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Substrate specificity of Helicobacter pylori histone-like HU protein is
determined by insufficient stabilization of DNA flexure points

Christina CHEN'2, Sharmistha GHOSH' and Anne GROVE?

Department of Biological Sciences, Louisiana State University, Baton Rouge, LA 70803, U.S.A.

The histone-like HU protein is ubiquitous in the eubacteria. A role
for Escherichia coli HU in compaction of the bacterial genome
has been reported, along with regulatory roles in DNA replication,
transposition, repair and transcription. We show here that HU from
the human pathogen Helicobacter pylori, which has been impli-
cated in the development of ulcers and gastric cancer, exhibits
enhanced thermal stability and distinct DNA substrate specificity.
Thermal denaturation of HpyHU (H. pylori HU) measured by
CD spectroscopy yields a melting temperature (T,,) of 56.4 %+
0.1 °C. HpyHU binds linear duplex DNA with a site size of
~ 19 bp and with low affinity, but in striking contrast to E. coli HU,
HpyHU has only modest preference for DNA with mismatches,
nicks or gaps. Instead, HpyHU binds stably to four-way DNA

junctions with half-maximal saturation of 5 nM. Substitution of
two residues adjacent to the DNA-intercalating prolines attenuates
both the preference for flexible DNA and the ability to bend
and supercoil DNA. These observations suggest that proline
intercalation generates hinges that must be stabilized by adjacent
residues; insufficient stabilization leads to reduced bending and
a failure to bind preferably to DNA with flexure points, such as
gaps and mismatches.

Key words: bacterial chromatin, Helicobacter pylori, histone-like
HU protein, Holliday junction, thermal denaturation, type II
DNA-binding protein.

INTRODUCTION

Helicobacter pylori infection is associated with gastritis, peptic
ulcer disease or gastric cancer [1]. H. pylori, which colonizes the
human gastrointestinal tract, shows significant genetic diversity,
reflected in sequence variations within otherwise well-conserved
genes and by the presence of non-conserved genes, mobile genetic
elements and chromosomal rearrangements [2—4]. Specialized
to live in a single environment, H. pylori has a small genome
(1.67 megabases), encoding a minimal set of metabolic genes, in-
cluding specialized factors required for colonization and survival
[5-T7].

Bacterial genomes are compacted by association with histone-
like proteins in a complex known as bacterial chromatin [8]. Most
thoroughly characterized in Escherichia coli, the proteins pri-
marily associated with the DNA are H-NS, Fis, HU and the HU
homologue IHF (integration host factor), all of which are present
at concentrations up to or even exceeding 10 uM [9]. HU homo-
logues are ubiquitous, but proteins with homology to E. coli Fis or
H-NS are absent in many eubacteria, including H. pylori. HU may
therefore be primarily responsible for genomic compaction and
for specific regulatory functions in such organisms. Consistent
with this notion, inactivation of the HU genes in Bacillus subtilis
and in Pseudomonas putida was shown to be lethal [10,11].

E. coli HU binds non-specifically and with micromolar affi-
nity to ~9 bp sites in duplex DNA, and with >100-fold higher
affinity to cruciform DNA, specific DNA structures induced by
supercoiling, and DNA with nicks and gaps [12—16]. Although
it is known that E. coli HU acts as an accessory factor in many
processes, such as regulation of DNA supercoiling, recombination
and repair [17,18], the molecular mechanisms whereby it executes

these functions remain incompletely understood. HU proteins are
dimeric, usually comprising 90-99 amino acid subunits forming a
compact core of intertwined monomers from which two 8-strands
extend to embrace a DNA helix [19-21]. The structures of
E. coli IHF or Anabaena HU in complex with DNA show
that highly conserved proline residues at the tips of these
B-strands mediate two sharp DNA kinks. In the THF-DNA
structure, an ~ 160° DNA bend is generated by the two proline
residues intercalating between specific DNA base pairs, whereas
Anabaena HU introduces a range of bend angles [22,23]. Binding
properties of HU homologues vary, with binding sites of 9-37 bp
and affinities for duplex DNA between 5 nM and 2.5 uM
[14,24-29].

H. pylori experiences changes in the internal milieu that include
transient pH fluctuations [4,6,7]. As it is predicted to play essential
roles in regulation of nucleoprotein-complex formation, HpyHU
(H. pylori HU) would be expected to tolerate such changing
conditions. Curiously, HpyHU was also shown to be among 13
proteins that are released from H. pylori by mechanisms other than
non-specific lysis, and presumed to contribute to gastric inflam-
mation and epithelial damage [30]. We show here that HpyHU
is folded under pH conditions encountered in vivo and exhibits
greater thermal stability compared with orthologues from other
mesophiles. Whereas HpyHU shares certain properties with
E. coli HU, such as the ability to introduce negative DNA super-
coils, its DNA substrate specificity is distinct: it engages a longer
DNA duplex, and it does not bind with significant preference
to DNA with nicks, gaps and mismatches, but only to four-way
DNA junctions. Our results suggest that the proline-medi-
ated DNA bends must be stabilized by adjacent residues, and
that insufficient stabilization correlates with reduced bending
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' These authors contributed equally to this work.

2 Present address: Louisiana State University Health Sciences Center, New Orleans, LA 70112, U.S.A.

8 To whom correspondence should be addressed (email agrove@Isu.edu).

© 2004 Biochemical Society



344 C. Chen, S. Ghosh and A. Grove

and a failure to bind preferably to DNA with flexure points such
as gaps and mismatches.

EXPERIMENTAL

Cloning, overexpression and purification of HpyHU and HpyHU-RN
(HpyHU with Lys®2 — Arg and Val®® — Asn)

The gene encoding HpyHU was amplified from H. pylori genomic
DNA (reference type strain N.C.T.C. 11637). Primers, designed
according to the genomic DNA sequence for H. pylori strain J99,
were used to amplify a 512 bp product using a mixture of Tag and
Pfu polymerases. The sequence, confirmed using two independ-
ently obtained PCR products, is available from GenBank® under
accession number AY255799. The 512 bp PCR product was used
as template to amplify a 355 bp product, using primers modified
to introduce Ndel sites at both ends of the PCR product (primer
sequences available on request). The PCR product was digested
with Ndel and cloned into pET5a, generating plasmid pET-
HpyHU. Integrity of the construct was confirmed by sequencing.
Plasmid pET-HpyHU was transformed into E. coli strain
BL21(DE3)pLysS, and overexpression was initiated by addition
of IPTG (isopropyl B-D-thiogalactoside) to a final concentra-
tion of 1 mM. Cells were harvested 2 h after induction.

HpyHU-RN was generated by PCR amplification of plasmid
pET-HpyHU, using a forward primer (5'-CAAAGAAGGTAGA-
AACCCAGGAAGCG-3') designed to introduce the Lys — Arg
and Val — Asn substitutions at positions 62 and 63 of HpyHU
(converting the original AAA and GTG codons to AGA and AAC
respectively; underlined) and a reverse primer positioned to abut
the forward primer (5-CCTTTTTGCTCTGCGGTTTCAAA-
TTTG-3"). The PCR reaction, carried out with a mixture of 7ag and
Pfu polymerase, generated full-length plasmid with the mutated
HpyHU gene. The original pET-HpyHU template was removed by
Dpnl digestion, and the plasmid harbouring the mutated HpyHU
gene was used to transform E. coli BL21(DE3)pLysS. The se-
quence of the mutated HpyHU gene was confirmed by sequencing.
Overexpression was accomplished as described for wild-type
HpyHU.

Both proteins were purified as follows: cells were lysed, and
lysates were fractionated by ammonium sulphate precipitations,
as described previously [31]. The precipitate formed after the
final (75 %) ammonium sulphate precipitation was dissolved in
buffer A (20 mM potassium phosphate, pH 7.0, 50 mM KCl,
5% (v/v) glycerol, 1 mM EDTA, 0.2 mM PMSF and 3.5 mM
2-mercaptoethanol), dialysed against buffer A, and applied to a
CM-Sepharose column equilibrated in buffer A. The proteins
were eluted with a linear gradient of 50 mM to 1 M KCl in
buffer A. Peak fractions were adjusted to 50 % saturation with
(NH,),SO, while stirring and applied to a phenyl-Sepharose
column equilibrated in buffer A containing 50 % (NH,),SO,.
HU proteins were eluted with a linear gradient of 50 % to 0 %
(NH,),SO, and dialysed against buffer A. Purity was ascertained
by Coomassie Blue staining of SDS/polyacrylamide gels. Protein
concentrations were determined by quantitation of Coomassie
Blue-stained SDS/polyacrylamide gels, using the HU homologue
TF1 as a standard. Cloning and purification of HBsu (B. subtilis
HU) will be described elsewhere.

Glutaraldehyde-mediated crosslinking

HU proteins were diluted in buffer with 10-500 mM NaCl and
incubated for 30 min at room temperature (24 °C) in the presence
of 0.1 % glutaraldehyde; buffers were 20 mM bicine, pH 8.5,
phosphate, pH 8.0, 7.0 or 6.0, or acetate, pH 5.2. Reactions
were terminated by addition of 2x Laemmli sample buffer and
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separated by SDS/PAGE (17 % gel). Proteins were visualized by
Coomassie Blue staining.

CD spectroscopy

CD spectra were recorded on an AVIV Model 202 CD spectro-
meter. For wavelength scans, the protein concentration was
0.05 mg/ml in 10 mM sodium phosphate buffer, pH 7.0, with
50 mM NaCl. For thermal denaturation, the protein concentration
was 0.1 mg/ml in the same buffer, and spectra were recorded
from 190 to 250 nm in 1 nm steps at each temperature. Data
were collected from 5 °C to 90 °C in 1.5-5° intervals, with the
smallest temperature steps (1.5°) in the transition region. Protein
was incubated for 6 min with stirring at each temperature in
a 1-cm path-length rectangular cuvette with a screw top seal.
Reversibility of denaturation was measured to ensure that the
system was at thermodynamic equilibrium, with the fraction of
native protein recovered calculated from the CD values by linearly
extrapolating the pre-transition and post-transition baselines. CD
signals at 218, 219, 220 and 221 nm were used for analysis of
the thermal denaturation curves which were fitted to a modified
form of the van’t Hoff equation that simultaneously fits the native
and denatured baselines and the transition region to obtain the 7',
(melting temperature of DNA) and AH® values for denaturation
[32]:

A0 = [(m,T +by)+ (maT +by)] x [K/(1+K)] and
K = exp{[-AH*(1 -T/T,)]/RT}

where A6 is the ellipticity, m, and b, are the slope and intercept of
the native state baseline, m, and by are the slope and intercept
of the denatured state baseline, T is the temperature, AH ° is the
van’t Hoff enthalpy, and R is the gas constant. T,, and AH® values
are reported as the mean of fits to four different wavelengths as
a function of temperature. Data were fitted using the program
KaleidaGraph.

EMSAs (electrophoretic mobility-shift assays) using agarose gels

Supercoiled or EcoRI-linearized pET5a (50 ng) was mixed with
HpyHU in 10 ul of binding buffer (20 mM Tris/HCI, pH 8.0,
50 mM KCI, 0.1 mM EDTA, 0.1 mM dithiothreitol, 0.05 %
Brij58, 10 png/ml BSA and 5 % glycerol). The entire reaction
was loaded on to a 0.5 % agarose gel, using either TBE [45 mM
Tris/borate, (pH 8.3)/1 mM EDTA] or TAE [40 mM Tris/acetate
(pH 8.0)/1 mM EDTA] as the running buffer. DNA was visualized
by ethidium bromide staining following electrophoresis.

EMSA and quantitation of protein-DNA complexes

Oligonucleotides used for preparation of 80 bp duplex or 37 bp
duplex or duplex with loops, bulge-loops, nicks or gaps and oligo-
nucleotides used for generation of four-way junction DNA were
purchased and purified by denaturing PAGE. To generate nicked
DNA, two oligonucleotides (3'-GGATCCGATGTGGATGAG-5’
and 3'-AAACATTCTTAATTCGAAG-5', terminating with free
hydroxy groups) were annealed to the 37-nt top strand. To generate
DNA with a 1-nt gap, one nucleotide was omitted from the 3’-end
of the second complementary strand, while two nucleotides were
omitted to generate DNA with a 2-nt gap. Integrity of the nicked/
gapped DNA constructs was readily confirmed, as incompletely
annealed constructs had distinct electrophoretic mobilities under
the conditions used. DNA with two bulge-loops was generated
by annealing the 37-nt top strand to 3'-GGATCCGATGTGG-
ACCCTGAGAAACACCCTTCTTAATTCGAAG-5', in which
bulged-out nucleotides are shown in bold. The sequence of
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oligonucleotides used to generate four-way junctions were as re-
ported in [29]. The sequence of oligonucleotides used to generate
the 80 bp duplex are available on request from the authors. DNA
was *P-labelled at the 5'-end with T4 polynucleotide kinase, and
equimolar amounts of complementary oligonucleotides were
mixed, heated to 90 °C and slowly cooled to 4 °C to form duplex
DNA. The four-way junction was prepared by annealing strands
1-4, followed by purification of the junctions on native polyacryl-
amide gels. A 148 bp duplex was obtained by PCR amplification
of a fragment of plasmid pUC18 (primer sequences are available
on request from the authors).

EMSAs were performed using 10 % (w/v) polyacrylamide
gels (39:1, acrylamide/bisacrylamide) in TBE [45 mM Tris/borate
(pH 8.3)/1 mM EDTA]. Gels were pre-run for 30 min at 20 mA
at room temperature before loading the samples with the power
on, except for experiments with bulged, nicked, gapped or four-
way junction DNA for which electrophoresis was performed at
4 °C. DNA and protein were mixed in binding buffer, and each
sample contained 50-100 fmol of DNA in a total reaction volume
of 10 ul, unless specified otherwise. After electrophoresis, gels
were dried and protein-DNA complexes were visualized and
quantified by phosphorimaging, using software supplied by the
manufacturer (ImageQuant 1.1). The region on the gel between
complex and free DNA was considered as complex. Complex
dissociation during electrophoresis was measured as described
previously [31], and the observed fraction of complex F(t) was
corrected for dissociation during electrophoresis according to the
equation F ., = F(t)/[exp(— kqst)], Where kg is the exponential
decay constant for complex dissociation during electrophoresis
and ¢ is time of electrophoresis.

Data were fitted to the equation y = Y. X [P]1/([P]y, + [P])
where [P] is the total protein concentration, [P]i, is the protein
concentration at half-maximal saturation, and y,,,, corresponds
to maximal saturation. A modified version of the McGhee—von
Hippel binding isotherm for non-specific binding that takes into
account binding of protein to a finite DNA lattice was also
used to evaluate the data, following determination of the non-
specific occluded site size by stoichiometric titrations (where
[DNA] > Kg4; [33,34]). For non-cooperative binding of ligand
to a finite DNA lattice of N monomer units (bp), the modified
McGhee—von Hippel isotherm is:

Uns
K[L]

()]

N

N — 1
= (1 = nu)(ff) (i)

where K is the apparent equilibrium binding constant for non-
specific binding to any site, [L] is the free ligand concentration, n
is the non-specific site size, v, is the binding density in units of
mol bound ligand per mole lattice unit and ff = (1 — nv,,)/[1 —
(n—1)v,]. For cooperative binding, the modified isotherm
becomes:
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and w is the cooperativity parameter specifying the relative affinity

of ligand for a contiguous site vesus an isolated binding site.
The measured fractional saturation of DNA lattice 6 = nv,, and the
total ligand concentration Ly =L + v, /N. Fits were performed
using the program KaleidaGraph, and quality of the fits was
evaluated by visual inspection, x> values and correlation coeffi-
cients. Reported K, values are apparent values. All experiments
were carried out at least in triplicate. The errors are calculated
from non-linear fits.

Supercoiling assays

Negatively supercoiled pGEMS5 was relaxed by incubation at
37 °C with 4 units of vaccinia topoisomerase 1 (Epicentre) in
50 mM Tris, pH 8.0,50 mM NaCl and 0.1 mM EDTA. Increasing
concentration of HU protein was added, and the reaction
was allowed to continue for 60 min at 37 °C. Reactions were
terminated by addition of proteinase K to a final concentration of
0.17 mg/ml and incubation at 37 °C for 1 h. DNA topoisomers
were resolved by electrophoresis on 1 % agarose gels in TBE
at approx. 3 V/cm for 17 h and visualized by ethidium bromide
staining. To distinguish positive and negative supercoiling, gels
were soaked in chloroquine (3 wg/ml) after electrophoresis in
the first dimension, turned 90°, and the DNA resolved by electro-
phoresis in the second dimension. Gels were stained with ethidium
bromide following electrophoresis.

DNA cyclization assays

Plasmid pET5a was digested with BspHI to yield a 105 bp frag-
ment, which was **P-labelled at the 5'-end with T4 polynucleotide
kinase. Ligation experiments with increasing concentrations of
HpyHU were performed. Reactions were initiated by addition of
80 units of T4 DNA ligase to a final volume of 10 ul. Reactions
containing 100 fmol of DNA and the desired concentration of HU
were incubated in 1x binding buffer [20 mM Tris/HCI, pH 8.0,
10 mM MgCl,, 50 mM NaCl, 0.1 mM Na,EDTA, 0.1 mM
dithiothreitol, 0.05 % (w/v) Brij58 and 100 pwg/ml BSA] with
1x ligase buffer (New England Biolabs) and 0.5 mM ATP at
room temperature for 60 min and terminated with 5 wul of 75 mM
EDTA, 3 mg/ml proteinase K, 15 % glycerol, bromophenol blue
and xylene cyanol, followed by a 15 min incubation at 55 °C.
Cyclized DNA was identified by its resistance to digestion by
exonuclease III. Reactions were analysed on 8 % polyacrylamide
gels [39:1 (w/w), acrylamide/bisacrylamide] in TBE. After
electrophoresis, gels were dried and ligation products visualized
and quantified by phosphorimaging.

RESULTS
Sequence characteristics of HpyHU

The gene encoding the H. pylori HU homologue, HpyHU,
was amplified from genomic DNA (N.C.T.C. number 11637).
Comparison with the sequence of HU genes from H. pylori strains
J99 and 26695 reveals 18 positions of nucleotide polymorphism
that translates into only four positions of amino acid variation
(Figure 1). These variable amino acid residues are all found at
positions where no overall consensus is present, as defined by
alignment of 60 HU homologues [27]. This level of variation is
equivalent to the overall level of strain-specific genetic diversity
reported based on comparison of the J99 and 26695 complete
genomic sequences [35].

In contrast, a comparison of the HpyHU amino acid sequences
with the consensus sequence reveals ten positions at which
HpyHU sequences differ; at all these positions, the three HU
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Figure 1 Amino acid sequence alignment of HU from H. pylori J99, 11637
and 26695

The consensus sequence, derived from alignment of 60 HU homologues (with positions of
> 80 % homology identified; [271), is shown at the top, followed by the sequence of HBsu.
Residues are numbered based on the H. pylori HU sequences. Residues that vary between HpyHU
J99, 11637 and 26695 sequences are identified with an asterisk. Residues that correspond to the
overall consensus sequence are highlighted in black, and HpyHU-specific divergent residues
are identified with an open triangle. The DNA-intercalating Pro® is identified by the closed
triangle. Helical segments, based on the structure of B. stearothermophilus HU, are indicated
by hatched boxes below the alignment.

orthologues feature the same divergent residue, signifying a poten-
tial adaptation of HpyHU thermodynamic or DNA-binding pro-
perties to the unique needs of this organism (Figure 1). Overall
similarity of structure is predicted by the conservation of hydro-
phobic residues in the protein core, and conservation of the
DNA-intercalating Pro* predicts DNA bending by the same
mechanism as described for IHF and Anabaena HU [22,23]. The
conservative substitution of Phe for Leu in position 6, where helix-
1 packs against helix-2 in the body of the protein, may not affect
structure or DNA binding significantly. This substitution is also
found in the sequence of HU from the closely related pathogen,
Campylobacter jejuni [36,37]. In position 16, a tyrosine is inserted
in the loop between helices 1 and 2. Increasing the length of this
connecting loop may increase its flexibility and thereby optimize
helix packing. Other HU homologues have amino acid insertions
in this loop, however, it is absent from C. jejuni HU.

Eight substitutions are found between positions 56 and 72
in the B-ribbon arms that engage the DNA duplex (Figure 1).
Except for Val®, none of these substitutions are found in C. jejuni
HU. GIn*® corresponds to a position where replacement of a
conserved arginine with glutamine significantly impairs DNA
binding by B. stearothermophilus HU [38]. Substitution of several
residues at the tip of the DNA-binding arms, surrounding the
DNA-intercalating Pro*, is likely to generate distinct structural
and dynamic properties and hence affect DNA binding.

Purification and characterization of HpyHU and HpyHU-RN

We overexpressed and purified wild-type HpyHU and the HpyHU-
RN mutant protein in which Lys®* and Val®® were replaced with
Arg and Asn respectively; these residues were chosen as the initial
target for mutagenesis as Arg and Asn are almost completely con-
served among HU homologues [27]. Our original expectation
was, therefore, for the HpyHU-RN mutant protein to exhibit pro-
perties akin to those described for other homologues, with wild-
type HpyHU possibly exhibiting distinct DNA-binding charac-
teristics. As shown below, this expectation turned out not to be
fulfilled. Both proteins were purified to apparent homogeneity,
as determined by Coomassie Blue staining of SDS/PAGE gels
(Figure 2). Consistent with expectations, HpyHU exists predo-
minantly as a dimer in solution, as shown by glutaraldehyde-
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Figure 2 HpyHU exists as a dimer in solution

SDS/PAGE of HpyHU-RN (lane 1), HpyHU (lanes 2-5) and HBsu (lanes 6-9). Lanes 1, 2
and 6 contain 1 g of unmodified proteins, and lanes 3-5 and 7-9 contain 1, 2 and 3 g
respectively of HpyHU (lanes 3-5) or HBsu (lanes 7-9) cross-linked with glutaraldehyde in
bicine (pH 8.5)/50 mM NaCl. With a theoretical pl of 9.05, HpyHU migrates slightly slower
than predicted from the calculated molecular mass of 10422 Da. Molecular-mass markers are
indicated at the left (in kDa).
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Figure 3 Thermal stability of HpyHU

(@) CD spectrum of HpyHU at room temperature, recorded in phosphate buffer, pH 7.0, (@)
or in acetate, pH 5.2, (H). (b) The ellipticity as a function of temperature. The midpoint of
the temperature transition corresponds to the melting temperature Ty,. Denaturation curve (@),
renaturation curve (A).

mediated crosslinking. However, higher-order oligomeric assem-
blies, predominant at higher concentrations of HBsu, are not
formed by HpyHU, and no residual monomeric protein is seen
(Figure 2). This pattern is observed in a pH range of 5.2—
8.5, and it is not affected by [NaCl] between 10 and 500 mM
(results not shown). By contrast, HBsu is only partially folded
at pH 5.2, as shown both by the presence of significant amounts
of monomeric protein after treatment with glutaraldehyde and by
its mass spectrometry profile [39]. The cross-linking pattern of
HpyHU-RN is indistinguishable from that of wild-type HpyHU
(results not shown).

The secondary structure of HpyHU was examined by CD spec-
troscopy (Figure 3a). Consistent with secondary structure pre-
dictions, significant a-helicity is evident. Spectra obtained in
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Figure 4 Interaction of HpyHU with plasmid DNA

() Agarose gel electrophoresis of HpyHU variants binding to supercoiled (s/c) or linear (lin) DNA. n/c, nicked circular DNA. HpyHU variants are identified at the top, and protein concentrations,
identical for all panels, are 0, 50, 100, 200 and 250 nM from left to right. (b) HpyHU introduces DNA supercoiling. Plasmid relaxed with topoisomerase | is supercoiled in the presence of HpyHU
(left panel) or HBsu (right panel). HpyHU-RN is nearly inactive (middle panel). Protein concentrations are indicated below the panels. Relaxed (R) and supercoiled (s/c) DNA is indicated on the left.
Lanes 1, 6 and 11 (numbered from the left) contain plasmid DNA not treated with topoisomerase I. (¢) Two-dimensional electrophoresis of DNA topoisomers generated in the presence of 10 pmol of
HpyHU. Negatively supercoiled DNA loses superhelicity in the presence of chloroquine, forming the left branch of the arc. The directions of the first and second dimensions are indicated by arrows.

10 mM sodium acetate, pH 5.2, with 50 mM NaCl show that the
protein remains folded in the acidic medium. Thermal denatur-
ation was determined at pH7.0 by recording the ellipticity
at 218-221 nm at increasing temperatures, showing a gradual
disruption of secondary structure (Figure 3b). HpyHU exhibited
85 % reversible denaturation with two successive denaturations
yielding a melting temperature T, of 56.4 1 0.1 °C and a van’t
Hoff enthalpy change at T', of 55.6 kcal/mol™~". Evidently, HpyHU
is more thermally stable than HBsu (T, =48.6 °C in sodium
phosphate buffer, pH 7.0, containing 200 mM NaCl; [40]).

Interaction with plasmid DNA

HpyHU binds with modest preference to supercoiled DNA
compared with linear DNA (Figure 4a), consistent with reported
properties of other HU homologues [15]. Surprisingly, HpyHU-
RN binds supercoiled DNA only at higher protein concentrations;
evidently, the Lys® — Arg and Val® — Asn substitutions result
in a lower DNA-binding affinity, and they attenuate the modest
preference for supercoiled DNA seen with wild-type HpyHU.
The ability of HpyHU to constrain DNA supercoils was
examined (Figure 4b). As expected, HpyHU introduces supercoils
into plasmid DNA relaxed with topoisomerase I (left panel).
Equivalent concentrations are required compared with HBsu
(right panel). However, consistent with its diminished binding to
supercoiled DNA, HpyHU-RN is effectively inactive in this assay
(middle panel). Even when incubated for 5-30 min with 10-fold
higher concentrations of vaccinia topoisomerase I, no supercoiling
by HpyHU-RN is detected, while the distribution of supercoiled
topoisomers generated by wild-type HpyHU is unaltered (results
not shown). These data suggest that the failure of HpyHU-RN
to retain negative supercoils is not simply due to a substantially
reduced half-life of its complex with DNA. As determined by two-
dimensional electrophoresis, HpyHU introduces negative DNA
supercoiling (Figure 4c).

Affinity for duplex DNA

In analogy with HU from E. coli and B. subtilis, HpyHU is ex-
pected to bind DNA non-specifically, implying the existence of

numerous overlapping sites on the DNA. The modified version
of the McGhee—von Hippel binding isotherm for non-specific
binding to a finite DNA lattice would therefore be required to eva-
luate the data [33,34]. Although it is theoretically possible to
determine the non-specific site size, n, the observed equilibrium
association constant, K,, and the cooperativity parameter, o,
simultaneously from a three-parameter fit, experimental uncer-
tainty may render such a fit ambiguous. Therefore we determined
the occluded site size first by stoichiometric titrations (where
[DNA] > K,). We used both a 37 bp duplex, which represents the
longest site size reported for HU homologues and an 80 bp dup-
lex. Using the equation K, &~ 1/(n x [P1,]) to estimate the apparent
dissociation constant [41], a site size of 10-20 bp, equivalent to
that seen for E. coli or Anabaena HU, would yield a K of 350—
700 nM for binding to the 37 bp duplex, and [DNA] > 1 uM were
used for stoichiometric titrations. Under these conditions, a break
is seen at the equivalence point, where the molar ratio of lattice
residues (base pairs) to ligand concentration is equal to site size
(Figure 5). Only two distinct complexes may be seen on 37 bp
DNA, immediately suggesting a longer site size compared with
E. coli HU which was shown to form three complexes with 29 bp
DNA [24]. An occluded site size of 20+ 1 bp was measured
at 50 mM KCl on 37 bp DNA and 19 & 1 bp on 80 bp DNA (Fig-
ure 5c), larger than the site sizes of non-specific binding for E. coli
HU (~9 bp, measured by counting complexes on 21-42 bp dup-
lexes or by fluorescence anisotropy and analytical ultracentri-
fugation using 13 or 34bp DNA; [12,42]) or IHF (9-16 bp,
depending on salt concentration, measured by isothermal titration
calorimetry using 14 bp and 160 bp DNA; [43]), but equivalent to
the suggested site size for Anabaena HU (19 bp, estimated from
crystallographic data; [23]). At lower salt concentrations (10 mM
KCl, the conditions under which E. coli HU forms three distinct
complexes on 29 bp DNA), the 37 bp duplex also supports only
two complexes with HpyHU (Figure 5b, inset).

The measured value of n=19bp was used in the modified
McGhee—von Hippel equations. Because of overlap binding,
available sites become less accessible with increasing saturation
of the DNA. Overlap binding therefore is effectively negatively
cooperative as it becomes increasingly difficult to bind addi-
tional ligands as saturation is approached, and such negative
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Figure 5 Determination of the non-specific site size for HpyHU

(@) Titration of HpyHU with 1.0 .M perfect duplex 37 bp DNA [25]. Complex and free DNA is
identified at the right. [HpyHU], 020 M. (b) Binding isotherm corresponding to the titration
shown in (a). The breakpoint corresponds to the molar equivalence between ligand concentration
and lattice residues, defining the occluded non-specific site size. The inset shows formation
of two distinct complexes with increasing concentration of HpyHU binding to 37 bp duplex at
10 mM KCI. Protein concentrations are 0, 5, 10, 25, 50, 100, 250 and 500 nM from left to
right respectively. (¢) Binding isotherm for HpyHU binding to 3.5 .M 80 bp DNA. Inset shows
representative titration of HpyHU with 80 bp DNA.

cooperativity may render this binding model less accurate for
the shorter duplexes. Binding to a 148 bp duplex was therefore
measured. Only complex corresponding to complete saturation
of the DNA is sufficiently stable to electrophoresis to yield a
discrete band, and multiple bands corresponding to individual
HpyHU dimers binding to the DNA probe are not seen (Figure 6a).
Whereas fits to the non-cooperative McGhee—von Hippel equation
failed to converge (r =0.6875), fits to the cooperative McGhee—
von Hippel equation showed modest cooperativity of binding
(w=64+L6)andK;=2.1£0.5 uM (r =0.9947; Figure 6b). This
value of K, is comparable with the 2.5 uM affinity reported for
E. coli HU at 200 mM NaCl [14].

HpyHU bends DNA

To assess the ability of HpyHU to bend DNA, ligase-mediated
cyclization assays were performed. This assay measures the effi-
ciency with which T4 DNA ligase mediates ring closure of DNA
fragments that are shorter than the persistence length. As shown in
Figure 7, HpyHU mediates cyclization of a 105 bp DNA fragment,
although not nearly as effectively as HBsu (lane 2). The HpyHU-
RN mutant protein does not mediate DNA cyclization above that
seen in absence of HU protein, consistent with its reduced affinity
and very limited ability to supercoil DNA. While DNA bending
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(a) Electrophoretic analysis of HpyHU binding to 148 bp DNA. Protein concentrations are
0-1500 nM. (b) Binding isotherm for HpyHU binding to 148 bp DNA.
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Figure 7 HpyHU bends DNA

105 bp DNA was incubated with T4 DNA ligase for 60 min in the presence of 2 pmol of HBsu
(lane 2) or 07 pmol of HpyHU respectively (lanes 3—10). The reaction mixture in lane 1
contained no ligase. Less than 10 % of total DNA is cyclized at the highest [HpyHU]. HpyHU-RN
(1-7 pmol) does not cyclize the 105 bp DNA (lanes 12—18) above that seen in absence of HU
(lane 11). DNA was resolved on an 8 % polyacrylamide gel.

by HpyHU is expected based on properties of other HU proteins,
the failure to bend DNA that is characteristic of HpyHU-RN
suggests that residues surrounding the DNA-intercalating proline
are important for stabilizing the DNA kinks.

HpyHU hinds preferentially to four-way junction DNA

Binding to 37 bp perfect duplex DNA was compared with loop-
containing DNA in which two 4-nt loops are placed in the DNA,
symmetrically disposed about the centre and with a spacing of 9 bp
(Figure 8a); this DNA construct was shown to serve as a preferred
substrate for other HU homologues, including Thermotoga
maritima HU (which has an ~ 37 bp site size; [27]) and Anabaena
HU (~ 19 bp site size; [31]). Whereas complex 1 is very unstable,
complex 2, which corresponds to saturation of the probe, migrates
as a distinct species (Figure 8b). Introduction of the set of 4-nt
loops results in the formation of two complexes with distinct
mobility, both of which are unstable during electrophoresis. The
midpoint of the binding isotherm for HpyHU binding to perfect
duplex DNA (35 £3 nM) is only approx. 3-fold higher than for
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Figure 8 EMSA of HpyHU binding to 37 bp DNA

(a) Sequence of the DNA probes. The sequence corresponds to the thymine-containing version
of a preferred binding site for the B. subtilis bacteriophage SPO1-encoded HU homologue TF1.
Loops are generated by substituting the sequence of the bottom strand to generate tandem
mismatches of identical opposing bases. Sequences generating loops are in bold. (b) Titrations
of HpyHU (left panel) and HpyHU-RN (right panel) with perfect duplex DNA (upper panel) and
loop-containing DNA (lower panel). Complex and free DNA is identified at the right. HoyHU
variants are identified at the top, and protein concentrations (identical for both panels) are as
follows: Lane 1, no protein; lanes 2—8 and 9-15, reactions with 5, 10, 25, 50, 100, 250, 500 nM
protein respectively (from left to right). (¢) Binding isotherm for HpyHU binding to 37 bp duplex
DNA (@) or duplex with loops (A), corrected for complex dissociation during electrophoresis.

binding to looped DNA (12 £ 1 nM; Figure 8c), indicating that
HpyHU binds DNA with increased flexure with only a modest
preference. The slower-migrating complex seen on perfect duplex
DNA is present at higher protein concentrations, most likely
corresponding to non-specific binding of HpyHU on the DNA;
for a competition between preferred binding (to DNA loops)
and non-specific binding, preferred binding would predominate
at [DNA]/[protein] > 1, whereas non-specific binding would be
expected at [DNA]/[protein] < 1. The modestly increased affinity
for looped DNA is also seen with 37bp DNA containing
two bulge-loops separated by 9 bp of duplex (results not shown).
Bulge-loops, which confer predisposed DNA bends, evidently do
not provide optimal complementarity with the HpyHU binding
interface to yield stable complex formation. Introduction of a
central nick or a 1-2nt gap (terminating with free hydroxy
groups) into the 37 bp duplex does not result in enhanced complex
formation compared with perfect duplex, again suggesting a
limited ability of HpyHU to engage DNA with greater flexibility
stably (results not shown).
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Figure 9 HpyHU binds preferentially to four-way junction DNA

Titration of HpyHU with four-way junction DNA. Binding was assayed in the stacked X
conformation preferred in the presence of MgCl, [53]. Complex and free DNA is identified
at the right. Protein concentrations are 0, 2.5, 5, 12.5, 25, 50, 125, and 250 nM respectively.

HpyHU-RN which binds the short duplex DNA comparably
with wild-type HpyHU (half-maximal saturation of 50 4+ 6 nM;
Figure 8b), does not bind markedly better to the looped DNA
compared with perfect duplex, indicating that increased flexure
at potential sites of kinking fails to stabilize complex formation
significantly. The almost complete lack of preference for distorted
DNA is consistent with the limited ability of HpyHU-RN to
bend and supercoil DNA (Figures 4b and 7). Complex formation
measured at pH 6.0 is equivalent to that seen at pH 8.0 (Figure 8
and results not shown).

Four-way junction DNA was generated based on the sequence
used for analysis of E. coli HU [12]. Two stable HpyHU com-
plexes, whose high mobility suggest a compacted structure, are
formed at low protein concentration, and an additional complex
is seen at higher concentrations (Figure 9). No evidence of co-
operativity of binding was observed. This pattern of complexes
is similar to that observed with E. coli HU, where two HU
dimers bind to opposite angles of the four-way junction, leading to
two complexes at low protein concentrations, with higher-order
complexes corresponding to HU binding to the linear branches
[12]. HpyHU binds the four-way junction with half-maximal
saturation of 5.3 = 0.5 nM. HpyHU-RN also binds preferentially
to the four-way junction, the higher half-maximal saturation of
13.7 £ 2.2 nM, reflecting the already observed reduced binding
affinity of the mutant protein (results not shown). The significant
preference for the pre-bent DNA construct suggests that only
DNA in which the energetic cost of bending has been significantly
lessened serves as an optimal substrate for HpyHU.

DISCUSSION
Thermal stability of HpyHU

Comparison of HpyHU sequences from three strains reveals
several amino acids that differ from the overall consensus (Fig-
ure 1). One of these substitutions is an insertion in the loop con-
necting helices 1 and 2, and this connecting loop also features a
glycine in position 14. It was previously shown that loop flexibility
correlates with optimal helix packing and thermal stability: sub-
stituting Gly" with glutamic acid in B. stearothermophilus HU
reduces the loop flexibility and causes a reduction in T, from
64 °C to 54 °C, and increasing the loop flexibility through replace-
ment of Glu15 with Gly in HBsu or in the B. subtilis bacteriophage
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SPO1-encoded HU homologue, TF1, in both cases increases the
T., by 11 °C [40,44,45]. In general, Gly" is found in HU encoded
by thermophilic organisms, such as B. stearothermophilus and
Thermus aquaticus, and insertions in this connecting loop are
found for instance in HU from Aquifex aeolicus [27]. Kawamura
et al. [40] reported a T, for HBsu of 48.6 °C, measured by CD
spectroscopy in phosphate buffer, pH 7.0, with 200 mM NacCl,
a T,, that is significantly lower than the 56.4 °C measured for
HpyHU under somewhat less stringent conditions (phosphate
buffer, pH 7.0, with 50 mM NaCl; Figure 3). Additional reports
have been published presenting a T, for HBsu {33 °C, 39.7 °C
and 43 °C respectively [46—48], based on CD spectra recorded
in sodium cacodylate, pH 7.5, with 100 mM KF (T, =33 °C)
or under unspecified solution conditions}. On the basis of the
correlation between flexibility of the loop connecting helices 1 and
2 and thermal stability, optimized packing mediated by flexibility
of this connecting loop is likely to be the reason for the enhanced
stability of HpyHU [40,44,45]. We note that the CD spectrum at
pH 5.2 shows that HpyHU remains folded at lower pH (Figure 2);
under these conditions, HBsu was shown to be partially unfolded
and the unfolded monomer unable to dimerize [39]. It may be that
the enhanced thermal stability is an accidental consequence of
evolutionary pressures to remain folded when exposed to transient
increases in intracellular acidity.

Four-way junction DNA is an optimal substrate for HpyHU

HpyHU binds non-specifically and with low affinity to an ~ 19 bp
DNA site, and its preference for DNA with greater than average
flexure is modest (Figure 8). This is in remarkable contrast to
E. coli HU which was reported to bind ~9 bp of linear duplex
DNA with at least 100-fold lower affinity compared with DNA
with nicks and gaps (K; =2-8 nM in 200 mM KCI; [13]). Loops
or discontinuities in the DNA backbone are considered to in-
crease local flexure, thereby facilitating formation of the protein-
mediated DNA kinks [49-51]. However, HpyHU has only modest
preference for such flexible sites (Figure 8), suggesting an inabi-
lity to stabilize the proline-mediated DNA kinks significantly,
even when DNA flexure is greater than average. The biological
corollary may be that HpyHU in vivo does not discriminate
significantly between perfect duplex DNA and DNA with breaks
or mismatches, arguing against a role in recognition of substrates
for the DNA repair systems. In contrast, HpyHU has significant
binding preference for DNA in which the energetic cost of bending
has been reduced by pre-bending the DNA (Figure 9). Such
properties would be consistent with in vivo roles in stabilization
of four-way junction structures or other severely bent DNA
conformations. HpyHU introduces negative DNA supercoiling
(Figure 4), consistent with a role in compaction of the bacterial
genome.

Substrate specificity of HU proteins is determined by their
ability to stabilize DNA bends

Upon substitution of Lys®-Val preceding the DNA-intercalating
proline with Arg-Asn, DNA binding and bending is attenuated.
Notably, preference for DNA with flexure points, such as gaps
or mismatches, is also lost, whereas binding to prebent DNA
is only modestly reduced. It is conceivable that the HpyHU-
specific substitutions within the DNA-binding B-arms render a
conformation that is incompatible with a spatial disposition of
arginine that permits DNA contacts, and that lysine is specifically
required for electrostatic contacts to the DNA. The significant
effect of the Lys®*-Val — Arg-Asn substitutions on DNA bending
and on preference for DNA with imposed flexure suggests that
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a stabilization of the proline-mediated DNA kinks by adjacent
residues is essential. We propose that insufficient stabilization of
the DNA kinks leads to a failure to bend duplex DNA and an
inability to utilize flexible DNA as a preferred substrate, while
retaining a significant preference for pre-bent DNA, as seen for
HpyHU-RN. Such properties were recently shown also to charac-
terize the Deinococcus radiodurans-encoded HU homologue,
which binds preferably only to four-way junction DNA and which
fails to bend DNA [29]. A modest stabilization of the flexible DNA
hinges would correlate with preferred binding to more flexible
DNA sites, as seen for E. coli and Anabaena HU [12-14,23,31].
The distribution of charged residues in the region surrounding the
DNA kink has been previously shown to have a marked effect
on affinity and substrate specificity; for example, variants of the
SPO1-encoded HU homologue TF1 with serine or glutamine in
the position corresponding to Arg® of the consensus sequence
fail to bind DNA unless it is pre-bent [52]. Accordingly, substrate
specificity of HU proteins appears to vary as a function of the
ability of individual proteins to stabilize a severely bent DNA
conformation.

We are grateful to C.-C. Liu for assistance with CD measurements and to V. LiCata and
members of the Grove laboratory for helpful discussions.
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