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Effect of HU protein on the conformation
and compaction of DNA in a nanochannel

Durgarao Guttula, a Fan Liu,a Jeroen A. van Kan,a Véronique Arluisonbc and
Johan R. C. van der Maarel *a

The effect of the heat unstable nucleoid structuring protein HU on the conformation of single DNA

molecules confined in a nanochannel was investigated with fluorescence microscopy. Pre-incubated

DNA molecules contract in the longitudinal direction of the channel with increasing concentration of

HU. This contraction is mainly due to HU-mediated bridging of distal DNA segments and is controlled

by channel diameter as well as ionic composition and strength of the buffer. For over-threshold

concentrations of HU, the DNA molecules compact into an condensed form. Divalent magnesium ions

facilitate, but are not required for bridging nor condensation. The conformational response following

exposure to HU was investigated with a nanofluidic device that allows an in situ change in environmental

solution conditions. The stretch of the nucleoprotein complex first increases, reaches an apex in B20 min,

and subsequently decreases to an equilibrium value pertaining to pre-incubated DNA molecules after

B2 h. This observation is rationalised in terms of a time-dependent bending rigidity by structural

rearrangement of bound HU protein followed by compaction through bridging interaction. Results are

discussed in regard to previous results obtained for nucleoid associated proteins H-NS and Hfq, with

important implications for protein binding related gene regulation.

1 Introduction

HU is one of the most abundant nucleoid associated proteins
(NAPs) and plays a pivotal role in the compaction, transcrip-
tion, and replication of the bacterial genome. It is present
throughout the growth cycle with up to one HU per 300–400
base pairs in the log phase.1,2 The functioning of HU and other
NAPs such as H-NS and Hfq is not clearly understood, but they
are known to induce structural changes in DNA and DNA
assemblies. The functional unit of HU is a dimer of two
subunits HUa and HUb with a total molecular weight of
B18 kDa and an isoelectric point pI of 9.5. The heterodimer
HUab is the predominant form and has the highest, sequence
unspecific affinity to double stranded DNA.3–5 Binding of HU
results in a kink and under-winding of the duplex by the
insertion of two proline residues separated by nine base pairs
along the contour.6,7 At lower concentrations of HU (r50 nM),
the HU–DNA complex is more flexible compared to bare DNA
because of HU induced bending of the duplex. At higher

concentrations of HU, a nucleoprotein filament is formed with
about one HU dimer per nine base pairs.8–11 The bending
rigidity of this filament depends on the time the DNA is
exposed to HU. The complex first becomes stiff, but regains
the flexibility of bare DNA after B2 h. This time-dependence
was rationalised in terms a structural rearrangement of bound
HU on DNA, resulting in a change in topology, an increase in
bending flexibility and an increase in contour length through a
decrease in helical pitch of the duplex.12 The filaments can
assemble into a periodic network by HU-mediated bridging
interaction that controls compaction of the nucleoid in the
growth phase.13

Advances in nanofabrication have made it possible to make
quasi one-dimensional channel devices with cross-sectional
diameters of tens to hundreds of nanometers. Our chips are
made of polydimethylsiloxane (PDMS) cast on a high quality
master stamp, obtained by proton beam writing and UV
lithography.14,15 About a hundred replicas can be made with
a single stamp, so that we have used a fresh chip for every
experiment. These channel devices can be used to study
the conformation, folding, and compaction of single DNA
molecules.16–18 Confinement in a nanospace results in signifi-
cant modification of certain important biophysical phenom-
ena, such as the knotting probability of circular DNA and the
effect of macromolecular crowding.19–21 In particular, it was
shown that DNA can be condensed into a tightly packed state
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for over-threshold concentrations of a crowding agent such as
dextran or like-charged proteins.19,22 Compaction and conden-
sation of DNA with NAPs (H-NS and Hfq) have also been
reported before.23–25 Here, we report the effect of HU in
conjunction with confinement inside a nanochannel on the
conformation and compaction of DNA. For this purpose, we
have done two closely related series of experiments. In the first
series, we focus on equilibrium properties of DNA molecules
that have been pre-incubated with HU. In the second series, the
dynamic conformational response of single DNA molecules
following exposure to HU is investigated. Super-resolution
imaging of HU in Escherichia coli has shown that it is clustered
within the nucleoid with a diameter of a few hundred
nanometers.26 This diameter is comparable to the cross-
sectional diameters of our channel systems (200–250 nm).
Accordingly, we surmise that results for nanochannel confined
DNA have implications for gene regulation and chromosome
organisation in the bacterial nucleoid.

For the first series of experiments, bacteriophage T4-DNA
(166 kbp) is incubated in buffers of various ionic strength and
with various concentrations of HU for at least 24 h. Some of the
buffers also contained magnesium ions. The DNA molecules
were stained with YOYO-1 with an intercalation ratio of 100
base-pairs per dye molecule. For such a low level of intercala-
tion, the distortion of the secondary DNA structure is minimal.
Furthermore, there is no appreciable effect on the bending
rigidity, as inferred from previously reported measurements of
the extension of DNA in nanochannels with different concen-
trations of dye.16 The pre-incubated molecules are driven into a
single array of nanochannels with the help of an electric field.
Once the molecules are equilibrated after switching off the
electric field, their extensions along the direction of the channel
(stretch) are measured with fluorescence microscopy.

The second series of experiments focuses on the dynamic
response following exposure to HU in a cross-channel set up.27

As shown by the layout of the device in Fig. 1, a centrally located
grid of rectangular nanochannels is connected to two sets of
microchannels with loading reservoirs. The grid features two arrays
of parallel nanochannels in a perpendicular configuration.

The cross sections of the channels pertaining to the respective
arrays are 150 � 200 and 200 � 250 nm2. DNA immersed in the
relevant buffer, but without HU, was driven into the device
through the array of wider channels in one direction with the
help of an electric field. Once the molecules were equilibrated
inside the channels after switching off the field, a buffered
solution of HU was pipetted into one of the reservoirs of the
other set of microchannels. The protein subsequently diffuses
through the intersecting array of nanochannels and uniformly
penetrates the array of wider channels. During and following
exposure to HU, the conformational response of the DNA
molecules was monitored with fluorescence microscopy.

Our observations are analysed in terms of the architectural
properties of HU; in particular the formation of a nucleoprotein
filament and HU-mediated assembling into a periodic network.
We will also compare our results with those previously obtained
for H-NS and Hfq, highlighting differences and similarities
between these relatively abundant NAPs in shaping the bacterial
genome.

2 Materials and methods
2.1 Isolation and purification of HU

pETDuet-1 HU plasmid, which has been designed for co-expressing
HUa (hupA gene) with N-terminal his6-tag and HUb (hupB gene),
was transformed into Escherichia coli BL21(DE3) cells. The cells
were grown at 310 K in Luria Broth medium containing ampicillin
and the overproduction of HU was induced by adding 4 mM IPTG
at 293 K. The cells were lysed by sonication in 10 mM Tris–HCl,
pH 8 buffer containing 250 mM NaCl and 10% glycerol. The
lysate was cleared by centrifugation at 35 000 rpm for 30 min at
277 K. The lysate was then diluted with the same buffer and
loaded into a HisTrap HP column (GE healthcare). The column
was eluted with an imidazole gradient. The protein was further
purified by using a Superdex 75 gel filtration column and
dispersed in a buffer comprising 500 mM KCl and 10 mM
Tris–HCl, pH 7.5. The concentration was determined by UV
absorbance at 230 nm with A230 = 2.3 per 1 g of HU per L.28

2.2 Sample preparation

T4 GT7 DNA (T4-DNA, 165.65 kbp) was purchased from Nippon
Gene, Tokyo and used without further purification. The integ-
rity of T4-DNA was verified with pulsed gel electrophoresis.
No fragments of one to tens of kbps were observed. Samples
were prepared by dialysing solutions of DNA against 10 mM
Tris–HCl with the relevant concentration of NaCl and/or MgCl2

in microdialysers. Solutions of HU in the same buffer were also
prepared. The Tris–HCl concentration is 10 mM Tris adjusted
with HCl to pH 7.5, (T-buffer, that is 8.1 mM TrisCl and 1.9 mM
Tris). The ionic strength of the buffer was calculated with the
Davies equation for estimating the activity coefficients of
the ions and a dissociation constant pK = 8.08 for Tris. For
the measurement of the pre-equilibrated DNA molecules, solu-
tions of HU and DNA were subsequently mixed and incubated
overnight at 277 K. YOYO-1 fluorescence staining dye was

Fig. 1 (A) Bright field optical image of the cross-channel device. The
reservoirs are connected to the grid of nanochannels by microchannels.
(B) Optical image of the master stamp showing the nanochannels with
connecting microchannels. The nanochannels have a uniform height of
200 nm and widths of 250 and 150 nm in the two perpendicular directions,
respectively. The wide and narrow channels are laid on a rectangular grid
and separated by 6 and 20 mm, respectively.
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purchased from Invitrogen, Carlsbad, CA. T4-DNA was stained
with YOYO-1 with an incubation time of 24 h and an intercala-
tion ratio of 100 base-pairs per dye molecule. No anti-photo
bleaching agent was used, since it might interfere with DNA–
protein binding. The final concentration is 3 mg of DNA per L.

2.3 Fabrication of the nanofluidic chips

The nanofluidic devices were fabricated by replication in PDMS
of patterned master stamps.15,16 The nanochannels were made
in HSQ resist (Dow Corning, Midland, MI) using a lithography
process with proton beam writing.14 Chips with two different
channel layouts were made. For the measurement of the pre-
incubated DNA molecules, a single array of nanochannels is
connected to two loading reservoirs through a superposing set
of microchannels made in SU-8 resin with UV lithography. For
the investigation of the response to a change in solution
conditions, a cross-channel device was made (Fig. 1). In the
latter device, there are two intersecting arrays of nanochannels
connected to two sets of microchannels with loading reservoirs.
The heights and widths of the positive channel structures on
the stamps were measured with atomic force microscopy
(Dimension 3000, Veeco, Woodbury, NY) and scanning electron
microscopy, respectively. For the single-array device, two
stamps were made featuring nanochannels of length 60 mm
and rectangular cross-sections of 150� 250 and 200� 300 nm2,
respectively. The cross-sections pertaining to the two intersect-
ing arrays of the cross-channel device are 150 � 200 and 200 �
250 nm2. The connecting microchannels have a width and
height of 30 and 5 mm, respectively. The stamp was coated with
a 5 nm thick teflon layer to guarantee perfect release of the
replicated PDMS chips.29 The stamps were replicated in PDMS
followed by curing with a curing agent (Sylgard, Dow Corning)
at 338 K for 24 h. The PDMS replica was sealed with a
glass coverslip, after both substrates were plasma oxidised
(Harrick, Ossining, NY).

2.4 Single-channel array

The pre-incubated and stained DNA molecules dispersed in the
relevant solution were loaded into one of the two reservoirs
connected to the single array of nanochannels. The DNA
molecules were subsequently driven into the channels by
electrophoresis. For this purpose, two platinum electrodes were
immersed in the reservoirs and connected to an electrophoresis
power supply with a relatively low voltage in the range 0.1–10 V
(Keithley, Cleveland, OH). Once the DNA molecules were loca-
lised inside the nanochannels, the electric field was switched
off and the molecules were allowed to relax to their equilibrium
state for at least 60 s. The stained DNA molecules were
visualised with a Nikon Eclipse Ti inverted fluorescence micro-
scope equipped with a 200 W metal halide lamp, a filter set,
and a 100� oil immersion objective. A UV light shutter con-
trolled the exposure time. Images were collected with an
electron multiplying charge coupled device (EMCCD) camera
(iXon X3, Andor Technology, Belfast, UK) and the extension
of the DNA molecules inside the channels was measured
with imageJ software (http://rsb.info.nih.gov/ij/). For intensity

threshold, we have used two times the signal to background
noise ratio.

2.5 Cross-channel array

The protein-free, stained DNA molecules were loaded into the
reservoirs connected to the array of 200 � 250 nm2 nano-
channels. To maintain the balance in pressure, T-buffer (with-
out DNA) was loaded into the other reservoirs connected to the
perpendicular, intersecting array of 200 � 150 nm2 channels.
The DNA molecules were subsequently driven into the channels
by electrophoresis and allowed to relax for at least 60 s as
described above. At pre-set times, solutions of HU are flushed
through one of the microchannels of the other set with a
syringe. The protein is subsequently transported through the
intersecting array of 200 � 150 nm2 into the 200 � 250 nm2

nanochannels by diffusion. During and following exposure to
HU, the stained DNA molecules were visualised and their
extensions were analysed as described above.

3 Results
3.1 Pre-incubated DNA

In the first series of experiments, T4-DNA molecules were
incubated with the relevant solution of HU for at least 24 h
before they were brought into the channels of the single-array
device. Montages of images of single DNA molecules confined
in rectangular channels with a cross-section of 200 � 300 nm2

are shown in Fig. 2. The images refer to well-equilibrated
conformations. After the electric field is switched off, the
molecules relax to their equilibrium state within 60 s. We have

Fig. 2 (A) Montage of fluorescence images of T4-DNA in T-buffer with
3 mM NaCl and inside 200 � 300 nm2 channels. T-buffer is 8.1 mM TrisCl
and 1.9 mM Tris, pH 7.5. The HU concentration is 10, 100, and 400 nM
from top to bottom. The scale bar denotes 3 mm. (B) As in panel (A), but in
T-buffer with 30 mM NaCl. The HU concentrations are 10 and 30 nM from
top to bottom. (C) As in panel (A), but in T-buffer with 3 mM NaCl and
0.4 mM MgCl2. The HU concentrations are 10 and 80 nM from top to
bottom. (D) Distribution in extension of a population of 80 molecules in
T-buffer with 3 mM NaCl and 100 nM HU, inside 200 � 300 nm2 channels.
A Gaussian fit gives R8 = 4.5 � 1.0 mm.
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verified that there is no further change in extension for more
than 3 h. Furthermore, we observed no difference in extension
between molecules inserted by electrophoresis or pressure.
Irrespective of buffer conditions, the equilibrated stretch in
the longitudinal direction of the channel decreases with
increasing concentration of HU. For over-threshold concentra-
tions of HU, condensation of DNA into a tightly packed form is
observed. Condensed DNA is visible as a bright fluorescence
spot of resolution-limited size and can easily be discerned from
the extended form. In channels with a smaller cross-section of
150 � 250 nm2, we observed the same qualitative behaviour.
There are quantitative differences however in the values of the
stretch and critical concentrations of HU for condensation.

We have measured the extension of the DNA molecules in
channels with two different cross-sections: 200 � 300 and
150 � 250 nm2. For each experimental condition, that is buffer
composition, channel diameter, and HU concentration, we have
used a fresh PDMS replica and measured around 50 molecules.
The distribution in extension is close to Gaussian.30 An example
of such a distribution is shown in Fig. 2D. Fragmented DNAs are
discerned by their extension being less than the mean value
minus two times the standard deviation. Resolution broadening
can be neglected, because the optical resolution is one order of
magnitude smaller than the variance. The mean relative exten-
sion R8/L, that is the mean extension divided by the YOYO-1
corrected contour length of 57 mm, is set out in Fig. 3 as a
function of the HU concentration. With increasing concen-
tration of HU, the DNA molecules contract. The extension also
decreases with increasing ionic strength of the buffer. In the
presence of 0.4 mM MgCl2, the same qualitative behaviour is
observed. Note that for sub-threshold concentrations of HU the
relative extensions are in the range 0.05–0.25, which implies that
the DNA molecules remain coiled. Furthermore, an increased
stretch is observed in the 150 � 250 nm2 channel system related
to the stronger confinement.

For over-threshold concentrations of HU, the DNA mole-
cules compact into a condensed form. This is facilitated by the
confinement in the nanochannel, because we did not observe
condensation in the feeding microchannels and/or the reser-
voirs of the chip. To the best of our knowledge, compaction of
DNA by HU protein into a condensed form has not been
reported before. In 200 � 300 nm2 channels, the critical
concentrations of HU for condensation are 300 � 50 and
40 � 10 nM in T-buffer with 3 and 30 mM NaCl, respectively.
In the presence of a sub-millimolar concentration of MgCl2, the
critical concentration for condensation is shifted downwards
from 300 to 90 nM of HU. In the 150� 250 nm2 channel system,
the critical concentrations of HU are 1.1 � 0.1 and 5 � 1 mM in
T-buffer with 3 and 30 mM NaCl, respectively. The threshold
shifts hence to higher concentrations with decreasing channel
cross-sectional diameter.

3.2 Dynamic response

The above described results refer to DNA molecules that were
pre-incubated with HU for more than 24 h before they were
brought into the nanochannels of the single-array device.

In order to obtain more insight in the various mechanisms at
hand, we have done a second series of experiments with a cross-
channel device. With the latter device, the conformational
response of the DNA molecules to a change in environmental
solution conditions can be investigated in situ.27 We have
used a buffer of moderate ionic strength without magnesium
(T-buffer with 3 mM NaCl). Furthermore, we have done two
series of experiments with two concentrations of HU (100 and
800 nM) just below the critical concentration for condensation.

Protein-free DNA molecules were brought into the array of
wider 200 � 250 nm2 channels of the cross-channel device by
electrophoresis. Once the electric field is switched off, the
molecules equilibrate and remain stationary. The initial stretch
is 10� 1 mm. The HU containing buffer was pipetted into one of
the reservoirs of the other set of microchannels and diffused
through the intersecting array of the narrower 150 � 200 nm2

channels into the wider channels. Throughout and following
exposure to HU, the DNA molecules are imaged with fluores-
cence microscopy. The time-dependent stretch after exposure
to HU is shown in Fig. 4. A striking result is that the molecules
initially elongate. An apex with a maximal extension of about
one to two times the extension pertaining to the protein-free
state is reached in about 20 min. The maximal elongation

Fig. 3 Relative extension R8/L of T4-DNA in T-buffer with 3 (red, n) or
30 (green, ,) mM NaCl versus the concentration of HU. The molecules are
pre-incubated and inside 150 � 250 nm2 channels. (B) As in panel (A), but
in 200 � 300 nm2 channels. (C) As in panel (A), but in T-buffer with 3 mM
NaCl and 0.8 mM MgCl2 (blue, J), inside 200 � 300 nm2 channels. The
dashed curves are drawn as an aid to the eye and the arrows denote the
condensation thresholds.
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depends on the concentration of HU, with the most pro-
nounced effect observed for the highest employed concen-
tration of 800 nM. For longer times, the stretch reduces and
the final, equilibrium state is reached after more than 2 h. Note
that the final values of the stretch are less than the value
pertaining to the protein-free state, so the molecules eventually
contract. The equilibrated values agree with those obtained
from 24 h pre-incubated samples, once a small difference in
channel cross-sectional diameter has been taken into account.

4 Discussion
4.1 Contraction of pre-incubated DNA

With increasing concentration of HU, pre-incubated DNA
molecules contract irrespective of ionic strength and/or com-
position of the buffer. This observation is strikingly different
from a previously reported result for H-NS.23 The relative
extensions of DNA pre-incubated with H-NS, Hfq, and HU are
compared in Fig. 5. In the case of H-NS at lower ionic strength
(T-buffer with 3 mM NaCl), the DNA molecules are seen to
elongate. Elongation can be attributed to an increase in bend-
ing rigidity of the protein–DNA complex. Conversely, contrac-
tion follows from a decrease in bending rigidity, or, more
plausibly, protein-mediated bridging interaction between distal
segments of the DNA molecule. The switch between elongation
and contraction observed for H-NS indicates that bridging
becomes more effective at higher ionic strength. This is possi-
bly related to screening of the electrostatic repulsion between
the like-charged segments of the DNA molecule.23 DNA with
sparsely bound HU is more flexible compared to bare DNA. This
could explain contraction for concentrations of HU less than
50 nM. At higher HU concentrations, the formation of the
nucleoprotein filament results in a temporary increase in
bending rigidity.12 For longer incubation times exceeding 1 h,
the corresponding persistence length takes a value of around
the value pertaining to bare DNA (B55 nm). Accordingly, the
effect of HU on the bending rigidity cannot explain a contrac-
tion of the DNA molecule with respect to the protein-free state.
A decreased bending rigidity can also not explain the eventual

compaction into a condensed state for over-threshold concen-
trations of HU. The sub-nominal contraction is hence most
likely due to HU-mediated bridging interaction between distal
DNA segments. Hfq also binds on DNA, but a rigid filament is
not formed.24,25 Hfq has a strong propensity for bridging,
resulting in compaction behaviour similar to HU but with one to
two orders lower critical concentrations for condensation (see Fig. 5).

4.2 Temporal stretch

We have investigated the conformational response following
exposure to HU with the cross channel device. Qualitatively,
similar behaviour is observed for the two employed concentra-
tions of HU. The temporal increase in stretch by a factor of two
is most pronounced for the highest concentration of 800 nM.
For a wormlike chain with persistence length P and width w
inside a channel with diameter D 4 P, Monte Carlo simulation
shows that the stretch follows a power law in P and w, that is
R8/L p Pawb.23 The width of the filament is B8 nm, based on
the medial distance in the HU–DNA network.13 In a channel
with an average cross-sectional diameter of 225 nm, the scaling
exponent for P takes the value a = 0.62. P can then be obtained

from P ¼ P� Rk=R
�
k

� �1=a
, with P1 and R

�
k being the persistence

length and stretch in the protein-free state, respectively. The
results calculated with P1 = 55 nm are demarcated along the
right-axes in Fig. 4. It should be noted that the thus obtained
values of P are apparent values, because the stretch is also
affected by longer range interactions such as protein-mediated
bridging of distal segments of the DNA molecule. The tempor-
ary increase in stretch corresponds with an temporary increase
in P to 125–175 nm with the larger value pertaining to the
highest employed concentration of HU of 800 nM.

Fig. 4 (A) Temporal change in relative extension R8/L (left-axis) of
T4-DNA following exposure to 100 nM HU in T-buffer with 3 mM NaCl.
The molecules are inside 200 � 250 nm2 channels and, initially, in T-buffer
with 3 mM NaCl. (B) As in panel (A), but for 800 nM HU. The symbols
represent the average of 2–3 molecules for each concentration of HU,
whereas individual trajectories are denoted by the solid curves. The
apparent persistence length P is demarcated along the right-axes.

Fig. 5 (A) Relative extension R8/L of T4-DNA in T-buffer with 3 mM NaCl
versus the concentration of H-NS (green,}),23 HU (red, &), and Hfq (blue, J).24

The molecules are pre-incubated and confined inside 200 � 300 nm2

channels. (B) As in panel (A), but in T-buffer with 30 mM NaCl.
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The apex in the stretch is reached in about 20 min. For
longer exposure times, the stretch decreases and falls back to a
value less than the value pertaining to HU-free DNA. This
temporal behaviour differs from what has been observed before
for H-NS. In the case of exposure to 800 nM of H-NS in
otherwise the same experimental conditions, the stretch mono-
tonously increases over a time span of 90 min.23 Coating and
filamentation of DNA with HU is hence markedly faster than
with H-NS. As discussed above, the decrease in stretch can be
related to two effects. The first effect is a decrease in P due to a
structural rearrangement of the HU–DNA complex. This effect
can however not explain a final value less than the one for
HU-free DNA, because P was not observed to become less than
B50 nm.12 Accordingly, a second effect of HU mediated brid-
ging interaction is required to reconcile our observation of
contraction for equilibrated DNA after long exposure times.

An increased bending rigidity of the HU–DNA complex for
HU concentrations exceeding 50 nM was previously reported
based on the analysis of single molecule force-stretching
experiments and atomic force microscopy images.9,12,31 Force-
stretching experiments showed a P value of around 150 nm at
800 nM HU.9 The latter experiments are typically done within
15–30 min after exposure to HU. Accordingly, fair agreement is
observed between the thus measured value of P and the one
pertaining to the apex in the stretch (see Fig. 4B). Conversely,
analysis of the motion of a particle tethered to a grafted DNA
molecule without the application of force did not show an
increase in P exceeding that of bare DNA.32 The DNA molecule
compacts irrespective of the concentration of HU. Several
explanations for this contradictory result have been proposed
in the literature, that are the microbial source of HU, the effect
of stretching the substrate on HU binding, and structural
rearrangement of bound HU on DNA.12,32 Confinement inside
a channel of 200 nm corresponds with a stretching force of
around 0.02 pN.33 Accordingly, we observed compaction at a
minimal stretching force but for long enough incubation time.
Quantitative differences might be related to differences in
buffer composition and/or the source of HU.11,34 The apparent
persistent length does not exceed the one for bare DNA due to
structural rearrangement of the complex in conjunction with
protein-mediated bridging interaction.

4.3 Condensation of DNA by HU

For over-threshold concentrations of HU, the DNA molecules
compact into a condensed form. Nanochannel-facilitated con-
densation of DNA by neutral crowders, like-charge proteins
(hemoglobin and bovine serum albumin), and bacterial pro-
teins H-NS and Hfq has been reported before.19,22–25 For
neutral crowders and like-charge proteins, the critical concen-
tration for condensation is in the range of tens to hundreds of
micromolars. In the case of the bacterial proteins, the critical
concentrations are one or two orders of magnitude lower in the
nano- to micromolar range. Among the investigated NAPs, Hfq
is the most potent condensing agent. The total amount of Hfq
in the bacterial cell is comparable to those of HU and H-NS, but
only 10% is associated with the nucleoid.35,36 Hfq’s highest

efficiency for condensation thus offsets a lower fraction of
chromosome-bound protein. The critical concentrations for
HU are similar or slightly less than the ones for H-NS, but for
HU there is a stronger dependence on the medium ionic
strength and/or the presence of magnesium ions. DNA
filaments coated with HU assemble into a periodic network with
B8 nm repeat distance in the medial direction.13 A plausible
explanation for compaction and condensation is hence HU-
mediated bridging between (almost) parallel segments of the
DNA molecule. Confinement inside a nanochannel imposes
mutual alignment of segments of the DNA molecule, thereby
increasing the attractive interaction resulting in compaction into
the condensed form. Concurrently, the probability for segment
juxtaposition is reduced due to the channel-induced linearisa-
tion of the DNA molecule. This reduction in segment juxtaposi-
tion results in a shift of the critical concentration for
condensation towards higher values for smaller channel dia-
meters. The strong dependence of the critical concentrations
for condensation on the ionic composition and strength of
the supporting medium is related to screening of electro-
static repulsion between the like-charged segments of the
DNA molecule.

5 Conclusions

Our experiments confirm the previously reported time-
dependence in the mechanical properties of the HU–DNA
complex.12 Initially, the molecules elongate due to the for-
mation of the nucleoprotein filament. However, when time
progresses the molecules contract and, eventually, an equili-
brium state is reached with an extension less than the value
pertaining to the protein-free state. This reduction in extension
is related to a reduction in persistence length associated with a
rearrangement of bound HU on DNA and HU mediated brid-
ging interactions among distal DNA segments. For low enough
HU concentrations, the molecules contract but they do not
compact into a condensed form. A unique feature of the
confinement in a nanospace is that the molecules do compact
into a condensed form for over-threshold concentrations of
bacterial proteins. This phenomenon is shared with neutral
crowding agents as well as like charge proteins, but condensa-
tion induced by HU, Hfq or H-NS occurs at a much lower
concentration in the nano- to micromolar range. Our results
show that the effects of architectural proteins on the conforma-
tion and folding of DNA do not depend on DNA–protein
interaction and crowding per se, but the interplay with the
confinement in a nanospace such as within the nucleoid of a
bacterial cell is of paramount importance.
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