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ABSTRACT: IHF and HU are small basic proteins of eubacteria that bind as homodimers to double-stranded
DNA and bend the duplex to promote architectures required for gene regulation. These architectural proteins
share a common R/� fold but exhibit different nucleic acid binding surfaces and distinct functional roles.
With respect to DNA-binding specificity, for example, IHF is sequence specific, while HU is not. We
have employed Raman difference spectroscopy and gel mobility assays to characterize the molecular
mechanisms underlying such differences in DNA recognition. Parallel studies of solution complexes of
IHF and HU with the same DNA nonadecamer (5′f 3′ sequence: TCTAAGTAGTTGATTCATA, where
the phage λ H1 consensus sequence of IHF is underlined) show the following. (i) The structure of the
targeted DNA site is altered much more dramatically by IHF than by HU binding. (ii) In the IHF complex,
the structural perturbations encompass both the sugar–phosphate backbone and the bases of the consensus
sequence, whereas only the DNA backbone is altered by HU binding. (iii) In the presence of excess
protein, complexes of order higher than 1 dimer per duplex are detected for HU:DNA, though not for
IHF:DNA. The results differentiate structural motifs of IHF:DNA and HU:DNA solution complexes, provide
Raman signatures of prokaryotic sequence-specific and nonspecific recognition, and suggest that the
architectural role of HU may involve the capability to recruit additional binding partners to even relatively
short DNA sequences.

IHF1 and HU are small basic proteins of eubacteria that
play important roles in nucleoid organization and gene
regulation (1–5). Both proteins bind as dimers to duplex
DNA, introduce significant bending of the double helix, and
facilitate the formation of higher order nucleoprotein com-
plexes. A more detailed examination of their architectural
and functional properties has been given (6). The IHF and
HU subunits share 30–40% sequence identity, depending
upon species, and exhibit a common fold (R-helical core with
protruding �-ribbon arms that wrap around DNA) (7–11).
Nevertheless, these architectural proteins exhibit distinct
binding preferences. HU binds DNA nonspecifically and with
relatively low affinity (Kd ∼ 200–2500 nM) (10), although
significantly enhanced binding has been noted for DNA sites
that contain nicks (12), four-way junctions (13), or other
structural anomalies (14, 15). Conversely, IHF binds DNA
specifically and with much higher affinity (Kd ∼ 2–20 nM)
at sites containing the consensus sequence WATCARXXXXT-
TR (W is either A or T; R is either A or G; X is any DNA

base) (16). Nonspecific and very low affinity binding has
also been reported for IHF (Kd ∼ 20–30 µM) (6).

Biochemical and biophysical studies confirm that IHF and
HU also differ substantially in their DNA-binding cooper-
ativities and in the structural outcomes of binding. The
available data consistently support noncooperative DNA
binding for IHF and provide evidence of a helix bend angle
of ∼160° (7, 17, 18). In the case of HU, on the other hand,
both low and high cooperativities of DNA binding, as well
as moderate (70°) and large (140°) helix bend angles, have
been reported, depending upon the particular DNA target
(19–22). Recent analyses suggest a direct correlation between
the magnitude of the HU-induced DNA bend angle and the
length or topology of the DNA target, possibly reflecting
additional contacts between HU and DNA in targets of
greater length (6) or topological diversity (23). Solution
results suggest that HU may function to stabilize already bent
DNA, while IHF induces bending in otherwise unbent DNA
sequences (23).

To further characterize the DNA recognition mechanisms
of these architectural proteins, we have employed Raman
difference spectroscopy as a means of comparing solution
structures of IHF and HU complexes with the same DNA
sequence. In this analysis we have employed a nona-
decameric DNA target, TCTAAGTAGTTGATTCATA, which
incorporates the phage λ H1 consensus sequence of IHF
(underlined). The results demonstrate dramatic differences
in the structural perturbations induced by IHF and HU in a
common DNA substrate. Significant among these are distinc-
tive modes of electrostatic interaction between DNA phos-
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phatesandbasicsidechainsof thearchitecturalproteins(24–26).
The results are discussed in relation to the available crystal
structures of IHF:DNA and HU:DNA complexes and com-
pared with previously reported solution Raman studies of
complexes of HU with linear and circular forms of 222-bp
DNA (23). We also show that the Raman spectroscopic
signatures of IHF:DNA and HU:DNA recognition support
and extend the profiles proposed previously as diagnostic of
specific and nonspecific recognition, respectively (22, 27, 28).

MATERIALS AND METHODS

Expression and Purification of HUBst. HU protein from
Bacillus stearothermophilus (HUBst) was overexpressed in
Escherichia coli BL21(DE3)pLysS cells and purified as
previously described (29, 30). HUBst concentrations were
determined by measurement of UV absorbance at 258 nm
(ε258 ) 0.076 mL ·mg-1 cm-1 ) 1482 M-1 cm-1) using a
Cary 3E spectrophotometer (Varian, Inc., Palo Alto, CA)
and assuming a subunit molecular mass of 9716 Da (29, 31).

Expression and Purification of IHF. Integration host factor
(IHF)fromE.coliwasoverexpressedinE.coliBL21(DE3)pLysS
cells and purified as previously described (7) with the
following modifications: 0.5 mL of glucose solution (0.2
g/mL) was added to the LB media and LB plates used in
the expression procedure; the concentration of glycerol in
heparin and cation-exchange buffers was reduced to 10%.
IHF concentrations were determined by UV absorbance
measurements at 276 nm (ε276 ) 5800 M-1 cm-1) using a
Cary 3E spectrophotometer (Varian, Inc., Palo Alto, CA).
The final purified protein was dialyzed against 50 mM
ammonium bicarbonate, lyophilized, and stored at -80 °C.

Oligonucleotide Purification and Characterization. HPLC-
purified 5′ f 3′ oligonucleotides TCTAAGTAGTTGAT-
TCATA and TATGAATCAACTACTTAGA were purchased
from Sigma Genosys, The Woodlands, TX. Solutions of the
two strands (each at ∼1 mg/mL) were mixed in equimolar
amount on the basis of microgram/OD260 values supplied by
the vendor, and the mixture was annealed by heating in a
dry bath to 80 °C for 30 min followed by slow cooling to
room temperature. Size exclusion chromatography (SEC) on
a Superdex 75 10/300 GL Tricorn high-performance column
(Amersham Biosciences, Piscataway, NJ) revealed that only
the duplex was present.

Electrophoresis. IHF and HUBst stock solutions were
prepared in EMSA binding buffer (10 mM Tris, 1 mM
EDTA, 100 mM NaCl). Each reaction mixture (nonadecamer
and either HUBst or IHF) was incubated at room temperature
for 20 min to promote binding. Three microliters of 6×
EMSA gel loading solution (Molecular Probes, Eugene, OR)
was then added. Samples were loaded onto 4–20% TBE
gradient gels (Lonza, Rockland, ME) that had been prerun
at 140 V for 30 min at 4 °C. The DNA concentration in
each gel lane was held constant at 0.4 µM, while the protein
concentration among lanes varied from 0.2 to 3.2 µM for
HUBst and from 0.2 to 1.2 µM for IHF. After being loaded,
gels were run for 90 min at 150 V and 4 °C. Gels were
stained with a solution of SYBR green (Molecular Probes,
Eugene, OR) for 20 min. After being rinsed with deionized
water, the gels were scanned on a Typhoon 9400 imager
(Amersham Biosciences, Piscataway, NJ).

Raman Spectroscopy. Complexes of specific stoichio-
metries were prepared using the known molar extinction
coefficients of DNA (annealed duplex, as prepared above),
HUBst (ε258 ) 1482 M-1 cm-1), and IHF (ε276 ) 5800 M-1

cm-1). Each was prepared by dissolving the appropriate
weight of lyophilized DNA in the protein solution. Aliquots
(∼8 µL) were sealed in glass capillaries (KIMAX No.
34500), mounted in the sample illuminator of the Raman
spectrophotometer, and thermostated at 15 °C for collection
of spectra.

Raman spectra were collected on a Kaiser Optical Ho-
loSpec VPT spectrometer (Ann Arbor, MI) equipped with a
liquid nitrogen cooled, charge-coupled device detector
optimized for the near-infrared region (model 1024EHRB;
Roper, Trenton, NJ). Spectra were excited at 752 nm with
∼150 mW of radiant power from a titanium:sapphire laser
(model 890; Coherent, Palo Alto, CA), which was pumped
at 532 nm (model Millennia X; Spectra-Physics, Mountain
View, CA). Each spectrum shown is the average of 20 or
more exposures of 200 s each. Raman wavenumbers were
calibrated using the emission lines from a neon lamp and
the 459 cm-1 band of liquid CCl4. Weak scattering by the
aqueous solvent was removed using established computer
subtraction techniques (32). Raman markers of the DNA
phosphate group (1092 cm-1) and the protein phenylalanine
ring (1001 cm-1) were employed for spectral intensity
normalizations, as also described previously (33). Raman
difference peaks and troughs representing at least 5% of the
parent band intensity and with a signal-to-noise ratio of at
least 2:1 were judged to be experimentally significant.

RESULTS AND INTERPRETATION

Electrophoretic Characterization of HUBst:DNA and IHF:
DNA Complexes. HUBst and IHF binding to nonadecameric
DNA was investigated by EMSA (Figure 1) at constant
concentration of DNA (0.40 µM) and increasing concentra-
tion of protein dimer (0.2–3.8 µM for HUBst and 0.2–1.2
µM for IHF). The gel data yield Kd values of 0.33 ( 0.07
and 0.28 ( 0.5 µM, respectively, for HUBst and IHF. Figure
1 establishes that both HUBst and IHF bind the 19-mer and
form well-defined 1:1 complexes. As protein concentrations
are increased, HUBst forms two additional stable complexes
(Figure 1, left), while IHF forms a single less stable complex
(Figure 1, right, lanes 10–12) that appears to rapidly

FIGURE 1: EMSA gels of complexes formed by HU (left) and IHF
(right) with the 19-bp DNA target sequence (see text). DNA
concentration is 0.4 µM in each lane. In both panels lane 1 contains
DNA standards (15–300 bp) and lane 2 contains protein-free 19-
bp DNA. HUBst and IHF concentrations (µM) are indicated
along the bottom axis. In the left panel positions of the 1:2 and 1:3
HUBst:DNA complexes are indicated.
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dissociate. This second IHF complex may reflect nonspecific
binding of the protein to the initially formed specific
complex.

Comparison of HUBst and IHF Secondary Structures.
Raman spectra of IHF and HUBst excited at 752 nm are
presented in Figure 2. The Raman signature of HUBst
(middle trace) corresponds closely to that obtained previously
using 532 nm excitation (30). Both IHF and HUBst exhibit
an intense amide I band centered near 1655 cm-1 and a
complex amide III profile (peaks near 1233, 1250, 1280, and
1310 cm-1) indicating similar folds. Quantitative estimates
of secondary structure types from Raman amide I band
analysis (34) and comparison with results from X-ray crystal
studies (7, 9) are given in Table 1. The Raman amide I
analysis reveals slightly more R-helix in IHF (47 ( 2%) than
in HUBst (42 ( 2%) and a correspondingly reduced amount
of irregular structure. This is also apparent in the Raman
difference spectrum (Figure 2, bottom trace), which shows
for IHF greater intensity of R-helix markers (937, 1282, 1310,
and 1648 cm-1) and lower intensity of markers diagnostic
of irregular structure (1254 and 1658 cm-1) and turn (1694
cm-1). The �-strand content is comparable for both proteins.

The remaining difference features in the bottom trace of
Figure 2 reflect the different primary structures of the two
proteins. Assignments to specific protein side chains are
given in Table 2.

Raman Signature of 19-bp DNA. The Raman spectrum of
the DNA nonadecamer duplex employed as the binding target
for both HUBst and IHF is shown in Figure 3. Raman
markers (35) of the gauche- (g-) conformations of the
deoxyribosylphosphate backbone torsion angles R and � at
789 and 834 cm-1 and of the C2′-endo/anti deoxynucleoside
conformations at 669 (dT), 681 (dG), and 728 cm-1 (dA)
identify the duplex as B DNA. The greater intensity of bands
of dA and dT relative to those of dG and dC is consistent
with the ∼3:1 ratio of AT to GC base pairs in the duplex.

Raman Analysis of the 1:1 HUBst:DNA Complex. The
Raman spectrum of the 1:1 complex of HUBst and the

FIGURE 2: Raman spectra (400–1800 cm-1; 752 nm excitation) of
solutions of IHF (top) and HUBst (middle) at 20 µg/µL in 10 mM
Tris (pH 7.5) + 100 mM NaCl and their computed difference
spectrum (bottom).

Table 1: Solution Secondary Structures of IHF and HUBst Based upon
Curve Fitting of Raman Amide I Bandsa

structure type HUBst IHF

R-helix 42 ( 2% (47%)b 47 ( 2% (40%)c

�-strand 24 ( 3% (24%) 25 ( 3% (29%)
irregular 34 ( 3% (29%) 28 ( 3% (31%)

a Method of Berjot (34). b Values in parentheses are based upon the
X-ray crystal structure of HUBst (9). The X-ray values are derived from
80 residues and not the 90-residue monomer employed in the Raman
analysis. c Values in parentheses are based upon the X-ray structure of
the IHF cocrystal (7).

Table 2: Raman Frequencies and Assignments of HUBst and IHF

Raman wavenumbera

HUBst IHF assignmentsb

524 529 F, R-helix
541 550 V
567 567 amide VI
605 601 L
621 621 F

642 Y
679 H

703 703 M
715 H

747 745 I, L, K
768 ?

778 Y
822 F

827 Y
850 ?

852 Y
860 860s V, L
908 904 A
943 937 K, V, L; R-helix [CR–C� stretch]
959 957s K, L
979 ?

988 H, I
1002 1003 F
1030 1030 F
1058 1059 K, R, Q, N [C-N stretch]
1081 1080 [C-C stretch]; K, R, Q, N [C-N stretch]
1100 1100 [C-C stretch]
1127 1128 [C-C stretch]
1156 1156 I, V, [CH3 deformation]
1174 1174 Y, F; [CH3 deformation]
1207 1208 F, Y
1238s 1233s amide III (�-strand)
1250 1246 amide III (irregular structure)
1279s 1282 amide III (R-helix)
1308s amide III (R-helix)
1320 1318 [CH2 deformation]
1342 1340 [CRH deformation], [CR-C stretch]
1398s 1408 [COO- stretch]
1420 1422 Q; [CH2 deformation]
1450 1447 [CH2 deformation]

1457 [CH3 deformation]
1584 1583 F
1603 1603 F

1614 Y
1653 amide I (R-helix)

1658 amide I (R-helix, irregular structure)
a In cm-1 units from data of Figure 2; s denotes shoulder to a more

intense band. b Assignments to specific amino acid side chains (one
letter abbreviations) are from refs (57–59). Brackets ([ ]) indi-
cate chemical group frequencies common to more than one type of side
chain.
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nonadecamer is compared with the spectral sum of constitu-
ents in Figure 4. The amplified difference spectrum (Figure
4, bottom trace) exhibits numerous peaks and troughs
consistent with modest conformational rearrangement of the
DNA target upon HUBst binding. [We note that, as expected,
the relatiVe intensities of difference features here are distinct
from those observed with shorter wavelength laser excitation,

i.e., 532 nm (22). This is particularly evident when comparing
bands of the 1200–1500 and 750–1100 cm-1 regions, which
are due respectively to base and sugar–phosphate modes. This
is consistent with the fact that the latter do not benefit greatly
from preresonance intensity enhancements when 752 nm
excitation is employed.]

The prominent peak/trough features in the interval 770–850
cm-1 of the bottom trace of Figure 4 show that the
conformation of the backbone C5′-O5′P-O3′-C3′ network
is significantly perturbed by HUBst. The spectral changes
are consistent with a localized rearrangement to a conforma-
tion differing from canonical B DNA. On the basis of the
diminished intensity of Raman markers of B DNA (795–840
cm-1), we estimate that 4 ( 1 of the 38 nucleotides are
affected. Because the C5′H2 group of deoxyribose is the
source of the Raman band near 1438 cm-1 (31), the
difference trough at this wavenumber value is interpreted as
evidence of a conformational change specifically involving
six or more of the C5′H2 groups. Additional perturbations
to DNA structure are indicated by the difference bands of
DNA bases at 1370, 1575, and 1605 cm-1. The latter two
are assigned to purines and may reflect altered base
hydrogen-bonding environments in the complex. The trough
at 1653 cm-1 in the Figure 4 difference spectrum is the only
feature that can be attributed to the protein component of
the complex, namely, the amide I band for the R-helix. It
reflects a small (∼5%) reduction in HUBst R-helicity with
complex formation.

Raman Analysis of the 1:1 IHF:DNA Complex. The Raman
spectrum of the 1:1 complex of IHF and the nonadecamer
is compared with its spectral sum of constituents in Figure
5. The distribution of intense peaks and troughs over the
entire difference spectrum (bottom trace of Figure 5)
demonstrates that the structure of the DNA target is altered
much more by IHF than by HUBst (cf. Figure 4). Compari-
son of Figures 4 and 5 also demonstrates the uniqueness of
the respective Raman difference signatures for these two
complexes. The results on IHF:DNA are interpreted as
follows.

(A) Conformation and EnVironment of the DNA Back-
bone. The difference peaks at 777 and 807 cm-1 (Figure 5,
bottom) are consistent with a localized conformational
change in the DNA phosphodiester backbone, which is
qualitatively similar to the spectral changes observed for the
B-to-A transitions of DNA and poly(dA-dT) ·poly(dA-dT)
(37–39). The difference peak intensities indicate that only 6
( 1 of the 36 nucleotide phosphates are affected. We
emphasize that a B-to-A transition is not being proposed for
the complex (see below); rather, we interpret these spectral
differences as evidence of a change only in the local
geometry of approximately six phosphodiester linkages (40).
Additionally, the Raman phosphodioxy marker centered near
1095 cm-1 is broadened by complex formation, indicating a
change in the local electrostatic environment of several DNA
phosphate groups. This spectral change, which is not
observed for HUBst:DNA (cf. Figures 4 and 5), appears to
be specific to IHF:DNA.

(B) Conformation and EnVironment of the Deoxynucleo-
sides. Informative Raman markers of the deoxynucleoside
moieties include several that are diagnostic of sugar con-
formation (600–780 cm-1) and several that are responsive
to changes in interbase stacking and hydrogen-bonding

FIGURE 3: Raman spectrum of the 19-bp DNA target sequence at
25 µg/µL in 10 mM Tris (pH 7.5) + 100 mM NaCl.

FIGURE 4: Raman spectrum of the 1:1 HUBst:DNA complex (top),
the spectral sum of constituents (middle), the computed difference
spectrum (second from bottom), and a 3-fold amplification of the
difference spectrum (bottom). Although both DNA and HUBst are
expected to contribute intensity at 1605 cm-1 (Figures 2 and 3),
we assign the observed difference peak at 1605 cm-1 primarily to
DNA rather than HUBst, owing to the documented structure-
sensitive Raman marker of DNA at this position (60). The putative
HUBst contribution, which is due to phenylalanine, is not confor-
mation sensitive (57).
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interactions (1200–1600 cm-1) (41–44). Virtually all of these
bands are significantly affected by the global B-to-A transition
of DNA (36, 38, 39), which involves changes in deoxyribosyl
conformation (C2′-endo to the C3′-endo) and base orienta-
tions. Although the Raman signature of a global B-to-A
transition is not observed for IHF binding to DNA, the Figure
5 difference spectrum (bottom trace) does reveal pronounced
changes in many bands of the 600–780 and 1200–1600 cm-1

intervals. For example, the Raman markers of dA (727, 1259,
1304, 1337, 1505, and 1570 cm-1) and dT (666, 1245, and
1372 cm-1) undergo intensity increases with IHF binding,
implying recovery of Raman hypochromism (i.e., base
unstacking) upon complex formation. These intensity in-
creases are about 50% of those observed for the unstacking
(melting) of poly(dA-dT) ·poly(dA-dT) (39), suggesting that
about half of the 28 bases are unstacked by IHF. In addition
to base unstacking, evidence of altered hydrogen-bonding
interactions of base donor and acceptor groups (wavenumber
shifts 1516f 1505, 1579f 1571) (37, 40) and a change in
the average hydrophobic environment of thymine methyl
groups (peak at 1372 cm-1) (27, 46) also appear in the Figure
5 difference spectrum.

Finally, deoxyribosyl markers of the region 1415–1465
cm-1 (36) also contribute to the Figure 5 difference spectrum.
These signal a change in the average environments of C2′
and C5′ methylene groups. The positions and intensities of
these deoxyribosyl bands are particularly sensitive to changes
in helix geometry (40, 47–49). In protein/DNA complexes
where the DNA target is known to undergo significant
distortion, such as bending, the intensities of these bands
are also significantly affected (22, 23, 27). In the bottom
trace of Figure 5, we find a prominent trough at 1445 cm-1,

which is consistent with a large distortion in helix geometry
attendant with IHF binding. The observed trough is sever-
alfold greater than the corresponding feature (1438 cm-1)
in the Figure 4 difference spectrum, which implies a much
greater impact of IHF than HUBst on the local environment
of deoxyribosyl groups.

Comparison of HUBst:DNA and IHF:DNA Complexes. As
shown in Figure 1, the stepwise addition of HUBst to a fixed
concentration of the nonadecamer leads to the formation of
HUBst:DNA complexes of order greater than 1:1, including
apparent 2:1 and 3:1 complexes (arrows). In the solution
containing the 3:1 molar ratio of HUBst:DNA (Figure 1A,
lane 12), all of the DNA is protein-bound and exists as a
mixture of 2:1 and 3:1 complexes. For convenience, we refer
to this as the 3:1 complex. The Raman spectrum of this 3:1
complex is shown in Figure 6A. Although the spectrum is
dominated by bands of HUBst, the subtraction of the HUBst
component (Figure 6B) reveals Raman bands of the protein-
bound nonadecamer (Figure 6C). Subsequent subtraction of
the spectrum of protein-free nonadecamer yields the differ-
ence signature of this 3:1 complex (Figure 6D; amplified
3-fold in Figure 6E).

Figure 7 shows that the 1:1 and 3:1 HUBst:DNA com-
plexes exhibit similar difference profiles in a narrow spectral
interval (700–800 cm-1). Conversely, distinct difference
profiles are observed in the remainder of the spectrum,
including novel difference features (peaks at 1331, 1368, and
1411 cm-1 and troughs at 1346 and 1463 cm-1) and enhanced
intensities for the 3:1 complex. These signal enhanced
perturbation of DNA structure in the 3:1 complex.

FIGURE 5: Raman spectrum of the 1:1 IHF:DNA complex (top),
the spectral sum of constituents (middle), the computed difference
spectrum (second from bottom), and a 3-fold amplification of the
difference spectrum (bottom). Raman band assignments to DNA
bases (A, C, G, T) and backbone (k) are indicated along the abscissa.

FIGURE 6: (A) Raman spectrum of the 3:1 HUBst:DNA complex.
(B) Raman signature of DNA that is perturbed by HUBst binding
in (A), which is generated by subtracting the spectrum of free
HUBst from that of the complex. (C) Raman spectrum of DNA
(from Figure 3). (D) Raman signature of HUBst that is perturbed
by DNA binding in (A), which is generated by subtracting the
spectrum of free DNA from (B). (E) 3-fold amplification of (D).
[Comparison of (E) with the amplified difference spectra of Figures
4 and 5 is given in the text.]

Specific and Nonspecific DNA Binding of IHF and HU Biochemistry, Vol. 47, No. 12, 2008 3859



The difference spectra of the 1:1 and 3:1 HUBst:DNA
complexes (upper panel of Figure 7) are also compared with
the 1:1 IHF:DNA complex in 100 and 250 mM NaCl (lower
panel of Figure 7). EMSA gels (not shown) indicate that
the 1:1 IHF:DNA complex, which is stable in 100 mM NaCl,
becomes destabilized in 250 mM NaCl. The Raman differ-
ence spectrum shows that this leads to DNA perturbations
closely resembling those of the nonspecific 1:1 HUBst:DNA
complex (cf. top and bottom traces of Figure 7). The data
are consistent with weak and nonspecific binding of IHF to
its cognate DNA sequence in 250 mM NaCl.

DISCUSSION AND CONCLUSIONS

Crystal structure results show that the specific binding of
IHF to its cognate sequence produces a robust distortion of
the B-form structure including sharp bending of the double
helix (160° bend angle) (7). The present results confirm this
finding for the 1:1 IHF:DNA complex in 100 mM NaCl
solution. We categorize the Raman difference signature of
this IHF:DNA complex in physiological salt as that of
specific protein binding, which leads to a large static bend
in the DNA target. The more attenuated Raman difference
signature observed here for the 1:1 HUBst:DNA complex
in solution is interpreted as evidence of a marginally distorted
DNA target. We identify this Raman signature as that of
nonspecific protein binding which does not induce a large
static bend in DNA. It should be noted that although no
equivalent HUBst:DNA crystal structure is currently avail-
able for comparison with the Raman solution results, a crystal
structure of Anabaena HU with DNA incorporating unpaired
and mismatched bases shows significant static bending
(74–91°) near the insertion site (10). However, it is not
possible to quantify the extent to which the observed bending
in the crystal structure is dependent upon mismatching and
unpairing.

Figure 8 shows the distribution of basic protein side chains
within hydrogen-bonding distances of DNA phosphates in

both the IHF and HU crystal structures (7, 10). Hydrogen-
bonding distances, which serve as a gauge of the proximity
of basic side chains to DNA phosphates, are significantly
different in the two crystal structures. The clusterings of IHF
basic residues, represented by arrows at and adjoining the
DNA consensus site (Figure 8A), do not occur for HU
(Figure 8B). Because of the helix screw axis in the bent
duplex, all of the arrow-marked IHF residues face the
concave surface of the protein. The HU complex lacks this
density of potential electrostatic interaction. This structural
distinction is consistent with the observed differences in
perturbation of Raman markers of the DNA phosphates.
Although the Anabaena HU:DNA and HUBst:DNA struc-
tures are likely to differ in bending and other details, as noted
above, their surface charge distributions are very similar
(9, 10).

The IHF-induced structural perturbations of DNA, which
introduce A-form character to a significant population of
backbone residues, may contribute to protein recognition
required for in ViVo IHF function. The possible role of
induced A-form structure as a contributor to protein recogni-
tion (indirect readout) has been explored previously (50).

The more modest change in Raman conformation makers
associated with HUBst binding to the nonadecamer is
compatible with reduced helix distortion. Recently, we
compared HUBst binding to a 222 base pair linear fragment
and to its circularized counterpart. We showed that the
circularized DNA target suffered more extensive structural
reorganization than the linear form (23). We interpreted this
as consistent with a role for HUBst in which the protein
functions to opportunistically stabilize bent regions of DNA
and to manipulate relatively flexible segments of DNA rather
than to introduce curvature de noVo in unbent or rigid DNA
as is the case for IHF. The present results on the 1:1
complexes of the nonadecamer with IHF and HUBst are in
accord with such an interpretation. In the present case, the
combined Raman and EMSA data suggest that a stable
complex forms with HUBst binding in which only modest
perturbation (bending?) of the double helix ensues. The
present results also are consistent with a recent ultraviolet
resonance Raman (UVRR) study of the effects of HU binding
to model oligonucleotides. Two oligonucleotides, which had
been shown by fluorescence resonance energy transfer
(FRET) to bend in response to HU binding (20), exhibit
significant perturbations to their UVRR spectra with HU
binding. In contrast, an oligonucleotide that exhibits little
bending, as assessed by FRET, manifests less significant

FIGURE 7: Comparison of normalized Raman difference profiles of
the DNA complexes of HUBst (top) and IHF (bottom), as labeled.

FIGURE 8: Diagram comparing the distributions of DNA sites
(arrows) that have been shown by X-ray crystallography (7) (10)
to interact via their nucleotide phosphates with basic side chains
of the IHF (A) and HU (B) proteins.
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Raman perturbations. This has been interpreted as evidence
against significant DNA distortion (51).

Initial studies of the nonspecific binding of E. coli HU to
duplex DNA suggested a binding site of 9 bp (52, 53). More
recently, on the basis of analytical ultracentrifugation and
fluorescence anisotropy measurements (21), it has been
suggested that the number of base pairs comprising the
binding site may vary as a function of overall DNA length.
For example, a binding site of 6 bp was inferred in the case
of a 13-bp DNA target (21). The present experiments (Figure
1) are consistent with this value and imply that up to three
HUBst dimers can be accommodated by the 19-bp target
employed here (Figure 1).

Recently, on the basis of stopped-flow fluorimetry, it has
been proposed that IHF:DNA complex formation involves
a two-step mechanism in which the initial step of rapid IHF
binding is followed by DNA bending (54). In a subsequent
series of combined stopped-flow and temperature-jump
measurements it was determined that the DNA bending rate
and activation energy are similar to the base pair opening
rate and activation energy associated with opening a single
A ·T base pair of duplex DNA. The spontaneous thermal
disruption in base pairing at an A ·T site may be sufficient
to overcome the free energy barrier needed to partially bend
DNA before forming a tight complex with IHF (55).
Therefore, IHF (and possibly also HU) binding might be
uncoupled from DNA bending. This could explain our results
showing distinct Raman difference signatures for IHF:DNA
in 100 and 250 mM NaCl. High salt (250 mM NaCl) may
limit IHF-induced bending without greatly affecting IHF
binding. This is consistent also with the observation that the
Tm of the helix-coil transition in an oligonucleotide duplex
increases with Na+. Hence, an elevation in NaCl concentra-
tion that increases duplex stability may interfere with the
ability of IHF to introduce a large static bend in the DNA
target. Although we cannot exclude the possibility that high
salt may also increase Kd by disrupting electrostatic interac-
tions between IHF and the DNA target, the Raman results
demonstrate a stable complex at the experimental conditions
employed.

EMSA results show evidence of multiple protein/DNA
complexes for both HUBst and IHF as the protein concentra-
tions are increased above stoichiometric equivalency. For
HUBst two additional complexes were observed, while for
IHF only one additional complex was observed and only at
a very high protein-to-DNA ratio (5:1). The latter complex,
which is apparently unstable (gel smearing), may represent
nonspecific binding of IHF to the stable 1:1 IHF:DNA
complex. (The transient nature of the complex and the high
concentration of protein required to produce it made further
analysis by Raman spectroscopy impractical.) In the case of
HUBst, Raman analysis of the 3:1 complex demonstrated
that the structural reorganization of DNA in the complex is
not simply the sum of two or more binding events. The
perturbations are consistent with significant alterations in
DNA base stacking, hydrogen bonding, bending, and un-
winding. The data suggest a higher order arrangement of
bound HUBst, possibly including higher order oligomers of
the protein. The recruitment of additional HUBst molecules
may be important in the normal cellular functioning of this
protein. Such a result is consistent with the relatively high
concentration of HU in the prokaryotic cell (30000 dimers

per cell) (56). This result is also in accord with the proposal
by Swinger and Rice that the flexibility of HU/DNA
complexes may be biologically important by facilitating the
formation of different higher order protein/DNA complexes
(6). On the basis of the present results we speculate that if
a modulation in bend angle occurs, it may involve the
recruitment and binding of multiple HU molecules at a
bending locus.
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