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Background: Escherichia coil integration host factor
(IHF) is a DNA-binding protein that participates in a
wide variety of biochemical functions. In many of its
activities, IHF appears to act as an architectural
element, dramatically distorting the conformation of
bound DNA. IHF is a dimer of non-identical subunits,
each about 90 amino acids long. One dimer interacts
specifically with a 30 base pair (bp) target, but well-
conserved sequences are found in only half of this
binding site. Thus, the IHF-DNA system has long
been viewed as a paradigm of asymmetry in a
protein-DNA interaction.
Results: We have isolated the subunits of IHF and
show that either subunit is capable of specifically
recognizing natural IHF-binding sites and support-
ing X site-specific recombination in vitro. Mobility
shift and footprinting data indicate that the iso-
lated subunits interact with DNA as homodimers. We
also describe the design of symmetric duplexes
to which heterodimeric and homodimeric IHFs can

bind by recognizing specific sequences.
Conclusions: Our in vitro manipulation of the IHF
system demonstrates that binding and bending of
target DNA can be accomplished symmetrically. The
prevalence of asymmetry found for this system in
nature suggests that additional selective forces may
operate. We suggest that these follow from the
disparity between the size of the DNA that IHF
protects (30bp) and the length of DNA that the
protein can initially contact (10bp). This disparity
implies that an IHF target is recognized in stages and
may dispose the part of the protein-DNA system used
for initial recognition to evolve distinctly from the
remainder of the interaction surface. We suggest that
a limitation in the length of DNA that can be initially
contacted is a general property of DNA-binding
proteins. In that case, many proteins can be expected
to identify complex targets by step-wise, rather than
simultaneous, contact between sequence elements
and DNA-binding domains.
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Background

Escherichia coil integration host factor (IHF) participates
in a variety of processes, ranging from phage X site-
specific recombination [1] to transcriptional regulation
of E. coli. genes [2]. In many of its activities, IHF
functions as part of a multi-protein-nucleic acid
complex, within which it apparently acts as an architec-
tural element, bending the bound DNA [3,4]. IHF causes
DNA to bend at specific sites, recognition of which is
thought to occur via the minor groove [5].

IHF has long been considered a paradigm of asymmetry
in a DNA-binding protein. It is a heterodimeric protein
with only moderate amino-acid sequence identity
(-25 %) between its a and subunits (the himA and hip
gene products, respectively). Moreover, typical IHF-
binding sites lack an obvious dyad symmetry and have
their most conserved elements clustered in one half
of the target sequence [5,6]. We have investigated the
role of asymmetry in IHF function by isolation of the
IHF subunits and reassembly of the subunits into homo-
dimers. We have also designed symmetric DNA sites

and tested them for sequence-specific binding by
homodimeric and heterodimeric IHFs.

Results

Purification and physical properties of IHF subunits
Solutions of denatured IHF can be separated by high per-
formance liquid chromatography (HPLC) into two
components (see Fig. la). Integration of the absorbance
at 214nm from three elution profiles conducted at an
analytical scale (data not shown) enables one to calculate
that the ratio of these components in the
chromatogram is 0.9±0.05. By pooling selected fractions
from the column, we prepared stocks of the two peaks
that were more than 98% pure (see Materials and
methods). Denaturing SDS-Tricine polyacrylamide gel
electrophoresis (PAGE) (Fig. lb) and mass spectrometry
(data not shown) indicate that these isolated component
solutions each contain a single peptide corresponding to
the a and subunits of native IHF. Although mass spec-
trometry has an expected error of 5 mass units, the
measured masses - equivalent to molecular weights of
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X [5]. Previous work (S-W. Yang, personal com-
munication) has shown that a 31 base pair (bp)
oligonucleotide duplex containing this site binds IHF
almost as tightly as does a much longer restriction
fragment. We have found that each subunit alone can
retard such a duplex (Fig. 2). The mobility of a complex
between a protein and a short piece of DNA should be
dominated by the mass of the complex and not by its
shape. As the mobility of the complexes made by the
individual subunits and by IHF are identical, we
conclude that, just like IHF [5], the individual subunits
bind as dimers to the H' oligonucleotide. Because we
are unable to identify a predominant stable homodimer
in solution (data not shown), we presume such dimers
are assembled on the DNA templates. Comparison of
the amount of shifted DNA for a given amount of added
protein indicates, however, that the individual subunits
bind less tightly to this site than does IHF (Table 1).

Fig. 1. Purification of IHF subunits. (a) Elution profile of IHF
upon C18 reversed-phase HPLC and (b) denaturing SDS-Tricine
gel of purified subunits.

11223 Daltons for ac and 10650 Daltons for 13- agree
remarkably well with those expected from the corrected
amino-acid sequence of IHF [7]. The isolated x subunit
was soluble in water and buffer solutions, but the iso-
lated 13 subunit precipitated in buffer solutions containing
more than 3mM added salt. Isolated subunit solutions
were therefore stored in deionized water at 4 °C.

DNA-binding properties of the isolated subunits
Mobility-shift experiments were carried out to assess the
ability of individual IHF subunits to recognize and bind
to a typical IHF-binding site, the H' site of bacteriophage

We performed two kinds of experiments to assess
whether this binding reflects the intrinsic activity of the
isolated subunits or is merely the consequence of a
trace amount of heterodimer in our preparations. First,
we replaced the purified subunits with varying amounts
of IHF heterodimer, up to ten-times larger than the
maximum amount of heterodimer that could have con-
taminated our preparations (see Materials and methods).
None of these concentrations of IHF produced a
detectable bandshift with the H' site (data not shown).
To test whether small amounts of IHF are more
effective in the presence of an excess of one subunit,
we prepared mixtures of 5% (or 10%) of one purified
subunit with 95 % (or 90%) of the other purified
subunit. These mixtures were then used in bandshift
experiments with the H' site, and we could linearly
extrapolate from the data to the amount of contamina-
tion needed to account for the extent of bandshift seen
with the isolated subunits alone (data not shown). Even
in the worst case, that of the 13 subunit, we estimate that
the degree of contamination would have to be 10% to
produce the observed effects. This is at least ten-times
higher than the maximum impurity that could have
gone undetected.

Fig. 2. Binding of IHF subunits to the H' site oligonucleotide. Mobility-shift experiments with 30bp H' oligonucleotide in the presence
of 38 ng salmon sperm DNA. (a) Comparison of IHF-a with native IHF. (b) Comparison of IHF-3 with native IHF.
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[9]; data not shown). Furthermore, under these condi-
tions the HU protein failed to shift the H' duplex (data
not shown). In order to assess the relative specificity of
IHF subunits for H' more quantitatively, we have titrated
protein-DNA complexes with sonicated salmon sperm
DNA (sspDNA), a non-specific competitor, against
protein-DNA complexes formed with a 187bp attL
fragment containing a wildtype H' [9]. The individual
subunits can bind this DNA despite a significant
challenge from sspDNA, albeit less well than the native
protein (Fig. 3). The degree of mobility shift for the
187bp fragment is the same for the subunit complexes
and for IHF. Although we believe the mobility shift for
the 30bp oligonucleotide complexes primarily reflects
the protein:DNA stoichiometry, the magnitude of the
shift for the larger fragment should be more sensitive to
the overall shape of the DNA. Thus, we conclude that
the degree of deformation of DNA must be very similar
for homodimeric and heterodimeric complexes.

We have also used the HI binding site of attP [5,8]
to compare the binding activity of the subunits (Table
1). Whereas IHF-0a binds to H1 only slightly more
weakly than it binds to H', the affinity of IHF-13 for
H1 appears to be more than ten-fold weaker than for
H'. Accordingly, it is difficult to rule out a role for
contaminating heterodimers.

Although individual subunits bind to H' more weakly
than IHF, their binding still appears to be specific.
Under the conditions of Figure 2, neither of the
separated subunits shifted a 187bp attL fragment con-
taining a mutated H' site, the sequence of which
differed from that of H' at four critical positions (attL-QH'

We considered the possibility that higher amounts of
the individual subunits were needed to bind the H'
target DNA because subunit peptides had been
modified during preparation. However, quantitative
recovery of strong IHF-binding activity was achieved by
mixing the separated IHF subunits stoichiometrically in
unbuffered water before dilution of the mixture into a
DNA binding assay (Fig. 4). Neither lengthy incubation
periods nor other special conditions were required to
observe this effect.

In vitro recombination experiments
Individual subunits of IHF can support integrative and
excisive recombination in vitro.(Fig. 5). For IHF-ta,
approximately ten-times as much protein is required
to achieve the same quantity of recombinant product
as would be produced with IHF. IHF-P3 is significantly
less active, requiring at least fifty-times more protein
to produce the same quantity of recombinant as IHF

Fig. 3. Relative specificity of IHF subunits binding to the H' site of X attP. (a) 25 ng of (x subunit or IHF were added per 20 pl reaction;
(b) 125 ng of subunit or IHF added per 20 pl reaction mixture.
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active than the homologous, but non-specific, binding
protein, HU. In contrast to the readily detectable
levels of recombinant product seen when inter-
molecular integration is carried out with homodimeric
complexes of a or 3, no recombinant product forms
with HU (Fig. 5a). Although HU protein can support
excisive recombination in vitro [4], the isolated
subunits are, again, dramatically more efficient (Fig. 5b;
Table 1).

Fig. 4. Mobility shift of reconstituted IHF. Solutions of a and 13
were mixed stoichiometrically before adding them to DNA-
binding mixtures containing the 30bp H' duplex. The lanes
show the amount of subunit or IHF added in the presence of
38 ng salmon sperm DNA.

(Table 1). Stoichiometric mixing of IHF subunits (as in
the DNA binding studies) suffices to recover nearly
the full recombination activity of native IHF (data not
shown). This confirms earlier observations that in
vitro recombination activity can be recovered by
mixing crude extracts derived from himA- and hip-
strains [1,10].

Despite the significantly lower recombination effi-
ciency of the isolated subunits, they are clearly more

Fig. 5. Comparison of the recombination activity of IHF sub-
units, HU and IHF. For integration, 250ng of protein was
added when IHF subunits or HU was used. For excision,
125 ng of IHF subunits or HU was added. In both cases, the
amount of recombinant is compared to that produced with
12.5 ng native IHF.

Hydroxyl radical footprinting
We have used hydroxyl radical footprinting to compare
the region of DNA contacted by IHF [5] and its subunits
(Fig. 6). We find that the the a subunit protects the
same 30bp segment of a >200bp DNA fragment as does
IHF. The footprint of the 3 subunit could only be
observed at very high concentrations of protein, reflect-
ing its very weak interaction with the H' site.
Nonetheless, under these conditions, the 13 subunit did
protect approximately the same region of the DNA as
did the at subunit and IHF (data not shown). These
observations also suggest that the subunits bind as
homodimers and contact the DNA in the same way as
does IHF.

Imino proton NMR spectra
We assessed the similarities between heterodimeric and
homodimeric complexes in more detail by examining
IH-NMR spectra of the base-paired imino hydrogens of
the DNA used to form the complexes. In general, one
can observe a single imino-proton signal for nearly
every base pair in duplex DNA. For the H' site in the
absence of protein, 24 such signals were observed
(Fig. 7, bottom); the spectral analysis is complicated by
the fact that many A-T base pairs occur in the sequence,
resulting in significant overlap in the imino proton NMR
spectrum. Nonetheless, the sensitivity of the chemical
shift to the local chemical environment permits a quali-
tative comparison of the DNA conformation in the
presence of different protein molecules; differences or
similarities in the pattern of imino-proton signals should
therefore reflect differences or similarities in the gross
DNA conformation. We used this approach to compare
the similarity in the DNA-protein complexes of IHF and
its isolated subunits.

The DNA-protein complexes formed by IHF and IHF-a
give very similar patterns of peaks, with no doubling or
extensive line broadening (Fig. 7); these data suggest
that the heterodimer and the IHF-a homodimer each
form primarily a single species in solution. In contrast,
the spectrum of the IHF-3 homodimeric complex
appears to have features of both the free and bound
DNA, but the observed peaks are broad and peaks
intermediate in chemical shift between free and bound
DNA are not resolved. This suggests that the IHF-3
homodimer may undergo intermediate to slow
exchange, relative to the NMR timescale, with the DNA.
This is consistent with the relatively weak apparent
affinity of the IHF-3 homodimer for the H' oligo-
nucleotide, as discerned from mobility shift and
footprinting experiments.
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Fig. 6. Hydroxyl radical footprinting of the attP H' Site by IHF and its subunits. (a) Representative footprints (performed as described in
Materials and methods) for the top strand of the H' site. The lane on the far right contains unprotected DNA. (b) Summary of observed
footprints on both strands. Asterisks indicate enhanced cleavage by hydroxyl radical, periods indicate protection from the same. The
coordinates refer to the center of the X attachment site [5].

Homodimeric and heterodimeric complexes with
self-complementary oligonucleotides
Despite the large footprint of the homodimeric and
heterodimeric complexes, only a few residues are
highly conserved between typical IHF-binding sites (the
conserved sequence is WATCAAnnnnTTR, where W is A
or T, n any base and R a purine). There is also signifi-
cant information content in regions of IHF-binding sites
outside this highly conserved region [6], but no obvious
symmetry is apparent between the consensus and
non-consensus halves of an IHF site. This raises the
possibility that the asymmetry in IHF-binding site
sequences is integral to IHF recognition. We have
addressed this issue by construction of self-complemen-
tary oligonucleotides in which parts of an IHF site are
symmetrized.

We have designed two different classes of self-comple-
mentary DNA molecules (Table 2). In the first class
(H'S1, H'S6, H'S2), we duplicated either the left or right
half of the H' binding site. In the second class (H'H7,
H'H8), we used the model of Yang and Nash [5], and
results from recent mutational studies [10,11], to
estimate which region(s) of the H' site should be in
contact with either the IHF-at or IHF-P subunit. On the
basis of these predictions, we reassembled non-contigu-
ous regions of H' to be adjacent to one another (see
Table 2). We found that symmetric sites of both classes

can interact substantially with heterodimeric IHF and
with the isolated IHF-a subunit. Not all of our con-
structs were successful in binding IHF or its subunits,
however, showing that symmetry does not override the
requirement of this system for a specific site.

Despite the success of several symmetric sites in acting
as targets, we have yet to design a site that binds tightly
to the isolated IHF-{3 subunit, and our initial attempts to
design a subunit-specific symmetrical site have failed.
For example, H'H7 brought together a portion of the
consensus sequence (ATCAA, red circle in Table 2) with
the A-tract (open square), then duplicated this construc-
tion such that a palindrome was formed. These two
regions were predicted to contact only the IHF-ca
subunit [5,10]; H'H7 was therefore expected to bind
IHF-u. more strongly than IHF-P. H'H8 was designed in
a similar fashion from elements thought to be in contact
with IHF-. Neither of these constructs acted in
agreement with our predictions. It remains to be seen
whether modest refinements in our design will provide
any significant improvement.

Discussion

We have tested the ability of symmetric and asymmetric
variants of IHF to form specific complexes with both
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Fig. 7. NMR spectra of heterodimeric and homodimeric IHF
complexes: imino proton NMR spectra of IHF and subunit
complexes at 30°C. Vertical lines have been drawn to illustrate
the correspondence between the free DNA peaks (bottom) and
those from the complexes. The difference in signal-to-noise is
a reflection of the differences in concentration for each of
these samples.

symmetric and asymmetric binding sites. Although a
wide variety of previous experiments indicated that the
naturally occurring protein is asymmetric in composition
and that natural IHF sites are not palindromic, our
results demonstrate that asymmetry is not required for
specific binding or for the recombination function of
IHF. We shall reconsider the possible biological and
structural reasons for the observed asymmetry in the
IHF system in the light of this insight, and then, using
this insight, propose a mechanism for recognition of
DNA targets that may be widely applicable.

Asymmetry of E. coli IHF protein and its binding sites
Many naturally occurring binding sites for E. coli IHF
have been characterized biochemically. In all cases, the
binding site for IHF appears to be -30bp in length, with
a partially conserved region of sequence in one half of
the site. Closer examination of IHF-binding sites

indicates that there is a non-random distribution of
nucleotides throughout the 30bp region protected by
IHF [6], and that sequence alterations even at poorly
conserved positions can have significant effects on IHF
binding ([12]; S-W. Yang, H.A. Nash, unpublished data).
There is little or no similarity, however, between
sequences found in the well-conserved and poorly
conserved halves of the 30bp region; thus, natural IHF
sites appear to be functionally asymmetric.

Naturally occurring IHF protein is also functionally
asymmetric in that the protein seems to require different
contributions from two related, but distinct, subunits.
Disruption of the genes encoding either IHF-oa or IHF-[
produces similar phenotypes, and no novel phenotypes
have been reported in strains constructed to be simulta-
neously mutant for both IHF subunits. Bear et al. [13]
have argued that the IHF requirement for plating of the
Xcos154 variant can partially be fulfilled by IHF-ca, but
not by IHF-3. The efficacy of IHF-ot in this assay is small
relative to complete IHF, however, and attempts to
improve it by overproduction of the IHF-ot subunit have
not succeeded [14]. Isolated subunits may be subject to
intracellular degradation; irmunoblotting of cell lysates
from hip or bimA deletion mutants indicates that the
amount of the residual gene product is substantially
reduced [10,14].

These observations probably reflect inefficient formation
of homodimers of either subunit. Although this feature
alone could account for the importance of hetero-
dimers, there are also significant differences between
the putative DNA-binding surfaces of the two subunits
of IHF ([5,10]; S-W. Yang, H.A. Nash, unpublished data).
When a mutation is made affecting this surface in one
subunit, the resulting phenotype is often different from
that induced by the analogous mutation in the other
subunit [10,11]. As the DNA-binding surfaces do not
impinge on the putative dimer interface of IHF [5,10,11],
the functional asymmetry of IHF protein may involve
both protein-protein and protein-DNA contacts.

Functional asymmetry in the protein-DNA system
We have argued that the E. coli IHF protein and its
binding sites are functionally asymmetric in vivo, but
our results show that neither need be asymmetric for
the formation of a stable complex in vitro. Binding sites
that are artificially constructed to be perfect palin-
dromes bind IHF almost as well as a natural site.
Moreover, each isolated subunit of IHF can specifically
recognize and bind as a homodimer to an IHF site, a
phenomenon that has been independently discovered
by Goosen and collaborators [15]. Homodimers of IHF
subunits can even specifically bind to palindromic IHF
sites. Despite the dispensability of asymmetry in our
purified system, IHF-binding sites in every prokaryote
that has been tested resemble those of E. coli in their
lack of symmetry, and proteins analogous to IHF appear
also to be dimers of non-identical subunits (for
examples, see [7,16-19]). Although our work raises the
possibility that a prokaryote will be discovered in which
a homodimeric IHF recognizes a symmetric sequence,
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the prevalence of asymmetry in the known systems
suggests that this feature has been selected.

One possibility for such selection is that IHF might need
to orient its faces in a defined way. For example, if IHF
formed contacts with another protein, such contacts
could be restricted to a subset of targets by suitable
orientation of an asymmetric binding site. Given a
heterodimeric protein, such asymmetry would direct the
contact surface of IHF either towards or away from its
putative partner. Although this idea is attractive, we can
find no circumstance where this possibility appears to
be exploited in nature. That is, in cases in which IHF is
presumably used to accomplish the same task in
different organizational contexts, there appears to be no
correlation between the IHF-site orientation and either
the phasing or spacing of this site and the other compo-
nents of the system [2,16,17,201. Although it remains
possible that another use of IHF will be discovered that
exploits the capacity to select a specific orientation, the
available evidence provides no encouragement for this
possibility.

A more attractive possibility for the widespread
asymmetry in the IHF system is that this feature reflects
the mechanism by which the protein recognizes its
DNA target. Suppose that the recognition of a 30bp IHF
site occurs in stages, with one particular segment being
the focus of the initial search. The evolutionary con-
straints on this part of the protein-DNA system might
then be very different from those on the remainder of
the system. For example, by analogy with HU protein,
each subunit of IHF contributes an 'arm', a two-stranded
3-ribbon [51, that is thought to be important in binding

to DNA. If only one of these arms were used during
initial recognition of the site, one would expect that it
and its cognate target would co-evolve to maximize the
speed and fidelity of the initial interaction. In contrast,
the remaining arm would merely be involved in stabiliz-
ing the initial complex and would be expected to

co-evolve with its target region according to different
principles. Even though the two arms may both be
wrapped around DNA similarly in the final complex,
their differing roles in the formation of the complex
could result in selection for different sequences in
their DNA-binding surface and in the DNA targets that
they contact.

Target identification by DNA-binding proteins
Our observations on asymmetry in the IHF system have
prompted us to consider the possibility that IHF sites
are recognized in a step-wise fashion. We now
speculate that this notion may have widespread applica-
tion. Recognition sequences of DNA-binding proteins
typically comprise one or more short clusters of infor-
mation. In many cases, the entire recognition sequence
consists of either a single asymmetric segment, or a
bipartite and symmetrical segment in which two half-
sites are apposed. In these cases, the target comprises
sequence elements that are clustered within ten or
fewer base pairs, and most or all of these elements are
probably recognized simultaneously. We suggest that a
protein would have difficulty in initially recognizing a
DNA-binding site much larger than this.

Thus, for example, if elements for the initial recognition
of a target were to span twenty or thirty base pairs, a
DNA-binding protein would either have to establish a
very large contact surface or, at the least, would have to
locate two or more smaller contact surfaces that were
perhaps distributed on one face of the target DNA. The
former would require the formation of a complementary
surface that follows the contours of several turns of
helix. The latter would require a simultaneous fit of
several contact surfaces in order to form an overall
complementary protein-DNA interface. In either case, it
is hard to imagine that such molecular choreography
could occur on a timescale that is consistent with the
observation that many protein-DNA interactions occur
at a rate that approaches the diffusion limit [21,22]. It is
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Fig. 8. Alternative pathways for initial
recognition of complex targets by DNA-
binding proteins. A typical target,
composed of two half-sites separated by
more than 10bp, is shown as a cylinder
with two notches. A protein that binds
to this target is shown as a bipartite
structure with two surfaces that are
complementary to these notches. The
figure presents different proposals for
the way that the protein could make
initial contact with this target. (a) DNA
sequence elements that are important
for initial recognition of the target are
distributed over both half-sites. In order
to find this target, the protein must
contact all of these elements simul-
taneously. (b) The elements important
for initial recognition are clustered in
one half-site of the target. This DNA
segment is contacted by one part of the
DNA-binding protein; this protein can
either be an isolated subunit (upper left)
or one domain of a stable assembly
(upper right). Subsequent steps (lower
left and right) are needed to convert this
initial recognition complex into a final,
more stable complex.

much easier to imagine that a few critically important
contacts are made in one clustered segment first,
thereby localizing the protein search for its target to a
small region of sequence.

According to this view, many protein-DNA systems may
have evolved to perform the initial recognition over
only part of the overall site (Fig. 8). Consider, for
example, systems in which oligomeric proteins sense
two recognition elements arranged as widely spaced
inverted repeats. In one class of these systems, epito-
mized by LexA protein, recognition of each half-site is
clearly sequential. In this system, kinetic and equili-
brium studies have demonstrated that the pathway for
binding involves recognition of a single half-site by one
monomer, followed by the cooperative binding of a
second monomer to the remaining half-site [23]. A
similar result has been observed with Arc repressor [24],
except that in this case the protomer that recognizes the
half-site is itself a dimer.

For targets of this type, one might expect that one of
the two half-sites is consistently singled out for initial
recognition and is thus subject to a different selection
pressure from the other half-site. Indeed, an analysis of
19 LexA sites shows that the two half-sites have signifi-
cantly different matches to the consensus sequence [25].
Cooperative binding to half-sites has been observed in
several other cases, for example the DNA-binding
domain of the glucocorticoid receptor [26]. In this case,
structural studies provide a rationale for sequential
binding of protomers [27]. To our knowledge, aside
from these three examples (LexA, Arc and the gluco-
corticoid receptor), it is not known if the cooperation
reflects enhanced binding of a second monomer to a
filled half-site, rather than enhanced binding of a
preformed oligomer.

In our view, proteins like LexA and Arc represent one
logical solution to the problem of recognizing large
sites: the stable form of the protein (or protein domain)
only spans a half-site. However, there are many
examples of proteins that recognize widely spaced
bipartite sites with a single stable dimer. In at least one
case, that of E. coli CAP protein [281, a detailed exami-
nation strongly suggests that, even here, half-site
recognition is operative. No known natural CAP site
contains two perfect TGTGA consensus sequences [28]
and, in most cases, one half-site matches the consensus
much more closely than the other [29]. Furthermore,
although CAP is a homodimer under physiological
conditions, it is likely that only one subunit contains
bound cAMP [30]. CAP may therefore function as an
asymmetric dimer that recognizes an asymmetric target.
The evidence for the recognition mechanism that we
propose is less clear in many other systems (X
repressor, for example [311). Perhaps a competing
selective force(s) that has yet to be discovered has
prevented the evolution of asymmetry in such systems.
Alternatively, the demands of deforming DNA may have
led IHF and CAP to fine-tune the initial steps of binding
more stringently than is generally required. A time-
resolved method for examining the development of a
stable protein-DNA interaction is necessary for further
analysis. We predict that, for IHF and many other
systems that bind to long stretches of DNA, specific
parts of the target will be consistently protected before
the remainder.

Conclusions

Our data show that not only can native heterodimeric
IHF bind to symmetric and asymmetric IHF-binding
sites, but homodimers assembled from either separated



Asymmetry in IHF function Werner et al. RESEARCH PAPER 485

subunit can also bind to these sites. Moreover, homo-
dimeric and heterodimeric IHFs can support in vitro
site-specific recombination. In nature, however, the IHF
system is asymmetric. This dilemma has led us to
speculate about the way proteins recognize DNA targets
that span several turns of the double helix. Our
suggestion that such recognition is step-wise provides a
potential explanation for the evolution of asymmetry in
the IHF system. Moreover, although IHF binds to DNA
as a pre-assembled dimer, our suggestion also places in
context the growing number of cases in which the
stable DNA-binding species of a protein only spans a
half-site.

We emphasize that at equilibrium, a stable protein-DNA
complex is expected to use all the information content
of a full site. Thus, both halves of a binding site will
contribute to the overall binding affinity, including
sequences that lie outside the consensus. However, our
analysis of IHF leads us to propose that the primary
determinant in specific recognition is restricted to
approximately 10bp or one helical turn. Rather than
reflecting an incidental detail of the protein-DNA inter-
action, we believe this insight reveals a fundamental
limitation in the way proteins find their targets.
Although this insight may perhaps seem self-evident,
we are unaware of its articulation in previous theoreti-
cal or experimental analyses concerning protein-DNA
interactions. The speed and accuracy with which the
search for a target is accomplished is likely to be vital
in certain biological settings, for example the recovery
of a repressed system from induction or the changes
in gene expression that occur as new gene regulators
are made during embryogenesis. The limitation in
the mechanism of recognition that we have inferred
from our study of IHF is likely to be a critical factor in
these processes.

Materials and methods

Purification of IHF and isolation of subunits
IHF was purified by a modification of the method of Nash et
al. [32], with the phosphocellulose column followed by
chromatography on Mono-S (Pharmacia/LKB) with a salt
gradient of 0-0.5M NaCI in the presence of 20mM sodium
phosphate, pH6.8. The Mono-S fractions containing purified
IHF were subsequently dialyzed against 20mM sodium
phosphate, 200 mM NaCI and lyophilized. 1-20 mg of
purified, lyophilized IHF was then dissolved in 10ml of 8M
guanidine hydrochloride (GuCI) in the presence of 0.1M
glacial acetic acid (GAA) or 50mM Tris buffer with 1 mM
Na 2EDTA. The solution was allowed to stand for 5-24h at
room temperature and filtered over 0.2pm Millex-GV filters
(Milipore, Inc.).

A Dynamax-300A C18 column (2.5cm x 25cm, 12pm, Rainin
Instruments) was washed with 100ml of 0.1% trifluoroacetic
acid (TFA, v/v) and equilibrated with a mixture containing
65% Buffer A (0.1% TFA) and 35% Buffer B (90% aceto-
nitrile (v/v), 10% of 0.1% TFA) at 10mlmin -'. 0.1-2ml of the
filtered, denatured protein solution was loaded onto the
column and eluted at 10mlmin 1 with a gradient of 35% to
52% Buffer B over 40min. The elution was monitored at

214nm and 274nm using a Pharmacia/LKB 2141 variable
wavelength flow detector.

Preparative quantities of individual subunits were obtained
from fractions of the column that showed little or no cross-
contamination with each other. The isolated subunits were
lyophilized and redissolved in water then stored either at
4°C or -20°C, without cryoprotectants or buffering salts.
Purity and homogeneity were determined by SDS-Tricine
polyacrylamide gel electrophoresis (PAGE) [33] (12% (w/v),
0.75 mm), electrospray mass spectrometry on a Jeol
JMS-SX102 and analytical high performance liquid
chromatography (HPLC) on a Dynamax-300A column
(0.5cm x 25cm) using the protocol described above, but at a
flow rate of 1 mlmin- 1. The best quantitative estimate of the
degree of purity came from experiments in which small
amounts of one purified subunit were mixed with a large
excess of the other and the resulting mixture resolved on
acetic acid-Triton-urea PAGE ([34]; as adapted by L. Huang,
R. McMacken, personal communication). In this way, we
determined that our stocks of IHF-a and IHF-3 were at least
98% and 99% homogeneous, respectively. Protein concen-
trations were determined using the method of Bradford [351,
and by spectrophotometry of subunit solutions in the
presence of 8M GuCI using a calculated extinction coeffi-
cient at 274nm of 1200M- cm- 1 for IHF-a and 3600M-1 cm- 1

for IHF-0

Mobility shift assays
Stock solutions of IHF or its subunits were serially diluted in
reaction buffer (36mM Tris, 14% glycerol (v/v), 7.5mM
Na2EDTA, 140pgml- 1 BSA (bovine serum albumin), 43mM
KCI) from 2-800-fold. A 30bp synthetic duplex comprising
the X attP H' binding site for IHF (X coordinates 27747 to
27777), a 187bp fragment of X attL containing a single H'
site [9]1, and a 450bp BstI fragment containing the H1 site
[81 were used to assess the DNA-binding properties of IHF
and its subunits. A typical reaction consisted of 1-1.5p1 of
diluted protein, pl of 5'-radiolabelled DNA and reaction
buffer to a final volume of 20pl. DNA concentrations varied
between 0.25 and 0.75nM in a given experiment. 38ng of
sonicated salmon sperm DNA (sspDNA) were also added to
the reaction mixture as indicated. The reactions were
allowed to incubate for 5-15min at room temperature, then
2pl of 1% (w/v) xylene cyanol dye in reaction buffer was
added and the reaction mixture loaded onto an 8% (w/v),
lx TBE polyacrylamide gel run at constant 300V or 150V
for one or two hours, respectively. The gel was dried and
autoradiographed for 12-24h and/or counted on a Betagen
Betascope 603 Blot Analyzer.

In vitro recombination
Intermolecular recombination experiments were performed
in vitro using 200ng each of two supercoiled, CsCl purified
plasmid DNAs. For integration, the plasmids contained either
an attP site (pHN894, [361]) or an attB site (pBB105, [371); for
excision, the plasmids contained either an att site (pHN872,
[36]) or an attR site (pHN868, [36]). Reactions were set up to
contain 50mM Tris, mM Na2EDTA, 0.Smgml- BSA, 5mM
spermidine and 6-625ng of IHF or its subunits in a final
volume of 20pl. Integration reactions were initiated by the
addition of 30ng of purified X Integrase (Int); excision
reactions were initiated by adding 30ng of Int and 20ng of
purified X Xis protein premixed with one another just before
the experiment. After 60 min, recombination reactions were
supplemented with MgCI 2 (to 10 mM) and restriction
enzymes (HindIII and MluI for integration; XhoI and MluI
for excision).
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Hydroxyl radical footprinting
The EagI-NcoI attL fragment (202bp, -69 to +136 attL
coordinates) was used for bottom-strand footprinting, while
the EagI-KpnI atiL fragment (276bp, -167 to +110 att coor-
dinates) was used for top-strand footprinting. The fragments
(derived from plasmid pHN1681 [9]) were labelled by
overnight digestion of plasmid with EagI followed by 3' end-
labelling using the enzyme Sequenase 2.0 (United States
Biochemical). Labelled plasmid DNA was subsequently
digested with NcoI and KpnI.

For footprinting, complexes were formed by the addition of
12.5-125 ng of IHF or IHF-a (1.25-2.5pg for IHF-13), 38ng
sspDNA and 3'-[32P]-labelled DNA in 10mM Tris/lmM
Na 2EDTA buffer in a final volume of 100pl. Typical DNA
concentrations were 0.5-2 nM. The footprinting reactions
were performed as described [381 for 2 min (min for the
IHF-P complex).

Duplex oligonucleotides
For non-self-complementary DNAs, the two gel-purified
strands were mixed stoichiometrically, heated to 90 C and
slowly cooled to room temperature over several hours.
Duplex DNA was separated from single-strand DNA using a
Mono-Q HR 5/5 column (Pharmacia, Inc.) with a linear
gradient 0.25-1M NaCI in 20mM sodium phosphate buffer
containing 1mM Na2EDTA, pH5.5, flowing at 1 mlmin- . For
self-complementary oligonucleotides, the hairpin form pre-
dominated over duplex at concentrations below 20nM.
Thus, 0.2 picomoles of 5'-[3 2P]-labelled single strands were
mixed with 200-400nM unlabelled DNA and then annealed
in the conditions described above. This procedure was suc-
cessful in producing mostly duplex DNA for use in
mobility-shift assays, but necessitated the use of 20nM DNA
per mobility-shift reaction.

NMR spectroscopy
NMR spectra were collected and analyzed at 30 C on a
Bruker AM-500 spectrometer. For the complex with IHF,
10mg of purified IHF were dissolved in 25ml of 20mM
sodium phosphate, 35mM NaCI, 5mM NaN 3, pH6.8. An
equimolar quantity of a 30bp oligonucleotide comprising the
H' site was titrated into this solution with gentle mixing. The
volume was subsequently reduced to 1-2 ml using a
collodion membrane apparatus (Schleicher and Schuell) with
a 10000 molecular weight cut-off. For the homodimeric
complexes, 5 mg of purified subunit was dissolved in
12-15ml of the above buffer and a half equimolar quantity
of oligonucleotide was titrated into the solution with gentle
mixing and subsequently concentrated using a collodion
membrane. Despite the poor solubility of free IHF-B3 in salt
solutions, the formed complex was reasonably soluble, with
only moderate precipitation occurring during the concentra-
tion process using the methodology described above. To
remove unbound protein or DNA, the samples were gel-
filtered using a 2.6 x 100 cm column of Sephacryl S-100
(Pharmacia) equilibrated with the above buffer and flowing
at 2mlmin- 1. The eluted samples were concentrated in a
collodion membrane to 0.5ml and the NMR spectrum
collected.
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