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ABSTRACT. HU is a small DNA-binding protein of eubacteria that is believed to induce or stabilize bending
of the double helix and mediate nucleoid compaction in vivo. Although HU does not bind preferentially
to specific DNA sequences, it is known to have high affinity for DNA sites containing structural anomalies,
such as unpaired or mismatched bases, nicks, and four-way junctions. We have employed Raman
spectroscopy to further investigate the structural basis of BNA recognition in solution. Experiments

were carried out on the homodimeric HU proteinBHcillus stearothermophilugHUBst) and a 222-bp

DNA fragment, which was isolated in linear (DN#%?) and circular (DNA?29 forms. In the absence of
bound HUBst the Raman signatures of DN% and DNAC?22are nearly superimposable, indicating that
circularization produces no substantial change in the local B-DNA conformation. Conversely, the Raman
signatures of DNA??2 and DNAC?22 are perturbed significantly and specifically by HUBst binding. The
HUBst-induced perturbations are markedly greater for the circularized DNA target. These results support
an opportunistic molecular mechanism, in which HU binding is facilitated by intrinsic nonlinearity or
flexibility in the DNA target. We propose that DNA segments which are bent or predisposed toward
bending provide the high-affinity sites for HU attachment and nucleoid condensation. This model is
consistent with the wide range of DNA bending angles reported in crystal structures ©DNB
complexes.

The chromosomal DNA of eubacteria is associated with that mediates interactions between DNA and other compo-
several small basic proteins in the highly condensed nucleoidnents of the nucleoid1@). Both sequence-specific and
structure {, 2). The most abundant component of all well- nonspecific modes of IHF/DNA recognition have been
characterized eubacterial nucleoids is the histone-like proteinreported 9). Although the precise roles of HU and IHF in
HU (3, 4), which occurs as an 18 kDa dimes)( High- nucleoid formation remain unresolve®)(the two proteins
resolution structures of the homodimeric HU frdacillus have been shown to function similarly in reorganizing DNA
stearothermophilugHUBst)' have been determined by both  topology to facilitate various gene regulatory functioh8
X-ray crystallography & 7) and NMR spectroscopy8}. 17). For example, in the case of phaygenome recombina-
Structural studies of HU proteins from other eubacteria have tion in Escherichia coli HU can replace IHF by bending
been surveyed recentl@{11). DNA and interacting equivalently with the recombinase

HU is structurally homologous to the eubacterial integra- protein, integrase. Interestingly, the eukaryotic high-mobility-
tion host factor (IHF), a heterodimeric DNA-binding protein group (HMG) box proteins HMG1 and HMG2 also appear

to function nearly as effectively as HU and IHF insite-

T Paper 83 in the series Raman Spectral Studies of Nucleic Acids. SpGQIfIC recombinationi®). These results suggest Comm(?n
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DNAL?22 linear DNA consisting of a 222-bp duplex with complemen- P .
tary base triplet overhangs on thiet&mini [sequence of the/ Strand, of 200-2500 nM for B DNA @0). DNAs containing nicks,

(gtc)ctgcaacttt atccgectee atccagtcta ttaattgttg ccgggaaget agagtaagtitinctions, kinks, bends, or other alterations of the B-form
gttcgccagt taatagttig cgcaacgtig ttgccattge tacaggeatc gtggtgteac getegicgigtructure can exhibit significantly more stable interactions

tggtatggct tcattcagct ccggttccca acgatcaagg cgagttacat gatcccccat gt ; ;
tgtgcaaa aaagcggtta gctccttcg; molecular weight, 136.7 kDa; baserWIth HU (Kq as low as 2 nM) 1, 21, 22). Distortions of the

composition, 50.4% AT and 49.6% GCJ; DNA2 a 222-bp dsDNA double helix may provide contacts for HU that are unavail-
circle, formed by ligation of DNA??? (this nomenclature is employed  able in undistorted B DNA. The affinities of binding of HU

for all circularized topoisomers of 222-bp DNA, irrespective of ; ; ; T
superhelical density): HEPES\-(2-hydroxyethyDpiperazinéé-2- and other architectural proteins can be increased by circu

ethanesulfonic acid; EtBr, ethidium bromide; AFM, atomic force larization of the DNA target43, 24). This may reflect an
microscopy. energetic benefit associated with binding of the protein to a
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preformed recognition element; alternatively, circularization
may impact protein binding by altering the transient fluctua-
tions (dynamics) of linear B DNA.

Here we report a Raman spectroscopic analysis of the

Benevides et al.

Circular 222-bp DNA (DNA??9 was prepared in a 150
mL reaction vial containing 3ig/mL DNA-%22, 6 ug/mL
HUBst, 50 mM HEPES (pH 7.5), 50 mM potassium
glutamate, 10 mM MgG| and 1 mM ATP. After incubation

structural changes induced in a 222-bp DNA molecule upon for 30 min at 30°C, the end-joining reaction was initiated

binding of the homodomeric HU protein &. stearother-
mophilus Both linear and circular forms of the complexed

by the addition of 2000 units/mL T4 DNA ligase (New
England Biolabs). After 30 min the contents of the reaction

DNA have been investigated. HUBst, which lacks both vial were transferred to a Centricon-100 ultrafiltrator and

tyrosine and tryptophan residues and is therefore largely
devoid of potentially interfering Raman bands from these
aromatic amino acids, is well suited to sensitive Raman
difference analysis of the structural perturbations induced
in the protein-bound DNA 25, 26). X-ray structures of
uncomplexed HUBst (PDB accession number 1HU&))7}
have suggested a mechanism for DNA recognition in which
the g-arms of the homodimer wrap around the DNA target
and interact with the minor groove. The more recently

successively washed with 300 mL of 2 and 0.1 M NaCl
solutions.

ElectrophoresisSamples of DNA?2?2 and DNAC??? were
suspended at 40g/mL in electrophoresis buffer (20 mM
Tris—acetate, 20 mM sodium acetate, 1 mM EDTA) and run

for 1.5 h at 4°C on gels containing 3% Nusieve agarose

(Cambrex Bio Science Walkersville, Inc., Walkersville, MD)
and 1% electrophoresis grade agarose. These runs effectively
distinguished linear and circular forms of 222-bp DNA. To

published X-ray structure of a complex formed by the ¢her distinguish different circular forms that may result

AnabaenaHU dimer and a DNA oligomer supports this
molecular mechanism and illustrates the bend induced in
DNA by prolyl side chain intercalatior2{). The induced-
fit model is compatible with results of recent fluorescence
resonance energy transfer studi2®) @nd provides the basis
for interpreting the present Raman solution results.

Earlier, we reported Raman difference signatures diag-
nostic of diverse modes of protefDNA recognition @9,
30), including nonspecific recognition of dodecameric DNAs
by HUBst 26). Such studies are facilitated by the rapid
vibrational time scale of Raman spectroscopy, which permits
detection of even short-lived proteidDNA complexes. The
Raman spectral perturbations identified for HUBBINA

from the influence of HUBst35), DNAC??2was run on 2%

agarose gels containing Q&/mL ethidium bromide (EtBr),
10 mM Tris (pH 8.0), and 1 mM EDTA. Open circles were
distinguished from covalently closed circles by heating the
solution of circular DNA to 95°C for 2 min and rapidly
cooling to—70 °C prior to electrophoresis on the same 2%
agarose/EtBr gel.

Complexes of DNA and HUBst in sample buffer (50 mM
NaCl, 10 mM Tris, pH 7.5), prepared with different molar
ratios of protein dimer to 222-bp nucleic acid (in the range
4.5:1 to 40:1), were also examined on agarose gels. The
appropriate mixtures of HUBst and DNA, typically in 10

complexes are consistent with nonspecific minor groove #L total volume, were incubated at 2€ for 15 min prior

recognition, including modest bending of the helix axis

to being loaded on the gel. A/2L aliquot of dye solution

(~70°), partial unstacking of bases, and reorganization of (15% glycerol, 0.05% bromophenol blue) was added to each
the DNA backbone. The present findings extend our earlier S8mMple. Samples were applied to 4% composite agarose gels
studies to a DNA target of transcriptionally relevant size in (described above) that had been prerun for 30 min at 110 V

linear and circular forms.

MATERIALS AND METHODS

Expression and Purification of HUBSHUBst was ex-
pressed in recombinai. coli BL21(DE3)pLysS cells and
purified as previously describe@%, 31). HUBst concentra-
tions were determined by measurement of UV absorbance
at 258 nm §253 = 0.076 mLmg*-cm~ = 1482 M-cm]
using a Cary 3E spectrophotometer (Varian, Inc., Palo Alto,
CA) and assuming a subunit molecular mass of 9716 Da
(31, 32.

Preparation of Linear and Circular 222-bp DNA. E. coli
strain DH&S containing the pUC19 plasmid in high copy
number was purchased from Sigma Chemical Co. (St. Louis,
MO) and purified as describe®3). A linear 222-bp DNA
sequence (DNK??) defined byAvall restriction sites was
excised from the purified plasmid usidgall endonuclease
obtained from New England Biolabs (Beverly, MA). DN&
was isolated from the digest by size exclusion chromatog-
raphy on a Sephacryl S-500 columnx20 cm) equilibrated
with 100 mM NaCl and 10 mM Tris, pH 7.5, solution. The
fractions containing DN&?2 were pooled and concentrated
using an ultrafiltrator with 100 kDa cutoff (Centricon-100;
Amicon, Inc., Beverly, MA). DNA concentrations were
determined from absorbance measurements at 26Q:am [
= 13000 M (bp)* cm™] (34).

and 4°C and subsequently run at the same voltage and
temperature for 4 h. DNA was visualized by staining with
EtBr (34) and quantified using Quantity One software (Bio-
Rad Laboratories, Inc., version 4.4.0.). The fractions of
unbound and protein-bound DNA in a given lane were
determined from the integrated band areas, and the total
amount of DNA in each lane was computed from the sum
of band areas.

Atomic Force MicroscopyMica surfaces were treated for
5 min with a suspension containing one part of 3-amino-
propyltriethoxysilane (Sigma Chemical Co.) in 10000 parts
of water. The mica surfaces were then rinsed with water and
dried under a filtered argon stream. DNA solutions (g5
mL in 0.1 mM Tris, pH 8.0) were pipetted onto the mica
surface and allowed to stand for at least 10 min at ambient
temperature. The mica surface was again dried with filtered
argon prior to scanning. Atomic force microscopy (AFM)
imaging was carried out at the University of Alabama,
Birmingham, in the laboratory of Dr. Rigoberto C. Advin-
cula, using a scanning microscope (PicoSPM; Molecular
Imaging, Phoenix, AZ) equipped with an-88 um scanner.
Images were obtained by scanning with a magnetic AC drive
(MacMode) using silicon MAC levers of nominal spring
constant (0.6 N/m). The free operating amplitude was set at
5 nm point to point with a 10% reduction set point. The
drive frequency was 25 kHz. Images were analyzed using
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Ficure 1: Electrophoretic analysis of the ligation products of linear 222-bp DNA (ERB\ Panel A: lane 1, 100-bp DNA ladder; lane
2, products of T4 ligase treatment of HUBst-bound DR yielding circularized monomer, DN%22 plus higher order concatemers; lane
3, digestion of the lane 2 products with exonuclease Il and proteinase K, yielding purified4N#at is free of bound HUBSst; lane 4,
product of digestion of DNA222with restriction endonucleadgsd._1, which restores a linear 222-bp form. Panel B: lane 1, 100-bp DNA
ladder; lane 2, 10-bp DNA ladder; lane 3, DN partially digested wittBsy.1, yielding 160 and 62-bp fragments (cf. panel A, lane 4).
Panel C: AFM image of DNA?22

NIH Image software (Molecular Imaging Corp., Phoenix, 4 e?d?

AZ). i
Raman Spectroscopiraman spectra were collected from

solutions of HUBst (2Qug/uL ~ 1 mM dimer), DNA?%?

and DNAC?22 (40 uglul ~ 0.29 mM duplex), and their

corresponding 20:1 molar complexes (HUBBINA) in

sample buffer. The complexes were prepared by dissolving

the appropriate weight of lyophilized protein in 0.29 mM

DNA solution. Aliquots 5 ulL) were sealed in glass 300 bp

capillaries (KIMAX no. 34507), mounted in the sample

illuminator of the Raman spectrophotometer, and thermo-

stated at 20C (36). Spectra were excited at 532 nm using

a solid-state Nd:YVQ laser (Verdi; Coherent, Inc., Santa

Clara, CA). Raman scattering at®®as collected on a Spex ; i X » C222

500M single spectrograph (Instruments S.A., Edison, NJ), ?o%bilggrgi?.dié}t}i&lﬁ%r?,pag Igt?elﬁg;d:rbF%é&?oﬁiéo?ﬁe?mgribu-

equipped with a holographic notch filter and liquid nitrogen tion after 5 min at 95C and rapid cooling te-70 °C.

cooled, back-thinned, charge-coupled-device detector of 2000 ) ) )

» 800 pixels (Spectrum One, Instruments S.A.). The radiant Monomeric DNA circle (DNA??) as the major product of

power at the sample was approximately 80 mW. The the 1_'4 ligation re_actlon. Langs_ 3 and 4 of Flgulre 1A _th_us

effective spectral resolution was 3 chRaman frequencies, provide a comparison of the distinct electrophoretic mobilities

accurate ta:0.5 cnil, were calibrated using the 459.5¢hn Of DNAS??2and DNA#? respectively, in 4% agarose. Figure

band of CCl. Spectra presented below are the accumulated 1B shows that further treatment of DN&? with Bsg.1

averages of 1830 exposures of 40 s each. Further details Yi€lds the anticipated 160-bp and 62-bp fragments, while

of the instrumentation and data collection protocols are given @dditional confirmation of the circular topology of the

elsewhere 37). Raman difference peaks and troughs that DNA?**construct (Figure 1A, lane 3) is provided by atomic

represent at least 5% of the parent band intensity and haveorce microscopy (AFM) images (Figure 1C).

a signal-to-noise ratio of at least 2:1 are judged to be It is important to note that the ligation of linear 222-bp

<— nicked circles

200 bp

FiGURE 2: Resolution of DNA?222topoisomers in EtBr-containing

experimentally significant. DNA in the presence of HUBst may produce either nicked
circles, nonnicked but relaxed circles (linking numbgf,
RESULTS AND INTERPRETATION = 222/10.4= 21), or negative supercoilty < L) (35).

Although such different topoisomers of DN#&? cannot be

Effect of HUBst on Ligation of 222-bp DNAane 2 of resolved by electrophoresis in pure agarose gels (Figure 1A),
Figure 1A shows a multiplicity of products resulting from they are rendered distinguishable by including an intercalant
the ligation of DNA?22 with T4 ligase in the presence of such as EtBr in the gel medium. EtBr facilitates discrimina-
HUBst. When the products of this ligation reaction are tion of DNAC??? topoisomers by induction of positive
subsequently incubated with exonuclease Il and proteinasesupercoiling in nonnicked species. This is evident in the
K, the gel is dominated by a single species that is free of agarose/EtBr gel profile of DN®?2shown in Figure 2 (lane
bound HUBst (lane 3). Purification and treatment of this 3), where three distinct subbands become resolved. The
DNA product with Bsg.1 (Figure 1A, lane 3), which is  relative intensities (from top to bottom) correspond roughly
expected to cleave between the base pairs that correspontb 17%:33%:50% of the cumulative intensity. The least
to positions 62 and 63 of DNA??, yield a species with the  abundant and slowest migrating species is readily assigned
same electrophoretic mobility as DN#&? (Figure 1A, lane to nicked circles (cf. Figure 1A); i.e., EtBr binding cannot
4). These results are consistent only with a covalently closedinduce supercoiling of this DNA species. This is consistent
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Ficure 3: Raman spectra (66A.800 cnt!, 532 nm excitation)
of DNAC222 (A) and DNA-?22 (B), each at 4Qug/uL in 150 mM
NaCl, pH 7.5, solution, and their difference spectra{@ — B).
A 3-fold amplification of the difference spectrum is also shown
(D). (A), (B), and (C) were normalized to the integrated intensity
of the band at 1092 cm, which is independent of base composition
(45). Assignments of the principal bands to base (A, C, T, G) or
backbone vibrations (bk) are indicated.

with the fact that heating DN®?2followed by rapid cooling,
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Ficure 4: Gel mobility shift assay of complexes formed in mixtures
of HUBst with 222-bp DNAs (DNA?22 lanes 2-8, and DNA?222,
lanes 16-16). The DNA concentration in each lane is 20 nM.
HUBSst concentrationsufM) and HUBst:DNA molar ratios are as
indicated below the gel. Further details are discussed in the text.
Lanes 1, 9, and 17 contain a 100000-bp DNA ladder.

D). Figure 3 shows that DN%?2 and DNA-??2 have very
similar B conformations, as evidenced by Raman markers
of C2-endo/antidG (680 cm?), dA (727 cm?Y), and dT
(748 cnm?) deoxynucleosides and lgauche (g-) confor-
mations of phosphodiester torsionsand ¢ (790 and 832

which selectively degrades nicked circles, eliminates only ¢M™*). Raman difference bands in trace C (or as amplified

the slowest migrating species (Figure 2, lane 28)(The

in trace D) that meet the criteria for significance (see

two more rap|d|y migrating species are distinct topoisomerS, Materials and Methods section, above) occur at 790 and 1455

which reflect the net effect of HUBst-induced negative

cm L. These are assigned to vibrational modes of the

supercoiling during covalent closure and EtBr-induced posi- deoxyribosyl phosphate moiety?).

tive supercoiling in the agarose/EtBr gel medium. In vitro
measurements have established that with HU bindinip
decreased by approximately 1.0 per 290 85, (398).
Therefore, in addition to circles with,° = 21, circles with

Electrophoretic Characterization of HUBSDNA Com-
plexesThe stoichiometry of HUBst binding to DN%&??and
DNA?22was investigated by gel mobility shift assay (Figure
4) with a constant concentration of DNA (0.0a/) and

L, = 20 are also expected to be produced when circulariza- increasing concentrations of HUBst dimer, ranging from 0.3
tion is carried out in the presence of HUBst. The topoisomer to 0.8 M. For complexes of both the circular (DNA?,

that has the lowely value in the absence of intercalant will
also have the lowety in the agarose/EtBr gel, since a
fraction of the intercalant will be required to relax any

lanes 3-8) and linear (DNA???, lanes 11+16) molecules,
the electrophoretic mobilities are distinct from those of the
corresponding protein-free DNAS.

negative supercoils already present. Hence, the topoisomer For example, in the case of the DN# complexes, DNA

with Ly = 20 will have one less positive supercoil in the
agarose/EtBr gel than the topoisomer with= 21. The more

mobility decreasesvith increasing HUBst dimer concentra-
tion up to a protein-to-DNA ratio of about 25:1. The resulting

prevalent topoisomer, which is the most highly supercoiled complex presumably contains on average one HUBst dimer
because it exhibits the fastest migration in the agarose/EtBrbound per DNA?222 molecule. Upon further increasing the
gel shown in Figure 2, can be assigned on the basis of theratio of HUBst to DNA??2 the stoichiometry of binding

above considerations to the topoisomer with= 21. The

increases until saturation is achieved. Although the stoichi-

intermediate band is by default assigned to the topoisomerometry of binding at saturation is not known, we expect a

with Ly = 20.
The AFM images of DNA??2presented in Figure 1C (and

maximum of one HUBst dimer bound per-115 bp @35,
48). In the case of DNA???2 complexes, mobilityincreases

additional images not shown) do not readily resolve the three slightly with increasing HUBst concentration up to an
topoisomers distinguished by agarose/EtBr electrophoresis.approximate HUBst:DNA???ratio of 25:1 (Figure 4, lanes

This may be due in part to both the low salt conditio89) (
required for effective AFM imaging and very low superhe-
lical densities of the topoisomerky(= 20, 21).

Raman Signatures of Linear and Circular 222-bp DNA.
Raman spectra of DN%2? and DNA-?22 are presented in
traces A and B, respectively, of Figure 3. Labels identify

3-5), which contrasts with the retardation in electrophoretic
mobility observed for the linear DNA molecule (Figure 4,
lanes 13-16). The increased electrophoretic mobility of the
HUBst—DNA®?22 complex can be attributed to a more
compact shape than occurs for the protein-free circle. A
similar mobility increase has been observed for circular DNA

prominent Raman bands of the DNA bases (A, T, G, C) and complexes of the archaebacterial HU analogue, M&3). (

backbone (bk) on the basis of previously developed assign-

ments 40—46). Subtraction of the two (A- B) yields the

Figure 4 also shows that at protein-to-DNA ratios below
saturation the bands of the HUB4DNAC??2complex (lanes

nearly null difference spectrum shown in trace C (normalized 3—5) are sharper than those of the HUBBINA-222 complex
to the parent spectral intensity and amplified 3-fold in trace (lanes 11+13), consistent with tighter binding of HUBst to
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targets. The similar pattern of peaks and troughs in both
difference spectra also indicates that both DNAs undergo
similar structural rearrangements with HUBst binding.
However, the difference bands of DN%?generally exhibit
greater amplitudes, which suggests that the structure of the
circular target is more significantly perturbed by HUBst
binding. Because all of the prominent difference features of
Figures 5 and 6 are assignable to DNA, we conclude further
that the solution structure of HUBSst is largely conserved with
DNA interaction.

The common pattern of difference peaks and troughs in
the 7706-860 cmt interval of Figures 5 and 6 implies that
HUBSst induces similar conformational reorganizations in the
phosphodiester networks (G805 —P—03 —C3) of DNA2?
and DNAS?22 This difference spectral signature is similar

] N to that reported previously for the binding of HUBst to
gfclth;ii 05n') o(fAt)h 5ﬁﬁ%nst%Fﬁgﬁgggncég%?leio?zot?’?n;O?;Zra?irg)I d_odcameric DNAs, although the magnitudes of the perturba-
(B) Spectral sum of constituents (HUB&tDNA). (C) Computed ~ tions here {-7%) are less than those observed previously
difference spectrum (A- B). (D) Threefold amplification of (C). (~33%) (6). This is consistent with the relatively low
The complex was prepared by adding the appropriate aliquot of HUBst binding stoichiometry for 222-bp DNA viss
Iyophlllzed protein solution (2@g/uL ~ 1 mM dimer) to the DNA dodecameric DNA. The difference peak near 1415%cm
solution (40ug/uL ~ 0.29 mM). Samples were thermostated at 20 S . .
°C. which is common to both linear and circular complexes and
is attributable in both cases to a Raman marker of the
deoxyribosyl moiety 47), provides additional evidence for
HUBSst-induced perturbation of DNA backbone geometry.
The 1415 cm! difference feature has been identified
previously as a marker of minor groove recogniti@9)(

The prominent difference peaks near 1370, 1482, and 1575
cm?® in Figures 5 and 6 identify altered DNA base
environments in the complexes. The latter two peaks may
reflect recovery of Raman hypochromism accompanying
partial unstacking of purineg!8, 50, 51). These effects are
again more pronounced for the DIR&2than for the DNA?2?
§ complex, which also shows greater differences for the
stacking-sensitive markers of dA and dT at 731 and 1240
cm, respectively (Figure 6)3{7). Thymine residues of B
, , , ) DNA also generate a marker near 137AB75 cnt?, which
800 1000 1200 1400 1600 is known to exhibit intensity enhancement with increasing

cm’ hydrophobicity of the local environment of the Chgroup
FIGURE 6: (A) Raman spectrum (6661800 cnt?, 532 nm (52). Accordingly, we attribute the difference peak at 1370
excitation) of the HUBstDNA®222 complex (20:1 molar ratio). ~ c¢cm™ in Figures 5 and 6 to increased hydrophobicity of
(B) Spectral sum of constituents (HUBStDNA). (C) Computed  thymine C5H environments in the complexes. A similar

difference spectrum (A- B). (D) Threefold amplification of (C).
Other conditions are as given in Figure 5. Comparison of trace D effect has been observed for HUBst complexes of dodecamer-

with its counterpart in Figure 5 illustrates the more pronounced ic DNAs (26).
spectral differences attendant with formation of the HUBst
DNAC222 complex. DISCUSSION AND CONCLUSIONS
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the circular target. Enhanced binding affinity of HUBst for The Raman signatures of linear and circular variants of
DNA®?22js also supported by a competitive gel shift assay 222-bp DNA are nearly superposable, as evidenced by the
(Figure S1, available as Supporting Information). absence of prominent features in the difference spectrum of
Raman Analysis of HUBSDNA Complexedn Figure 5 Figure 3C. Even 3-fold amplification of this difference
the Raman spectrum of HUBSDNA??? (trace A) is spectrum (Figure 3D) reveals very weak difference bands,
compared with the spectral sum of constituents (trace B). indicating only small local conformational changes with
The computed difference spectrum (complex minus sum, circularization. The spectral bands principally affected (790,
trace C) is amplified 3-fold (trace D) to reveal a number of 1455 cn1?!) are due to vibrations of the suggohosphate
small but significant perturbations in Raman bands assignablebackbone 33, 47, 53, 54). The nearly negligible effect of
to DNA. Corresponding data for the HUBSDNAC?%? circularization on the Raman signature of the linear DNA
complex are shown in Figure 6. In the difference spectra of investigated here is not surprising in view of the small
Figures 5 and 6, only the peaks and troughs that meet theaverage bending angle associated with closing a circle of
criteria for significance are labeled (see Materials and 222 base pairs~1.7°/bp or 16/turn). This is close to the
Methods). The results show clearly that HUBst binding alters experimentally determined consensus value for static cur-
the structures of both the linear and circular 222-bp DNA vature of an A-tract DNA duplex~18°/turn) (55).
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As noted above (Figure 2 and related discussion), up to of the DNA target enhances binding affinity. Limiting the
one-third of the present DNZ?? construct may consist of  conformational space accessible to DNA via circularization
negative supercoils. However, the low level of supercoiling apparently reduces the thermodynamic cost of sharply
(0 = —0.05) perturbs the DNA Raman signature only bending the double helix2@). Our data demonstrate further
marginally 83). Hence, the bending of DN%&??by 1.7/bp that the circularized DNA targefDNAC??9 suffers more
is considered to be the principal source of the Raman extensie structural reorganization than its linear counterpart
difference bands of Figure 3C. These results contrast (DNA???). Evidently, DNA circularization not only enhances
strikingly with the much larger effects of protein-induced HU binding affinity but also extends the locus of HIDNA
DNA curvature @6, 29, 52, 56). The latter perturbations are interaction to include additional base pairs that do not
characterized by both shifts in wavenumber values and otherwise participate (presumably those adjoining the minor
changes in amplitudes affecting numerous Raman bandsgroove intercalation site). The occurrence of additional
including several that are diagnostic of specific base interac- protein—-DNA contacts specific to the HUBSDNAC?2?
tions. Interestingly, both circularization and protein-induced complex suggests a parallel to recently reported HUBst
curvature generate a distinctive Raman difference band atDNA crystal structures 11, 27), where more extensive
1460 cml. We have assigned this difference feature to a protein—-DNA interactions are observed when the DNA
change in the local environment of the deoxyribosylKG5 target is modified to facilitate wrapping along the protein

groups 29). surface. In the present case, interaction is favored by the
Raman difference spectra for solutions of both the intrinsic curvature of the 222-bp DNA circle.
HUBst—DNA"?2 (Figure 5D) and HUBst DNA®???(Figure The results of this work suggest that HU functions

6D) complexes reveal appreciable base unstacking as wellopportunistically to stabilize bent regions of DNA and to

as reorganization of the DNA backbone with HUBst binding. manipulate relatively flexible segments of DNA, rather than

The pattern of perturbed Raman marker bands is similar for to introduce curvature de novo in unbent or rigid DNA.

the two complexes. It also shares many similarities with the
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