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Structure-based analysis of HU-DNA binding
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Summary

HU and IHF are prokaryotic proteins that induce very large bends in DNA. They are present in high
concentrations in the bacterial nucleoid and aid in chromosomal compaction. They also function as
regulatory cofactors in many processes such as site-specific recombination and the initiation of
replication and transcription. HU and IHF have become paradigms for understanding DNA bending
and indirect readout of sequence. While IHF shows significant sequence specificity, HU binds
preferentially to certain damaged or distorted DNAs. However, none of the structurally diverse HU
substrates previously studied in vitro are identical to the distorted substrates in the recently published
Anabaena HU(AHU) -DNA cocrystal structures. Here we report binding affinities for AHU and the
DNA in the cocrystal structures. The binding free energies for formation of these AHU-DNA
complexes range from ~—10 to —14.5 kcal/mol, representing Kgs in the nM to low pM range, and a
maximum stabilization of at least ~6.3 kcal/mol relative to complexes with undistorted, nonspecific
DNA. We also investigated IHF binding and found that appropriate structural distortions can greatly
enhance its affinity as well. Based on the coupling of structural and relevant binding data, we estimate
the amount of conformational strain in an IHF-mediated DNA Kink that is relieved by a nick (at least
0.76 kcal/mol) and pinpoint the location of the strain. In addition, we show that AHU has a sequence
preference for an AT-rich region in the center of its DNA binding site, correlating with an unusually
narrow minor groove. This is similar to sequence preferences shown by the eukaryotic nucleosome.
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Introduction

HU and IHF are closely related eubacterial, DNA-bending proteins characterized by two
overlapping and functionally relevant modes of DNA binding: a non-specific mode and a
specific mode. In their capacity as histone-like architectural factors, HU and IHF bind to DNA
nonspecifically and are found in high concentrations in the bacterial nucleoid?: 2, though their
exact role in nucleoid compaction is still debatedS. Sequence-specific binding, largely by
IHF4, plays a major role in facilitating processes such as replication initiation, site-specific
recombination and transcription, when sharp bends or DNA loops are required for assembly
of multi-component nucleoprotein complexes 5 HU is able to regulate such processes by
binding DNA in a topology-dependent or structure-specific manner®;
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These proteins form dimers with compact, positively charged body and two long beta ribbon
arms that track along the DNA’s minor groove. They induce flexible bends in the DNA of
~105° to >180° (Figure la)8‘11. Most of the bending is concentrated in two large kinks, spaced
nine base pairs apart, where the base stacking is disrupted by a large roll angle and a highly
conserved proline residue at the tip each arm is intercalated. IHF recognizes specific DNA
sequences through indirect readout of the sequence-dependent conformational parameters of
its binding site. Although HU binding is generally described as non-sequence specific, DNA
modifications that stabilize the particular unusual conformation seen in the crystal would be
expected to enhance binding.

Structure-specific binding of HU to DNA in vitro is in fact well-documented2-18 and, given
genetic data showing that HU-deficient cells are quite sensitive to UV damagelg? 20 jt suggests
that HU may be involved in DNA repair. However, in cases where high-affinity binding by
HU to non-canonical (e.g nicked or mispaired) duplexes has been described, accompanying
structural data has been absent and models have been based on the IHF-DNA cocrystal
structure®: 75 14,8 Here we present affinity data for a set of distorted duplexes based on the
one found in our recent cocrystal structures of Anabaena HU (AHU) —-DNA complexeslo.
These data can thus be used to estimate the strain in known DNA conformations.

The DNA duplexes in the IHF- and AHU-DNA cocrystal structures are shown in Figure 2a
and 2b. The AHU DNA duplex was one of four oligonucleotides (TR3 for Top Right 3) that
were annealed to create the doubly-nicked IHF site for crystallization. The fact that AHU
crystallized with low amounts of TR3 in the presence of higher concentrations of a less distorted
DNA duplex led us to predict that the TR3 duplex would bind very tightly to AHU in vitro. In
fact, the affinity of AHU for a TR3-related duplex was so high, it became clear that coupling
binding data with relevant structural data could enhance our understanding of the strain induced
in DNA upon bending and the structural determinants for binding of HU and IHF to DNA.

Measuring high-affinity binding of AHU to DNA containing multiple distortions

The crystallized sequence (Figure 2b) was modified to facilitate measurement of relevant
binding constants by electrophoretic mobility shift assays (EMSA). Within the crystal each
AHU dimer contacts DNA from neighboring complexes in addition to its ownl0, These
sequences were appended to the substrate and are shown in (light blue in Figure 2¢), however,
hairpin formation in the resulting substrate complicated binding measurements. Additional
flanking sequences were added to destabilize the hairpin. The resulting DNA duplex 2 (Figure
2c), binds to AHU with an apparent Kq of 13 + 0.4 pM (Table 1). Duplex 2 contains all of the
distortions found in the cocrystal structure: 3 T « T mismatches and 2 extra Ts on each strand.
Though less physiologically relevant than substrates previously described, its affinity for AHU
is up to 50-fold higher than that of any tested to date. Further studies used duplexes with slightly
shorter flanking sequences that also prevented hairpin formation (duplexes 1 and 3—-14 in Table
1; Figure 3).

Deconvoluting the structural determinants of high-affinity binding to HU AHU binds tightly
to single-base insertions that coincide with the DNA kinks

The DNA distortions in the crystal structure are highlighted in Figure 1b. We investigated the
contribution of each one (separately and in combinations) to the overall affinity (Table 1). The
greatest individual contribution to binding was provided by the existence of 2 single-T

insertions spaced 9 base pairs apart: Kd for duplex 4 was 0.35nM, at least 3 orders of magnitude
tighter than our estimate of 400nM — 2uM for nonspecific bindingm? 22 \When the spacing is
reducted to 7 base pairs (duplex 9), a weak discretely shifted band is obscured by a nonspecific
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smear, suggesting that specific binding is weak, at best. Combining all 4 insertions (duplex 7)
actually results in slightly weaker binding (Kd = 2.1nM) than that observed for the 2 properly
phased insertions (duplex 4). These data are consistent with what is observed structurally. The
single T insertions that coincide with the large kinks the DNA (9 base pairs aparat) are stacked
in the duplex at the site of proline intercalation. The other two insertions, 7 base pairs apart,
lie in a region whose structure is otherwise much closer to canonical B-form in both the HU-
and IHF-DNA structures. They are flipped out of the double helix, and the flanking bases stack
on one another.

Single-base insertions and nicks similarly relieve strain in kinked DNA

Comparison of the AHU structure to 2 different IHF cocrystal structures (Figure 4) reveals that
both a nick and a single-base insertion relieve strain in the bound DNA and help to pinpoint
the location of the strain. One DNA kink from the published IHF cocrystal structure (1IHF) is
shown in pink in Figure 4a, 8. The DNA at this kinked site is fully intact, though there is a nick
in the backbone 1 base pair away from the other kink (not shown) in this same structure. That
nick facilitates crystal packing and does not enhance binding significantly23. However, the
first IHF-DNA cocrystals grown contained a second nick directly at the kink site shown in
Figure 4. Refinement of that structure was set aside in favor of data from a singly nicked
complex. However, it was recently completed as an interesting comparison to our HU-DNA
structures. A nick at this position (directly at a kink) enhances binding by ~4x (Table 3). This
implies that a nick at the kink relieves backbone strain. This is supported by the structures:
when the DNA is nicked, the ends spring apart (compare the pink DNAs in Figures 4a vs. 4b).
The bases flanking the nick relax to positions remarkably similar to those of the bases flanking
the stacked single T insertion in the HU-DNA complex. Taken together, the binding and
structural data provide a clearer picture of backbone strain. The binding data suggests that a
nick directly at the kink in IHF-bound DNA relieves at least ~0.76 kcal/mol of strain (A A G
for IHF binding duplexes +/— the nick), and the structural data illustrates how.

T« T mismatches enhance the effect of single-T insertions

The duplex containing 2 T insertions with 9-base pair spacing flanked only their 5’ sides by T
* T mismatches (duplex 1) promotes the highest affinity AHU binding of all the duplexes tested:
Kd = 4pM. The enhancement from 0.35nM for 2 single-base insertions only (duplex 4) reflects
a A A G° of 2.5kcal/mol. This effect is quite specific: T « T mismatches on the 3’ side of the
single T insertions (duplex 3) does not significantly enhance binding over that observed for
insertions alone (duplex 4), and a substrate containing the outer T » T mismatches in the absence
of the single T insertions (duplex 13) does not produce a discrete shifted band.

AHU was crystallized with AT base pairs (PDB IDs 1P78 and 1P51) aswell as T T base pairs
(PDB ID 1P71) flanking the single T insertions on their 5” sides. Despite the large difference
in affinity, little structural difference was observed other than the phosphate backbones being
a bit closer together in the structures with the TT base pairs,. These results suggest that an
unpaired but stacked T with a T « T mismatch on its 5’ side may be particularly susceptible to
intercalation. Interactions that stabilize the duplex may be weakened in just the right places to
greatly facilitate kinking. It is also possible that the role of the adjacent T « T mismatches in
duplex 1 is to stabilize the stacked form (as opposed to the flipped form) of the unpaired Ts in
the unbound duplex.

A pair of appropriately phased insertions is required for tight binding

While there has been some debate over whether multiple HU dimers bind cooperatively to

DNA, here we observe strong intramolecularly cooperative binding of 2 arm domains within
an AHU homodimer to multiple distortions on single DNA sites. Whereas AHU binds to the
2 phased insertions of duplex 4 with an apparent K4 of 0.35nM, binding to a single insertion
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in the same overall sequence (duplex 10) is too weak to be measured accurately in this assay.
A sharp band representing a specific AHU-DNA complex is observed; however, as the protein
concentration is increased, a smeared band (representing nonspecific binding) is observed
before the free duplex is fully shifted to complex. Similarly, binding to a single-T insertion
with an adjacent T « T mismatch (duplex 11) is too weak to measure while binding to phased
copies of this tandem single T-mismatch distortion (duplex 1) is 4.0pM. This intramolecular
cooperativity of binding to distorted sites is not at all surprising. Grove and coworkers also
observed tight binding of AHU and IHF to phased distortions (4-nucleotide loops); however,
binding to a single 4-nucleotide loop was not reported17. Tight binding to phased distortions
makes sense because once a single distortion is bound by one arm of an HU homodimer, the
propensity for the second arm to bind a distortion at an appropriate distance from the first is
likely to be greatly enhanced.

AHU shows sequence preference reflecting a narrow groove width at the center of the

binding site

Structural data (summarized in Table 2) led us to predict a sequence preference for AHU. The
2 base pair steps surrounding the central T « T mismatch in the AHU cocrystal structure are
overtwisted (39° vs. 36° for B-form) and the minor groove in this region is narrower than a
canonical B-form minor groove (8.7A vs. 10.7A). This trend is also observed in the same
position of the duplex bound to IHF in the cocrystal (44° and 9.2A). Duplexes with a central
T « T or GC base pair (duplexes 5 & 6) bind to AHU with less than twofold lower affinity than
the duplex with a central AT pair (duplex 4); however, substitution of three adjacent GC pairs
(duplex 8) in this region weakens binding significantly: about 17-fold. AT-rich regions of DNA
are generally characterized by a narrow minor groove, whereas GC substitutions tend to widen
the minor groove24. These results imply that a narrow and/or highly twistable minor groove
in the center of the DNA site is an energetically favorable feature for binding. This agrees with
the knov5vn sequence preferences of IHF, where AT base pairs are also preferred in this
region<®.

IHF binding can also be driven by structurally appropriate DNA distortions

The structural data comparing IHF- and AHU- DNA kink geometries (Figure 4) led us to predict
that distortions driving high-affinity binding by HU might also be favored by IHF. As shown
in these figures, the rise distance between base pairs at the kink is large. The rise distance
between base pairs at the kink in the AHU cocrystal structures ranges from 7.8 to 8.3A
calculated using 3DNAZ6, compared to 3.4A for B-form DNAZ27. Thisis not surprising because
an extra T is inserted in the kink. However, in the IHF cocrystal structure where there are no
unpaired bases and the backbone is fully ligated, the rise is still relatively large, 6.8A. IHF does
show a preference over B-form DNA for the phased single-T insertions in the duplex 4 (Figure
5). The affinity for this distorted site (K4q=42 nM) is only slightly weaker than that for cognate
IHF DNA-binding sequences, (Kq~2 nM-20nM)28 This result highlights a key feature of DNA
recognition by proteins that rely on indirect readout. Since distortability of the DNA sequence
is recognized (as opposed to specific functional groups), DNA sequences or structures that are
quite different from each other can all potentially make suitable binding partners.

Discussion

Among the substrates we tested, the free energies of binding A G° range from a rough estimate
of ~—6.3 kcal/mol (or weaker) for nonspecific binding to —14.5 kcal/mol for the tightest specific
complex (summarized in Table 1). The largest release of free energy upon binding occurs when
the unbound duplex itself contains helix-destabilizing distortions and specifically, when those
distortions are positioned so that both intercalating side chains on the protein can contact them.
Duplexes 1 and 2, which both contain 2 single-T insertions each adjacenttoa T « T mismatch,
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produce the lowest Ky values, reflecting binding that is ~100,000-fold tighter than nonspecific
DNA (using a rough lower estimate of 400nM). As seen in Figure 4, when complexed with
the protein, the resulting structure at the DNA kink is very similar to that of one with a simpler,
more common type of damage, a nick. The fact that the unnicked IHF-DNA structure is slightly
different immediately at the kink shows that the protein does not fully stabilize the bent DNA
structure, and that both the single-T insertion and the nick appear to relieve similar strain in a
similar manner.

In the eyes of HU, not all DNA distortions are equal. In our study, some distorted substrates
bound with pM affinity whereas others were not preferred over undistorted DNA. Helix-
destabilizing distortions that are not accommaodated by protein, such as unpaired bases that are
flipped out in the complex structure, are slightly destabilizing to the complex (e.g. duplex 4
vs. 7). Furthermore, even a seemingly subtle change to our tightest-binding substrate, the
placement of a T « T mismatch on the 5° vs. the 3’ side of a single-base insertion, results in
either 4pM (duplex 1) or 250pM (duplex 3) binding respectively. This represents a A A G° of
2.3kcal/mol and clearly shows that, while generic “flexibility” at or near the kinks may enhance
binding, structure-specific effects are also very important.

Our measurements are broadly consistent with previously published results. The most closely
related substrates are those studied by Grove and coworkers?. They observed tight binding
(3.5nM) between AHU and tandem mismatches (4-nucleotide loops) spaced 9 base pairs apart.
While we did not observe quantifiable specific binding to phased T « G or T » T mismatches
(duplexes 12 and 13 respectively), the stacked insertions neighbored by mismatches found in
duplexes 1, 2, and 3 are reminiscent of 4-nucleotide loops. The 4-nucleotide loops in the Grove
etal. study were tested at a salt concentration of 10mM as opposed to 70mM used in our assays,
so direct comparison is not possible. Binding by HU and IHF is somewhat weakened by
increasing salt concentrations, although for IHF it has been noted to be less salt-sensitive than
for many other protein-nucleic acid complexes (data not shown; 29; 30).

A wide variety of non-B-form DNA substrates have been tested, and an interesting and possibly
more physiologically relevant example was observed by Kamashev et al.15, They observed
the preference of E. coli HU for a duplex with a 3* overhang as opposed to a 5’ overhang. These
authors point out that the 3’ overhang is the more likely intermediate for double strand break
repair. Itis still unclear, however, whether the growing number of high-affinity distorted DNA
substrates reveals something about a specific biological role for HU in DNA repair or whether
differential preferences reflect only differences in how each substrate can be distorted into the
particular conformation most preferred by HU. In addition, the idea that HUs from particular
species specialize and prefer certain distortions has been put forth by Grove and
coworkers18; 22, Relatively small differences in the proteins’ electrostatics and/or flexibility
might alter the way in which DNA substrates can best adapt to them.

How do the energies measured here for stabilization of AHU- and IHF-DNA complexes by
DNA distortions relate to the energetic cost of kinking DNA? Yan and Marko estimate the cost
of a sharp kink as ~11kgT, or ~6.1kcal/mol at 4°C (our binding measurements were carried
out at 4°C)31- Using a rough lower estimate of Kg=400nM for nonspecific HU binding, we
calculate that the complex with duplex 1, containing properly spaced single-T insertions
flanked by T:T mismatches, is ~6.4 kcal/mole more stable than one with canonical DNA,
corresponding to ~3.2 kcal/mole of kinks. However, additional factors come into play here:
First, even with this substrate, it is unlikely that the energetic cost of kinking is fully prepaid
—some binding energy is probably still expended in distorting the DNA to the state seen in the
crystal structures (and in paying the entropic cost of locking out other conformations). Second,
while introducing the kink itself is energetically costly, it allows electrostatic interactions with
the positively charged sides of the protein that cannot occur in straight DNA. The A A G°
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between loosely and tightly bent complexes is therefore a balance between the energy paid to
physically bend the DNA and the energy released when additional protein-DNA interactions
are made. Several lines of evidence imply that the DNA bend induced by HU is flexible,
including our crystal structures, where the size of the kinks varied, and close contacts to the
protein sides were missing with the smaller kinks 9,115 32 since there is evidence for
observably flexible bending both with and without distortions in the unbound DNA, the
equilibrium constant between loosely and tightly bent complexes in both cases is probably
within an order of magnitude or two from 1. Compared to the 5 orders of magnitude gained in
Kd for our best distorted substrate, this implies that the energetic penalty for initially opening
the Kink (seen in all AHU-DNA complexes) is far greater than that for widening it to allow
further contacts with the sides of the protein. This is not unexpected, since the base stacking
disrupted at the initial opening step is a major stabilizing force in DNA structure.

Introducing a nick in the phosphodiester backbone at the kink in the IHF-DNA complex
improved binding by 0.76 kcal/mole. The structural comparison in Figure 4 clearly shows that
this nick allows relief of conformational strain. However, the stabilizing effect was much less
than that of the distortions in duplex 1 and 4. Direct comparison in the IHF case is somewhat
difficult because it has stron sequence specificity, but using an estimated Kd of 20 M for
nonspecific binding by IHFZ8 , duplex 4 enhanced the stability of nonspecific IHF-DNA
complexes by ~3.4 kcal/mole. These differences probably reflect the conformational dynamics
of the unbound DNA: the nick is not expected to disrupt base stacking, while the single-base
insertions and mismatches are.

Although IHF is undeniably a sequence-specific DNA binding protein, like HU, it binds with
structural specificity. IHF’s 42nM affinity (Table 3) for 2 phased single-T insertions (duplex
4) is comparable to specific IHF sites, even though duplex 4 bears little resemblance to the IHF
consensus sequence (5’-WATCARXXXXTTR) 25 AHU- and IHF-bound DNA are
structurally very similar whether or not a nick or T insertion is present (Figure 4), so IHF’s
preference for a T insertion was predictable from a comparison of the structures. This
preference is consistent with an early observation that IHF binds more tightly to its co nate H’
site when the site contains 2 adjacent T » T mismatches with 8- or 9-base pair spacmg . These
preferences are also consistent with IHF’s use of indirect readout as a DNA recognition
strategy.

While IHF makes a specific complex with duplex 4, its 42 nM affinity for this site is still weaker
than AHU’s 0.35 nM affinity for the same site. Also, nonspeC|f|c IHF-DNA complexes are
weaker than HU-DNA nonspecific complexes (Kd~20-30 M2 ) Some of IHF’s specificity
therefore probably reflects unfavorable interactions with incorrect sequences as well favorable
interactions with correct sequences.

This work also addresses the sequence preferences of HU. Only a few such preferences have
been previously demonstrated, and the structural basis for those have been unclear. The
Chaconas group demonstrated a preference, in supercoiled DNA only, for E. coli HU binding
to a particular sequence in Mu DNA’. E. coli HU has also been shown to have an ~10fold
preference for DNA containing phased A-tracts33; 34, Through our work we have discovered
a method by which previously unknown HU sequence preferences can be readily measured,
and correlated with the known structure. We dictated where HU would bind by properly spacing
two intercalation sites, then varied the DNA sequence at other points in the binding site. The
tight binding induced by the phased T insertions also made accurate affinity measurements
feasible. Using this strategy, we uncovered a 17-fold difference in K4 between a duplex
containing the central sequence AAT (duplex 4) and a duplex with a central sequence CCG
(duplex 8). Although others have suggested that HU’s preference for A-tracts may reflect the
bending associated with phased A-tracts in naked DNA, our structural data suggests that minor
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groove width is actually the key feature. Helically phased A-tracts would place narrowed minor
grooves not only in the center of the complex, but also at the sides, where the IHF-DNA
structure also disiflays unusually narrow minor grooves, and on one side, a clear preference
for an A-tract8: 35, The DNA duplexes in the AHU-DNA cocrystals were too short to make
these all these contacts, but comparison of the protein structures suggests a similar preference
for HU10. HU is highly abundant in the bacterial nucleoid. Even weak sequence preferences
could lead to biologically significant differences in HU distribution on bacterial chromosomes,
which could in turn affect the organization of chromosomal domains in vivo.

The sequence preference described here for HU is remarkably similar to that deduced for
nucleosomes that are the fundamental unit of eukaryotic chromatin2®; 36; 37, Although they
are also largely nonspecific, strongly preferences can be selected. As with HU, these may reflect
general flexibility, but also reflect very specific DNA structural requirements that can be
mapped onto the known complex structure. For instance, preferred nucleosome binding sites
have similar trends of A/T rich regions where narrow minor grooves face the protein. In this
case, the biological relevance of such relatively weak preferences in positioning nucleosomes
has recently been verified38.

Structure-specific binding of distorted DNA is a critical feature of many DNA repair enzymes,
for instance those involved in nucleotide excistion repair and mismatch repair39. For example,
MutS is responsible for the initial recognition of mismatched base pairs and insertions in
mismatch repair39? 40_ just as HU binds to different DNA structures, so MutS recognizes a
variety of mismatches that have little structural similarity to each other. Both HU and MutS
deal with this recognition challenge by using flexible DNA binding regions that undergo mutual
induced fit upon DNA binding. Furthermore, both proteins seem to rely on the intrinsic duplex
destabilization caused by the DNA feature that they recognize.

An important difference between MutS and HU is the degree to which we understand each
protein’s involvement in DNA repair. The fact that a protein recognizes damaged DNA or
repair intermediates suggests but does not prove a direct role in repair. Supporting evidence
for HU’s involvement in repair includes the fact that HU-deficient cells are more sensitive to
UV-induced DNA damage 0 Also, genetic experiments on HU-depleted cells suggest that
HU participates in homologous recombination-mediated repairlg. Phenotypic pleiotropy of
HU- bacteria stems from the fact that HU facilitates many different cellular processes. This
multifunctionality greatly complicates the process of pinpointing HU’s role in repair. It also
means that in vitro studies of HU-DNA binding such as those presented here are critical for
moving towards a complete understanding of specific biological functions of HU. Although
tightest-binding substrates presented here may not be physiologically relevant, they provide a
detailed, structure-based understanding of the energetics and binding-site preferences of HU.
This has implications not only for the dynamics of the prokaryotic nucleoid but also for the
recognition mechanisms of many other DNA-binding proteins.

Materials and methods

Protein and DNA purification

AHU was cloned and purified as described in previouslylo. E. coli strain RJ1878 (a gift from
R. Johnson), a derivative of BL21(DEJ) that lacks functional chromosomal HU genes was used
for protein expression. After a two-step ammonium sulfate precipitation, AHU was further
purified on a heparin column (Amersham Pharmacia) followed by ion exchange on a Mono-S
column (Amersham Pharmacia). The possibility of endonuclease contamination was excluded
by incubating the protein with supercoiled plasmid and 10mM MgCls, at 37° C for 2 hours.
AHU has no significant absorbance at 280 nm. Protein concentration was therefore determined
by quantitative amino acid analysis performed in triplicate (HHMI Biopolymer/Keck
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Biotechnology Research Foundation at Yale) on the stock solution (0.85mM) stored at —20°
C. Protein samples were diluted freshly from this stock for each assay. IHF was a gift from S.-
W. Yang and H. Nash; its concentration was determined by UV absorbance using ¢ 280 of
5800M1cm™1. PAGE purified DNA was purchased from Integrated DNA Technologies.

Gel mobility shift analysis

Assays were performed in binding buffer, 20mM Tris—HCI (pH 8.0), 70mM NaCl, 1 g/ml of
salmon sperm DNA, and 5% glycerol, at 4°C by incubation of the 32P-labeled DNA (0.15 or
1.5pM) with various concentrations of protein for at least 12 hours. Diluted protein (4 L) was
added to each 20 L reaction. Protein dilution buffer contained 25mM Hepes (pH 7.6), 50 g/
mL, BSA, 0.1M NaCl, 10% glycerol and 0.1mM EDTA. 10 L of the total binding reaction
were loaded onto 10% polyacrylamide gels (acrylamide to bis-acrylamide 29:1, w/w) in 0.5x
TBE (45mM Tris-borate, ImM EDTA) buffer and electrophoresed at 6 V/cm for 2.0 hours at
4° C. Dried gels were visualized using Phosphorimager screens (Molecular Dynamics) scanned
by a Molecular Dynamics Phosphorimager. The band intensities were quantified by using the
area measurement utility in the ImageQuant V5.0 (Molecular Dynamics) software package.
Because the protein concentration is in excess over the DNA concentration, free protein
concentration is assumed to be approximately equal to the total protein concentration. The
equilibrium dissociation constant (Ky) was therefore determined using the following
relationship:

o~ =1+K [P

where 0 is the fraction of bound DNA and P is the total protein concentration. Experimental
data were fit using Microcal Origin 6.0. Each binding assay was repeated 2-5 times. AHU’s
affinity for duplex 2 was measured under a range of conditions in order to be certain that
samples reached equilibrium and that the labeled DNA concentration was sufficiently lower
than the protein concentration. (shown in supplementary material Figure 1). Some substrates
were bound too weakly by AHU for accurate Kd measurement. A sample polyacrylamide gel
showing such weak binding is displayed in supplementary material, Figure 2. Such binding is
described as above the limit of detection (ald) in Table 1.

Doubly nicked IHF-DNA complex Structure

The IHF-DNA complex structure was initially solved using crystals that contained a nick on
both DNA strands8. However, when it became apparent that one nick was directly at a DNA
kink, new crystals were grown with that strand intact, and data from those were used for
refinement. For comparison with the AHU-DNA complex, an earlier native data set from a
crystal containing doubly nicked DNA was retrieved from storage and refinement of that
structure was completed. This data was collected on Fuji image plates in June 1995 at
Brookhaven National Laboratory beamline x4a, and processed with denzo and scalepack41.
The crystal was grown as described, but before flash-freezing was soaked in stabilizing solution
containing Mg** in place of the Cd** in the original mother liquor. Refinement was finished
using CNS_SOLVE and a modified version of rna-dna.param in which the 2’ endo sugar pucker
restraints were deleted 42. The same test set indices have been reserved for Rfree in refinement
of all IHF-DNA complex structures. The diffraction data are highly anisotropic, extending past
2A in c*, but no further than ~2.8 in b*. A sharp spike in the Rfactor at ~2.25A led to the
realization that faint ice spots in the bad direction of diffraction were being scaled to
disruptively large values by the application of an overall anisotropic B-factor. These were
removed by deleting all data outside an ellipsoid with principle axes of 1/2.1, 1/2.5 and 1/1.6
A. The optimal limits were determined by monitoring the difference map signal for a known
error in an intermediate version of the model. Statistics of the data and final model are shown

J Mol Biol. Author manuscript; available in PMC 2008 January 26.
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in table 4, and they have been deposited in the protein databank (PDB ID 2HTO0). Structure
figures were made with Ribbons*3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(@)

(b)

5L TGCTEAT CAATTTG-T;TGCA
ACGT-T-GTTTAACTATTCGT

Figure 1. IHF-and AHU-DNA cocrystal structures

(a) Stereoview of a superposition of the IHF- and AHU-DNA complexes. IHF protein is shown
in grey and white while the IHF DNA is pink (1IHF). AHU is gold and the bound DNA is
green (1P71). Prolines at the tips of arm-like B -ribbon extension are in yellow. (b) AHU-DNA
complex. The AHU-DNA complex (1P71) is color coded as in Table 1. The protein subunits
are gold and orange and the intercalating prolines are in yellow. Canonical DNA is blue while
unpaired bases are green (stacked) or grey glipped) and mismatches are pink. Part b reprinted
from Figure 3 of Swinger and Rice, 200310,
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AJ
IHFTL3 5’ GGCCAAAAAAGCATTGCTTATCAATTTGT TGCACC IHFTR3
IHFBL1 CGGTTTTTTCGTAACGAATAGTTAAACAACGTGGC IHFBRI1
5/ TGCTTATCAATTTG-T-TGCACC
CCACGT-T-GTTTAACTATTCGT TR3
5' GGGCGGTACG TGCTTATCAATTTG-T-TGCA TACGGGCGGG
CCCGCCATGC ACGT-T-GTTTAACTATTCGT ATGCCCGCCC

Figure 2. Origin of DNA duplexes used in this binding study

(@) IHF’s cognate site, H’. The IHF consensus site is underlined in green. The black arrows
show the location of backbone nicks placed 9 base pairs apart in an effort to phase AHU binding
for homogeneous crystal formation. The dashed arrow shows the location of the nick in the
IHF-DNA crystal structure (1IHF). (b) DNA observed inan AHU-DNA cocrystal (1P71). Two
copies of the top right oligonucleotide bound to each other forming a duplex with 4 unpaired
Tsand 3 T+ T mismatches. Color coding is as follows: green, analogous base in crystal structure
is stacked; grey, analogous base in crystal structure is flipped; pink, T « T base pair (c) DNA
duplex for gel shift experiments. The middle of the site is identical to duplex TR3 from the
crystal. The flanking DNA in light blue is identical to DNA from neighboring protein-DNA
complexes that contact AHU in the crystal. The black flanking sequence destabilizes a hairpin
that forms in its absence and complicates binding experiments.
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Figure 3. Representative EMSA experiment

Panel (a) shows a polyacrylamide native gel shift experiment between duplex 6 and AHU.
Assays were performed in binding buffer, 20mM Tris—HCI (pH 8.0), 70mM NaCl, 1 g/ml of
salmon sperm DNA, and 5% glycerol, at 4° C by incubation of the 32P-labeled DNA various
concentrations of protein. Further details are described in Materials and methods. Panel (b)
shows the curve fit for data from panel (a) that was used to extract an apparent binding constant.
The R value represents the square root of the difference between the total variation (t) and the
unexplained variation (u) divided by the total variation or R = \((t-u)/t).
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5’ ATCAATT
TAGTTAA

5/ -TTG-T-TGC-
-AACTATACG-
*

57 ATCAATT
TAGTTAA

Figure 4. Comparisons of IHF- and AHU- kinked DNA

Panel (a) shows a stereoview of a superposition of kinked DNA from the previously published
IHF-DNA structure in pink (1I1HF), the sharper of the kinks in the AHU-DNA structure in
green (1P78). The tips of the B -ribbon protein arms are shown in white (IHF) and gold (AHU)
with the intercalating prolines in yellow. Bases at the kink in these two structures superimpose
remarkably well considering the differences in sequences and the presence of an extra T in the
AHU structure (marked by an asterisk). The sequences for the portions of the structures shown
are in green for AHU and pink for IHF. The asterisk marks the intercalated T.

Panel (b) shows a stereoview of a superposition of kinked DNA from a nicked IHF-DNA
structure recently deposited to the Protein Data Bank in pink (2HTO) and the AHU-DNA
structure in green. The nick in the IHF DNA backbone in this structure is directly at the site of
kinking. Proteins are color coded as in panel (a). The superposition of paired bases in these
two structures is even closer than that observed in panel (a). The arrow by the IHF sequence
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in pink marks the location of the nick. This view illustrates that a nick and an extra T similarly
relieve strain in the kinked DNA backbone.
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Figure 5. EMSA experiment shows that IHF binds to phased single-base insertions

Panel (a) shows a polyacrylamide native gel shift experiment between duplex 4 containing 2
single-T insertions and IHF. Assays were performed in binding buffer, 20mM Tris-HCI (pH
8.0), 70mM NacCl, 1 g/ml of salmon sperm DNA, and 5% glycerol, at 4°C by incubation of
the 32P-labeled DNA various concentrations of protein. Further details are described in
Materials and methods. Panel (b) is the curve fit used to extract an apparent binding constant
of 36nM for the gel in panel (a). After three repetitions of the experiment, an apparent Ky of
42+6nM was determined as reflected in Table 1.
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Table 2
Twist and minor groove width for AHU-, IHF- and B-form DNA
Twist"] Minor groove widthY
AHU-bound DNAY 39° 8.7A
IHF-bound DNAP 44° 9.2A
B-form DNA 36° 10.7A

4DNA from PDB ID 1P71
PONA from PDB 1D 1IHF

cCalculated using 3DNAZ6 for AHU and IHF DNA. Values for B-form DNA From Amott2”.
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Table 3
Affinities of IHF for various DNA substrates
a o
duplex DNA sequence Kq AG (keal/mol)
(nM)
HF cognate Site, 5/ GGECCAAAAALAGCATTGCTTATCAATTTGTTGCACC 0.5+0.2 -11.8+0.2
nick at kink CGGTTTTTTCGTAACGAATAGTTARACAACGTGGC
IHF cognate site, 5 GECCAARARAAAGCATTGCTTAT CAATTTGTTGCACC 2.0+0.6 -11.0£0.1
no nicks CGGTTTTTTCGTAACGAATAGTTARACAACGTGGC
4 5/ TACGTTTGTTGCATGCATACAAATTGT - TGCAACGTTGETTTTACG 42.0+6.0 -9.4+0.1
ATGCAAACAACGTACGT-TGTTTAACATACGTTGCAACARAATGC
*Coding; , analogous base in AHU crystal structure is stacked; underlined, THF consensus sequence;

arrow shows position of nick
N
pparent K4
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Table 4
Refinement of the doubly-nicked IHF-DNA complex structure

nominal resolution 15-2A

Rmerge 7.7% (39.4%)

redundancy: >= 3fold for 73% of all data, > = 5fold for 44%

resoltlgion where <I/c I> falls below ~2 along a*, b*, c*: 2.2, 2.8, <2.0 data were used if they lay inside an ellipsoid with principle axes of 1/2.1A, 1/2.5A,
1/1.6.

completeness within ellipsoid: 97.2% (99.6% in highest resolution bin, 51% of those have I/c | > 2)

R 23.42% (31.5%)
Rfree? 27.82% (36.3%)
rms deviation from ideal:

bond lengths 0.006A

bond angles 1.0°

Ramachandran plot: 90.7% most favorable; 9.3% additional allowed

values in parenthesis are for the highest resolution bin
1

Rmerge =3 (|l —=<I>|)/X |
2 .

4.8% of total reflections

3as defined by procheck44

J Mol Biol. Author manuscript; available in PMC 2008 January 26.



