Spectra were excited at 532 nm using a solid-state Nd:¥VO
laser (Verdi, Coherent, Inc., Santa Clara, CA). Raman
scattering at 90 was collected on a Spex 500 M single

spectrograph (Horiba Group, Instruments S.A., Edison, NJ),

equipped with a holographic notch filter and liquid-nitrogen

[l profile, which includes a major peak at 1250 chand
weaker shoulders at approximately 1241, 1279, and 1308
cmL. Previous analysis of the Raman amide markers shows
that the HUBst solution structure comprises 36 2%
a-helix, 25 + 3% pg-strand, and 38+ 3% irregular
conformations Z0), in accord with the CD profile (Figure

2, insert) and the NMR solution structurg).(Other major
contributors to the Raman signature of HUBst are the subunit
Phe (4), Ala (12), and Arg (5) side chains, which generate
several prominent bands as labeled in Figur2@. Because
HUBSst contains neither Trp nor Tyr, its Raman spectrum is
free of the otherwise intense bands expected from these
aromatic side chains in the intervals 75800, 1356-1400,

and 1556-1600 cn1?, thus facilitating the detection and
qguantification of key nucleotide markers in Raman spectra

cooled, back-thinned, charge-coupled-device detector of 20000f HUBst:DNA complexes.

x 800 pixels (Spectrum One, Instruments S.A.). The radiant

power at the sample was approximately 30 mW. The
effective spectral resolution was 3 ctnRaman frequencies,
accurate tat0.5 cnl, were calibrated using the 459.5 ti
band of CCJ. Spectra shown below are the accumulated
averages of 1830 exposures of 40 s each. Further details

Raman Signatures of d(CGCAAATTTGCG) and d(TCAA-
GGCCTTGA) Duplexeg:igure 3 compares Raman spectra
of duplexes formed by the self-complementary dodecamers
d(CGCAAATTTGCG) (top trace) and d(TCAAGGCCT-
TGA) (middle trace). Labels along the abscissa identify bands
assigned to localized vibrations of either specific base

of the instrumentation and data collection protocols are given residues (A, C, G, T) or the deoxyribosyl-phosphate back-

elsewhere 26).
Circular Dichroism Spectroscop¥D spectra of HUBst
solutions (0.3 mg/mL in 1 mM sodium cacodylate buffer,

bone (bk). The data indicate primarily G&nhdo/antideoxy-
nucleosidesgauche (g~) conformations for the phospho-
diester torsion angles and &, and predominantly stacked
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Ficure 3: Raman spectra (660800 cnt?l, 532 nm excitation) of d(CGCAAATTTGCG) (trace A) and d(TCAAGGCCTTGA) (trace B)
duplexes, each at 4@g/uL in 10 mM Tris and 50 mM NacCl, pH 7.5, solution, and their difference spectrum (tracet@ce A— trace
B). Spectra were normalized to the integrated intensity of the phosphate Raman band at 199¢harh is independent of base composition
(3.

base pairs. The basis for these assignments and interpretationsm should be small. Accordingly, we attribute the observed
has been given in previous paperg7{30). Figure 3 787/778 cm?! difference features primarily to different
demonstrates that although the two dodecamers adopt similaaverage backbone conformations in the two DNAs. This is
B-DNA structures, they differ in conformational detail. The consistent with the interpretation given above for the 843/
nature of the structural differences can be inferred from the 803 cn1? difference features.
Raman difference bands of Figure 3 (bottom trace), which 116 difference peak near 673 chand relative minimum/
are interpreted as follows. maximum at 737/750 cm, as well as difference features
The difference peak at 843 crhand trough at 803 cnt between 1200 and 1700 cy all coincide with Raman

reflect parent bands centered respectively at 835'dm markers of base residues and reflect the distinct se
; qguence-
d(CGCAAATTTGCG) and 829 cnt in d(TCAAGGCCT- directed base stacking interactions of the two duplexes.

TGtﬁ‘) atnd irgdli\chate gi.ffelrlent da}f\;erage bacr:]kbong confo[)mation dS Thymine and adenine residues are significant contributors
It?t e WOAT . hs. érggr_ |herence§ Dalllli eeg Ottst?r\t/ed to the majority of these difference ban@8) including those
te d".‘]’c?e” rich and 5S%.-ric gg.”om'c. phed 28”3153 T“h Uted at 673, 737/750, 1236, 1324, 1345, 1490, 1661, and 1678
doataI g;eg%eusrén? Itrr:?Jrs_g;ﬁg\éistlTﬁgtSIt%e r(nin’or )g.rooSe of cm * (26 _36). Because all dT residues of d(CGCAA-
d(CGCAAATTTGCG) is narrower than that of d(TCAAG- ATTTGCG) are cent_rally Iocated_gnd stably paired anq
.. stacked at the experimental conditions employed, the dif-
GCCTTGA) and may be more favorable to the organization : . .
ferences in dT Raman markers could reflect partial fraying

of water molecules as proposed previously for (@&)T), . )

racts (spine of hycration)3—39). The present Raman o7 AT Pie ® S LA CErn ity 1936 and
results imply that conformational details of the two dodecam- 1661 cn‘?l 3 é bile deoxvnucleoside c?onformat'onal
ers are strongly influenced by the base pairs comprising their . (37). Su xynu : . ! .

differences and sequence-specific base stacking geometries
central segments, may also contribute to the features at 673 (dT, dG) and 737/
The diff k at 787 crhand t h at 778 cm i . )
© dimerence peax a and trough at 778 c 750 cn1t (dA, dT). The relatively high amplitudes of the

originate from differences in either or both of the two o
contributors to the very intense and broad band centered attmL_jghs at 1490 (P“”f‘a“'y dG) and 1583.(b oth dA and .dG)
cm ! reflect contributions from both adenines and guanines.

784 cm?! in d(CGCAAATTTGCG) and 782 cnt in

d(TCAAGGCCTTGA). The contributors are a cytosine ring | N€ apparently different purine hypochromism in the two
marker at~780 cnr! and a backbone conformation marker duplexes implies that the purines are more effectively stacked

at ~790 cn! (30). The intensity of the former is expected N d(CGCAAATTTGCG). This is surprising, given the more
to increase modestly with cytosine unstacking (hypo- polypurine-like environment of A and G in the d(TCAAG-
chromism), whereas the latter is highly sensitive in both GCCTTGA) sequence.

intensity and wavenumber to torsions of the DNA backbone  The well-characterized Raman markers of -€@do/anti

(a, B, v, §). Because both duplexes are largely base paireddG (680 cnm?), dA (727 cn1?), and dC (1254 crt) (30)

and stacked, differences in Raman hypochromism at 780make no significant contributions to the difference spectrum
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Ficure 4: Gel mobility shift assay of complexes formed in mixtures
of HUBst with dye-labeled DNAs, d(CGCAAATTTGCG) (lanes
2—4) and d(TCAAGGCCTTGA) (lanes 68). Corresponding
protein-free DNAs are in lanes 1 and 5. The nominal concentration
of labeled DNA in each lane was constantld uM). HUBst
concentrations{M) and HUBst:DNA molar ratios are as indicated
along the bottom axis. Further details regarding quantification and
normalization procedures are discussed in the text.
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of Figure 3, indicating that deoxynucleoside conformations
are essentially the same in the two duplexes.
Characterization of HU:DNA Complexes by Agarose Gel
Electrophoresis.Figure 4 shows a semiquantitative gel
mobility analysis of dye-labeled d(CGCAAATTTGCG) (lane

cm

Ficure 5: Panel A: Raman spectrum of the equimolar HUBst:
d(CGCAAATTTGCG) complex (top trace), the spectral sum of
constituents, HUBst+ DNA (middle trace), and their digital

1) and d(TCAAGGCCTTGA) (lane 5) and complexes difference (bottom trace). Panel B: Raman spectrum of the
equimolar HUBst:d(TCAAGGCCTTGA) complex (top trace), the

formed by HUBSst with these DNAs (lanes-2 and 6-8, pectral sum of constituents, HUB$t DNA (middle trace), and

respectively). Lanes 1 and 5 dem_onst.ratle that, as eXpeCt_eﬁheir digital difference (bottom trace). Experimental conditions are
the two dodecamer duplexes exhibit similar electrophoretic a5 given in the legends of Figures 2 and 3.

mobilities in the absence of HUBst. Lanes 4 and 8 indicate

that for each duplex a single and highly homogeneous longer DNA sequenced4, 38, 39). At present, no definitive
complex is obtained in the presence of an equimolar structural information is available on any HU:DNA complex,
concentration of HUBst dimer. [The Raman spectra shown although the previously reported electrophoretic results have
below were obtained from complexes formed in equimolar been attributed to the presence of topological variants of
HUBst:DNA solutions (5.5 mM), corresponding to the protein-bound DNA.

protein:DNA ratios of lanes 4 and 8.] At intermediate HUBst-
to-DNA ratios, viz., lanes 2 and 3 for d(CGCAAATTTGCG)
and lanes 6 and 7 for d(TCAAGGCCTTGA), we find

Characterization of DNA Structure Changes from Raman
Spectra of HUBst:DNA ComplexeShe Raman spectrum
of the 1:1 complex of HUBst with d(CGCAAATTTGCG)

evidence of a distinctive precursor complex for each is compared with the spectral sum of constituents in panel
dodecamer. In addition, different relative proportions of the A of Figure 5. The difference spectrum computed between
precursor and equimolar complexes are formed for the two complex and constituents (bottom trace) exhibits numerous
sequences (cf. lanes 3 and 7). Specifically, lane 3 of Figure peaks and troughs demonstrating significant conformational
4 suggests that, for the solution containing the 0.5:1.0 molar changes to the DNA target with complex formation. Corre-
ratio of HUBst:d(CGCAAATTTGCG), the equimolar com-  sponding data for the complex of HUBst with d(TCAAG-
plex predominates~65%) over the precursor<25%). GCCTTGA) are shown in panel B of Figure 5. The two
Conversely, lane 7 indicates that, for d(TCAAGGCCTTGA), difference spectra of Figure 5 are strikingly similar to one
the precursor and equimolar complexes are present in roughlyanother, both in the positions of their peaks and troughs and
equal proportions+30%). All lanes of Figure 4 exhibit a in the corresponding difference amplitudes. It is clear that
weak and diffuse background at the bottom of the gel, both DNAs suffer similarly large structural perturbations with
suggesting a small percentagel(0%) of free dye (Oregon  binding of HUBst. The nature of these protein-induced
Green 488), which is believed to reflect the low level of structural changes is revealed by the affected Raman markers,
hydrolysis expected of the labeled DNA. as follows.

Similar precursor complexes have been reported in previ- (1) Conformations and Efironments of DNA Phosphates
ous gel mobility analyses of the binding of HU proteins to Prominent peak/trough features within the #BD0 cnr?
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intervals of the Figure 5 difference spectra indicate similar HMG:DNA complex share this Raman signature feature. The

conformational perturbations to the €85 —-P-03—-C3 small difference peak near 1660670 cnT? in each complex
backbone networks of both DNAs upon HUBSst binding. In also identifies HUBst-induced perturbations to thymines. This
each case the peak/trough feature, which represed%% may reflect altered hydrogen bonding of dT exocyclic

of the parent band intensity, reflects an HUBst-induced shift carbonyls 87).
to a lower wavenumber of the band center. As noted
previously 6, 7), such a wavenumber shift reflects a change DISCUSSION AND CONCLUSIONS
in the average backbone torsion angles(O3 —P—05— Mechanism of HUBst Recognition of DNRaman dif-
CB), p (P-O5—-C5—-C4), andy (O5—-C5—-C4—C3), ference spectroscopy of complexes formed between HUBst
from theg~/t/g* range to tha/t/t range. Consistent with this  and the two DNA dodecamers, d(CGCAAATTTGCG) and
interpretation is a difference peak exhibited near-8880 d(TCAAGGCCTTGA), indicates significant changes to the
cm! for each complex 40). Both difference spectra of B-form backbone of each DNA as a direct consequence of
Figure 5 also exhibit a difference peak near 1098 §m  HUBst binding. For each complex we observe the conversion
which reflects broadening of the parent phosphodioxy.(PO  of roughly one-third ofu/3/y phosphodiester torsions from
Raman marker upon HUBst binding and signals a changetheg/t/g" to thet/t/t conformation and an equivalent deoxy-
in local electrostatic environment of the DNA phosphates. ribosyl conformational change in dA residues froni-€ado/
Similar broadening of the Raman phosphodioxy marker anti to C3-endo/anti Evidence for partial unstacking of
accompanies electrostatic shielding of DNA phosphates by purines is also observed. The similarity of structural pertur-
divalent metal ions41—44). bations for the two DNA targets indicates a hon-sequence-
(2) Deoxyribosyl Conformationdn addition to HUBst- specific mechanism of HUBst/DNA recognition.
induced changes in DNA phosphodiester geometry and The two DNA targets employed here differ not only in
phosphodioxy environment, furanose ring conformations of sequence but also in details of secondary structure, as
the deoxynucleotides are also altered by protein binding. Therevealed by distinctive Raman signatures in the absence of
trough/peak features at 723/731 and near 1330/1340 cm protein (Figure 3). Importantly, the structural perturbations
are consistent with small net changes in dT and dA suffered by each DNA as a consequence of HUBst binding
conformations from the Czndo/antito C3-endo/anti are much greater (more than 2-fold) than the differences
ranges. Similar Raman marker shifts accompany the canoni-observed between their protein-free Raman signatures (cf.
cal B- to A-DNA transition §5—48). Additional spectral Figures 3 and 5). We conclude that nuances of secondary
evidence of perturbed deoxyribosyl conformations is pro- structure that distinguish the twoBNA dodecamers do not
vided by the Raman difference peaks near 1425 and 1465significantly affect HUBst recognition. The present data
cm1, which reflect broadening of the parent '&5 and demonstrate that purine Raman markers of the d(CGCAA-
C2H; marker bands of DNA near 1420 and 1462 ¢ém  ATTTGCG) and d(TCAAGGCCTTGA) dodecamers also
respectively 26, 37, 49, 50). [Note that the latter is eclipsed  exhibit large and comparable perturbations with HUBst
in the parent spectra of Figure 5 by the more intense 1451interaction. Because the purines are distributed differently
cm-* marker originating from the Ciroups of HUBst side  along the two DNA sequences, the results suggest that
chains R0).] Nevertheless, the observed DNA difference HUBst-induced structural perturbations are not restricted to
peaks represent a significant fraction of the parent bandthe side-chain intercalation sites.
intensities (e.g..~25—-50% for the 1420 cm! marker) and While the effects of HUBst binding on DNA dodecamer
imply that three to six deoxynucleotides of each dodecamer conformation appear to be more “global” than “local”, the
strand suffer conformational perturbations to furanose moi- Raman results do not provide further insight into the detailed
eties 6, 7, 31, 49, 51). structures of the complexes. At present, no high-resolution
(3) Purine Enironments In addition to reorganizations  structure exists for any HU/DNA complex. Therefore, it is
of the DNA backbone, HUBst binding perturbs DNA base not possible to assess the present results in connection with
environments. The relative minimum/maximum near 1483/ an experimentally determined structural mechanism. How-
1492 cnt in each difference spectrum of Figure 5 suggests ever, both prolyl and methionyl side-chain intercalations (Pro
weaker N7 hydrogen bonding in the complex than in the 72, Met 69) have been considered as plausible mechanisms
protein-free DNA b2—54). Changes in purine base-stacking for HUBst/DNA recognition, analogous to the side-chain
environments and/or deoxynucleoside conformations with intercalation mechanism determined for the X-ray crystal
HUBst binding also contribute to these difference features, structure of IHF:DNA (7). On the other hand, the available
as well as to the difference peaks at 687 (dG) and 731%*cm IHF:DNA structure is that of a sequence-specific complex,

(dA) and near 15811584 cn? (30). which may involve a mode of protein/DNA interaction
(4) Pyrimidine Emironments Thymine residues of BDNA distinct from that required for non-sequence-specific recogni-
generate a Raman marker near 131380 cn1?, which tion.

gains intensity with increasing hydrophobicity of the G5H Previous studies have demonstrated that HU proteins
environment 6, 40). The difference peak near 1380 ch generally bind less prolifically to uniformly double-helical
in each difference spectrum of Figure 5 indicates an increaseB-DNA than to deformed DNAs (including duplexes con-
in the average hydrophobicity of thymine Chgtoups upon taining nicks or gaps, cruciforms, and supercoi&)15, 55,
complex formation. A similar effect occurs for specific 56). The gel mobility shift analysis of Figure 4 suggests a
complex formation between a DNA octamer and a high modestly greater affinity of HUBst for d(CGCAAATTTGCG)
mobility group of the human sex-determining factor (\SRY- than for d(TCAAGGCCTTGA). This may be indicative of
HMG) (6). The present results suggest that both the a more significant departure of the former duplex from a
nonspecific HUBst:DNA complexes and the specific hSRY- uniform B-helix.
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Ficure 6: From bottom to top: Raman difference signatures indicating DNA structure reorganizations produced by binding of (A) the
N-terminal domain of phagé cl repressor to the @ site (specific major-groove recognition3@), (B) the hSRY-HMG box to
d(GAACAATC)-d(GATTGTTC) (specific minor-groove recognitiorg, (7), (C) the HUBst dimer to [d(CGCAAATTTGCG)|non-sequence-
specific minor-groove recognition), and (D) the gene V protein of M13 to poly(dA) (non-sequence-specific SSDNA recodigjiddaia

have been scaled to the intensity of the 1092 ttvand of the DNA phosphate group in the parent spectra, as described previgusly (

The structural adjustment of DNA to HUBst binding proteins. A corollary to the present results is that the Raman
occurs with little or no apparent consequences to HUBst difference signature for minor-groove recognition is not
conformation, suggesting an induced-fit mechanism. This is highly sensitive to (i) the sequence of the DNA target site
consistent with the highly stable secondary structure of or (ii) the fold of the protein recognition domain. Structural
HUBst that is confirmed by both NMR5f and H/D exchange  studies of other minor-groove complexes include proteins
studies 20). that bind DNA specifically (IHF, LEF-1) and nonspecifically

Comparison with Raman Signatures of Other Protein/DNA (HMG1, HMG 2). Consistent with the present results, these
ComplexesThe Raman difference spectrum diagnostic of exhibit similar molecular mechanisms of DNA recognition
HUBst-dependent reorganization of DNA (Figure 5) con- and DNA structure perturbation, irrespective of the sequence
stitutes a spectroscopic signature for non-sequence-specificspecificity of binding L7, 58—60). All induce base unstack-
B-DNA recognition. It is of interest to compare this signature ing and bending of the DNA helix at two sites separated by
with those reported for other modes of protein/DNA recogni- eight or more base pairs, and all involve partial intercalation
tion investigated by Raman spectroscopy. Figure 6 illustratesof protein aliphatic side chains.
comparisons with sequence-specific minor-groove recogni- A Model for HU/DNA RecognitionFootprinting studies
tion (hSRY-HMG:DNA), sequence-specific major-groove of complexes of high-molecular-weight DNA with the HU
recognition 4 cl:DNA), and non-sequence-specific SSDNA protein fromE. coliindicate positioning of the protejfrarms
recognition [gVp:poly(dA)]. along the DNA minor grooved(l). Gel mobility shift assays

Figure 6 demonstrates striking similarities between the imply appreciable bending of DNA by the bound protein
Raman difference signatures of HUBst:DNA and hSRY- (14, 16, 38, 62). The present results provide further experi-
HMG:DNA recognition. These similarities, which are con- mental support for this mode of binding and, in addition,
nected by the solid vertical lines in the figure and which reveal many of the details of-BNA structure perturbation
represent parent bands originating not only from the deoxy- attendant with complex formation, as has been noted above.
ribosyl—-phosphate backbone but also from purine and Although the observed Raman difference features do not
pyrimidine base residues (see assignments indicated in Figurgorovide direct information about the average bending angle
3), provide strong evidence in favor of similar molecular of the HUBst-bound DNA, the similarity between Raman
mechanisms of binding. Accordingly, we conclude that difference profiles of HUBst:DNA and hSRY-HMG:DNA
HUBst, like hSRY-HMG 6£7), binds its DNA target along  complexes (Figure 6) suggests similarly distorted DNA
the minor groove. It is interesting that the similarities noted structures, i.e., an overall bend of approximately ifOthe
above between the Raman difference signatures of HUBst:DNA helix axis.
d(CGCAAATTTGCG) and HUBst:d(TGAAGGCCTTCA) We emphasize that the present study does not provide
recognition (Figure 5) extend also to hSRY-HMG:DNA. We direct information on either the location of the HUBst-
propose that these common minor-groove binding mecha-induced kinks that bend the DNA helix or the precise
nisms also involve similar hydrophobic side-chain intercala- magnitude of the bend angle. Two possible limiting cases,
tions, despite the distinctly different folds of the respective which are depicted schematically in Figure 7, are relatively
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FiGure 7: Two possible limiting cases for DNA bending by the
HUBst protein. In (A) the continuously curved helix axis results
from a phased series of delocalized low-amplitude kinks. In (B) a
sharply bent helix axis results from two high-amplitude kinks
localized at the putative sites of HUBst side-chain intercalation.
The Raman results do not distinguish rigorously between the
possibilities illustrated here but favor either (A) or an intermediate
between (A) and (B) in which the DNA structural perturbations
are largely delocalized. A scenario similar to (B) is supported by
the crystal structure of a complex between AmabenaHU protein

and a 20-bp DNA fragment incorporating both unpaired and

Biochemistry, Vol. 42, No. 24, 2003397

the roles of HU and related architectural proteins in
manipulating larger DNA constructs, such as plasmids and
genomic DNAs. Future work will also focus on the applica-
tion of ultraviolet-resonance Raman spectroscopy to HUBst:
DNA complexes in order to investigate by 229 nm excitation
the structure-sensitive Raman signals of the putative inter-
calating residue, Pro 72(Q), and by 257 nm excitation those
of the DNA intercalation sites66).

The present experimental design has targeted DNA
dodecamers containing purine/pyrimidine steps at the most
probable HUBst side-chain intercalation sites [d(CGCAA-
ATTTGCG) and d(TCAAGGCCTTGA)]. Purine/pyrimidine
steps have been identified previously as readily inducible
bending loci in protein:DNA complexe22, 66, 67). It will
be of interest to compare the present results with those
obtained in studies of complexes not containing such purine/
pyrimidine steps.

Finally, we note that the extension of this methodology
to corresponding IHF:DNA complexes should also provide
insights into structural factors differentiating specific and
nonspecific modes of minor-groove recognition.
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