
Fluidification of Entanglements by a DNA Bending Protein

Yair A. G. Fosado ,1,* Jamieson Howard ,2,* Simon Weir,1 Agnes Noy ,2

Mark C. Leake ,2,3,† and Davide Michieletto 1,4,‡
1School of Physics and Astronomy, University of Edinburgh, Peter Guthrie Tait Road, Edinburgh EH9 3FD, United Kingdom

2School of Physics, Engineering and Technology, University of York, York, YO10 5DD, United Kingdom
3Department of Biology, University of York, York, YO10 5DD, United Kingdom

4MRC Human Genetics Unit, Institute of Genetics and Cancer, University of Edinburgh, Edinburgh EH4 2XU, United Kingdom

(Received 7 May 2022; accepted 4 January 2023; published 3 February 2023)

In spite of the nanoscale and single-molecule insights into nucleoid associated proteins (NAPs), their
role in modulating the mesoscale viscoelasticity of entangled DNA has been overlooked so far. By
combining microrheology and molecular dynamics simulation, we find that the abundant NAP “integration
host factor” (IHF) lowers the viscosity of entangled λDNA 20-fold at physiological concentrations and
stoichiometries. Our results suggest that IHF may play a previously unappreciated role in resolving DNA
entanglements and in turn may be acting as a “genomic fluidizer” for bacterial genomes.
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Prokaryotic and eukaryotic genomes carry out complex
biological tasks which would be impossible if randomly
folded [1–5]. In bacteria, nucleoid-associated proteins
(NAPs) [3] play an important role in folding the genome
[3,6–8]. Single-molecule techniques have shed light into
how certain NAPs bind, bend, kink, coat, or stiffen short
DNAmolecules in dilute conditions [7,9–14]. However, we
have little to no evidence on what is their impact on
entangled and crowded DNA [6]. For instance, while
DNA segregation is impaired when NAPs are removed
from the cell [5,8], the NAP-mediated mechanisms through
which this segregation is achieved remain to be determined.
Here, we focus on the integration host factor (IHF), an
abundant NAP, present at about 6000 and 30 000 dimers
per cell in E. coli during growing and stationary phases,
respectively [3,15]. IHF binds preferentially to a con-
sensus sequence with high affinity (dissociation constant
Kd ≃ 2 nM) but also nonspecifically (Kd ≃ 2 μM) [16] and
creates among the sharpest DNA bends in nature, up to 150°
[13]. It plays a key role in horizontal gene transfer,
integration and excision of phage λDNA [17], and DNA
looping [18]. Recent evidence suggests that IHF may also
mediate DNA bridging through nonspecific, weak inter-
actions which transiently stabilize distal DNA segments in
3D proximity [13]. Additionally, IHF appears to strengthen
biofilms by interacting with extracellular DNA [19]. In light
of this evidence, it remains unclear how IHF affects DNA
entanglements in dense conditions, such as those of the
bacterial nucleoid.
In this Letter, we tackle this open question by coupling

molecular dynamics (MD) simulations and microrheo-
logy experiments. Our MD simulations suggest that
IHF can speed up the dynamics of long DNA by reducing
entanglements. We validate these predictions using

microrheology on solutions of entangled λDNA at volume
fractions comparable to that of bacterial nucleoid (≃2%).
Our results suggest that IHF may act as a “fluidizer” by
reducing entanglements between DNA molecules and
lowering the effective viscosity. By extrapolating our
findings to the E. coli genome, we argue that, at physio-
logical stoichiometries, IHF may reduce the effective
viscosity of the nucleoid ∼200-fold, potentially facilitating
genome reorganization and segregation.
MD simulations of entangled DNA with IHF.—Wemodel

solutions of naked λDNA molecules using a variation of the
Kremer-Grest model [20] to account for chain stiffness. We
simulateM ¼ 50 coarse-grained bead-spring polymersN ¼
1000 beads long where each bead has size σ ¼ 50 bp,
persistence length lp ¼ 3σ ¼ 150 bp, and volume fraction
ρ ¼ 0.05 [see Fig. 1(a)]. With these choices, each polymer
maps to λDNA (48 502 bp), and the expected entanglement
length is Ne ≃ 146 beads ≃7300 bp [21] [see Supplemental
Material (SM) [22] ]. The beads interact via a cut-and-shift
Lennard-Jones (LJ) potential and are connected by finitely
extensible nonlinear elastic (FENE) springs to avoid chain
crossings [20]. Each chain is N=Ne ≃ 7 entanglement
lengths long. With these choices, our systems are in the
loosely entangled regime [27]. IHF dimers are modeled as
permanent stiff harmonic angles constraining triplets of
consecutive beads to be bent at 107° (the most frequent
angle observed in AFM [13]), and we neglect unspecific
bridging. The simulations are evolved with implicit solvent
(Langevin dynamics) at T ¼ 1.0ϵ=kB and time step
dt ¼ 0.01τBr (τBr ¼ kBT=γ is the Brownian time and γ is
the friction, set to 1 in LJ units, see SM [22]).
To model different IHF stoichiometries, we vary the

number of kinks along the chains, let the systems equili-
brate, and then perform a production run where we measure
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the properties and dynamics of the chains. The kinks are
placed at random, mimicking nonspecific binding. We
choose to explore a range of stoichiometries that is physio-
logically relevant and experimentally feasible in vitro, i.e.,
6000 and 30 000 IHF dimers in growing and stationary
phases [15], correspond to 1 IHFdimer every 800 and150bp
within a 4.6 Mbp-long E. coli genome.
First, we observe that the more the kinks, the smaller the

gyration radius of the chains hR2
gi≡ h1=NP

N
i ½ri − rc:m:�2i

[Fig. 1(b)]. Because of the self-avoiding interactions being
screened in dense solutions [28], we estimate the size of the
chain asRg ¼ lp

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N=3lp

p
, where lp is the persistence length.

In analogy with the case of freely kinked wormlike chains
[29] (albeit, here, we set the kink to a specific angle rather
than leaving a fully flexible joint as in Ref. [29]), we can
renormalize the persistence length to an effective l�pðNIHFÞ
that depends on the number of kinks introduced in the
chains,NIHF, and compute it as l�p ¼ 3hR2

gi=N. As shown in
the Fig. 1(b) inset, the effective persistence length decreases

from lp ¼ 3σ ≃ 150 bp to around lp ¼ 1.8σ ≃ 90 bp when
we add 1 IHF every 2.5 beads (or 125 bp). Given that we
work at fixed polymer concentration, we use l�p to estimate
the IHF-dependent entanglement length N�

e as [21]

N�
e ¼ l�K½ðcξρ�Kl�3K Þ−2=5 þ ðcξρ�Kl�3K Þ−2�; ð1Þ

where cξ ¼ 0.06, l�K ¼ 2l�p is the Kuhn length and ρK ¼
NM=ðlKL3Þ is the number density of Kuhn segments. The
grey shaded area in Fig. 1(c) shows the expected increase in
entanglement length corresponding to the decrease in l�p
predicted by Eq. (1). The actual entanglement length,
measured directly via PPA [30] (see SM [22]), is shown
as symbols. The actual increase in Ne is more moderate
than the prediction, yet,we still observe a∼twofold increase,
in turn halving the number of entanglements per chain,
N=Ne.
To study the dynamics, we compute the mean squared

displacement (MSD) of the center of mass of the chains

FIG. 1. Molecular Dynamics simulations of kinked semiflexible polymers. (a) Snapshot of the simulation box (M ¼ 50 chains
N ¼ 1000 beads long with persistence length lp ¼ 3σ at volume fraction ρ ¼ 0.05. IHF is modeled as static and stiff harmonic angles
forcing 107° kinks randomly placed along the chains. See, also, SMMovies [22]. The inset shows an AFM image of a short DNA bound
by IHF from Ref. [13]. (b) Normalized squared radius of gyration. (inset) Effective persistence length l�p ¼ 3hR2

gi=N. (c) Entanglement
length from primitive path analysis (PPA). Grey shaded area represents predicted N�

eðl�pÞ with appropriate propagation of errors. (inset)
Snapshots from PPA. (d) MSD of the center of mass of the chains. (e) Normalized diffusion coefficient. The fitted curve is 1þ κx with
κ ¼ 0.05 (in units of number of IHF in a polymer of 1000 beads). (f) Relaxation time τ defined as MSDðτÞ≡ hR2

gi. The shaded area
represents the values expected using the numerical values of Ne measured in (c) with appropriate propagation of errors.
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g3ðtÞ ¼ h½rc:m:ðtþ t0Þ − rc:m:ðt0Þ�2i, where the average is
performed over chains and t0. The more the kinks, the faster
the dynamics [Fig. 1(d)] and the larger the diffusion
coefficient D ¼ limt→∞MSD=6t. In the SM movies [22],
one can also visually appreciate these faster dynamics.
We compute the relaxation time τ as the time at which a

polymer has diffused its own size, i.e., g3ðτÞ≡ hR2
gi, and

we find a scaling compatible with reptation, i.e., τ=τ0 ∼
ðN=NeÞ3ðNe;0=NÞ3 ∼ ðNe;0=NeÞ3 [Fig. 1(f)], where we
used the Ne in Fig. 1(c). Thus, our simulations suggest
that IHF-induced kinks drive an effective increase in DNA
flexibility which, in turn, increases the entanglement length
[as per Eq. (1)], reducing the number of entanglements per
chain and speeding up the dynamics.
Microrheology of entangled DNA with IHF.—To experi-

mentally validate our predictions, we performmicrorheology
[31,32] on entangled λDNA (New England BioLabs,
48.5 kbp) at 1.5 mg=ml, corresponding to a volume fraction
of 1%–4%for an effectiveDNAdiameterd ¼ 5–10 nm [33],
valid at low salt and with h ¼ 0.34 nm as the height of one
base pair. This is similar to the volume fraction expected in
E. coli nucleoid. For a 4.6 Mbp genome and Vnucleoid ¼
πð0.5 μmÞ2ð2 μmÞ ≃ 1.5 μm3, we obtain ϕ ≃ 2% for a

d ¼ 5 nm DNA diameter. Samples are made by mixing
9 μl of 1.5 mg=ml λDNA (stored in TE buffer) with 1 μl of
native IHF dimers at different concentrations (stored in a
25 mM Tris pH 7.5, 550 mM KCl, 40% glycerol solution).
We track the diffusion of 500 nm tracers spiked in the fluids,
and extract their mean squared displacements hΔr2ðtÞi (we
have checked that larger bead sizes yield the same results, see
SM [22]). In Figs. 2(a) and 2(b), we show that as little as 50
IHF dimers per λDNA, or 1 IHF every 1000 bp (comparable
to 1∶800 expected in growing phase), can significantly speed
up the dynamics.Adding asmuch 1 IHF every 100 bp, speeds
up the diffusion of the beads∼20-fold. One can also visually
appreciate this speedup from representative trajectories
shown in the Fig. 2(b) inset. Pleasingly, the normalized
diffusion coefficientDIHF=D0 follows the same trend as seen
in simulations, i.e.,DðNIHFÞ ¼ D0ð1þ κNIHFÞ with a linear
increase at large, yet physiological, stoichiometries [compare
Figs. 1(e) and 2(c)] [22].
To further characterize the viscoelastic properties of the

system, we use the generalized Stokes-Einstein relation to
compute the complex stress modulus [34] (see SM [22]).
The control sample (pure solution of λDNA at 1.5 mg=ml)
displays a pronounced viscoelasticity, with a relaxation time

FIG. 2. Entangled solutions of λDNA are fluidized by IHF. (a) MSDs at different stoichiometries of IHF:DNAbp. The shaded area
enveloping the curves is the standard error computed over ten movies in three independent experiments (> 100 tracers total). (b) Box
plot of the diffusion coefficient D from fitting MSD ¼ 2Dt at large times. (Inset) Representative particle trajectories tracked over
2 minutes. (c) Normalized mean diffusion coefficient at increasing concentration of IHF. (d) Complex moduliG0 (solid) andG00 (dashed)
for the control and for 1 IHF every 100 bp. (e) Relaxation time τ ¼ w−1

R where wR is the crossover frequency at which
G0ðwRÞ≡ G00ðwRÞ. (f) Elastic plateau obtained from the value of G0 at 50 Hz. We have indicated the two biologically relevant
stoichiometries in E. coli growing and stationary phases as “ECGP” and “ECSP.”
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τ ≃ 10 seconds and a high-frequency elastic plateau Gp≃
1 Pa, in agreement with the values previously obtained via
microrheology [32,35] and bulk rheology [36] on similar
samples [Fig. 2(d)]. Introducing IHF at physiological
stoichiometries significantly affects the rheology of the
solution by both decreasing the relaxation timescale, which
becomes τ ≃ 1 second at 1∶100 IHF:DNAbp [Figs. 2(d) and
2(e)], and decreasing the elastic plateau to Gp ≃ 0.3 Pa
[Fig. 2(f)].
The elastic plateau Gp is related to the number of enta-

nglements as [28,35] Z ¼ L=Le ¼ 5MwGp=ð4ρNAkBTÞ,
with ρ ¼ 1.5 mg=ml and Mw ¼ 48 502 × 650 g=mol the
molecular weight of λDNA. We measure Gp as the value of
G0 at the largest frequency (50 Hz) sampled in this Letter.
[Considering the value of G0 at the crossover frequency
yields the same scaling as G0ð50 HzÞ (see SM [22]).] For
our control, λDNA at 1.5 mg=ml, we find Gp ¼ 1.23 Pa
yielding Z ≃ 13 or Le;0 ≃ 3700 bp ≃ 1.2 μm, in line with
the one estimated for eukaryotic genomes [37].
On the other hand, by introducing IHF at 1∶100 DNA

bp, we find that the elastic plateau yields a significantly
larger entanglement length Le ≃ 15 300 bp ≃ 5.2 μm, cor-
responding to Z ≃ 3.1. We highlight that, while the dif-
fusion coefficient of the beads and the viscous and elastic
moduli depend on the length of the polymers in solution,
the entanglement length Le does not, and it only depends
on polymer concentration and stiffness [21,30]. Thus, we
can extrapolate our results to infer the level of entanglement
in E. coli if no NAP or other packaging protein is present as
Z0 ≃ Lgenome=Le;0 ≃ 1200. This implies that the expected
relaxation timescale in absence of NAPs should be
∼τ0Z3

0 ≃ 55 years, considering a microscopic disentangle-
ment time of order τ0 ¼ 1 second (a typical relaxation time
for solutions of marginally entangled DNA solutions with
Z ≃ 1 [32]). Thus, it is clear that the bacterial nucleoid
would not be able to undergo segregation unaided by NAPs
and other organizing proteins. Note that, in Figs. 2(c), 2(e),
and 2(f), we have indicated the two biologically relevant
stoichiometries in E. coli growing and stationary phases as
ECGP and ECSP.
In order to use our results to obtain insights into the

impact of IHF on the viscoelasticity of the nucleoid in vivo,
we address the role of substrate length on the action of IHF.
We expect that short, unentangled DNA should be insen-
sitive to the addition of IHF, while longer and deeply
entangled DNA should be more affected. To test this
hypothesis, we perform microrheology on dense solutions
(1 mg=ml) of DNA fragments with different lengths but
identical overall sequence composition. The samples are
obtained by digestion of λDNA via XhoI, BamHI, PstI, and
HaeIII, restriction enzymes that cut λDNA into 2, 6, 29,
and 150 fragments, respectively. As expected, we observe
that adding 1:80 bp IHF to HaeIII-cut λDNA (referred to as
λHaeIII) does not affect the MSD of the tracer beads
[Fig. 3(a)]. On the contrary, we observe a ∼20-fold speedup

when IHF is introduced in full length λDNA [Figs. 3(a) and
3(b)] [38]. Using Stokes-Einstein, we can compute the
viscosity of the samples as η ¼ kBT=ð3πaDÞ and, by
rescaling the average fragment length l by the entanglement
length with and without IHF (Le ¼ 15 300 and Le;0 ¼
3700, respectively), the values of viscosity collapse onto a
master curve scaling with the average number of entangle-
ments, hZi, as η ∼ hZiδ [Fig. 3(c)]. The exponent δ ¼ 1
observed at small hZi is expected for Rouse unentangled
polymer solutions [28]. For hZi≳ 1, our data displays a
steeper scaling with δ ¼ 2. This exponent may be due to the
fact that (i) we are in a crossover region to fully reptative
systems (δ ¼ 3), and (ii) our systems are polydisperse [39],
as they are generated by cutting λDNA with restriction
enzymes [40].
Intriguingly, by plotting the ratio of the viscosity

measured after and before IHF, ηIHF=η0, we observe that
the speedup scales with the average length of the DNA
fragments as ηIHF=η0 ∼ l−0.5 [Fig. 3(d)]. To understand this,
we have performed MD simulations of entangled polymers
of different length (see SM [22]). We found that, in the
regime investigated in this Letter, the entanglement length
Ne has a dependence on the polymer length N. More
specifically, by adding IHF, the entanglement length
increases, and thus, the system needs longer chains to

FIG. 3. Effect of substrate length on IHF fluidification. (a)MSDs
of passive tracers in dense solutions of λDNA predigested with
different restriction enzymes and before or after addition of 1 IHF
every 80 bp. (b) Diffusion coefficients of the tracer particles
extracted from the large time behavior as MSD ¼ 2Dt. (c) Visco-
sity η as a function of average number of entanglements per chain
hZi. (d) Normalized viscosity after ro before adding IHF:80 bp
ηIHF=η0 plotted against average fragment length. In this figure,
λDNA ¼ 0 cuts, l ¼ 48.5 kbp; λXhoI ¼ 1 cut, l ¼ 24.2 kbp;
λBamHI ¼ 5 cuts, l ¼ 8 kbp; λPstI ¼ 28 cuts, l ¼ 1.7 kbp;
λHaeIII ¼ 149 cuts, l ¼ 323 bp. l is the average fragment length.
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enter the fully entangled regime. This yields an effective
scaling Ne;IHF=Ne;0 ∼ N1=4 (see SM [22]). Since the vis-
cosity can be estimated as η ¼ Geτ ¼ GeτeðN=NeÞ3∼
N−2

e , this implies that the ratio, ηIHF=η0 ∼ ðNe;0=Ne;IHFÞ2 ∼
N−0.5 is in line with Fig. 3(d).
By extrapolating this result to 4.6 Mbp long genomic

DNAwith about 1 IHF every 100 bp, we expect a reduction
in viscosity ηIHF=η0 ≤ 0.01, suggesting an effective fluid-
ification of E. coli nucleoid viscosity of about 2 orders of
magnitude with respect to the case without IHF. The
contribution of other NAPs, transcription factors, and
genome topology (e.g., supercoiling [41]) will likely affect
this estimation, and we hope to shed light into these other
factors in future works.
Conclusions.—In spite of the wealth of single-molecule

evidence on how NAPs mechanically interact with short,
dilute DNA, the problem of how they regulate entangle-
ments in dense and entangled DNA solutions is poorly
understood. We shed light into this problem by performing
MD simulations and microrheology on dense λDNA
solutions in the presence of IHF, an abundant NAP. The
key discovery of this Letter is that IHF acts as a fluidizer as
it reduces the effective viscosity of entangled λDNA by 20-
fold at physiological DNA concentrations and IHF:DNA
stoichiometries (Figs. 1 and 2). Notably, we measure a
quantitatively similar effect by measuring the zero-shear
viscosity of DNA solutions via bulk rheology (see SM [22],
Fig. S7). This fluidification is DNA length dependent, and
we estimate (Fig. 3) that it may shorten the relaxation time
of the 4.6 Mbp-long E. coli genome by more than 100-fold.
In the future, we aim to study systems made of longer,
supercoiled DNA and other NAPs. We hope that our
in vitro predictions will be tested in vivo by tracking
chromosomal loci in live cells depleted of certain
NAPs [42].
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