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Integration host factor (IHF) is a bacterial histone-like pro-
tein whose primary biological role is to condense the bacterial
nucleoid and to constrain DNA supercoils. It does so by binding
in a sequence-independent manner throughout the genome.
However, unlike other structurally related bacterial histone-like
proteins, IHF has evolved a sequence-dependent, high affinity
DNA-binding motif. The high affinity binding sites are impor-
tant for the regulation of a wide range of cellular processes. A
remarkable feature of IHF is that it employs an indirect readout
mechanism to bind and wrap DNA at both the nonspecific and
high affinity (sequence-dependent) DNA sites. In this study we
assessed the contributions of pre-formed and protein-induced
DNA conformations to the energetics of IHF binding. Binding
energies determined experimentally were compared with ener-
gies predicted for the IHF-induced deformation of the DNA
helix (DNA deformation energy) in the IHF-DNA complex.
Combinatorial sets of de novoDNA sequences were designed to
systematically evaluate the influence of sequence-dependent
structural characteristics of the conserved IHF recognition ele-
ments of the consensus DNA sequence. We show that IHF rec-
ognizes pre-formed conformational characteristics of the con-
sensus DNA sequence at high affinity sites, whereas at all other
sites relative affinity is determined by the deformational energy
required for nearest-neighbor base pairs to adopt the DNA
structure of the bound DNA-IHF complex.

Site-specific DNA binding by regulatory proteins is a feature
of the regulatory processes that maintain, expand, and express
genetic information such as replication, recombination, trans-
position, and transcription. The chemical and physical mecha-
nisms that underlie sequence-specific recognition of regulatory
elements by cognate DNA-binding proteins are typically clas-

sified as direct versus indirect readout. The former refers pri-
marily to hydrogen bonds between proteins and the unique
extra-cyclic substituents at C-4 of pyrimidines, C-6 of purines,
and N-7 of purines. These groups provide a base pair-specific
pattern of hydrogen bond donors and acceptors in the major
groove of DNA that can be directly read by a complementary
pattern of amino acid side chain donors and acceptors. Indirect
readout refers to recognition of aspects of DNA structure such
as intrinsic curvature, topology of major and minor grooves,
ordered water structures, local geometry of backbone phos-
phates, and flexibility or deformability. Because both the local
DNA structure and energy to deform DNA are themselves
intrinsic sequence-dependent properties, the conserved
sequences that distinguish binding sites necessarily include
contributions from both direct and indirect mechanisms. Con-
sequently, although the contribution from indirect mecha-
nisms is expected to be significant in protein-DNA complexes
that feature substantial DNA deformation, it has proven diffi-
cult to evaluate these contributions quantitatively. A protein
that relies exclusively, or primarily, on indirect readout would
clearly be advantageous for this purpose.
The Escherichia coli integration host factor (IHF)4 is one

such example of a DNA-binding protein that relies on indirect
readout for sequence-specific recognition. IHF is a small, basic
(22 kDa) heterodimeric protein that belongs to a general class of
histone-like DNA minor groove-binding proteins present in
both prokaryotes and eukaryotes (1, 2). Like other members of
its class, IHF forms a complex in which the DNA is wrapped
around the protein, producing a bend of 180°. Bending plays an
architectural role in the primary role for IHF in chromosome
condensation (3). However, unlike other class members that
exhibit no sequence specificity in DNA binding, IHF also binds
in a sequence-specific manner to sites at which bending aids in
the formation of higher order structures required for a variety
of cellular functions such as site-specific recombination (4),
transposition of mobile genetic elements (5), gene regulation
(6), and DNA replication (7).
Evaluation of known IHF-binding sites, of which over 170

have been identified (8), has revealed a consensus DNA-bind-
ingmotif consisting of several small clusters of conserved bases
(9–11). These are located primarily in the 3�-half of the site.
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The two most highly conserved elements are the sequence
WATCAA starting near the center of the site and the second
sequence TTR located 4 bp in the 3� direction fromWATCAA
(9). Some IHF sites also contain a poly(A)-tract containing 4–6
adenines and located 8–9 bp in the 5� direction from the
WATCAA element (12, 13). Despite a nonrandom distribution
of bases throughout the sites, sequence consensus is limited to
just these few elements. Sites that contain all of these elements
bind IHFwith affinities on the order 1 nM and are preferred over
random sequences by a factor of �2,500-fold (see Refs. 14–16
and see below).
A crystallographicmodel of IHF bound to a 34-bpDNA frag-

ment containing the H� site of bacteriophage � shows that IHF
contacts DNA over the entire 34 bp because of the wrapping of
the DNA (17). This structure highlights contacts with 26 back-
bone phosphate groups and extensive interactions in theminor
groove. There are direct hydrogen bonds made to only 3 bp
(indicated in red in Fig. 1); none involves a donor or acceptor
that is unique to a particular base. Even recognition of the con-
served elements can be explained based on sequence-depend-
ent structural characteristics rather than as a consequence of
direct readout interactions (17, 18). The dearth of base pair-
specific interactions in the major groove supports the widely
held view that sequence recognition by IHF is entirely via indi-
rect readout.
Much of the bend is centered on two positions 9 bp apart at

which proline side chains at the tip of the �-ribbon arm of each
subunit are intercalated between a pair of bases in the minor
groove of the DNA. These steps show a strong preference for
the sequence ApA. Proline intercalation wedges these bases
apart to generate sharp kinks at these individual steps. These
steps can be considered to include a fourth consensus element.
Combined, these consensus elements include only 15–16 bp.
Thus, although a slightmajority of the base pairs in IHF sites are
not conserved, the entire sequence must conform to the
wrapped topology of the DNA in the bound complex. The non-
conserved sequence accounts for a still quite substantial DNA
bend. A recent investigation relied on systematic evolution of
ligands by exponential enrichment to identify preferred
sequences in the 5�-half of the site, which is more lacking in
consensus elements (19). Although this failed to define new
preferred sequence elements, it did find 100-fold effects of
sequence on affinity. These considerations suggest that flexibil-
ity, awhole systemproperty, contributes to indirect recognition
in IHF-DNA binding.
Previously, we applied a bioinformatics approach to explore

the relationship between DNA flexibility and IHF binding.
DNA sequences were threaded onto the structure of the H� site
in the bound complex (17), and the energy difference between
these DNA sequences in the bound conformation and the same
sequences in their native, unbound conformations was esti-
mated using the harmonic conformational potentials of Olson
et al. (20). Results indicated lower average deformation energy
and a narrower distribution for known IHF sites as compared
with either sequences selected at random from the E. coli
genome, or generated as random sequences matching the
E. coli base composition (21). Deformation energy calculated in
this manner was used to seed classifiers that could be trained to

identify IHF-binding sites (22). Subsequently, this result was
extended to four other DNA-binding proteins, which feature
highly degenerate consensus DNA-binding sequences and sub-
stantial DNA deformation in the bound complexes, and for
which high resolution structures are available (23).
In this work, we have analyzed experimentally the connec-

tion between the free energy change for specific IHF binding
and the deformation energy. The goal was to assess quantita-
tively the contribution fromDNA flexibility to indirect readout
recognition of specific IHF-binding sites. Initial analysis of data
taken from the literature for 32 IHF sites that have been care-
fully characterized quantitatively suggested both the need and
an approach to separate effects of DNA flexibility from
sequence-specific, albeit still indirect, recognition mechanisms
that pertain to the conserved elements. A subsequent analysis
was carried out on de novo sequences designed either to main-
tain particular combinations of consensus elements while vary-
ing the remaining sequence to generate the widest possible
range of deformation energies, or designed as control
sequences in which consensus elements and nonconsensus
sequences were varied interchangeably. An additional set of
E. coli genomic sequences was also analyzed. These sequences
were selected as putative, but as yet uncharacterized, IHF reg-
ulatory sites based on classifiers described previously (21, 22,
24). Like the control sequences and other natural IHF regula-
tory sites, these exhibit variation in both consensus elements
and nonconserved sequences. Results obtained from this anal-
ysis detail a significant effect of DNA flexibility that is of
increasing significance when fewer consensus elements are
conserved.

EXPERIMENTAL PROCEDURES

Materials—Buffer components and reagents were electro-
phoresis grade if available and reagent grade otherwise.
IHF Purification andActivity—IHFwas purified according to

Nash et al. (25). Aliquots were stored at �70 °C. The specific
DNA binding activity was determined by conducting site titra-
tions of IHF binding to a high affinity IHF-binding site (Kd �
1 � 10�9 M). Binding assays were conducted using the electro-
phoretic mobility shift assay (EMSA) as described below. Sep-
arate reactionmixtures were prepared that contained 1� 10�7

M 32P-end-labeled duplex DNA oligomer and either no IHF or
aliquots from serial dilutions of an IHF stock solution. The
volume integrated intensities of the bands corresponding to
bound and free DNA were quantitated by PhosphorImager
analysis as described below. IHF activity was assessed from
the concentration necessary to shift 50% of the DNA to the
bound complex. The more common approach is to assess
activity from the lowest concentration that shifts 100% of the
DNA to the bound complex. However, significant nonspe-
cific binding by IHF at this higher concentration complicates
the analysis (26).
IHF-binding DNA Fragments—Double-stranded oligonu-

cleotides used in IHF binding assays were generated by anneal-
ing complementary single strand oligonucleotides. The double
strand DNA oligomers were end-labeled with 32P at both 5�
ends using T4 polynucleotide kinase. DNA sequences were 50
bp in length and conformed to the sequence template,
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5�-GTTGGCAT(X34)GAACAGGT-3�. X34 denotes a variable
sequence corresponding to either different natural IHF-
binding sites or selected based on adherence to different
combinations of IHF consensus elements (11) and to other-
wise maximize variation in deformation energy. The 8-bp
flanking sequences are from the � H� IHF-binding site; these
were held constant. Only the central 34 bp were considered
in calculation of deformation energy, as described by Steffan
et al. (21, 22).
IHF Binding Assays—Equilibrium binding of IHF was moni-

tored by using the EMSA or gel shift assay. Reaction mixtures
were prepared containing 1 � 10�10 M duplex DNA oligomer
and either no IHF or concentrations ranging from 4� 10�11 to
3 � 10�7 M in binding buffer consisting of 40 mM Tris-HCl, pH
8.0, 4 mM MgCl2, 70 mM KCl, 0.1 mM dithiothreitol, and 2
�g/ml bovine serum albumin. After 10 min of incubation at
room temperature, the full reaction mixture volumes (20 �l)
were loaded with the current running on 16 � 20 cm, 8%
polyacrylamide gels (7.73% acrylamide, 0.26% N,N�-methyl-
ene bisacrylamide) in TAE buffer (0.04 M Tris acetate, pH
8.0, 0.001 M EDTA). Bound and free DNA species were sep-
arated by electrophoresis at constant 140 V for 2.5 h at room
temperature. Typically, four independent titrations were
conducted for each DNA sequence. The de novo sequences
were investigated in groups of several at a time, together with
the � H� sequence, which was used as a reference for these
studies.
Dried gels were used to expose PhosphorImager screens,

which were subsequently scanned using a Bio-Rad Molecular
Imager FX. Fractions of bound and free DNAwere determined
by volume integration of the corresponding electrophoretic
bands using the Bio-Rad Quantity One software, version 4.2.1.
DNA present in each lane was divided into three fractions.
Specifically bound DNA was identified as the distinct mobil-
ity-shifted band. A smear of DNA present only at IHF high
concentration was interpreted as nonspecifically bound (26).
Background exposure was determined by analyzing the
regions in the lane with no IHF that would correspond to
where bound species would migrate. These background val-
ues were subtracted from the pixel values used in the volume
integration.
Numerical Analysis—IHF binding was analyzed according to

the competitive specific and nonspecific finite lattice model
developed for IHF binding by Tsodikov et al. (27). Application
of this model to mobility shift assays, for which the experimen-
tal observables are fractions of DNA free, of DNA bound spe-
cifically, and of DNAbound nonspecifically, yields the partition
function given by Equation 1,

where �Gspec and �Gnonspec are the free energy changes for
intrinsic specific and nonspecific IHF binding, respectively. In

the third term, which accounts for nonspecifically bound spe-
cies, N is the size of the oligonucleotide in base pairs (here 50),
n is the number of base pairs occluded by a nonspecifically
bound IHF dimer, and j indexes species by stoichiometry of
bound IHF. The average number of available nonspecific bind-
ing sites for the ith binding event is given by Equation 2.

The last two terms in the product give the conditional prob-
ability of n-1 empty lattice positions adjacent to any particular
empty position in an infinite lattice, as formulated originally by
McGhee and von Hippel (28) with a correction to account for
end effects in a finite lattice (27); �� is the binding density in IHF
per base pair. �Gspec and �Gnonspec values were obtained by
analyzing the fractions of unbound and of specifically bound
DNA according to Equations 3 and 4.

An issue in applying Equations 3 and 4 is the value of n, the
site size. Both forward, or ligand to lattice, and also reverse,
or lattice to ligand, titrations are needed to evaluate this term
empirically. The mobility shift assay provides only the for-
mer. Holbrook et al. (26) report n � 9 and n � 16, respec-
tively, at 60 and at 100 mM KCl, ionic strengths that bracket
our conditions. We found fitted values of �Gspec and
�Gnonspec to be insensitive to the value of n over this range.
Consequently, the data were analyzed with an intermediate
value, fixed as n � 12.
The closed form expression for the conditional probability

embedded in Equation 2 is an approximation of the exact
numerical finite lattice isotherm derived by Epstein (29).
Tsodikov et al. (27) find the difference to be within the limits
of reasonable experimental uncertainty when the lattice size
is at least severalfold larger than the site size, particularly at
the low binding densities to which the mobility shift assay is
sensitive. Nevertheless, we also analyzed the mobility shift
data using a second formulation for nonspecific binding to
assess whether this approximation in the nonspecific bind-
ing isotherm might affect fitted values of �Gspec. For this
purpose, we applied a Hill model as a purely phenomenolog-
ical description of nonspecific binding, leading to Equations
5–8.

(Eq. 1)

(Eq. 2)

(Eq. 3)

(Eq. 4)

(Eq. 5)

(Eq. 6)

(Eq. 7)
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In this model,Nave accounts for both the average number of
IHF dimers bound in the mobility-shifted bands obtained in
the gel shifts and the lattice binding statistics. Nave is not
restricted to an integer value. Although incorrect chemically
and so of little value to explain actual molecular behavior,
this model does yield a reasonable phenomenological alter-
native to the competitive specific and nonspecific finite lat-
tice model, i.e. one that conforms to the nonspecific binding
phase well, and so yields a precise estimate of �Gspec, the
parameter of interest.
Nonlinear least squares analysis was conducted using the

Origin 7 software (OriginLab Corp.). The Origin software esti-
mates parameter values corresponding to a minimum in the
variance. Joint confidence limits that account for correlation
between parameters are estimated by adjusting each parameter
individually while refitting the others to search for a variance
ratio as predicted by the F statistic (30). Confidence limits
reported correspond to the 95% interval. When global anal-
ysis of multiple experiments was conducted, normalized
weights were calculated for the individual data from the
square roots of the variances of separate fits to each of the
individual experiments.

RESULTS

Analysis of Naturally Occurring IHF-binding Sites—Fig. 1
shows an atomic model based on the crystallographic struc-
ture of IHF bound to the 34-bp DNA fragment containing
the H� site of bacteriophage � (17). Consensus elements are
color-coded as described in the figure legend for ease of
identification and discussion. The dominant features con-
tributing to the DNA deformation are the sharp kinks at the
ApA steps of the two proline intercalation sites, as shown in
orange. Although the DNA flanking these sites returns to a
canonical B-form structure, within half a helical turn in
either direction, the different base pair steps are deformed to
varying extents; bending is anisotropic both with respect to
degree and direction. Approaches based on general DNA
flexibility, even at individual steps, are inadequate to
describe the energetic consequences of this situation. For
this reason, we have applied the harmonic spring model of
Olson et al. (20) to capture the molecular level detail of the
structural model in estimating deformation energies. The
reference structure for these calculations is the structure
shown in Fig. 1. All other sequences were threaded onto this
structure.
As a starting point for the analysis, we compared the free

energy change for IHF binding to the deformation energy in a
series of naturally occurring, specific binding sites. The sites
included in this analysis meet three criteria. First, each site is
involved in a specific regulatory process, such as described in
the Introduction, thereby confirming the location-specific
nature of binding. Second, the evidence for DNA binding was
derived from direct DNA binding assays. Third, titrations were

conducted as necessary to provide quantitative estimation of
the binding free energy. Table 1 presents the results compiled
for 32 IHF-binding sites, the complete list for which reliable
binding energies were obtained according to these criteria.
A concern in comparing literature values is the effect of differ-

ent reaction conditions that were employed in the various studies.
In general, variations in monovalent and divalent salt concentra-
tion, temperature, and pHwould be expected to contribute signif-
icantly to apparent differences in DNA binding affinity. However,
these IHF binding affinities are particularly advantageous in this
regard. First, themajority of binding experimentswere conducted
within fairly narrow ranges of KCl concentration (50–70 mM),
MgCl2 concentration (4–6mM), temperature (20–25 °C), andpH
(7.5–8.0), although someof the reaction conditions do fall outside
these ranges. Second, IHF is unusual among DNA-binding pro-
teins for its lack of salt dependence over the range of concentra-
tions used in all of the experiments reported (26).5 Third, where
hard data exist, reported valueswere corrected to a standard set of
reaction conditions. �G0 values calculated from Kd values
reported were corrected to a standard temperature (20 °C) using
the standard thermodynamic relationship as shown inEquation 9,

where Ka,ref and Ka,T refer to the association equilibrium con-
stants at the reference (293 K) and experimental temperatures,

5 M. L. Opel, V. Tretyachenko-Ladokhina, L. M. Franklin, G. W. Hatfield, D. F.
Senear, and J. B. A. Ross, submitted for publication.

(Eq. 8)

(Eq. 9)

FIGURE 1. Model of IHF bound to form specific complex with � H� site. The
coordinate file for this structure, in which a crystallographic nick in the DNA
(17) has been repaired, was supplied by Phoebe Rice (personal communica-
tion). The DNA backbone ribbon and nucleotides are color-coded to delin-
eate consensus recognition elements as follows: magenta, A-tract; orange,
ApA steps at proline intercalation sites; red, direct interaction; and green,
remaining base pairs of consensus, WATCAAnnnnTTR motif. The � and �
subunits of IHF are shown in cyan and blue, respectively.
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and R is the gas constant. Record and co-workers (26) used
isothermal titration calorimetry to determine�H0 and�Cp

0 val-
ues for IHF binding to the � H� sequence at different KCl con-
centrations. Interpolation was used to calculate values for the
particular KCl concentrations used for the determination of
each Kd value. We did not attempt to correct to a standard pH
because dlnK/dln[H�] is not known for most of the applicable
pH range.

Only a weak correlation between these calculated standard
binding energies (�G0�) and deformation energy is evident in a
plot of these data (Fig. 2). Linear regression (excluding one
obvious outlier) yields a value of the correlation coefficient,R�
0.38. The positive correlation reflects the direction of the equi-
libria compared, i.e. in the direction of association versus energy
to distort canonicalB-formDNA.Thus, the correlation is in the
expected direction thatmore deformable DNAprovides higher

TABLE 1
Binding and deformation energies for IHF binding to natural sites in E. coli
IHF binding to regulatory sequences are as shown in E. coli genes. The consensus elements are shown in the first line for reference.W denotes A or T, and R denotes purine.
Consensus elements are colored to match the structural model shown in Fig. 1. Values of the equilibrium dissociation constant (Kd) are as reported by the authors when
available or as estimated from the half-titration points of complete titrations. The free energy change for the binding reaction (�Gb) was calculated from �Gb � RTlnKd.
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affinity sites. However, the value of R2 suggests that only �15%
of the variation in binding energy can be accounted on this
basis. The remaining differences in reaction conditions could
be a significant contributor to the variation in binding energy.
In consideration, the R2 value probably understates the contri-
bution of deformation energy to the variation in binding
energy. Nevertheless, the relatively small R2 value suggests that
variable composition of consensus elements in the different
sites might play a dominant role in binding affinity.
In accordance with this expectation, a different picture

emerges when variation in the complement of consensus ele-
ments is controlled. For example, among the 32 sites are 4 that
contain all three direct interaction nucleotides, the ApA steps
at both sites of proline intercalation and match the sequence-
defined consensus at all 9-bp positions, differing only at degen-
erate positions (� H�, tdcA, fimA-II, and fimA-I in Table 1).
�G0� for IHF binding to these sites varies over a range of 0.8
kcal/mol, or only 3-fold in affinity. Regression analysis of these
sites yields R � 0.95, indicating that deformation energy
accounts for 90% of this variation (Fig. 2) despite the small
variation in �G0. The sequences of six additional sites contain
either 1 or 2 mismatches to the sequence-defined consensus
(pspA, ilvGMEDA-1, ndh, hycA, ompF-2, and dmsABC in Table
1). In general, the affinity for IHF binding to these sites is lower
than when the consensus is matched completely, as might be
expected, and the range of variation in �G0� for IHF binding is
much greater. Because both the position(s) of themismatch(es)
and the particular base(s) vary, a weaker correlation would also
be anticipated. However, regression analysis yields R � 0.72
indicating that deformation energy accounts for 52% of the var-
iation in this case (Fig. 2). In contrast to these findings,
sequences that vary more widely in sequence within the con-

sensus elements, or that aremissing elements altogether, do not
show similar correlation.
Analysis of de Novo IHF Sites—These results from analysis of

natural IHF sites suggested a general approach to the analysis
of the contribution from DNA flexibility in which recognition
of specific sequences would be controlled by fixing specific
combinations of consensus binding elements, whereas other
sequence positions would be varied to yield the widest possible
range of deformation energy. An advantage is that this yields a
single set of internally consistent results at a standard condi-
tion, thus removing a large source of expected variation. In
addition, it addresses an inherent limitation of the natural
sequences, which is a relatively narrow range of deformation
energy as compared with the entire E. coli genome (21).
Sequences designed in thismannerwere comparedwith a set of
control sequences that feature variation both in the conserva-
tion of consensus elements and also in nonconserved regions to
generate a broad range of deformation energies. Finally, E. coli
sites predicted to be high affinity IHF-binding sites by algo-
rithms based in part on deformation energy (24) were also eval-
uated. Sequences and results for 49 sequences analyzed are pre-
sented in Table 2. These results represent the analysis of over
200 separate binding experiments.
Representative gel mobility shift data for two sites are shown

in Fig. 3. A distinct band of lower mobility shown in Fig. 3A
contains the specific IHF-DNA complex with the DNA
wrapped around the protein as shown in Fig. 1. We confirmed
this interpretation by conducting gel shift experiments as site
titrations of IHF binding to DNA in which the 5�-phosphates at
the two ends were conjugated with fluorescein and with tetra-
methylrhodamine to yield a donor-acceptor pair for Forster
resonance energy transfer. DNA bending in the specifically
bound complex brings the ends of the DNA to within about 55
Å resulting in efficient fluorescence resonance energy transfer
that is absent in free DNA (32). Additional bands with succes-
sively decreasing mobility become evident at higher IHF con-
centrations. These are poorly resolved, thus generating a smear.
These necessarily represent higher order complexes with more
than one IHF dimer bound. A limiting bandwas observed at the
highest IHF concentrations, indicating that saturation had been
achieved.
Record and co-workers (26) have described distinct specific

and nonspecific IHF binding modes and used isothermal titra-
tion calorimetry to investigate the thermodynamics of both
bindingmodes. Nonspecific binding does not produce the large
DNA bend that is characteristic of the specific complex, thus
yielding a much smaller length of contact with DNA and pro-
viding for simultaneous binding of multiple IHF dimers on a
50-bp oligonucleotide. At high IHF concentrations where IHF
is in great molar excess over DNA, the nonspecific binding
mode can compete successfully with the specific binding mode
because of its higher stoichiometry, despite lower intrinsic
affinity. Thus, the additional lowermobility bands in our exper-
iments represent successive nonspecific associations by IHF.
Different mobility bands might also represent different loca-
tions of bound IHF along the 50-bp DNA fragment. The con-
centration ranges over which IHF binds in specific and nonspe-
cific modes overlap, particularly for the lower affinity specific

FIGURE 2. Standard free energy change (�Gbind) for IHF binding to natu-
rally occurring specific sites in E. coli, plotted as a function of deforma-
tion energy. Values of �Gbind were calculated from literature values of Kd
listed in Table 1. Symbols and curves are as follows: downward triangles and
dashed curve, sites that match all 9 bp of the consensus motif and contain ApA
steps at both proline intercalation sites, and linear regression thereof; upward
triangles and dotted curve, sites that contain either 1- or 2-bp mismatches to
the motif and contain ApA steps at both proline intercalation sites, and linear
regression thereof; squares, all remaining sites; solid curve, linear regression
model for all 32 sites. Details of the linear regression analyses are given in the
text.
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TABLE 2
Binding and deformation energies for IHF binding to de novo synthetic sites
IHF binding to synthetic sequences designed to vary the deformation and to newly predicted sites in E. coli. Sequences within each series, A–G, maintain a particular
complement of consensus sequence elements as described in the text, while varying the remaining sequence to generate the widest possible range of deformation energy.
Consensus elements are color-coded as described in Table 1. Bases shown in lowercase were varied within a series. The consensus elements defined by the � H� site used
as a reference for these studies are shown in the first line for reference. W denotes A or T, and R denotes purine. Consensus elements are colored to match the structural
model shown in Fig. 1. Values of the free energy change for specific (�Gspec) and nonspecific lattice binding (�Gnonspec) of IHF along with the 95% confidence intervals were
obtained by global analysis of mobility shift titrations using Equations 3 and 4 in the text. s is the square root of the variance of the fitted curves. NS is nonspecific.
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IHF sites. Consequently, it was necessary to analyze the binding
resulting from both mechanisms to obtain accurate quantita-
tive values for specific binding. Because the individual bands

produced by nonspecific binding are poorly resolved electro-
phoretically and their identity is difficult or impossible to inter-
pret as reflecting particularmolecular species, these bandswere
combined into a single fraction comprising all nonspecifically
bound DNA, without regard to number or location of bound
IHF dimers. Thus, our analysis of the gel images generated
three fractions, corresponding to unliganded oligonucleotides,
the 1:1 specifically liganded complex, and nonspecifically ligan-
ded complexes.
Numerical analysis of the gel shift data applied the competi-

tive specific and nonspecific finite lattice model (27) that is
implemented in Equations 3 and 4 as described under “Experi-
mental Procedures.” Fig. 4 presents data from three independ-
ent titrations of one IHF binding sequence analyzed globally
using this model. Fig. 4 also shows the results of analysis by the
phenomenological Hill model described by Equations 5–8
(“Experimental Procedures”). The fitting results yield essen-
tially identical transitions for specific binding and indistin-
guishable transitions for nonspecific binding. The former was
found to be the case for all 49 DNA sequences evaluated. In all
cases, the difference between the estimates of �Gspec obtained
from the two models was within the confidence intervals
obtained by either model alone. Results for all 49 sequences are
listed in Table 2.
It is significant that a tight distribution of nonspecific affini-

ties was obtained for these sequences (�Gnonspec � �7.4 	 0.3
kcal/mol; see Table 2), a finding that is nicely consistent with
the concept of nonspecific binding and therefore strongly sup-
portive of the model. Equally significant, this value is exactly
intermediate between those obtained previously from isother-
mal titration calorimetry experiments for salt conditions that
flank what was used in these experiments (26). This favorable

FIGURE 3. EMSA of IHF binding to 50-bp synthetic DNA sequences. Top
panel, IHF binding to the � H� site (fragment A.1). IHF concentrations are as
follows: lane 1, no IHF; lane 2, 4.8 � 10�11

M; lane 3, 8.3 � 10�11
M; lane 4, 1.4 �

10�10
M; lane 5, 2.5 � 10�10

M; lane 6, 4.4 � 10�10
M; lane 7, 7.6 � 10�10

M; lane
8, 1.3 � 10�9

M; lane 9, 2.3 � 10�9
M; lane 10, 4.0 � 10�9

M; lane 11, 6.9 � 10�9

M; lane 12, 1.2 � 10�8
M; lane 13, 2.1 � 10�8

M; lane 14, 3.7 � 10�8
M; lane 15,

6.4 � 10�8
M; lane 16, 1.1 � 10�7

M; lane 17, 1.9 � 10�7
M; lane 18, 3.3 � 10�7

M. Bottom panel, fragment G.2, a sequence to which IHF binds only in the
nonspecific mode. IHF concentrations are as follows: lane 1, no IHF; lane 2,
9.4 � 10�11

M; lane 3, 1.6 � 10�10
M; lane 4, 2.6 � 10�10

M; lane 5, 4.4 � 10�10

M; lane 6, 7.3 � 10�10
M; lane 7, 1.2 � 10�9

M; lane 8, 2.0 � 10�9
M; lane 9, 3.4 �

10�9
M; lane 10, 5.6 � 10�9

M; lane 11, 9.4 � 10�9
M; lane 12, 1.6 � 10�8

M; lane
13, 2.6 � 10�8

M; lane 14, 4.3 � 10�8
M; lane 15, 7.2 � 10�8

M; lane 16, 1.2 �
10�7

M; lane 17, 2.0 � 10�7
M; lane 18, 3.3 � 10�7

M. The prominent mobility-
shifted band in the top panel contains the specific complex with wrapped
DNA. In comparison, mobility-shifted bands corresponding to nonspecific
binding are evident in the bottom panel. Sequences and results are given in
Table 2.

FIGURE 4. Analysis of EMSA data for IHF binding to fragment A.1 (see
Table 2). Different symbols represent three independent titration experi-
ments. The decreasing fraction represents the unliganded DNA band. The
second fraction (peak) represents DNA with IHF specifically bound (e.g. mobil-
ity-shifted band in Fig. 3A). Solid and broken curves show the results of global
analysis of these data according to the competitive specific and nonspecific
finite lattice model and the phenomenological Hill model as described in the
text (“Experimental Procedures”). These yielded values equal to �11.64 	
0.044 and �11.65 	 0.020 kcal/mol, respectively. Complete results from the
analysis according to the competitive specific and nonspecific finite lattice
model are listed in Table 2.
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comparison between our results and those obtained using a
thermodynamically rigorous method attests to the accuracy
of the EMSA results we report.
The range of deformation energies exhibited by these

sequences expands that of the natural IHF sites by more than
2-fold. These synthetic sites mimic the full range of deforma-
tion energies represented by the E. coli genome. Specific bind-
ing affinities vary by over 500-fold for these sequences. In nine
cases, the specific complex band was not observed, indicating
insufficient specific binding affinity to compete with nonspe-
cific binding. Analysis of weakly specific binding sequences
indicates that �Gspec less than approximately �9.2 kcal/mol
can be resolved. On this basis we have assigned a value, �9.1
kcal/mol, to represent the upper limit to the specific affinity for
these sites. The actual specific binding affinity could be sub-
stantially weaker than this value indicates.
Taken as a whole, the data for all 49 sequences exhibit a very

weak correlation between binding energy and deformation
energy. The correlation coefficient is only 0.23, the same as for
the natural sites, suggesting only 5–6% of the overall variation
can be accounted as due to deformation energy. However, this
value is adversely affected by the significant number of
sequences (20%) for which low affinity specific binding is
obscured by nonspecific binding. These sequences are skewed
toward higher than average deformation energy, so that the
limit tomeasurable specific affinity tends to decrease the appar-
ent correlation between affinity and deformation energy. This
effect is apparent in plots of the de novo sequences shown in Fig.
5. In support of this point, it is interesting to note that no high
affinity sequence was foundwhose deformation energy exceeds
the largest found among the natural IHF sites, i.e. greater than
135 kcal/mol. The absence of points in Fig. 5, lower right quad-
rant, contributes significantly to the correlation observed.
The first 20 sequences (labeled A–G) listed in Table 2

includes seven distinct series of related sequences. The
sequences within each series are identical with respect to
consensus elements but are variable otherwise. Thus, for exam-
ple, sequences A.1–A.6 contain all consensus elements, includ-
ing a 6-bp A-tract and ApA steps at both sites of proline inter-
calation. Sequences designated B–D have each relaxed the
requirement for one or more consensus element or have sub-
stituted a different base at one of the degenerate positions in the
consensus sequence. Series E also has relaxed the requirement
to match the consensus WATCAAnnnnTTR element, other
than the three directly contacted bases. The sequences in series
F and G each contain the sequence from E.1 that was substi-
tuted for theWATCAAnnnnTTR consensus element. Thiswas
treated as constituting amodified consensus sequence. In series
F, this was held constant, along with all other consensus ele-
ments, and the remainder of the sequence varied, just as in
series A. In series G, the poly(A)-tract was also allowed to vary,
just as in series B.
Each of these series A–G exhibits a distinct correlation

between �Gspec and deformation energy as shown in Fig. 5A. A
particularly notable feature is that the slopes of the linear
regression lines for the individual series become systematically
greater as binding affinity becomes weaker because of the
removal of consensus elements. Thus, for example, �Gspec is

nearly constant for the sequences in series A (Table 3), which
contain all of the elements of the reference�H� site. In contrast,
�Gspec varies by �1.4 kcal/mol as a function of deformation
energy in series E and F, in which conservation of the central
WATCAAnnnnTTR element is relaxed. The slopes of these
lines are �30-fold greater than the series A line (Table 3).
The individual regression lines form a fan-like pattern as if

radiating from a single point at a low value of the deformation
energy. To assess this possibility, the data analyzed globally
were subject to the constraint that the regression lines intersect
at a single point. This generated a family of regression lines that
are similar to, or indistinguishable from, the individual regres-
sion lines, e.g.most notably for the limiting two series that have
the flattest and steepest trend lines, respectively (Fig. 5A). One

FIGURE 5. Standard free energy change for specific IHF binding to syn-
thetic DNA sequences (�Gspec) plotted as a function of deformation
energy. Values of �Gspec were obtained from global analysis of gel mobility
shift data such as shown in Fig. 4, using the competitive specific and nonspe-
cific finite lattice model as described in the text (“Experimental Procedures”).
When no specific binding was observed, sequences were assigned the value,
�Gspec � �9.1 kcal/mol, to set an upper limit to the specific binding affinity as
described in the text. These points can be identified by the absence of error
bars. A, shows binding to selected series of sequences. Symbols are as follows:
series A (solid squares), all consensus elements matching � H� site; series B
(open downward triangles) removes A-tract; series C (solid diamonds) removes
A-tract and 5� proline intercalation ApA step; series D (solid circles) substitutes
A for T in WATCAA element, removes A-tract and 5� proline intercalation ApA
step; series E (open circles) retains consensus only for directly contacted bases
and proline intercalation ApA step; series F (solid triangles) substitutes specific
low deformation energy sequence for variable consensus in series E; series G
(open diamonds) removes A-tract from series F. Dashed lines are from linear
regression of individual series A–G. Solid lines are from global regression
model described in text. Only one of the two points for which no specific
binding was observed was included in the analysis of series G data, i.e. that
with the lower deformation energy. The value plotted represents an upper
limit to the specific binding affinity. Consequently, the line drawn connecting
only two points in this series represents a lower limit to the slope of the actual
trend. B, control sequences in Table 2 (series H). Solid line is from linear
regression.
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way to compare the pairs of lines derived from local and global
regression models is by their slopes, because these indicate the
correlation between �Gspec and deformation energy. As shown
in Table 3, the slopes are not distinguishable for any pair of
lines. The correlation coefficient from the global fit is 0.96, sug-
gesting thatmost of the variation observed can be accounted by
this model. The intersection of the curves occurs at deforma-
tion energy of 17 kcal/mol (confidence limits of 0 and 45 kcal/
mol), corresponding to a relatively small contribution from
DNA flexibility. �Gspec is �12.0 	 0.6 kcal/mol at the point of
intersection. At this point, IHF binding becomes insensitive to
DNA flexibility suggesting an upper limit to the affinity achiev-
able by IHF of �1 nM under these conditions.

Contrasting results were obtained for two sets of control
sequences. The first control set (series H, Table 2) contains 15
synthetic sequences in which both the complement of con-
served elements and all nonconserved positions were varied to
adjust the deformation energy over the widest possible range.
These sequences cover very similar ranges of both deformation
energy and�Gspec as the sequences in Fig. 5A,but the data show
only a weak correlation between the two (Fig. 5B). The slope of
the linear regression line is similar to what was found for the
natural operators in Table 1 and is approximately the average of
the slopes for the individual series plotted in Fig. 5A. The
correlation coefficient is R � 0.26, or very similar, as for the
natural IHF sites. We conclude that these sequences give a
reasonable representation of the characteristics of natural
IHF sites but over an expanded range of deformation energy.
The contrast between the result obtained from these
sequences and the result from the separate series of related
sequences is quite distinct.
The second control consists of a set of 14 putative IHF regu-

latory sites selected from the E. coli genome. The purpose of
this analysis was to complement the analysis of natural IHF
regulatory sites listed in Table 1 but with self-consistent quan-
titative assays of IHF binding. These are previously uncharac-
terized sites that were selected based on the proximity to E. coli
promoters and their location in supercoiling-induced DNA
deformation or SIDD loci (33, 34). SIDD loci contain DNA
sequences with the greatest propensity to denature or undergo
B-Z transitions under conditions of high torsional strain result-
ing fromDNAsupercoiling. These sites have been implicated in
themechanism of global transcriptional activationmediated by

IHF (35, 36). The first 10 sequences (named in Table 2 by prox-
imity to a particular E. coli gene) were also selected by one or
more classifier algorithms trained to recognize aspects of IHF
site sequence and structure (full description of selection given
in Ref. 24). The last four sequences were scored as less likely to
be high affinity IHF sites, based on these same selection criteria.
Ten of these 14 sites are found to be high affinity, site-specific
sites for IHF; four display only the nonspecific binding mode.
These sequences share several characteristics of natural IHF
sites, including highly variable complement of consensus ele-
ments, a similar narrow range of deformation energies (�100–
135 kcal/mol), and a wide range of specific binding affinity. It is
not surprising based on these findings that they also showweak
correlation between �Gspec and deformation energy, similar as
for other natural IHF regulatory sites and in contrast to the
results for sequences in series A–H, above.

DISCUSSION

DNA-binding proteins recognize specific sequences of base
pairs both via direct contacts between amino acid side chains
and the purine and pyrimidine bases, and also indirectly by
recognizing elements of DNA structure. Moreover, indirect
readoutmechanisms include not only recognition of preformed
features ofDNAsuch as bends, groove topology, local geometry
of base pair steps, and geometry of backbone phosphates but
also binding-induceddistortion ofDNAor flexibility. The latter
is particularly important to DNA scaffolding proteins such as
are required both for chromosome organization and also for
regulation of a variety of processes that physically manipulate
DNA such as recombination, transposition, replication, and
transcription. Because all of these recognitionmechanisms rely
on intrinsic properties of the particular sequence of bases, it
poses a difficult problem to assess quantitatively the relative
contributions from each. Because it relies entirely on indirect
readout mechanisms, IHF presents an excellent opportunity to
assess the relative contributions from preformed structure and
from DNA flexibility to indirect readout. Moreover, because
IHF functions both as a chromatin organizing protein and also
as a specific regulator of genomic processes, this issue is directly
relevant to its biological function.
To assess the contribution from DNA flexibility, it is first

necessary to evaluate the energy required to deform a particular
DNA sequence from its preferred unbound conformation to
the conformation in the bound complex. Olson et al. (20) first
realized that a local sequence-dependent potential could be cal-
culated by analyzing the conformational ensembles of individ-
ual base pair steps. Harmonic potentials of mean force were
derived from analysis of the structures of protein-DNA com-
plexes along the coordinates of a simplified conformational
model that used six parameters to describe the translational
and rotational orientation of adjacent base pairs. Sarai and co-
workers (37, 38) developed a similar formalism independently
and used it to calculate the interaction energies and relative
contribution to specificities of direct and indirect readouts in
many protein-DNA complexes. More recently, molecular
dynamics simulations of all 136 unique tetranucleotides have
been used to obtain ensembles of conformations of individual
base pair steps (39). Their harmonic potentials of mean force

TABLE 3
Global versus local regression analysis for effect of deformation
energy on IHF binding
Slopes of regression lines for dependence of IHF binding on deformation energy in
individual series of de novo DNA sequences listed in Table 2. The global analysis
imposes the constraint that all lines intersect at a common point. Values of the
slopes along with the 95% confidence intervals were obtained by linear regression of
each individual series or by global analysis as described in the text.

Sequence series
Regression slope

Locala Global
A 0.0062 	 0.0052 0.0019 	 0.0022
B 0.0101 0.0117 	 0.0021
D 0.0064 	 0.0066 0.0150 	 0.0038
E 0.0247 0.0213 	 0.0054
F 0.0266 	 0.0127 0.0239 	 0.0046
G 0.0329 0.0318 	 0.0074

a Absence of confidence limits indicates a slope based on only two points in the
series.
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yielded similar results as those obtained by Olson et al. (20).
When we applied this model to assess the change in conforma-
tional energy for wrapping of known IHF-binding sites, we
found a moderate negative correlation between the free energy
change for binding and the deformation energy. This is as
expected if favorable protein-DNA contacts are used to drive
the (necessarily) unfavorable change in DNA conformation.
Nevertheless, the correlation coefficient suggests that the

majority of the variation in binding affinity must be accounted
for by another mechanism. The probable reason for this is the
strong influence of pre-existing structural characteristics of the
conserved IHF recognition elements (17, 40). For example, the
consensus hexamer, WATCAA, in the center of the site fea-
tures a number of unusual base stacking and pairing geometries
that facilitate van der Waals packing of protein side chains in
the minor groove and optimize H-bonds (17). The narrow
minor groove in this region is recognized specifically by a pro-
tein clamp that makes salt bridges to phosphates flanking the
groove. The A-tract also features a narrow minor groove and a
characteristic spine of hydration that provides a regular array of
water-mediated H-bond partners. The preference for ApA
steps at both sites of proline intercalationmight be explained as
due to its energetic preference, relative to other base pair steps,
to form the particular kinked conformation found in the com-
plex (41). Recent structural and biochemical analysis of a
reduced specificity IHF mutant indicates how the unique,
sequence-dependent structure of the TTR element contributes
to specificity (42). Thus, pre-formed, sequence-dependent
structural characteristics constitute a strong component of rec-
ognition for each of the conserved elements (17, 18). It is not
surprising that variable combinations of these recognition ele-
ments, as found in the natural binding site sequences, would
tend to obscure a contribution from flexibility.
This led to our strategy of assessing the effect of deformation

energy within individual groups of related sequences, where
each group contains a fixed configuration of consensus ele-
ments. Preliminary analysis of such groups as afforded by nat-
ural IHF sites indicates high correlation, suggesting that defor-
mation energy accounts for the majority of the variation. A
more systematic analysis of designed sequences confirms this
result. These sequences expand the range of deformation ener-
gies by about 2-fold as compared with natural IHF sites,
approximating the distribution of E. coli sequences chosen at
random (22). The correlation between binding and deforma-
tion energy is also similar as for IHF sites, both for the con-
trol sequences plotted in Fig. 5B and for all 49 sequences
listed in Table 2 considered as a whole. In contrast, very
strong correlation is observed for each of the individual
series plotted in Fig. 5A.
The most significant feature apparent in Fig. 5A is the effect

when consensus elements are removed and replaced by DNA
sequences that expand the range of deformation energy. In
every case, i.e. removal of theA-tract (compare series B toA and
seriesG to F), removal of a proline intercalationApA step (com-
pare series D to B), and alteration of the WATCAAnnnnTTR
consensus sequence (compare series F to A), the result is
decreased affinity. This result is consistent with what has been
demonstrated previously in a systematicmanner for theA-tract

(13). In addition, the slopes of the regression lines are steeper in
direct proportion to the affect on affinity. Thus, substitution for
consensus sequences both lowers affinity and increases sensi-
tivity to DNA flexibility.
Three of the seven series considered contain only two mem-

bers. Because these lines have no degrees of freedom, their
slopes are of course quite sensitive to experimental uncertainty
or secondary effects of sequence of either of the two experimen-
tal points. However, two of these three cases conform well to
the overall pattern. The one case that does not (series C) is the
only one to replace two consensus elements together.
Caution should also be exercisedwhen interpreting the abso-

lute values of the slopes. Themagnitude of the calculated defor-
mation energies is large compared with experimental values of
the free energy to bend DNA, e.g. as determined from circular
permutation assays. In applying these potentials to analyze con-
tributions to binding affinity in a number of systems, it has been
found necessary to fit scaling factors to bring the calculated
values in range of experimentally observed values (cf.Morozov
et al, (43)). Although the scale of the independent variable may
not accurately reflect the translation of conformational energy
into binding energy, the relative slopes are significant. These
vary by over 30-fold in a systematic manner. These data indi-
cate that deformation can contribute up to 1.4 kcal/mol, or an
order of magnitude in affinity, over the observable range of
deformation energy and suggest amuch larger potential contri-
bution, were it not obscured in our assays because of competi-
tion from the nonspecific IHF binding mode.
The fan-shaped family of regression lines that these individ-

ual sequence series define suggests a point of convergence at
low deformation energy. This is confirmed by the results of a
global regression analysis that was conducted to define this
point. The analysis yields lines that are essentially indistin-
guishable from the separate regression lines in half of the cases,
and within the confidence limits for the rest. The two signifi-
cant observations are as follows: first, the point of convergence
is at a finite, albeit low, value of deformation energy; and sec-
ond, the slope for series A, sequences that include perfect
matches to all consensus elements, is essentially zero (0.0012	
0.0030). The first observation defines a maximum binding
energy and perhaps a common penalty paid by all sequences to
conform to the structure of the bound complex. The second
suggests that IHF is insensitive to the flexibility of sequences
outside of the known consensus elements.
Thus, although sequences outside the consensus elements

contribute to nonspecific interactions such as the salt bridges
and charge neutralization thought to dominate the thermody-
namics of IHF binding (26), interactions that confer specificity
are restricted to just the consensus elements. Although the con-
fidence limits on the value of the deformation energy at the
convergence point are broad, the value is clearly low. This
points to two conclusions. First, Saecker and Record (44) have
described a pattern of surface salt bridges and cationic side
chains that provide a scaffold to dictate the topology of DNA
wrapping. Evidently, these interactions are enormously effi-
cient at compensating for the intrinsic energy necessary to bend
DNA. Second, it confirms the dominant influence of pre-exist-
ing structural characteristics of the conserved IHF recognition
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elements as opposed to flexibility to absorb binding-dependent
deformations.
What then accounts for the effect of deformation energy

when consensus elements are removed? This must reflect the
deformation energy of the sequences replacing those elements.
Thus, although specificity appears largely because of recogni-
tion of pre-existing conformational features, flexibility is able to
compensate for the lack of these features to a remarkable
extent. Although this analysis does not identify any consensus
element as mandatory to high affinity and specificity, it does
indicate that all do contribute. It should also be noted that com-
plete compensation for loss of preformed structural elements is
achievable only at a theoretical limit of nearly zero deformation
energy. Even the lowest deformation energy that is actually
attainable does not completely compensate for loss of even one
of the consensus elements. As a result, when all consensus ele-
ments are absent, even the lowest deformation energy attain-
able fails to yield a high affinity IHF site. In this regard, affinity
and specificity are very much whole system properties rather
than a sum of individual contributions.
This ability of DNA flexibility to compensate for specific rec-

ognition sequences constitutes an intrinsic property of indirect
readout. On this basis, indirect readout mechanisms can pro-
vide for substantial degeneracy of the DNA sequence with only
minimal decrease in affinity. On the other hand, direct readout
relies on critical interactions to yield specific recognition, but at
the cost of prohibiting significant degeneracy in binding site
recognition. In the case of IHF binding, these properties of indi-
rect readout support a continuous range of affinities that vary
over nearly 4 orders of magnitude.
This broad range of specificities is appropriate to the multi-

ple biological roles of this highly abundant, DNA architectural/
global regulatory protein. Because IHF is structurally related to
the bacterial histone-like HU proteins (45), its primary biolog-
ical role is to bind tomany sequence-independent DNA sites to
condense the bacterial nucleoid and to constrain DNA super-
coils (2, 35). However, unlike the HU proteins, IHF has evolved
a sequence-dependent, high affinity, DNA-binding motif. The
total intracellular concentration of IHF is maintained at a level
of greater than 1 �M, but its free concentration is estimated to
be between 0.7 and 5 nM (14, 46). Therefore, because the Kd
value for IHF binding to its highest affinity, sequence-depend-
ent DNA-binding sites is about 1 � 10�9M, these high affinity
sites are occupiedmost of the time and function as constitutive
architectural nucleoprotein structures on the bacterial chro-
mosome. Many of these structures have been shown to influ-
ence important biological functions such as transcription,
recombination, and DNA replication (35). Thus, IHF serves
two roles in the cell. It serves a global DNA architectural role by
binding in a sequence-independentmanner tomanyDNA sites
over a broad range of affinities, and it serves local, biologically
important, roles at many highly degenerate but sequence-spe-
cific high affinity DNA-binding sites. The remarkable thing
about IHF is that it employs an indirect readout mechanism
to bind and wrap DNA at both of these nonspecific and high
affinity DNA sites. In this study, we have shown that IHF
recognizes pre-formed conformational characteristics of the
consensus DNA sequence. At all other sites, relative affinity

is defined by the conformational freedom of individual base
pair steps to adopt the DNA structure of the bound IHF-
DNA complex (21, 22).
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