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ABSTRACT

The nucleoid-associated protein HU plays an
important role in bacterial nucleoid organization
and is involved in numerous processes including
transposition, recombination and DNA repair.
We show here that HU binds specifically DNA
containing mismatched region longer than 3bp as
well as DNA bulges. HU binds single-stranded DNA
(ssDNA) in a binding mode that is reminiscent
but different from earlier reported specific HU
interactions with double-helical DNA lesions.
An HU dimer requires 24nt of ssDNA for initial
binding, and 12nt of ssDNA for each additional
dimer binding. In the presence of equimolar
amounts of HU dimer and DNA, the ssDNA molecule
forms an U-loop (hairpin-like) around the protein,
providing contacts with both sides of the HU body.
This mode differs from the binding of the single-
strand-binding protein (SSB) to ssDNA: in sharp
contrast to SSB, HU binds ssDNA non-cooperatively
and does not destabilize double-helical DNA.
Furthermore HU has a strong preference for
poly(dG), while binding to poly(dA) is the weakest.
HU binding to ssDNA is probably important for its
capacity to cover and protect bacterial DNA both
intact and carrying lesions.

INTRODUCTION

The bacterial chromosome is highly condensed and
associated with several ‘architectural’ proteins. In
Escherichia coli, one of the most abundant of such
proteins is HU, which was the first one proposed to be a
histone-like protein as indicated by its name: ‘H’ for
histone-like and ‘U’ for U93 [and not ‘heat unstable’ as
sometimes found in publications. At the time of its
discovery, we have shown (and verified many times) that

HU is in fact a very heat stable protein], an RNase™ strain
used at that time to study the bacterial nucleoid (1-3).
HU is associated in vivo with the E. coli nucleoid (4,5) and
was shown to be a very conserved protein in the
prokaryotic world (6,7). The degree of conservation of
the HU sequence is of the same order as that of histone
H2B (8). HU is also present in chloroplasts (9), in an
eukaryotic virus (10) and has an homolog HM in yeast
mitochondria (11). Bacteria also contain an ‘HU-like
protein’, IHF (Integration Host Factor), that belongs to
the same family of DNA-binding proteins, but has different
specific functions (12,13). The quasi totality (98%) of
prokaryotes with sequenced genomes encode for at least
one HU, while THF is only found in proteobacteria
(Oberto,J., personal communication). In enteric bacteria
such as E. coli, HU, which is encoded by two genes, hupA
and hupB, exists in solution as a homodimer, HUa2 or
HUPB2, or as a HUaP heterodimer (14,15). In vivo, the
heterodimer is predominant (90%) after the transition to
stationary phase (15), and this was the form we used in the
present study. For brevity, we refer in this article to the
HUuap heterodimer as simply ‘HU’.

HU-dependent assembly of higher order nucleoprotein
complexes is required, among other functions, for site-
specific recombination reactions (16,17), the initiation of
replication at oriC (18-26), and phage Mu transposition
(27-29). The histone-like character of HU is linked to its
capacity to introduce, like the histones, negative super-
coiling into a relaxed DNA molecule in presence of
topoisomerase I and to condense DNA (2,3,30). HU has
as well a high homology in its amino acids sequence with
the histone H2B (1,31).

This role of HU in the nucleoid organization was
confirmed by the existence of a cross-talk between HU and
topoisomerase [ detected in vivo in E. coli cells (32).
In vitro, the HU binding to negatively supercoiled DNA
was shown to be three times stronger than to linear
relaxed DNA [(4,33) and J.R.Y. and Dudnick,Y.,
unpublished data). This preferential binding of HU
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to supercoiled DNA is in agreement with the recent HU—
DNA co-crystal structure, where the dsDNA fragment is
bent so that the overall DNA trace corresponds the path
of a negatively supercoiled DNA rather than that of a
relaxed double helix (34).

HU-binding targets are not limited to generic dsDNA.
This protein avidly binds distorted DNA structures
such as forks, three/four-way junctions, nicks and over-
hangs (35,36). We have also shown that HU also binds
dsRNA (33,37). The binding parameters for short DNA,
RNA duplexes, as well as DNA-RNA hybrids are very
similar, with one dimer packed every 9-11 bp (33). The HU
binding to dsDNA (B-form), dsRNA (A-form) and DNA—
RNA hybrids is considered non-specific because it is salt-
dependent and characterized by a low affinity (32,41). The
apparent dissociation constants for negatively supercoiled
DNA, relaxed dsDNA and total bacterial RNA, are,
respectively, of 450, 1300 and 2500 nM, per binding site.
In contrast, binding to distorted DNA structures is strong
even under high salt conditions (150mM NaCl), with
dissociation constants ranging from 1 to 10nM (35,36).
This global DNA, RNA and DNA-RNA recognition
suggests that HU is able to interact with both the A and B
conformations of nucleic acids either with regular double-
strand structures or with specific, multi-branches struc-
tures. This broad specificity of HU is difficult to rationalize
in terms of a simple unified mechanism. The X-ray
structure of the HU-DNA complex (34,39) clarifies some
issues, but it does not explain, for instance, how the protein
can interact with the A form of dsRNA.In order to clarify
the limits of the specificity and the putative-binding modes
of the HU protein, we studied here its interaction with
dsDNA containing mismatches and/or bulges, and with
ssDNA. Since HU is involved in DNA repair, it could be
expected to recognize mismatches and bulges that represent
frequent DNA lesions. HU binding to ssDNA has been
previously observed (40-42), however it has never been
further characterized. We show here that HU binds
dsDNA mismatches of four or more bases and bulges
with high affinity and that these non-canonical DNA
structures belong to the group of its specific targets.
In contrast, histone-like U93 (HU) interacts with ssDNA
with an affinity close to that for dsSDNA. Both biochemical
data and FRET measurements indicate that ssDNA makes
an U-loop (hairpin-like) and wraps around the protein,
which probably provides contacts with both sides of HU
body as well as its f-arms. With high HU:DNA ratios, an
HU dimer requires 24 nt of ssDNA for the initial binding,
and 12nt of ssDNA for each additional HU dimer. The
HU-ssDNA interactions show a sequence preference and
qualitatively differ from the action pattern of the single-
stranded DNA-binding protein (SSB). This work confirms
that HU behaves as an ubiquitous and versatile nucleic
acid-binding protein due to its broad structural flexibility.

MATERIALS AND METHODS
DNA sequences

The series of the ssDNA oligonucleotides with the lengths
from 20 to 48nt was obtained by 3’-end truncation of
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the following basic sequence ‘D-48: AGTCTAGAGT
GCAGTTGAGT CCTTGCTACG ACGGATCCCT
TAGGTCAG. The oligonucleotides in this series exhib-
ited a smoothly descending regular dependence of gel
mobility upon the chain length, as expected for ssDNA
without secondary structures. Sequence D-48 represents
an elongated sequence X: AGTCTAGACT GCAGT
TGAGT CCTTGCTAGG ACGGATCCCT that was
used previously (35,36), with two nucleotides replaced
(underlined). We first tried to produce the test series of
shorter fragments from sequence X, but found that the
X-31 sequence AGTCTAGACT GCAGTTGAGT
CCTTGCTAGGACGGATCCT exhibits an anomalous
gel mobility, that was higher than both X-33 and X-29,
probably due to a hairpin formation by the boldfaced
bases. For this reason, sequence X was changed to D, and
the latter was checked for the possibility of hairpin base
pairing by a special computer program. In addition,
sequence X' complementary to X was used in a similar
series of experiments. An independent series of oligomers
produced from this sequence was also free from gel
mobility anomalies and it showed results identical to those
described in the text.

The dsDNA was constructed from oligonucleotide D-40
and the complementary oligonucleotide. The nicked DNA
fragment was constructed from oligonucleotide D-40
and oliogonucleotides AGGGATCCGTCGTAGCAA
GG and ACTCAACTGCACTCTAGACT. DNA con-
taining mismatched region was constructed from oligo-
nucleotide X and: partially complementary sequences
AGGGATCCGTCCTA TTTGATGTAGCT CTGCAGT
CTAGACT for mismatch 12, (regions complementary to
X are underlined); Similarly, for shorter mismatches:

AGGGATCCGTCCTAG TTGATGTAGC
ACTGCAGTCTAGACT (10)
AGGGATCCGTCCTAGC TGATGTAG
AACTGCAGTCTAGACT (8)
AGGGATCCGTCCTAGCA GATGTA
CAACTGCAGTCTAGACT (6)
AGGGATCCGTCCTAGCAA ATGT
TCAACTGCAGTCTAGACT (4)
AGGGATCCGTCCTAGCAAA TG
TTCAACTGCAGTCTAGACT (2)
AGGGATCCGTCCTAGCAAAT A
TTCAACTGCAGTCTAGACT (1).

The dsDNAs were obtained by annealing the appro-
priate oligonucleotides with one of them 5'-labeled and the
complementary non-labeled taken in 5x molar excess.
Annealing reactions were carried out by incubating the
oligonucleotides (300 nM) for 3min at 80°C in 20mM
Tris—HCI (pH 8.0), 200 mM NaCl, and then allowing them
to cool slowly.

Gel mobility shift assay

HU protein was purified from E. coli strain as described
earlier (43). Varying amounts of HU protein were
incubated with [5-**P]-labeled DNAs (1 nM) for 15min
in 10w of the binding buffer, 20 mM Tris—HCI (pH 8.0),
0.05mg/ml bovine serum albumin, 7% glycerol, 0.1 mM
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EDTA and indicated concentration of NaCl. Samples
were loaded onto 8% polyacrylamide gels (29:1) buffered
with 27mM Tris—borate, 0.1 mM EDTA for 10 mM NaCl
samples or with 55mM Tris—borate, 0.2mM EDTA for
150mM NaCl samples, or with 95mM Tris-borate,
0.2mM EDTA for 200mM NaCl samples for DNA
mismatches and electrophoresed.

Agarose gels (0.8%) buffered with 27 mM Tris—borate/
0.1mM EDTA were used for separation of HU and SSB
complexes with ssDNA of phage phiX (200ng,
NewEngland Biolabs). After electrophoresis, DNA was
stained in the gel by soaking in the running buffer
supplemented with 0.2mg/l of ethidium bromide and
photographed under UV light.

Quantification of dissociation constants

Based on different gels analysis and concentrations, the
dissociation constants were calculated as described in (33).
Assuming that HU binding to DNA is not sequence
specific, and that its concentration is far from saturation
the corresponding binding constant per binding site is
given as deite = [prOteinfree] X [DNAt‘ree]/[DNAbound]a
where [proteinge.] = [proteing,] — [proteingoung] is the
concentration of free HU, [DNAyyunal = [proteingoung] 18
the concentration of HU-DNA complexes, and [DNA fcc]
is the concentration of the protein-binding sites. The latter
value can be estimated as the free DNA concentration
multiplied by the number of HU-binding modes on a
given DNA fragment estimated as n = (N — L + 1), where
N is the DNA chain length and L is the length of the DNA
fragment covered by one HU molecule in the bound state.
If f'(free) and b (bound) represent the relative radioactivity
of the corresponding gel bands, we can estimate [DNA fce]
as [DNAfeo] = [DNA o] X [#f/(f + b)] and obtain a
convenient expression for the dissociation constant
per Dbinding site  Kdge = [proteing] X (nf/b) —
[DNAota1] X [#f/(f + b)]. The corresponding dissociation
constant per DNA molecule is given as Kd,,o = Kdgj/n
For non-sequence-specific binding, the value of Kd
should decrease with the chain length whereas Kdg;.
should be approximately constant. If a DNA molecule
contains one specific binding site, with the non-specific
interactions being negligible, the corresponding binding
constant is  Kdgpecific = Kdmol = [proteinig] X (f/b)
— [DNA otal]l X [f/(f + D)]. The radioactivity of the bands
corresponding to free and bound DNA was determined by
a Phosphorlmager analysis of gels. The best fit over
several protein concentrations was taken as Kd.

Binding of the second HU dimer might be facilitated by
the protein—protein interactions that can be measured by
the factor of co-operativity, ®. The o factor is determined
as Kd1/Kd2, where Kd1 and Kd2 are the dissociation
constants of the first and second complexes, respectively.
For binding of HU to DNA, the o has been determined as
described previously (44,33).

Fluorescence studies

The same sequences D-28 and D-36 as in the gel
mobility shift assays were used. The double-labeled

oligonucleotides were purchased from Eurogentec con-
taining the donor, fluorescein, at the 5 DNA end, and the
acceptor, tetramethylrhodamine, at the 3 DNA. All
measurements were taken on a Spex Fluorolog DM1B
instrument, using bandwidth of 1.8 nm and 0.2cm x 1 cm
quartz cuvettes. For emission spectra, the excitation
wavelength was set at the wavelength where absorption
of the donor was maximal (495nm). For excitation
spectra, the emission wavelength was 580 nm. All experi-
ments were performed in 10 mM cacodylate buffer pH 7,
25°C and 1 uM of oligonucleotide and increasing amounts
of HU protein. The other experimental conditions are as
specified in the figures. The spectra were corrected for the
dilution factor.

Conformational calculations

The conformation of the HU complex with 3’-overhand
shown in Figure 5 was obtained by homology modeling
based upon the X-ray structure of HU-DNA complex
(34). The protein coordinates were taken from the PDB
entry 1p51. The double-helical DNA fragment was first
built in a canonical B-DNA conformation with the base-
pair sequence corresponding to the PDB entry. The abasic
site originally present in this DNA segment was removed.
This double helix was docked to the HU-binding site by
energy minimization with all relevant atom positions

No HU

S, W

- - -

DNA: 00 12 4 6 81012 nick A3A7 ds

Figure 1. HU binding to DNA mismatches and bulges in stringent
conditions (high salt). HU protein (50 nM) was mixed with a dsDNA
containing in its middle a mismatched region of varying size (from 1 to
12) as indicated (left) or with dsDNA containing an insert of three or
seven adenines (lanes A3 and A7). DsDNA (ds) or the duplex
containing a nick (nick) were used as control. All the DNAs were
40-nt long and originated from sequence ‘X’. Samples were incubated
in 200mM NaCl and run in 95mM Tris-borate. Lane no HU is the
40-mer dsDNA in the absence of HU.



restrained to X-ray coordinates. The 3’-overhang was built
by continuing the double-helical DNA with an
AT-alternating sequence of appropriate length in the
initial conformation corresponding to a single strand of
a canonical B-DNA. The whole structure was next energy
minimized with X-ray restraints as well as a few additional
restraints corresponding to putative contacts of the
ssDNA segment with the charged residues on the surface
of HU core, as discussed in our previous studies (36).

RESULTS
HU binds dsDNA mismatches

The band-shift analysis of HU binding to dsDNA with
internal mismatches of 1 to 7 consecutive base pairs is
shown in Figure 1. Clearly HU binds DNA containing
more than 3-bp long mismatches, under stringent salt
conditions (150 mM salt), indicating a structure-specific
interaction. In contrast, under these high salt conditions,
there is no binding of HU to dsDNA (‘ds’ in Figure 1).
This non-specific binding of HU to plain ds DNA is only
observed in low salt conditions (10mM NaCl, see
Figure 2). When mismatches are superior to 4bp, the
apparent binding constant, Kd (measured as described in
the Materials and Methods section), depends only slightly
on the length of the mismatch: 21, 6, 6, 6 and 3nM for
mismatches of 4, 6, 8, 10 and 12bp, respectively.
This interaction is structure specific and the observed Kd
are in fact similar of those of other HU specific targets:
nick (8nM), DNA overhang (18 nM) and DNA ss fork
(4nM). In sharp contrast, under these stringent condi-
tions, no binding was observed with mismatches of 1 and
2 bp, probably because they are not flexible enough for
structure-specific HU binding. This flexibility issue will be
discussed subsequently. In the case of 3, 4 and longer
mismatches (= <> =), the binding is probably linked to
a DNA bending at its flexible hinges, which will allow
HU to interact with DNA simultaneously by its arms
and body.

To study HU binding to DNA bulges, we used a 40-mer
dsDNA fragments containing on one strand either 3 or 7
adenines, (called A3 and A7, respectively in Figure 1). The
A3 and A7 bulges form in solution a V-like structure with
very different angles between the double-strand branches.
Figure 1 shows that HU binds both structures specifically,
with a higher affinity for the more flexible A7 bulge. The
corresponding dissociation constants are 10 and 1nM,
respectively. These results suggest that HU uses the DNA
flexibility rather than pre-formed ligand shapes for
binding DNA bulges.

To further characterize the mode of binding of HU to
these structures containing single-stranded islands, we
next investigated how HU binds to plain ssDNA.

HU binds ssDNA

The band-shift data shown in Figure 2 compare HU
binding to ssDNA with representative DNA substrates
studied previously. This study is performed, in contrast to
the one in Figure 1, in low salt conditions (10 mM salt).
We observed that a 40 bp dsDNA binds up to four HU
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Figure 2. HU binding to ssDNA, dsDNA and nick in low salt
conditions. HU protein, at the concentration indicated in nM on the
bottom, was mixed with end-labeled DNA, 40-bp long dsDNA,
the same DNA with a nick in the middle and the 40nt ssDNA, at
10mM NacCl and analyzed by polyacrylamide gel buffered with 18 mM
Tris—borate. All DNAs are originated of the sequence ‘X’. Arrows ‘In’
and ‘1ds” mark the bands corresponding to HU dimer—nick (1:1) and
HU-dsDNA (1:1) complexes, respectively; arrows 2°, ‘3’ and ‘4’ mark
the bands corresponding to two, three and four HU dimers bound to
nick or dsDNA, while arrows °‘ls’ and ‘28 mark the bands
corresponding to one or two HU dimers bound to ssDNA, respectively.
Position of the free DNA is marked as ‘free’.

dimers at high HU concentration (15nM). With nicked
DNA, HU forms a structure-specific complex easily
distinguished by its high intensity (see band ‘In’), which
is the only one observed in high salt conditions (Figure 1).
As seen in Figure 2, the gel mobility of this specific
complex is strongly increased compared to the first band
observed for the dsDNA complex (‘1ds’). In contrast, the
multimeric HU complexes with nicked DNA do not differ
from those with intact DNA (bands 2, 3 and 4). The data
for ssDNA evidence that, under these low salt conditions,
HU binds a 40nt ssDNA with an affinity similar to that
for dsDNA. The values of the apparent dissociation
constants are: Kd,,,; = 3, 7 and 4nM, and the Kdg, = 3,
250 and 70 nM for nick, dsDNA and ssDNA, respectively.
For nick DNA and dsDNA, these data are in good
agreement with values previously reported (41,44).

There are evident differences between ssDNA and
dsDNA binding. At most two HU dimers are able to
bind the 40nt ssDNA, contrary to the four complexes
observed with dsDNA. Moreover, the HU binding to
dsDNA is cooperative (33,44) whereas its binding
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Figure 3. HU binding to ssDNA of various lengths. Binding of labeled DNA to HU protein was analyzed by polyacrylamide gel electrophoresis.
DNA samples were: dsDNA (ds), nick (n), both 36-bp long; and ssDNA of sequence ‘D’ with the length varying from 20 to 48nt (indicated at
the bottom in nt). HU concentration was 20 nM (A), 50nM (B) and 60 nM (C). Depending on the salt conditions, the gel was buffered with 18 mM
Tris-borate for I0mM NaCl (panels A and B), or with 55mM Tris-borate for 150mM NacCl (C).

to ssDNA is not. The co-operativity factor is o~ 0.4,
indicating that the second HU binds ssDNA less avidly
than the first one (no co-operativity). For comparison, this
factor is ® ~ 30 for dsDNA (33)

The size of HU-binding site for ssDNA

According to the results in Figure 3 and data not shown,
a HU dimer requires ~24 nt of ssDNA for initial binding.
This minimum ssDNA length, required for a successful
HU binding, should be distinguished from the portion of
DNA that is occupied by the bound protein (binding site).
For instance, the HU-binding site for dsDNA is only
9bp (41). To obtain more accurate estimates, we studied
the interaction of HU with ssDNA varying in size from
20 to 48 nt. Figure 3 is representative of these experiments.
As expected, the gel mobility of free ssDNA gradually
decreases with increased DNA length. This observation is
important since it confirms that the ssDNA molecules
used in our experiments do not form secondary structures
that could affect HU-ssDNA interactions. The HU-
binding affinity to ssDNA increases with the DNA
length and becomes significant starting from 24nt.
Binding of a second HU dimer is only detected when the
ssDNA fragment exceeds 32nt and with a high HU
concentration.

Figure 3A also shows an unexpected result. Usually,
complexes with short ds or ssDNA migrate in the gel
faster than complexes with longer DNA, which is natural
and usual, but the behavior of the HU-ssDNA complex
does not follow the same rule (Figure 3). Instead,
complexes with the shortest DNA exhibit very low gel
mobility while mobility increases with the DNA length,
reaching a clear maximum at 32nt. Only for HU

complexes with longer ssDNA the behavior of the gel
mobility corresponds to the usual decreasing trend. These
results suggest that the shape of the HU-ssDNA
complexes significantly changes with the length of the
bound DNA, namely, the complex of HU with a DNA
longer than 32nt, is more compact than that observed
with shorter DNA (24 or 28 nt).

Similar effects are observed under saturating protein
concentrations as shown in Figure 3B. These data clarify
the ssDNA length required for HU binding. The ssDNA
of 24-28 nt binds only one HU dimer, even under high
concentration of HU. A complex with two HU dimers is
detectable for ssDNA of 32nt and longer, and three HU
dimers can be accommodated by ssDNA of 44-48-nt long.
Therefore, although the binding of the first HU to ssDNA
requires at least 24 nt, 12nt are apparently sufficient to
accommodate every additional HU dimer on ssDNA. This
observation was critical for the understanding of the
interaction of HU with ssDNA and was the reasons to
initiate FRET analysis. The dissociation constants for
HU-ssDNA binding are Kd,,, = 755, 114, 80, 54, 40,
41 nM and Kdg, = 3800, 1030, 1050, 930, 850, 1050 nM
for 28, 32, 36, 40, 44 and 48-nt long ssDNA, respectively.
The median Kdg,, value is ~1000nM suggesting that
ssDNA binding under low salt conditions is three times
weaker than that of dsDNA.

No co-operativity in HU binding to ssDNA could be
detected in contrast to the positive co-operativity observed
for HU binding to dsDNA under the same conditions
[(33,44) and Figure 3], as with lower HU concentrations
(Figure 3A). According to Figure 3B, the chain length
dependence of the gel-mobility profile for HU multimers
bound to ssDNA exhibit the same convex profile as that



for the HU dimer. The descending branch of this profile,
inversed with respect to the common behavior, spans
~12nt for the HU dimer (20-32 nt) as well as for two HU
dimers (32-44 nt) reaching the maximum mobility at 44 nt.
The maximum mobility of the ssDNA complex with three
HU dimers, should be expected with a 56-nt long ssDNA
(data not shown).

Binding of HU to ssDNA is salt dependent

It was shown earlier that HU binding to dsDNA is
drastically reduced at 200 mM NaCl, while it continues to
bind, under these high salt conditions, to a variety of
DNA structural distortions, such as nick or overhang,
even under high salt conditions (35,36). This illustrates
the specific binding of HU to DNA lesions under high salt
conditions compared to its non-specific binding to dsDNA
only observed under low salt conditions. This observation
prompted us to check how HU binds ssDNA in high salt.
In contrast to low salt binding, for which gels are buffered
with 22 mM Tris—borate, such experiments are commonly
carried out in gels buffered with 90mM Tris—Borate,
Unfortunately, in 90mM gels, dsDNA—HU complexes
do not form sharp bands and migrate as smears so that
DNA binding is detected mainly by a decreased intensity
of the free DNA bands (44). To avoid these difficulties, we
carried out the high-salt ssDNA-HU-binding assays with
an intermediate Tris-borate concentration of 55mM.
Under these conditions, the bands of dsDNA-HU
complexes of different stoichiometry remain detectable
(Figure 3C). The smears are caused by the dissociation of
the complexes during gel migration. As expected, the 1:1
HU-nick complex forms a sharp band with a strongly
increased relative intensity. On the contrary, the HU
binding to ssDNA is strongly reduced with respect to the
low salt conditions (Figure 3B). As in the low salt
conditions, ssDNA forms 1:1 and 1:2 complexes with
HU, depending upon the DNA length, but the character-
istic DNA chain lengths are shifted upward with respect to
the low salt conditions. Notably, the 1:1 and 1:2
complexes are formed starting from 28 and 36nt,
respectively. The chain-length dependence of their gel
mobility remains convex, with the mobility maxima
observed at a longer ssDNA (44 nt for the 1:1 complex).
The Kd suggest that HU binding is less salt dependent for
ssDNA than for dsDNA. Otherwise the salt effect looks
quite similar for ssDNA and dsDNA, suggesting a non-
specific character of the ssDNA-HU binding.

HU does not bind two ssDNA molecules simultaneously

Our interpretation of the results shown in Figures 2 and 3
implies that HU always binds only a single DNA chain.
However, the X-ray structure of a HU-dsDNA complex
has demonstrated that the HU arms contact the minor
groove of the double helix (34), whereas ssDNA has no
minor groove. Therefore, we decided to check another
hypothesis, namely, that HU could grap two ssDNA
chains simultaneously, perhaps enforcing a partial hybri-
dization. To this end, we studied HU binding with a
mixture of labeled ssDNA of two different sizes,
respectively, 32 and 48 nt. If HU were able to bind both
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ssDNA simultaneously, heterocomplexes with an inter-
mediate mobility should appear. The experiment (data not
shown) clearly indicates that such heterocomplexes are
undetectable even under saturating concentrations of HU.
All the results obtained in different conditions prove that
HU binds one ssDNA molecule.

HU binding to ssDNA does not resemble
SSB-DNA interactions

When bound to long ssDNA, SSB unfolds the ‘random’
base pairing and opens the DNA molecule all along its
totality. DNA structures that arise from such partial base
pairing contain single-stranded forks, >= <, i.e. motifs
that the HU protein binds with high affinity (35,36). We
expected, therefore, that HU would not unfold long
ssDNA, in contrast to SSB. To check this ssDNA of
phage phi (5454 nt) bound to either HU or the SSB protein
was loaded onto an agarose gel and, after electrophoresis,
stained with ethidium bromide. The SSB binding reduces
the staining of the bands in agreement with DNA
unfolding. In contrast, the HU binding did not decrease
ethidium bromide staining at least if HU: ssDNA ratio does
not exceed 1:15nt (data not shown). Thus, HU did not
change the ss/dsDNA equilibrium. This protein property
should also affect the melting of dsSDNA. Noteworthy, SSB
decreases the DNA melting temperature by 10-20° (45),
whereas HU shows a significant opposite effect which is
particularly strong for A/T-rich DNA regions (31). This
result is in agreement with our findings that HU has a
relatively low affinity for poly(dT) and poly(dA) single-
strands (data not shown; see Discussion section).

HU binding induces FRET between labeled ssDNA ends

Very long apparent DNA-binding sites and abnormalities
in gel mobility of protein—DNA complexes often indicate
that protein binding induces bends in DNA (46). Based on
the relatively long ssDNA length required for its initial
binding and the high flexibility of ssDNA, we hypothe-
sized that HU could induce an U-loop when bound,
similarly to THF in the X-ray structure of the IHF-
dsDNA complex (46). The fluorescence excitation energy
transfer (FRET) provides valuable information about the
structure of biologically relevant molecules, including
nucleic acids—proteins interactions, because of its distance
and orientation dependence (38,47). In this study, we
attached the donor (fluoresceine) to the 5 end of the 28
and 36 nt oligonucleotides and the acceptor (tetramethylr-
hodamine) to the 3’ end. These lengths were chosen to be
shorter and longer than 32nt, which makes the most
compact complex with HU, according to the gel mobility
observed in Figure 3. We expect to observe a transfer of
excitation energy from the donor to the acceptor only
when the protein folds the oligonucleotide in such a way
that the ends of the oligonucleotides are close to each
other. In the unfolded form, little transfer is expected [the
distance between the two dyes is well above the Foster
critical distance (ca 4.5nm)]. Upon addition of increasing
concentrations of HU, a FRET is clearly observed
(Figure 4), the two ends of the oligonucleotide are brought
close to each other. The FRET signal reaches a plateau for



1032 Nucleic Acids Research, 2008, Vol. 36, No. 3

A ssDNA, 28 nt

40 —— DNAonly
---- HU, 500 pmol
------- HU, 250 pmol
32
>
$ 24 4
2>
216 1
2
£
8
0 1 Ll l I I 1 1
505 550 600 650 700

Emission wavelength, nm

B ssDNA, 36nt
32

)
R

Intensity, (A.U.
>

505 550 600 650
Emission wavelength, nm

Figure 4. Fluorescence resonance energy transfer between 5 fluorescein and 3'- tetramethyl rhodamine (FAM) for 28-nt-long (Panel A) and 36-nt-
long (Panel B) ssDNA is induced by HU binding. To 1 uM of oligonucleotides (solid lines) was added HU in (dimer:DNA) ratio 1:2 (dashed lines)
and 1:1 (dotted line). On the right, the fluorescence signal of the donor (circles) and of the acceptor [IA/(ID +1A), squares] is shown for different

ratios of HU and ssDNA.

a molar ratio of proteins per oligonucleotide higher than
2-3. Interestingly, the stimulated emission of the acceptor
is quenched for the 28 nt, maybe because of the proximity
of the protein. As expected, for other DNA structures,
dsDNA, nick, 3’ and 5 DNA overhangs, we did not detect
changes in FRET upon HU binding (data not shown).
Altogether, these results are in agreement with an
U-shaped ssDNA structure bound to HU.

DISCUSSION

Previous studies have shown that HU binds specifically
many DNA repair intermediates such as dsDNA with
nicks or ss forks (=<) (36,44,48). These different
structures have one common trait, namely, they all
contain a stretch of dsDNA interrupted by a flexible
region or a hinge. If this is a common feature for HU
binding, HU should then also specifically bind to DNA
containing mismatches and bulges since they are intrin-
sically flexible structures. Here we show that this is indeed
the case. Long mismatches of 4-12 bp and the bulge of 7 nt
are better binders than the corresponding shorter analogs,
strongly indicating that the hinge flexibility is a main
condition for efficient interaction with HU. In longer
DNA mismatches, HU can recognize the ss fork (= <)
structure as shown earlier (36). Therefore, this interaction
is based on the HU recognition of the 3’ DNA overhang.
Mismatches of 1 or 2bp apparently cannot be bent by
HU. Our study presents examples of HU substrates where
the DNA flexibility is locally increased without introduc-
ing ss breaks.

The observed requirement of a ‘flexible region’ in
dsDNA for strong and specific HU binding prompted us
to investigate HU binding to ssDNA. The binding of HU
to ssDNA has been reported but never studied thoroughly

(4,40-42). Here we demonstrate that the protein binds
ssDNA fragments starting from a certain threshold chain
length. This minimal length is estimated to ca 24nt,
slightly varying with the base sequence. Similar experi-
ments with the complementary ssDNA strand showed no
detectable binding for 20-nt long ssDNA even with the
highest HU concentrations, and only weak binding for the
corresponding 23-mer ssDNA (data not shown).
Interactions with shorter ssDNA are much weaker or
non-existent. Together with the FRET data, the relatively
long threshold length suggests that, in the ssDNA-HU
complex, the DNA chain wraps around the HU dimer and
forms an U-shaped complex. To evaluate the putative
shape and parameters of such complexes, we took
advantage of the recently solved HU-dsDNA co-crystal
structure (34).

In this X-ray structure (34), HU was co-crystallized
with a deformed DNA duplex, containing several single
nucleotide mismatches and bulges. By computer homol-
ogy modeling, we estimated the trace of ssDNA on the
protein surface in the corresponding conformation of a
dsDNA overhang. Figure 5 shows the computed con-
formation of a short 3’-DNA overhang bound to HU.
This structure corresponds to the results obtained by
biochemical methods (35,36) with minimal deviations
from the X-ray data (34). The two long protruding
B-hairpin arms contact the double-helical part of the
overhang similarly to the original structure. On both sides
of the protein core, there are several positively charged
amino acid residues (colored in red in Figure 5). The
biochemical studies (35,36) suggest that strong structure-
specific binding is achieved when HU can interact with
DNA by both its arms and body. The DNA contacts
with the surface residues shown in Figure 5 are
probably involved in these interactions (33,35,36,48-50),
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Figure 5. Complex of HU dimer with 3’-overhang. A hypothetical
conformation obtained by homology modeling based on the X-ray
structure of HU-DNA complex (34,45). The coordinates of the central
part, including the protein and the double-helical DNA, are close to
those in the original PDB entry 1p51. The double-helical DNA
fragment (in blue) was first built in a fiber canonical B-DNA
conformation with the base-pair sequence corresponding to the PDB
entry. The abasic site originally present in this DNA segment was
removed and the structure was energy minimized with all relevant atom
positions restrained to X-ray coordinates. The 3’-overhang was built by
continuing the double-helical DNA with an AT-alternating sequence of
appropriate length in the initial conformation corresponding to a single
strand of a canonical B-DNA. The whole structure was next energy
minimized with X-ray restraints as well as with a few additional
restraints corresponding to putative contacts of the ssDNA segment
with the charged residues (in red) on the surface of HU core, discussed
in our previous studies (35,36).

which explains the dominating role of the DNA flexibility
that we observed experimentally in our work. It is clear
that these HU-DNA contacts are possible only if the
DNA fragment contains a flexible hinge as in bulges,
mismatches and earlier studied non-canonical DNA
structures (36).

Assuming that the HU binding to ssDNA occurs by the
same electrostatic contacts, the structure shown in
Figure 5 can be used to model the possible ssDNA
traces in the bound state as well as the length of ssDNA
fragments necessary to join different interaction sites.
Accordingly, ~6 bp are needed for DNA to run from the
extremity of the HU arms to the closest positively charged
region of the HU body. This agrees with the minimal
length of the ss segment required for specific HU binding
to overhangs (35,36). The double-helical part of the
overhang that interacts with the HU arms involves 9 bp
steps, which equals to the minimal estimated HU-binding
site on dsDNA (36). Based on these measurements,
it should take 9nt (HU arms) + 6nt (HU side) = 15nt
to form a I'-shaped complex in the case of ssDNA. Since
we do not detect stable complexes for such short ssDNA,

Figure 6. The putative model of HU:ssDNA binding in complexes of
different stoichiometry. The ssDNA is shown as a black band. The HU
dimers are shown in white and gray for clarity. Plates A-B and plates
C-E display sketches of complexes of a ssDNA strand with one and
three HU, respectively. HU forms two types of complexes with ssDNA.
Complexes of the first type have low affinity and low gel mobility
(plates A and C). Complexes of the second type are more compact and
have higher affinity and gel mobility (plates B and D). The
conformation of the ssDNA part, which is not covered by HU protein,
explains the difference between the high- and low-affinity complexes.
Plate E represents the complex formed by ssDNA absorbed on HU
oligomers so that the DNA extremities are hidden by the protein.

we think that simultaneous contacts of DNA with the HU
arms and both its sides are probably necessary for
binding. Therefore, ssDNA in order to bind to HU must
be at least 9nt + 2 x 6nt = 21 nt. The latter agrees with
our results, we found that sSDNA must be around 24 nt to
form a complex with HU. Finally, the FRET observed for
both 28 and 36nt, indicate that the DNA ends run in
parallel as it should be in an U-shaped structure.

Based on the above considerations, the unusual
behavior of HU-ssDNA complexes in band-shift experi-
ments can be explained as follows. By increasing the
ssDNA length, the gel mobility does not change or slightly
grows with charge if the size of the minimal plane
projection of the complex remains constant. If this
projection increases, the gel mobility strongly decreases
regardless of the charge. The complex of the HU dimer
with 24 nt ssDNA is schematized in Figure 6A and B. The
tails of the ssDNA can be already absorbed by the
opposite sides of the HU body, but this binding mode is in
dynamic equilibrium with conformations where one or
both DNA ends are free (Figure 6A), therefore the gel
mobility is reduced as the length of the ssDNA in the
complexes increases (Figure 3A). With increased DNA
length, the U-shaped binding mode becomes predominant;
the average effective size of the complex is reduced and its



1034 Nucleic Acids Research, 2008, Vol. 36, No. 3

gel mobility increased. The ssDNA length of 32nt
apparently corresponds to the most compact configura-
tion of the U-shaped complex and it is thus characterized
by the highest mobility (Figure 6B). With longer ssDNA,
its ends start to protrude beyond the minimal cross-section
and the gel mobility of the complexes progressively
decreases (Figure 3A). For a 32-nt long ssDNA, one can
estimate that the side contacts are 11-nt long, while the
arm contacts are 9-nt long. A similar effect was earlier
observed, but not explained, for HU bound to 3’-DNA
overhangs (36). In this case, the gel-mobility reached a
maximum with a 3’-overhang of 10nt in good agreement
with the present data.

Similar factors determine the gel mobility of multimeric
HU complexes formed with higher protein concentrations
(Figure 3B). The possible overall shape of such complexes
is shown in Figure 6C and D. Their gel mobility varies
with the DNA length in the same way as for the binding of
a single HU dimer. Based upon the results shown in
Figure 3B, we estimate that each additional HU on
ssDNA needs 12 nt. The most compact U-shaped complex
is formed when at least 10 nt are allowed to interact with
both HU sides, corresponding to a series of gel mobility
maxima at 32, 44, 56nt and so forth, as observed in
Figure 3B. The observed FRET signal can be mainly
attributed to the U-shaped complexes of stoichiometry 1:1
and 1:2. In both cases, the distance between the DNA ends
is small enough to give FRET.

HU binding to dsDNA is cooperative (44), whereas HU
binding to ssDNA is not, as shown here. This difference
may have a simple structural explanation. Straight
dsDNA cannot make contacts with HU sides, leaving
some protein surface unused. This surface contributes to
the binding of a second HU which results in a positive
co-operativity. In contrast, the U-shaped ssDNA-HU
complex employs both protein sides. Binding of another
HU must destroy some contacts of the initial complex,
which results in the apparent absence of co-operativity or
even in a negative co-operativity.

We suppose that the numerous weak bands seen in
Figure 3B are due to the complexes sketched in Figure 6E.
Because the ssDNA is bound by the arms of HU dimers, it
is almost hidden and does not interact with the gel matrix.
The gel mobility of such complexes should only slightly
grow with the ssDNA length due to the increased charge,
which is seen in Figure 3B. This binding is significantly
reduced in high salt, which can be attributed to the
electrostatic screening of protein—protein and/or protein—
DNA interactions. A hypothesis that HU multimers can
form a 1D scaffold that plays a structuring role in
bacterial chromatin in vivo has been discussed in the
literature (51,52). Recent studies of a HU mutant indicate
that protein—protein contacts and multimer HU com-
plexes can be specifically involved in DNA binding
(53,54). It has also been shown that, under nearly
physiological HU concentrations, dSDNA-HU complexes
look like rigid nucleoprotein filaments in which HU
appears to arrange helically around DNA (55).

HU binding to ssDNA has the following sequence
preference: poly(dG) > ‘generic’ > (dC) >(dT) >> (dA)
(data not shown). HU exhibits a negative co-operativity

for poly(dT) binding, so that we never detected binding of
three HU dimers to poly(dT) of 36, 5 and 72nt. A strong
HU preference to short GC-rich ssDNA was earlier
demonstrated with generic oligodeoxyribonucleotide
microchips (56) in conditions in which any secondary
structure formation can be excluded. Noteworthy, the
G-tracts exhibit an anomalously high rates of base-pair
opening in dsDNA (57), that the GpG stack is the weakest
among dinucleotides (58).

Our interest in ssDNA originated from its presence in
several structures binding specifically HU. It cannot,
however, be excluded that HU-ssDNA interactions play
a distinct role in vivo. Another protein, SSB, whose specific
function consists in binding ssDNA, is present in bacteria,
but in a much smaller number of copies [300 for SSB
versus 30000 for HU, (4,31,59)]. Binding of HU to
ssDNA is qualitatively different from the one of SSB. The
SSB-ssDNA binding is highly cooperative (59), while the
HU-ssDNA binding is not. The binding is sequence
dependent in both cases, but the sequence preferences are
different. Notably, the SSB protein has a strong prefer-
ences to poly(dT): (dT)> (dC) >> generic DNA > (dA)
(59). In contrast, HU binds with the following rank:
generic DNA > (dC) > (dT) >> (dA). SSB and HU have
opposite effects on the ds/ssDNA equilibrium. SSB
facilitates DNA melting while HU inhibits the melting
of AT-rich regions (31,45). Due to the high co-operativity
and a relatively small number of copies, SSB is mainly
engaged in replication forks and transcription bubbles
where long stretches of ssDNA are formed temporarily
(59-61). In contrast, since HU binding to ssDNA is non-
cooperative, HU can bind and protect various smaller
DNA lesions scattered in the inactive part of the bacterial
genome.

The capacity to bind ssDNA can also be necessary for
the function of the HU protein in DNA repair mechan-
isms. The specific binding of HU to short dsDNA
mismatches points to its role in the repair of some
particular DNA lesions. DNA alkylating agents as well as
UV light produce bulky interstrand DNA lesions that
structurally resemble short mismatches. Accordingly, the
HU deletion mutants exhibit increased sensitivity to
irradiation as well as to H,O, treatment compared to
the wild-type E. coli [(16) and J.Y.R. and Claret,L.,
personal communication). The suggested participation of
the HU protein in repairing DNA mismatches should also
cause an enhanced mutation rate in E. coli, in which HU is
absent. Truly it was shown that spontancous mutation
rapidly accumulate into the double supAB mutants (62).
The ‘real’ HU mutants (i.e. without compensatory
mutations) are morphologically different from the wild-
type as they form very tiny colonies, but this phenotype is
reverted very rapidly to give normal size colonies in the
revertants (62,63). The observed extremely high reversion
rate could be due to an increased mutation rate in bacteria
lacking HU protein. Extensive base-pair mismatching
should also appear within converged DNA regions during
homologous recombination. Protective degradation of
such DNA proceeds via recognition of mismatched
zones by mutS protein that initiates the degradation
cascade (64). The specific HU binding to extended



mismatches can inhibit the homologous recombination by
facilitating the recruitment of mutS and other proteins
directly involved in degradation of DNA.
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