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Integration Host Factor (IHF) Dictates the Structure of Polyamine-DNA Condensates:
Implications for the Role of IHF in the Compaction of Bacterial Chromatin®
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ABSTRACT: Integration host factor (IHF), a nucleoid-associated protein in bacterial cells, is implicated in a
number of chromosomal functions including DNA compaction. IHF binds to all duplex DNA with micromolar
affinity and at sequence-specific sites with much higher affinity. IHF is known to induce sharp bends in the
helical axis of DNA in both modes of binding, but the role of IHF in controlling DNA condensation within
bacterial cells has remained undetermined. Here we demonstrate that IHF influences the morphology of DNA
condensed by polyamines in vitro. In the absence of IHF, spermidine and spermine condense DNA primarily
into toroidal structures, whereas in the presence of IHF, polyamines condense DNA primarily into rodlike
structures. Computer simulations of DNA condensation in the absence and presence of IHF binding lend support
to our model in which DNA bending proteins, such as IHF and HU, promote the condensation of DNA into
rodlike structures by providing the free energy necessary to bend DNA at the ends of linear bundles of condensed
DNA. We propose that a common function of IHF and HU in bacterial cells is to facilitate DNA organization

in the nucleoid by the introduction of sharp bends in chromosomal DNA.

DNA condensation is of fundamental importance to all
biological organisms (/). In bacteria, the genome is highly
condensed in a structure called nucleoid. Although the
detailed organization of the chromosome in the bacterial
nucleoid remains elusive, it is known that DNA condensation
is mediated by the combined effects of several factors,
including DNA supercoiling, nucleoid-associated proteins,
polyamines, and macromolecular crowding effects (2—38).
DNA within the nucleoid is organized and condensed at
multiple levels. In Escherichia coli, for example, the 4.7 Mb
circular chromosome is organized into multiple topologically
independent domains that that are approximately 10 kb in
size (9—14). DNA within these domains is negatively
supercoiled, with approximately half of the supercoils being
interwound and highly branched structures, which signifi-
cantly compacts the DNA within the nucleoid (/5, 16). The
major nucleoid-associated proteins further package the
chromosomal DNA into a more condensed structure.
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Among these nucleoid-associated proteins, IHF and HU
are called architectural proteins because they induce pro-
nounced bends in DNA upon binding. Kinks in the DNA
helix are introduced through the intercalation of proline
residues between DNA bases (/7). IHF and HU are 40%
homologous in sequence, and the overall fold of IHF is
almost identical to that of HU (/7—21). Interestingly, despite
the similarities in structure, HU shows little sequence
specificity in DNA binding and a low affinity for linear DNA,
whereas THF binds to specific DNA sequences with nano-
molar affinity. The ability of IHF to bend DNA upon
sequence-specific binding is central to its currently identified
cellular functions, including replication, transposition, regula-
tion of transcription initiation, site-specific recombination of
A phage, and packaging of phage DNA (22—25). A typical
sequence-specific IHF binding site is 30—35 bp in length,
which contains a 13 bp consensus sequence, WAT-
CAANNNNTTR (W is A/T, R is G/A, and N is any base)
(26). In addition to binding sequence-specific DNA sites,
IHF also binds to DNA in a sequence-independent manner,
but with 10°—10*fold lower affinity, and can be substituted
with HU at non-sequence-specific sites (25, 27, 28).

IHF is a highly abundant protein whose intracellular
concentration varies with growth phase (29, 30). The total
intracellular concentration of IHF in E. coli cells is estimated
to vary between 6000 dimers per cell in the exponential phase
to 30000 dimers per cell in the stationary phase (30). In
contrast, the intracellular concentration of free IHF is
experimentally determined to be 15—35 nM (27). Since there
are only a few hundred specific IHF binding sites per E.
coli choromosome (31, 32), the majority of IHF molecules
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(6—30 uM) are suggested to be nonspecifically bound to
chromosomal DNA. This implies that nonspecific binding
by IHF may have important biological functions (27). Recent
single-molecule experiments have shown that IHF induces
a mere ~30% compaction of DNA by binding to multiple
sequence-independent low-affinity sites which suggest a role
of IHF protein in bacterial chromosome packaging (33).

In addition to DNA supercoiling and nucleoid-associated
proteins, molecular crowding and polyamines also play a
critical role in bacterial chromosome condensation, dictating
the well-defined volume of the nucleoid mass (5, 7, 34—38).
Cellular polyamines, which are polycationic at physiological
pH, are important components of bacterial cells and also
well-characterized DNA condensing agents (39, 40). In
prokaryotes, the most abundant polyamines are putresciene
and spermidine (4/—43). The high cellular abundance of
these polyamines (5—20 mM) and the ability of spermidine
to stabilize the condensed bacterial chromosome in isolated
nucleoids suggest an important role of polyamine in the
compaction of DNA in bacterial cells (41, 44).

Although chromosomal DNA in bacteria is believed to
be condensed into the nucleoid by the combined effects
described above, no single factor is sufficient for achieving
high-density DNA condensation. Zimmerman and co-work-
ers have presented evidence that cellular extracts from E.
coli can work together with HU to condense DNA (35, 45).
Subsequent studies suggested that nucleoid-associated pro-
teins are not primarily responsible for maintaining the
condensed form of DNA in isolated nucleoids (38, 46), but
a more recent study from the Record laboratory has clearly
shown that HU can either condense or extend DNA,
depending on the relative concentration of HU to DNA (47).
The molecular mechanisms by which nucleoid-associated
proteins work with each other, polyamines, macromolecular
crowding, and DNA topology to control chromosome
condensation have not been systematically explored. Al-
though nucleoid-associated proteins have been implicated in
the organization of the E. coli chromosome in the nucleoid,
their modes of action in vivo are still the source of an
ongoing debate. Finally, the direct role of HU in governing
DNA morphology in bacteria is strongly illustrated by a
recent study by Adhya and co-workers in which a HU double
mutant was shown to dramatically alter nucleoid compaction
and cell morphology (48).

We have recently shown that HU functions as an archi-
tectural protein that guides DNA to condense into linear
rodlike structures in the presence of polyamines and mac-
romolecular crowding agents but does not act as a condensing
agent per se (49). On the basis of these observations, we
have proposed that HU works in a similar manner in vivo
to locally organize and condense the bacterial chromosome.
In this work, we performed experiments to elucidate the
effect of IHF on DNA condensation. In particular, the focus
of this study was to gain insight into the possible interplay
among IHF, DNA supercoiling, and polyamines in DNA
compaction. Since IHF plays a role in bacterial condensation,
a basic understanding of how IHF interacts with DNA in
the presence of other cellular factors to initiate DNA
condensation is important for obtaining a molecular-level
description of condensed DNA within the bacterial nucleoid.

Here we report that IHF, like HU, has a dramatic effect
on the morphology of particles produced upon the condensa-
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tion of DNA. Furthermore, it is shown that IHF has the same
effect on condensates produced by a variety of DNA
molecules, varying in length and topology (i.e., linear,
supercoiled). On the basis of the experimental and computer
simulation results presented here, and what was previously
known about DNA packaging in bacteria, a model for the
organization of DNA within the nucleoid and the contribution
of IHF and HU in maintaining this organization is presented.

MATERIALS AND METHODS

DNA Preparation. DNA described in the text as 3.4 kb
DNA and 3.9 kb DNA were derived from bacterial plasmid
pBluescript II SK— (Stratagene) using standard molecular
biology techniques (Supporting Information). The 10.7 kb
circular DNA plasmid was the YEp13 yeast episomal vector.
A phage DNA was purchased from Invitrogen.

For experiments that required sequence-specific IHF
binding sites, synthetic duplexes containing the H’ site of 1
phage (sequence given below), one of the best-characterized
and highest-affinity IHF binding sites (/7, 27), were incor-

5'-AGCTTAAAAAAGCATTGCTTATCAATTTGTTGCA-3"'
3'-ATTTTTTCGTAACGAATAGTTAAACAACGTCTAG-5"

porated into the 3.4 and 3.9 kb plasmids. The consensus
sequence for IHF binding is in bold. Plasmids containing
one and two specific IHF binding sites were generated for
both the 3.4 and 3.9 kb DNA. For the plasmids with two
specific IHF binding sites, these sites were separated by 500
bp in the 3.4 kb plasmid and by 950 bp in the 3.9 kb plasmid.
The sequences containing the IHF binding site(s) were
confirmed by the dideoxy-NTP sequencing method. Plasmids
were transformed into appropriate E. coli strains (Supporting
Information) and isolated using the Qiagen (Valencia, CA)
maxi-prep kit. To remove any IHF proteins bound to the
plasmids after isolation, purified plasmids containing high-
affinity IHF binding sites were treated with proteinase K.
Proteinase K was removed by heat inactivation at 65 °C and
the Qiagen PCR purification kit. The 3.4 and 3.9 kb plasmids
were linearized by digestion with restriction endonuclease
Scal, and the 10.7 kb DNA plasmid was linearized by
digestion with restriction endonuclease BamHI (New England
Biolabs).

Following enzymatic digestion, the DNA was rinsed at
least five times with 1x TE [10 mM Tris and 1 mM EDTA
(pH 7.8)] using a Microcon-YM 30 spin column (Millipore)
to remove salts and buffers from the restriction digest. The
DNA was finally resuspended from the spin column in 1x
TE. The DNA concentration was determined spectrophoto-
metrically. Supercoiled plasmids, obtained directly from the
plasmid isolation procedure, were determined to be more than
90% supercoiled on the basis of agarose gel electrophoresis
analysis. Supercoiled DNA was also rinsed at least five times
with 1x TE to ensure that the buffer conditions of all DNA
stock samples were identical.

IHF Protein Isolation. IHF was prepared as previously
described (50) from an overexpressing HN880 strain (gift
from H. Nash and S. Goodman). The DNA binding activity
of the isolated protein was determined by the gel mobility
shift assay method and found to be consistent with that
determined by other laboratories (57).
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Preparation of DNA Condensates. Spermidine-induced
condensates were prepared by mixing solutions of DNA and
spermidine to yield a final condensation reaction mixture of
5 uM DNA (in units of base pairs throughout), 700 uM
spermidine, 0.33x TE (pH 7.8), and 15 mM KCI. The
condensate reaction mixtures were allowed to equilibrate at
room temperature for 10 min before being deposited on grids.
The same protocol was followed for the preparation of
spermine-induced condensates, in which DNA was mixed
with spermine to yield a condensation reaction mixture of 5
UM DNA, 15 uM spermine, 0.33x TE (pH 7.8), and 15 mM
KCI. For spermidine-induced condensates prepared in the
presence of IHF, DNA was incubated with IHF for 10 min
and then condensed with spermdine for 10 min before being
deposited on grids. All the final condensate solutions
contained 5 uM DNA, 700 uM spermidine, 0.33x TE (pH
7.8), and 15 mM KCI. For spermine DNA condensation in
the presence of IHF, the same protocol described above for
the condensation of DNA by spermidine in the presence of
IHF was followed, where all final condensate solutions
contained 5 uM DNA, 15 uM spermine, 0.33x TE (pH 7.8),
and 15 mM KCL

Electron Microscopy and Analysis of DNA Condensates.
A 10 uL aliquot of each condensate solution was deposited
on a carbon-coated EM grid (Ted Pella, Redding, CA), after
15 min stained with 2% uranyl acetate, rinsed with 95%
ethanol, and air-dried. Imaging was performed with a JEOL-
100C transmission electron microscope (TEM) at a magni-
fication of 100000 x. The grid surface was randomly scanned
to obtain the relative toroid and rod populations in each
sample, and the numbers of unaggregated toroids and rods
visible on the viewing screen were counted. Several hundred
structures were counted for each grid. Each measurement
reported is the average of the counts from three different
EM grid preparations. The dimensions of individual con-
densates for each sample were measured using a computer
graphics program.

Computer Simulations. DNA condensation was simulated
within the framework of a coarse-grained model containing
a linear chain of pseudoatoms (beads), each representing 6
bp and connected by springs; the model was parametrized
to mimic the elastic and electrostatic properties of DNA. The
parametrization procedure is described in detail elsewhere
(52, 53). Each simulation contained a single DNA molecule,
567 beads (3.4 kb) in length. The force field accounted for the
elastic (stretching and bending) terms described by harmonic
potentials, a semiharmonic volume exclusion term and a
DNA-DNA interaction term. In the notation of the earlier
publications (52, 53), numeric values of the harmonic and
semiharmonic potentials were as follows: k, = 3.5 kcal mol
A2 by =199 A, ky = 22.4 keal mol™! rad™2), 6, = 7 rad,
kDNA*DNA = 3.5 kcal HlOl_1 A—Z’ and dO,DNA*DNA =250 A

The interaction between DNA strands is described by
empirically derived eq 1:
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where A} = 11 cal mol ! bp~!, A, = 12 cal mol ! bp !, b,
=305A,b,=375A,c; =2.6A, and ¢, = 2.2 A. The
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parameters have been derived to match the data for the
attractive regime in the range of ~25—34 A with a minimum
of ~130 cal mol™" bp~" at ~27.2 A (54) and the repulsive
Debye—Hiickel regime in the range of 35—50 A, based on
experimental results from DNA compression by osmotic
pressure obtained by Rau and Parsegian (55).

The net effect of IHF binding, which promotes DNA
bending, was modeled by introducing 15 flexible sites along
the DNA. These flexible sites, for which bending constants
were reduced by a factor of 100 from the original values,
ie., K9 = 0.224 kcal mol™! rad?), were randomly placed
along the DNA molecules by sampling from a uniform
probability distribution.

Two series of 50 simulations containing DNA molecules
in different starting configurations with and without flexible
sites were performed. Starting configurations were generated
by running a MD trajectory for a single free DNA with the
repulsive potential without extra sites of flexibility, as
described previously (53), using a MD time step of 0.5 ps
and saving conformations every 2 x 10° steps.

A total of 5 x 10% steps of MD for each DNA in the
attractive regime with and without flexible sites were
performed with a time step of 0.5 ps. All systems were
coupled to a Berendsen thermostat (56) with a coupling time
constant of 250 ps. Coordinates were saved every 5000 steps
along each MD trajectory. All MD simulations were per-
formed using the YUP package, designed for simulations of
coarse-grained and low-resolution models (57).

RESULTS

IHF Governs the Morphology of Spermidine Condensates
Formed from Linear DNA. The polyamine spermidine is
known to cause the condensation of DNA in vitro and is
implicated in maintaining the condensed state of DNA within
bacteria. Thus, as a means of exploring the effects of IHF
on DNA condensation, we performed in vitro condensation
studies with spermidine in the presence of IHF. Linear DNA
molecules of different lengths (3.4, 10.7, and 48.5 kb) were
preincubated with IHF protein, then condensed with sper-
midine, and examined using electron microscopy. It is well
documented that condensation of DNA with a length of >2
kb by spermidine from aqueous solution results in primarily
toroidal structures, with a small percentage of rodlike
structures (<10%) (40, 58—60). As illustrated by the EM
images shown in Figure 1, if DNA is preincubated with IHF
prior to condensation by spermidine, a significant increase
is observed in the population of rodlike condensates.

A plot of relative rod and toroid condensate populations
as a function of IHF concentration provides a quantitative
illustration of the increase in the relative rod population with
an increase in IHF concentration (Figure 2). For spermidine-
induced condensation of 3.4 kb linear DNA, the relative
population of rodlike condensates increases from <5% rods
(in the absence of ITHF) to >90% rods in the presence of 75
nM IHF, with the half-maximal rod population being
observed at 34 nM (Figure 2A). For longer DNA, such as
10.7 kb plasmid or 48.5 kb A phage DNA, a similar
magnitude increase in relative rod populations was observed
as a function of IHF concentration. These results demonstrate
that the effect of IHF on DNA condensation is independent
of DNA length (Figure 2A).
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FIGURE 1: Transmission electron microscopy (TEM) images of
polyamine-induced linear DNA condensates produced in the
presence and absence of IHF. (A) DNA condensate produced by
the addition of spermidine to linear 3.4 kb DNA. (B) DNA
condensate produced by the addition of spermidine to linear 3.4
kb DNA in the presence of 75 nM IHF. (C) DNA condensates
produced by the addition of spermine to linear 3.4 kb DNA. (D)
DNA condensates produced by the addition of spermine to linear
3.4 kb DNA in the presence of 125 nM IHF. All reaction mixtures
contained the following final concentrations: 5 uM DNA base pairs,
700 uM spermidine chloride or 15 uM spermine chloride, 0.33 %
TE (pH 7.8), and 15 mM KCI. The scale bar is 100 nm.
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Table 1: Dimensions of Rodlike DNA Condensates Formed in the
Presence of THF Protein®

Linear DNA

DNA length (kb) condensing agent  length (nm)  thickness (nm)

34 spermidine 383 (o, £32) 57 (0, £8)
10.7 spermidine 406 (o, £27) 59 (0, +9)
48.5 spermidine 396 (o, £36) 58 (o0, +£9)
34 spermine 206 (o, £35) 34 (o, £3)
10.7 spermine 231 (o, £31) 32 (o, £5)
48.5 spermine 248 (o0, £32) 30 (o, £3)

Supercoiled DNA
DNA length (kb) condensing agent

length (nm)  thickness (nm)

34 spermidine 352 (o0, £ 41) 51 (o, £7)
10.7 spermidine 375 (o, + 40) 50 (o, £8)
34 spermine 206 (o, + 35) 32 (o, £6)
10.7 spermine 231 (o, £ 32) 35 (o, £4)

Linear DNA with One or Two Specific IHF-Binding Sites

DNA length condensing
(kb) IHF sites agent

34 one spermidine 373 (o0, £24) 56 (0, £8)
34 two, 500 bp apart spermidine 394 (o, £33) 58 (o, £9)
3.9 one spermidine 391 (o0, £25) 57 (o, £11)
3.9 two, 950 bp apart spermidine 373 (0, £46) 57 (o, £7)

thickness
length (nm) (nm)

3.4 one spermine 227 (0, £29) 31 (0, +4)
3.4 two, 500 bp apart spermine 203 (0, £26) 34 (0, £5)
3.9 one spermine 212 (0, £32) 30 (0, £9)

3.9 two, 950 bp apart spermine 202 (0, £24) 34 (o, £7)
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FIGURE 2: Spermidine-induced DNA condensate morphology
statistics as a function of IHF concentration for (A) linear DNA
and (B) linear plasmid DNA incorporated with specific IHF-binding
sites. All reaction mixtures contained the following final concentra-
tions: 5 uM DNA base pairs, 700 uM spermidine chloride, 0.33 x
TE (pH 7.8), 15 mM KCl, and the indicated concentrations of IHF
dimer. Each rod population measurement reported is the average
of several hundred counts from three different EM grid preparations.
Curves are sigmoidal least-squares fits of experimental data. Error
bars indicate standard deviations of measurements.

DNA rods produced by spermidine-induced condensation of
3.4 kb DNA in the presence of IHF exhibited an overall mean
length of 383 nm and a mean width of 57 nm at an IHF

Supercoiled DNA with Two Sequence-Specific IHF-Binding Sites

DNA length (kb) condensing agent thickness (nm)

340 (0, £43) 48 (0, £8)
200 (0, £27) 34 (0, £5)

“For all samples, DNA was 5 uM in base pairs. For spermidine
samples, spermidine was 700 M and IHF 125 nM. For spermine
samples, spermine was 15 uM and IHF 75 nM. Several hundred
measurements were taken from each sample, and from three different
EM grid preparations. Variations in measurements indicate standard
deviations. See Materials and Methods for additional details.

length (nm)

34 spermidine
34 spermine

concentration of 75 nM (Table 1). Rod length and thickness
proved to be relatively insensitive to IHF concentration at the
point where the relative rod population almost reaches a plateau.
For example, rods formed in the presence of 100 nM IHF had
a mean length of 375 nm (g, 28 nm) and a mean thickness
of 55 nm (o, £10 nm). These observations demonstrate that
IHF does not significantly alter the dimensions of rods and
toroids produced by spermidine, only the relative population
of rods and toroids. We also note that spermidine—DNA rodlike
condensates formed from DNA of different lengths (3.4, 10.7,
and 48.5 kb) in the presence of 75 nM IHF have very similar
dimensions (Table 1).

IHF Governs the Morphology of Spermine Condensates
of Linear DNA. Linear DNA 3.4, 10.7, and 48 kb in length
was condensed with the tetracationic polyamine, spermine,
in the absence and presence of IHF. Similar to the spermidine
results presented in the previous section, when linear DNA
was condensed by spermine the majority of particles formed
(>95%) were well-defined toroids with a minor population
of rods (Figure 1C). DNA that was condensed by spermine
in the presence of 125 nM IHF also exhibited a striking
increase in the percentage of rodlike condensates, ap-
proximately 85% as compared to <5% in the absence of
IHF (Figure 1D). These results demonstrate that guiding
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DNA condensate morphology is a general property of IHF,
rather than a property that is particular to either spermidine-
or spermine-induced condensates. We note that a higher
concentration of IHF was required to produce a majority of
rodlike spermine—DNA condensates, as compared to
spermidine—DNA condensates. The origin of this difference
in required IHF concentration has not yet been determined
but may be a result of the different charges of spermine (4+)
and spermidine (3+). HU exhibits a very similar polyamine-
dependent concentration for controlling condensate morpho-
logy (49).

In contrast to the condensates formed in the presence of
spermidine, the condensates formed by spermine are consider-
ably smaller (Figure 1). For example, toroids formed upon the
condensation of linear 3.4 kb DNA by spermine had a mean
outside diameter of 97 nm (o, £6 nm) and a mean thickness
of 38 nm (0, £3 nm). The overall dimensions of the
spermine—DNA rodlike condensates formed in the presence
of 125 nM IHF were also considerably smaller than those
produced by spermidine (Table 1). The mean length of
spermine—DNA rods formed from linear 3.4 kb DNA in the
presence of IHF was 206 nm (o, +35 nm) and the mean rod
thickness 34 nm (o0, £3 nm), compared to 383 nm (o, +32
nm) and 57 nm (o, £8 nm), respectively, for the same DNA
condensed by spermidine in the presence of IHF (Table 1).

The dimensions of spermine-induced rodlike condensates
formed in the presence of IHF did not vary significantly with
DNA length. The rods formed by linear 3.4 kb DNA in the
presence of 125 nM IHF exhibited a mean length of 206
nm (0, =35 nm) and a mean thickness of 34 nm (o, £3
nm), while under similar conditions, rods formed by 10.7
and 48.5 kb DNA exhibited mean lengths of 231 nm (o,
431 nm) and 248 nm (o, 32 nm), respectively, and mean
thicknesses of 32 nm (o, =5 nm) and 30 nm (o, £3 nm),
respectively (Table 1). These results also suggest a purely
architectural role of IHF in DNA condensation. That is, IHF
exhibits a similar effect on the morphology of DNA
condenstes in a manner independent of condensing agent
structure and DNA length.

IHF Governs the Morphology of Supercoiled DNA That
Models Various Domain Sizes. We have also investigated
the effects of IHF on the condensation of supercoiled DNA
by polyamines. Supercoiled DNA is the natural substrate of
IHF in bacterial cells, and supercoiling of DNA within
topologically independent domains (~10 kb in average size)
facilitates bacterial chromosome compaction in vivo (14, 61).
We investigated spermidine-induced condensation of 3.4 and
10.7 kb supercoiled DNA. The condensation of supercoiled
DNA by spermidine (in the absence of IHF) produces
approximately 40% rods and 60% toroids (Figure 3A). The
greater population of rods observed upon the condensation
of supercoiled DNA, as compared to linear DNA, has been
discussed in previous reports (49). The incubation of
supercoiled DNA with 75 nM IHF before condensation with
spermidine resulted in an increase in the population of rods
to >95% (Figure 3B). The spermidine-induced rods formed
by the condensation of 3.4 and 10.7 kb supercoiled DNA in
the presence of IHF had similar dimensions (Table 1).

Condensation of the 3.4 and 10.7 kb supercoiled DNA by
spermine (in the absence of IHF) also produced a mixture
of toroids and rods (i.e., 55% toroids and 45% rods). When
supercoiled DNA was condensed by spermine in the presence
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FIGURE 3: Transmission electron microscopy (TEM) images of
polyamine-induced supercoiled DNA condensates produced in the
presence and absence of IHF. (A) DNA condensate produced by
the addition of spermidine to 3.4 kb supercoiled DNA. (B) DNA
condensate produced by the addition of spermidine to 3.4 kb
supercoiled DNA in the presence of 75 nM IHF. (C) DNA
condensates produced by the addition of spermine to 3.4 kb
supercoiled DNA. (D) DNA condensates produced by the addition
of spermine to 3.4 kb supercoiled DNA in the presence of 125 nM
IHF. All reaction mixtures contained the following final concentra-
tions: 5 uM DNA base pairs, 700 uM spermidine chloride or 15
uM spermine chloride, 0.33x TE (pH 7.8), and 15 mM KCI. The
scale bar is 100 nm.

of 125 nM IHF, an increase in the relative rod populations
to >90% was observed for both DNA molecules (Figure 3).
The rodlike condensates formed by spermine in the presence
of IHF were approximately 200 nm in length and 30 nm in
thickness. Rod dimensions did not change significantly with
the length of the supercoiled DNA (Table 1). In contrast,
significant differences in condensate dimensions were ob-
served for the trivalent spermidine versus the tetravalent
spermine (Table 1). These results illustrate that the effects
of THF on DNA condensation are similar for linear and
supercoiled DNA. Our findings also demonstrate that su-
percoiled DNA is compacted by polyamines into linear
bundles in the presence of IHF proteins, with bundle length
being dictated mostly by the nature of the condensing agent
rather than DNA length.

Nonspecific Binding by IHF Principally Governs DNA
Condensate Morphology. A number of DNA sequences to
which THF binds more tightly as compared to most other
DNA sequences have been identified (25—28). There are no
apparent specific binding sites for IHF along the 3.4 kb
plasmid DNA. Therefore, it was of interest to determine if
specific IHF binding sites produce additional effects on the
structure or size of DNA condensates or at the concentration
of IHF required to promote the formation of rodlike
condensates. With this goal, one and two specific IHF
binding sequences were introduced into plasmid DNA. To
also examine if the distance between two IHF sites affected
DNA condensation, two specific IHF sites were incorporated
500 and 950 bp apart. These modified plasmid DNA
molecules were preincubated with IHF protein and then
condensed by spermidine.

The 3.4 and 3.9 kb linear DNA containing only one
specific IHF binding site, and 10.7 kb linear plasmid DNA
(which contains one natural IHF-specific site), were con-
densed by spermidine in the presence of 75 nM IHF and
found to produce rod populations that were >90% in all
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cases. The dimensions of the rodlike condensates formed
from these DNA samples were very similar to those of the
condensates reported above, under the same experimental
conditions (Table 1). Thus, the dramatic increase in the
relative rod population and similar dimensions for spermi-
dine—DNA condensates formed in the presence of IHF for
3.4—48.5 kb linear DNA, with and without IHF-specific sites,
demonstrate the general ability of IHF to guide condensation
irrespective of the presence of IHF-specific binding sites.

A definite shift in the DNA condensate morphology from
toroid to rod was again observed with an increase in IHF
concentration for spermidine—DNA condensates, irrespective
of whether IHF-specific sites were present in the DNA
(Figure 2). The similar magnitude increase in relative rod
populations of linear DNA molecules with specific THF-
binding sites and without specific sites, as a function of IHF
concentration, indicates that the effect of IHF on DNA
condensation is due to the non-sequence-specific binding of
IHF to the DNA (Figure 2). However, we note that the
introduction of sequence-specific IHF-binding sites does
appear to slightly reduce the IHF concentration required to
produce rodlike condensates. In particular, for 3.4 kb linear
DNA containing no sequence-specific IHF-binding sites, an
IHF dimer concentration of 34 nM was required for the half-
maximal rod population for spermine—DNA condensates,
whereas this concentration is apparently reduced to ap-
proximately 25 nM for both 3.4 kb linear DNA containing
two specific IHF sites and 3.9 kb linear DNA containing
two specific IHF sites (Figure 2B).

The dimensions of the spermidine-induced rod condensates
formed in presence of 75 nM IHF, where relative rod
populations were >90% for all linear DNA mentioned above,
are listed in Table 1. Rodlike condensates were similar in
size for 3.4 kb linear DNA containing no IHF-specific sites,
3.4 kb linear DNA containing two specific IHF binding sites
500 bp apart, and 3.9 kb linear DNA containing two specific
IHF binding sites 950 bp apart.

The dimensions of spermine—DNA rods were also found
to be insensitive to the presence of specific IHF-binding sites
(Table 1). Similar results were obtained when supercoiled
DNA with two specific IHF-binding sites was condensed by
spermidine or spermine under the same experimental condi-
tions as linear DNA. Rod dimensions did not change
significantly with the length of the supercoiled DNA or with
the introduction of specific IHF-binding sites (Table 1).

Computer Simulations of DNA Condensation in the
Absence and Presence of IHF. The observations presented
here with regard to the influence of IHF on DNA condensa-
tion, and in our previous study with HU (49), cleary
demonstrate that DNA-bending proteins strongly promote
the formation of rodlike condensates over toroidal conden-
sates. We have previously proposed that DNA-bending
proteins exert this influence on condensate morphology by
providing some of the free energy required for the sharp
bends at the ends of rods. Additionally, in a different study
regarding the relative populations of toroidal and rodlike
condensates, in the absence of bound proteins, we provided
evidence that the free energy required to smoothly bend the
DNA throughout a toroid is roughly equivalent to the free
energy required to produce the sharp, discrete bends neces-
sary for a rodlike condensate (62). In that study, we
demonstrated that the introduction of one static DNA loop (i.e.,
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FIGURE 4: Conformations of 3.4 kb condensed DNA molecules from
MD simulations. The same initial conformation leads to the toroidal
(A) and rodlike (B) structures, when the simulations are conducted
in the elastic (no IHF) and flexible (with IHF) regimes, respectively.
Flexible sites are colored blue. Although not obvious from the
figure, the flexible sites are preferentially associated with loop
regions, as discussed in the text. The scale bar is 100 nm.

300 bp of sequence-directed curvature) per 3.4 kb of plasmid
DNA was sufficient to increase the relative toroid population
from ~70% (30% rods) to ~90% (10% rods) (62).

Given the observed influence of IHF and HU on the
morphology of DNA condensates, we hypothesize that the
introduction of a few highly flexible sites per DNA plasmid
(from bound IHF or HU proteins) should significantly shift
the relative population of toroids and rods to more rods, even
if only a fraction of the 180° bends within a rod contained
a highly flexible site. As a means of exploring the validity
of this proposal and potentially explaining the influence of
IHF and HU on DNA condensate morphology, we have
conducted computer simulations of DNA condensation in
which flexible sites, representing bound IHF or HU, were
introducted into otherwise semirigid DNA polymers prior
to simulated condensation.

Course-grained models were developed to represent the
condensation of 3.4 kb DNA in the absence and presence of
DNA-bending proteins (Materials and Methods). Fifty initial
conformations were generated for use in two sets of DNA
condensation simulations, for a total of 100 simulations. In
the first set, all DNA segments were parametrized with the
same bending energy to represent DNA condensation in the
absence of DNA-bending proteins. In the second set, 15
flexible segments were randomly distributed along each of
the 50 initial DNA models to represent plasmids with DNA-
bending proteins bound at a density of one protein per 225
bp, a density which corresponds to the lowest density of HU
required to cause the majority of DNA condensates to have
a rodlike morphology (49).

Without the flexible sites, 26 of 50 condensation simula-
tions produced toroids, with the remaing 24 simulations
producing rods (i.e., 48% rods). With the flexible sites
introduced, these numbers are 13 toroids and 37 rods (i.e.,
74% rods). In Figure 4, a pair of condensed structures that
resulted from the same starting DNA conformation is shown,
with DNA in one simulation containing no bound proteins
[i.e., without highly flexible sites (Figure 4A)] and the second
with 15 randomly distributed flexible sites [colored blue
(Figure 4B)]. The Supporting Information contains movies
for a pair of representative condensation trajectories for a
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DNA plasmid condensed from the same initial conformation
state, with and without flexible regions.

A detailed analysis of the 37 rods produced from the model
DNA plasmids with flexible sites revealed that the sharp
bends within these rods, on average, constitute approximately
20% of the total length of the DNA molecule. If the
distribution of these bends along the DNA were uncorrelated
with the positions of the flexible sites, one would expect the
sharp bends to contain, on average, ~3 of 15 flexible sites
(i.e., 20%). The analysis indicated that the sharp bends
contain, on average, 6.2 of 15 flexible sites (i.e., 41%). This
greater concentration of flexible sites in the sharply bent
regions supports a positive correlation between the presence
of a flexible site and the probability that DNA will fold back
to form a rod during condensation. A histogram of the
average number of flexible sites within the sharp bends of
rods also reveals that of the 37 rods formed from DNA with
highly flexible sites, only two rods have three or fewer
flexible sites within their sharply bent regions (Supporting
Information). The sharp bends within rods contained, on
average, 1.15 flexible sites per bend. We note that these
flexible sites do not typically make the full 180° bend (Figure
4B), but they do relieve some of the bending strain associated
with formation of a sharp bend. This observation also fits
well with our proposal that DNA-bending proteins promote
the formation of rodlike condensates even if only a portion
of the bending energy is provided by protein binding.

DISCUSSION

A Model for Formation of Enhanced Rodlike DNA
Condensates in the Presence of IHF. The most obvious
difference between DNA condensed in toroids and rods is
that the DNA within toroids is smoothly and continuously
bent, whereas the DNA within rods contains abrupt bends
that are separated by linear regions. The coexistence of rods
and toroids as the products of many condensation reactions
indicates that the energy required for the smooth bending of
the DNA within toroids is almost equal to the energy required
for the sharp bends at the end of the rods (62, 63).
Accordingly, DNA condensation under conditions that make
base pair destacking and helix kinking less energetically
unfavorable (e.g., in mixed alcohol/water solvents, hydro-
phobic ligands, and superhelical stress) increases the popula-
tion of rodlike condensates by lowering the energetic penalty
associated with sharp bends (64—69). Thus, the bends created
by IHF in DNA (or spontaneous bends trapped by IHF
binding) should be expected to promote rod formation during
condensation. In contrast, DNA condensed within toroids is
smoothly bent over a radius of curvature that is much greater
than that of the sharp bends induced by IHF. Therefore, IHF
should not be expected to promote toroid formation. Our
computer simulations of DNA condensation with bound IHF
(represented by a locally reduced bending energy) at a
relatively small number of sites along a DNA plasmid are
fully supportive of this model.

We previously demonstrated that HU alone does not
condense DNA into densely packed particles but kinetically
and thermodynamically stabilizes rodlike DNA condensate
structures by acting as a DNA-bending protein during in vitro
DNA condensation (49). The experiments presented in this
study for IHF confirm and extend these conclusions for these
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The nucleoid with locally
ordered linear domains

IHF/HU localized at the
ends of linear domains

FIGURE 5: Model for a particular mode by which IHF and HU could
facilitate DNA packaging and organization within the bacterial
nucleoid.

two nucleoid-associated proteins. We have demonstrated that
IHF can guide the condensation of DNA into structures with
linear bundles (i.e., rods) when DNA is condensed by two
different condensing agents, the trivalent spermidine and the
tetracationic spermine. Thus, the ability to control DNA
condensate morphology appears also to be an intrinsic
property of IHF. Together, our results suggest that the
primary function of IHF and HU in DNA compaction appears
to be architectural in nature.

A Model for the Role of HU and IHF in Bacterial
Chromosome Organization. A primary goal of our DNA
condensation studies with IHF and HU is to provide insight
into the functionality of these DNA-bending proteins in
compacting bacterial chromosomes. Here we have shown
that IHF strongly influences condensate morphology when
DNA is condensed by polyamines, independent of DNA
length over the range of 3.5—48.5 kb for linear and
supercoiled DNA. The similar effects of IHF and HU on
DNA condensation suggest that both proteins have related
functions in the modulation of chromosome structure in
bacteria. On the basis of these results, we propose that HU
and IHF function as architectural proteins during bacterial
chromosome condensation by directing the local packing of
DNA into a linear bundlelike state.

Our results regarding the effects of HU and IHF on DNA
condensation also suggest a possible mode for the action of
these proteins in chromosome organization in the bacterial
nucleoid (Figure 5). It has been shown that the chromosome is
compacted in part by isolated topological domains that are
further folded by negative supercoiling (5, 14, 70), and that the
size of the domains would be dictated by the dynamic domain
barriers (4, 71). In the presence of polyamines and macromo-
lecular crowding agents (RNA and proteins present in the
cytoplasm), DNA helices within these domains approach each
other with parallel helix alignment to maximize attractive
interactions (i.e., condensation) (Figure 5). In support of this
model, the linear arrangement of DNA in the condensed state
within bacteria has been revealed by electron microscopy
(72—74). We propose that the binding of DNA helix-bending
proteins, including HU and IHF, facilitates linear bundle
formation by reducing the free energy required for DNA
bending at ends of regions that contain linear regions of
condensed DNA (Figure 5). The sequence-independent binding
of these proteins would allow them to function throughout the
chromosome. Alternatively, it is possible that mulitiple THF-
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specific sites in proper phase along a bacterial chromosome
could provide a means by which the start and ends of linear
domains are controlled in vivo.

Cellular RNA content could also affect nucleoid conden-
sation by modulating the availability of polyamines for DNA
binding, as strong competition between RNA and DNA has
been reported for polyamine binding (46, 75). In the late
stationary phase when most of the DNA binding proteins
are degraded, the only proteins present in high copy numbers
are Dps (150000 per cell) and IHF (15000 per cell), and
also HU (7500 per cell) (5, 30). The bacterial chromatin
reorganizes into cholesteric crystalline morphologies in which
DNA filaments are arranged into local parallel bundle
fashion (73, 74, 76—78). Although the phase transition has
been attributed to formation of the DNA—Dps complex
(76, 77, 79), according to our model other DNA-bending
proteins like IHF and HU could also facilitate reorganization
of DNA into parallel bundlelike structures in the presence
of polyamines. Our model is also consistent with the
observation that in starved dps~ bacteria the chromosome
still organizes into a cholesteric phase (76, 77).

The model we have proposed is structurally similar to a
model proposed by Zimmerman for DNA organization in
the bacterial nucleoid during the growth phase, even though
the two models are based upon different observations (46).
Both models suggest the formation of parallel bundles of
condensed DNA, with nucleoid-associated proteins bound
at the ends of the bundles. However, Zimmerman proposed
that DNA-associated proteins or RNA-polymerase antago-
nizes DNA condensation and thereby creates loops of DNA
that are outside of the linear bundle regions. In contrast, the
results presented in our studies of IHF and HU have revealed
that these DNA-associated proteins could facilitate formation
of parallel DNA bundles. Finally, we note that our condensa-
tion experiments, in the absence of any restricted domain
barriers, showed that the linear DNA condensate size is
independent of DNA length and is controlled by the
condensing solution conditions. The scenario could be
different during bacterial chromosome compaction in the
presence of cellular factors responsible for creating domain
boundaries and hence dictating the size of the domains.
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