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The integration host factor (IHF) is a prominent example of indirect readout as it imposes one of the
strongest bends on relaxed linear DNA. However, the relation between IHF and torsionally constrained
DNA, as occurs physiologically, remains unclear. By using atomistic molecular dynamics simulations
on DNA minicircles, we reveal, for the first time, the reciprocal influence between a DNA-bending protein
and supercoiling. On one hand, the increased curvature of supercoiled DNA enhances wrapping around
IHF making the final complex topologically dependent. On the other hand, IHF acts as a ’supercoiling
relief’ factor by compacting relaxed DNA loops and, when supercoiled, it pins the position of plectonemes
in a unique and specific manner. In addition, IHF restrains under- or overtwisted DNA depending on
whether the complex is formed in negatively or positively supercoiled DNA, becoming effectively a ‘su-
percoiling buffer’. We finally provide evidence of DNA bridging by IHF and reveal that these bridges
divide DNA into independent topological domains. We anticipate that the crosstalk detected here
between the ‘active’ DNA and the multifaceted IHF could be common to other DNA-protein complexes
relying on the deformation of DNA.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY license (http://creativecommons.
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1. Introduction

The recognition of specific DNA sequences by proteins is not
always driven by the complementary pattern of hydrogen bonds
between bases and aminoacids (so-called base or direct readout),
but also can be driven by sequence-dependent deformability or
local DNA structural features (indirect or shape readout) [1]. In
the second mechanism, DNA is distorted in conformations that sig-
nificantly deviate from the ideal B-form double helix in order to
optimize the protein-DNA interface [2,3]. Prominent examples
are nucleosomes in eukaryotes and nucleic-associated proteins
(NAPs) in prokaryotes, which, by bending and wrapping DNA,
induce looping and other complex long-range 3D arrangements
[4-6]. These DNA-bending proteins have crucial roles in organizing
and packaging genomes as well as facilitating basic DNA transac-
tions like transcription and replication [7,8].

IHF is a key and representative NAP in Gram-negative bacteria
such as Escherichia coli that induces one of the sharpest known
DNA bends, with a measured angle of around 160° [9]. The crystal
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structure reveals that IHF is formed by a core of o helices with a
pair of extended p-ribbon arms whose tip each contains a con-
served proline that intercalates between two base pairs [9]. These
two intercalations stabilize strong bends 9 bp apart and facilitate
wrapping of two DNA ‘arms’ around the protein body, tightened
by electrostatic interactions between the phosphate backbone
and cationic amino acids, resulting in a binding site with a length
between 35-40 bp [9,10] (Fig. 1).

IHF binds preferentially to the DNA consensus sequence WAT-
CARNNNNTTR (Wis Aor T, Ris A or G, N is any nucleotide), which
is located on the right side of the binding region and is small com-
pared to the total length of the wrapped DNA [11] (Fig. 1A). How-
ever, most of the strongest IHF binding sites include an A-tract to
the left-hand side (upstream of the specific sequence) that
increases affinity, the degree of bending and the length of the
attached DNA site [12] (Fig. 1A). IHF, thus, constitutes a clear
example of a recognition arising through indirect readout [13-
15]. The bends induced by this protein result in higher-order struc-
tures comprising nucleoprotein complexes that are essential to a
large repertoire of biological functions, including gene regulation
[16], the opening of the origin of replication [17], the CRISPR-Cas
system [18], and the integration and excision of phage 4 DNA [19].

2001-0370/© 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (A) Initial ‘open’ conformation for MD simulations where DNA is only bound
to IHF g-ribbon arms. (B) Linear DNA then wraps around the protein presenting two
meta-stable states (half-wrapped and associated state) before arriving to the fully
wrapped state, if the specific sequence is present, according to a model deduced
from simulations and AFM [10]. A bridged state was also observed, in which a single
copy of IHF binds to two molecules of DNA [10]. The IHF o subunit is shown in
mauve, S subunit in turquoise and DNA in black except when the consensus
positions are highlighted in blue and the A-tract in red. The ‘near’ and ‘far’ left sites
are constituted by the o and f subunits, respectively, while the ‘near’ and ‘far’ right
sites are the other way round. In the half-wrapped state, the A-tract to the left binds
fully while the consensus bases to the right do not interact with the protein. In the
associated state, DNA binds only to the ‘near’ sites. In the fully wrapped state, which
is the one observed by crystallography, DNA arms bind to all sites. The A-tract is
always placed to the left side and the consensus positions to the right side.

Through previous studies combining atomistic molecular
dynamics (MD) simulations and atomic force microscopy (AFM),
we have shown that the IHF-DNA complex is far more dynamic
than previously thought [10]. Building on previous work [20], we
demonstrated the existence of multiple conformations and pro-
vided structural detail of two intermediate meta-stable binding
states, which are also characteristic of nonspecific DNA recognition
[10]. These include a half-wrapped state in which only the
upstream A-tract binds to the protein; and an associated state con-
sisting of only partial binding on each side (see Fig. 1). The fully-
wrapped state, which is the one described by crystallography, is
only observed in the presence of the consensus sequence, where
its binding on the right-hand side can only occur after the binding
of the A-tract on its left-hand side (Fig. 1) due to a protein allosteric
change [10]. The indirect readout is thus facilitated via cooperativ-
ity between the two flanks, defining a mechanical switch on the
DNA [10].
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We furthermore observed the formation of large DNA-IHF
aggregates in AFM images and the bridging of two DNA duplexes
by a single IHF protein in MD simulations (see Fig. 1) [10]. This con-
densating behavior is of particular importance to bacterial biofilms
because IHF is located at crossing points in the extracellular DNA
lattice [21] and is crucial to biofilm stability [22].

In parallel, in vivo DNA is organized into topologically con-
strained domains under torsional stress [23], to which DNA
responds by supercoiling. This stress causes change on the total
number of DNA turns (or linking number, Lk) which is partitioned
into twist (Tw) and writhe (Wr) as Lk = Tw + Wr. Structures with
non-zero writhe correspond to large-scale changes in the DNA,
with the helix axis twisting and bending to cross over itself, form-
ing typically plectonemes. In the cell, DNA is maintained negatively
supercoiled, with a superhelical density ¢ = ALk/Lk, ~ —0.06
[24,25], being Lk, the default linking number.

Due to inherent difficulties in obtaining high-resolution exper-
imental structures of supercoiled DNA, computational approaches
have become very useful tools [26-28], often giving excellent
agreement with microscopy imaging [29,30,25]. In addition, com-
putational studies have started to investigate the rich interplay
between DNA topology and proteins, explaining, for instance,
how the presence of proteins can shape topological domains [31-
33,5,6]. Other studies including all-atom MD simulations on super-
coiled circular DNA have found the emergence of additional sec-
ondary recognition sites between proteins and distal DNA that
resulted in the formation of closed loops [34,35]. However, to the
best of our knowledge, no structural detail has been provided on
the influence of torsional stress on DNA-protein interaction.

DNA supercoiling promotes the formation of its complex with
IHF [36]: experiments have shown that the protein presents
greater affinity for supercoiled DNA than for linear DNA [11,37],
and the disruption of the fully-wrapped state due to mutations
on the lateral positions can be recovered by supercoiled DNA
[38]. Of particular note is that many of the higher-order structures
governed by IHF, such as integrative recombination, transcriptional
regulation, and the CRISPR-Cas system, are known to be facilitated
by DNA supercoiling [39-41]. Conversely, IHF has an influence on
the long-range organization of DNA: the polymer is easier to circu-
larize in the presence of the protein [37], and its knockout causes a
re-organization of DNA supercoiling at the chromosome level [42].

Here, we provide atomic insight into the structural crosstalk
between DNA supercoiling and protein indirect readout, using
IHF as a model case of study. This protein is a remarkable example
as it induces one of the sharpest bends on DNA. By simulating the
dynamics of DNA minicircles bound to IHF, we identify the impor-
tance of supercoiling to the protein’s binding mode when relying
on indirect readout. We observe that enhancement on DNA flexi-
bility and curvature by supercoiling leads to an increase of DNA-
binding modes with a tendency to enhance wrapping around the
protein. We also explore the entropic reduction of the conforma-
tional landscape of supercoiled DNA by IHF, as well as its capacity
to constrain superhelical stress. We finally provide further insight
into the formation of closed DNA loops bridged by IHF and demon-
strate the formation of independent topological domains.

2. Materials and Methods
2.1. Construction of DNA minicircles

A linear 336 bp DNA fragment was built using the NAB module
implemented in Amber16 [43] with a sequence based on the mini-
circle generated by intramolecular /J-integrase recombination
[44,30]. This sequence, containing a single IHF binding site, is given
in Section 1 of the supplementary material. Six perfectly planar
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DNA minicircles containing between 29 and 34 turns were then
constructed using an in-house program as previously performed
[25]. Afterwards, the structure of IHF-DNA from phage . excision
complex (Protein Data Bank (PDB): 5JON [19]) was inserted at
the matching IHF-binding H2 site contained at the attR region of
the minicircle. Only the central 11-bp from H2 site that enclose
the two intercalation sites was replaced by the crystallographic
structure and then junctions between DNA fragments were mini-
mized until a canonical structure was achieved, following previous
studies [35]. Hence, the resultant structure used to start simula-
tions consisted of DNA minicircles bound to IHF in an ‘open state’
without lateral interactions (see Fig. 1).

2.2. Molecular dynamics simulations

All simulations were set up with the AMBER 16 suite of pro-
grams and performed using the CUDA implementation of AMBER’s
pmemd program [43]. The constructs were solvated using implicit
generalized Born model at a sodium chloride salt concentration of
0.2 M with GBneck2 corrections, mbondi3 Born radii set and no
cut-off for a better reproduction of molecular surfaces, salt bridges
and solvation forces [45-47]. Langevin dynamics was employed for
temperature regulation at 300 K with a collision frequency of
0.01 ps' in order to reduce the effective solvent viscosity and, thus,
accelerate the exploration of conformational space [48,10]. The
protein and DNA were represented by ff14SB [49] and BSC1 [50]
force fields, respectively. Prolines were kept intercalated by
restraining the distances between key atoms in the proline side
chain and neighboring bases [10]. Following our protocols for min-
imization and equilibration [10], three replica simulations of 30 ns
each were performed for each topoisomer with IHF bound, and
three more for the same systems with the protein removed. The
first 20 ns were obtained with distance restraints on the WC
canonical H-bonds to avoid a premature disruption of the double
helix [35], so only the last 10 ns of each simulation were consid-
ered for analysis.

2.3. Analysis of simulations

Topological DNA twist and writhe were calculated using
WIrLINE, which outputs global twist and writhe values alongside
the molecular contour [51]. Because global and local definitions
of twist are not directly compatible [52], the accumulative twist
at the DNA binding site was calculated according to the 3DNA def-
inition at the dinucleotide level [53] using SerraNA [54]. Simula-
tions in implicit solvent are known to systematically
overestimate DNA twist [55]. To correct this, a linear fit of average
writhe for bare minicircles was performed, so we could determine
the value of Lk for which Wr = 0 (Figure S1); this was found to be
Lko = 31.08. Then, o for each topoisomer was calculated relative to
this value.

Hydrogen bonds were determined using cpptraj [56] with a dis-
tance cutoff of 3.5 A and an angle cut-off of 120°. The number of
hydrogen bonds involving each protein residue and DNA was
capped at one, so time-averages along trajectories indicate the pro-
portion of frames presenting this interaction. This was compared
with the hydrogen bonds presented in the original crystallographic
structure, which is the PDB entry 1IHF [9]. It should be noted that
PDBPDB5J0JON was obtained via CryoEM and posterior fitting
based on 1IHF. The secondary structure of IHF was evaluated using
the DSSP algorithm [57] as implemented in AMBER and grooves
widths were calculated with Curves+ [58].

All simulation frames were classified via hierarchical agglomer-
ative clustering based on the average linkage algorithm using root-
mean-squared deviation (RMSd) between frames as a distance
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metric [56]. Only the backbone atoms of IHF and of a 61 bp region
of DNA centered on the binding site were considered for the RMSd.
The number of clusters was chosen so each had a distinct interac-
tion pattern of hydrogen bonds between the protein and DNA.

3. Results and Discussion

Six different topoisomers (ALk=-2,-1,0,1,2,3) of DNA minircir-
cles containing 336 bp were constructed in order to achieve a sim-
ilar ¢ range to the one observed in vivo (from —0.067 to + 0.094).
Then, these were attached to IHF via only its protruding S-ribbon
arms to simulate how DNA spontaneously wraps around the pro-
tein following an initial bound state, which resembles an encoun-
ter complex formed at the beginning of the recognition process
(Fig. 1) [59,15,10].

Three independent MD simulation replicas were performed for
each topoisomer with/without IHF in implicit solvent to allow
enough conformational sampling over feasible timescales (see Sup-
plementary Movies 1-12). A continuum representation of the sol-
vent reduces the computational cost of simulations compared with
a solvation box with discrete water molecules and ions, and accel-
erates global structural rearrangements by at least an order of
magnitude due to the neglect of solvent viscosity [30]. Although
hydration and ion effects are not so accurately described, our
implicitly solvated simulations reproduce well the crystallographic
IHF-DNA interactions (Fig. 2), the protein secondary structure (Fig-
ure S2) and bp step parameters at the binding site (Figure S3). In
our previous study, we also observed that this type of simulations
were able to correctly capture the different IHF-DNA binding
modes observed by AFM and explicitly solvated simulations in lin-
ear DNA (Fig. 1) [10]. Here, we want to explore how these different
complex states are influenced by the supercoiling of DNA.

3.1. DNA conformation has an active role in indirect-readout
recognition

To identify the principal DNA-binding modes, all frames from
all trajectories were merged together and classified into five dis-
tinct binding modes (Fig. 2A) presenting a characteristic DNA-pro-
tein interaction pattern (Fig. 2B) (see Methods).

As has been described previously [10], interactions between IHF
and the lateral DNA arms can be divided into four regions based on
their position relative to the center of the binding site and the pro-
tein subunit to which the involved amino acid belongs. On the left-
hand side (containing the A-tract), the oo subunit is closer to the
center and thus constitutes the ‘near left’ site, while the g subunit
is farther and composes the ‘far left’. On the right-hand side (con-
taining the consensus sequence), the o and 8 subunits are inversely
arranged, delimiting the ‘far right’ and ‘near right’ sites, respec-
tively (see Fig. 1A).

As expected, the fully wrapped state is observed, presenting
very similar protein-DNA contacts to the crystal structure [9]
(Fig. 2). The half-wrapped and associated states previously
observed for linear DNA (Fig. 1) do not appear, probably due to
the inherent curvature of circular DNA (around 64° over a region
the length of the IHF-interacting site), which can be expected to
bias the system towards more tightly wrapped states. Instead, a
‘three-quarters’ state emerges in which the A-tract on the left
binds fully to the protein while the right DNA arm binds only to
the near right site. Two extra new states appear, both involving
the binding of the left DNA arm to the “bottom” of the protein,
while the right arm remains either unbound (‘half-wrapped + bot-
tom’) or bound to only the near site (‘three-quarters + bottom’)
(see Fig. 2). Lysine 20 and Arginine 21 from the subunit o at the
far right site are the aminoacids mainly responsible to wrap the left
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Fig. 2. (A) Representative structures of the different binding modes observed in our simulations where o subunit of IHF is shown in mauve,  subunit in turquoise, A-tract is
always placed to the left and the consensus positions to the right. (B) Time-average number of intermolecular hydrogen bonds formed by the main DNA-interacting amino
acids belonging to each binding mode, with the crystal structure (PDBPDB1IHIHF; labeled X-ray) provided for comparison; note that the DNA in this structure is too short

(35 bp) to capture some interactions in the ‘far’ regions.

DNA arm around the “bottom” of the protein (Fig. 2). We also
observed a state comprising an IHF-mediated DNA bridge similar
to those previously demonstrated [10], where the DNA remains
relatively unbent and the two far sites or the “bottom” of the pro-
tein interact with a second DNA double helix (Fig. 2).

We barely observe transitions between states over time within
individual replica simulations (see Supplementary Movies 1-12).
As Table 1 shows, only one simulation is observed to sample sev-
eral conformations: replica 1 for the most relaxed topoisomer
switches from the three-quarters to the fully wrapped state (Sup-
plementary Movie 5). This suggests that all of these observed bind-
ing modes are stable states corresponding to free-energy minima,
where the simulations are trapped, rather than temporary transi-
tion structures en route to a global minimum, in agreement of
what we found in linear DNA [10].

Our simulations reveal that the intrinsic structure and dynam-
ics of DNA have an important role in the interaction with IHF
[14], determining the extent of protein-DNA interactions and, as
such, the final configuration of the complex. Hence, our study is
a direct observation that DNA is not just a passive polymer to be
manipulated, but it has an active role in driving the IHF recognition
process [36]. Nonetheless, we still observe the same asymmetric
cooperativity between sides as in linear DNA [10] (where the A-
tract on the left binds first around the protein than the specific

Table 1

sequence on the right) because this allosteric switch depends on
the protein and not on the DNA [10].

3.2. Supercoiling affects DNA recognition by IHF

We find that the populations of these states vary with the
superhelical density of DNA (Table 1 and Fig. 3). While relaxed
minicircles present the fully wrapped state, they show a preference
for more open states like three-quarters and half-wrapped + bot-
tom (Supplementary Movies 5-7). These binding modes are pre-
sented approximately in equal proportion in our simulations,
which is in rough agreement with the complex variability that
we found in linear DNA [10]. The propensity for the fully wrapped
state is strongly enhanced for moderate levels of positive and neg-
ative supercoiling, as this binding mode is presented exclusively
for topoisomers ALk=-1,1 and 2 (Supplementary Movies 4,8 and
9). Hence, our simulations reveal that an increase in the underlying
DNA curvature induced by supercoiling significantly facilitates
DNA-shape readout by IHF, promoting larger wrapping around
the protein compared with relaxed DNA.

We find that readout variability increases for higher superheli-
cal densities (Fig. 3): the most negatively supercoiled topoisomer
(ALk=-2) presents different binding modes per each replica (see
Supplementary Movies 1-3); the most positively supercoiled

Populations of the conformational states vary with the superhelical density of DNA. Percentage of simulation frames for each state and topoisomer, where ‘Full’ refers to the fully
wrapped state, ‘3/4’ to the three-quarters, ‘3/4 + B’ to three-quarters + bottom, ‘Half + B’ to half-wrapped + bottom and 'Bridge’ to IHF-mediated DNA bridge. Superscripts indicate

which number of replicas (1, 2 or 3) presents that corresponding state.

A Lk o Full 3/4 3/4+B Half + B Bridge
-2 —0.067 33! 332 333
-1 —-0.035 100'23
0 0.000 21! 4512 333
+1 +0.030 100'23
+2 +0.062 100'23
+3 +0.094 67'2 333

Proportion of time in the different IHF-DNA binding modes (%).
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DNA+IHF A k=22 (5=-0.067) ALk=-1 (0=-0.035) ALk=0 (0=0.0)

%%3/4

]
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XX
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/ 2
g
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Fig. 3. Overview of the dependence of the DNA-IHF interaction landscape on superhelical density given by representative structures for each individual simulation. Replicas
1, 2 and 3 for each topoisomer are displayed from left to right, respectively, and labeled with the binding mode when they not present the fully wrapped: ‘3/4’ for the three-
quarters, ‘3/4 + B’ for three-quarters + bottom, ‘H + B’ to half-wrapped + bottom and 'B’ to IHF-mediated DNA bridge. These extra states are mainly presented on relaxed DNA
(ALK = 0) for more open conformations and on highly supercoiled DNA (ALk=-2,+3) promoted by enhanced flexibility and defects on the double helix (zoom-ins, indicated by
arrows). IHF is mostly located at the apex of plectonemes, as opposed to bare DNA where IHF binding sites (in red) have multiple locations. Color scheme and orientation is
the same as in Fig. 1: o subunit of IHF is shown in mauve, $ subunit in turquoise, A-tract is always placed to the left and the consensus positions to the right.

topoisomer (ALk=+3) results in a compact trefoil conformation in
its second replica (Supplementary Movie 11) and an IHF-
mediated bridge in its third (Supplementary Movie 12). As the level
of torsional stress increases, DNA tends to present a broader distri-
bution of conformations due to the emergence of extra supercoiled

5268

bends and defects in the double helix [60,25]. These defects are
associated with a wider ensemble of possible structures, because
they occur stochastically at multiple sites [61,60] and act as flexi-
ble hinges, allowing stress release and significant structural read-
justments [35]. We observe the emergence of denaturation
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bubbles in all replica simulations of topoisomer ALk=-2 (see Fig. 3),
which presents a superhelical density close to that steadily main-
tained in most live bacteria (6=-0.067) [24,25].

Because the extent of supercoiling widely differs between chro-
mosomal regions [62], we anticipate that the observed variability
is present in vivo. In fact, the dependence of DNA-IHF configuration
on supercoiling seems to be exploited by several biological pro-
cesses, such as replication initiation [63], phage Mu transcription
[64] and Tn transposition [65], as their job for IHF is conditioned
upon the levels of supercoiling. For example, IHF is transformed
from activator to inhibitor of Mu operator when DNA is altered
from relaxed to negatively supercoiled, respectively [64]. We argue
that the modulation of IHF-DNA binding modes by supercoiling
revealed in our simulations could cause a change on the protein’s
role through an alteration of the resultant DNA architecture.

3.3. The effect of IHF on minicircle compactness and twist-writhe
partition

Our simulations show that IHF globally compacts relaxed DNA
loops (see Fig. 4A), in agreement with previous gel electrophoresis
on minicircles, where mobility was accelerated in the presence of
IHF, indicating a reduction on its hydrodynamic radius [37]. We
observe this effect is proportional to the level of wrapping around
the protein: the first replica of topoisomer ALk = 0, where DNA is
fully wrapped, presents the strongest reduction in the radius of
gyration compared with the second replica, where the DNA is
wrapped three-quarter parts, and the third, where the DNA is only
half wrapped (Fig. 4A). As the degree of supercoiling increases in
either direction, this compaction effect becomes superfluous, as
DNA naturally becomes rod-like (see Fig. 3 and 4). An exception
to this is the ALk=+1 topoisomer, which remains predominantly
open in the absence of IHF and becomes substantially compacted
upon protein binding (Fig. 4A).

IHF also brings a significant change in the twist-writhe partition
on this topoisomer, which has the effect of correcting the asymme-
try between positively and negatively supercoiled DNA (see Fig. 4B
and C). On naked DNA, negative supercoiling is associated with
more writhed structures than equivalent amounts of positive
supercoiling (Fig. 3) [30]. However, IHF appears to correct this
asymmetry by shifting the writhe of ALk=+1 topoisomer in the pos-
itive direction. Because twist at the binding site (Fig. 4D) cannot
explain the altered twist-writhe balance, we hypothesize that this
effect is due to IHF-mediated bends, which stimulate writhed
apex-like structures (Fig. 3), enabling twist relaxation. Finally, we
relate twist-writhe variability observed in topoisomer ALk=-
(Fig. 4B and C) to the presence of DNA defects (Fig. 3). Replica 2
presents a bigger denaturation bubble compared with the other
two replicas (Fig. 3), which causes extremely low twist values
and, as a result, a considerable moderation in writhe (Fig. 4).

In summary, our simulations reveal that IHF compacts DNA
loops almost as much as supercoiling, being its action especially
significant on relaxed and moderately overtwisted DNA (when
bare DNA is mainly in an open conformation) and becoming redun-
dant with the increase of torsional stress. Hence, our results fit
with the idea of IHF being a 'supercoiling relief’ factor [66], where
DNA supercoiling can be functionally replaced by IHF binding. This
effect has been described in phage Mu transcription [66] and Tn
transposition [65]; along with supercoiling becoming a backup
for IHF in recombination [39] and CRISPR-Cas processes [41].

3.4. IHF restrains under- or overtwisted DNA depending on
supercoiling direction

In the presence of IHF, our simulations reveal that the binding
site presents lower or higher values of twist (between 0.5 to 1 heli-
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Fig. 4. Averages and corresponding standard deviation (error bars) of radius of
gyration (A), writhe (B), twist for the whole circle (C) and twist on the IHF binding
site (D) of DNA minicircles with different levels of supercoiling, with IHF (black, red
and blue for replicas 1, 2 and 3, respectively) and without IHF (white). Replica
simulations are ordered from left to right as in Fig. 3. The extremely low value in the
radius of gyration observed for the 2nd replica of ALk=+3 is due to the formation of
a highly compact trefoil structure (see Fig. 3).

cal turn) compared to relaxed DNA, depending on whether the
complex is formed under negatively or positively supercoiled
DNA, respectively (Fig. 4D). The more extreme values of twist on
topoisomers bound to IHF versus unbound are due to the fact that
DNA wraps around the protein at the beginning of our simulations
when minicircles are writhing, so most of the torsional stress is
still in the form of molecular twist. In this respect, our simulations
illustrate the situation of DNA being actively supercoiled and
simultanously recognized by proteins, which is physiologically rel-
evant as chromosomes are constantly transcribed and manipulated
in vivo [67].

To understand the origin of this effect, we looked into the struc-
tures in detail and we observed a considerable amount of hetero-
geneity as DNA is wrapped around the protein under different
levels of supercoiling (Fig. 5 and S4). These conformational adjust-
ments, which mainly consist of changes in molecular twist and
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Relaxed DNA

(+) supercoiled DNA

(-) supercoiled DNA

1GAACGAGAAA "CGTAAAATGA X'TATAAATATC 'AATATATTAA
H“ATTAGATTTT 5'G

(+) supercoiled

(-) supercoiled DNA

DNA

Fig. 5. Supercoiling dependence of DNA structure when bound to IHF. Represen-
tative examples of the fully wrapped state formed under negatively (left) and
positively (right) supercoiling reveal changes in twist compared with relaxed DNA
(middle) (see Figure S5 for all replicas). The complete DNA sequence is included,
where the consensus binding site is in underlined text and the most conserved
positions in bold. The only few CG bp are highlighted in red and serve as rulers to
compare DNA orientation relative to IHF sides. The two bottom structures reveal
variability in the supercoiled DNA being fully wrapped around the protein with
sizable changes in groove dimensions (right side) and a reduction in the contact
points (left side). Color scheme and orientation is the same as in Fig. 1: « subunit of
IHF is shown in mauve, § subunit in turquoise, A-tract is always placed to the left
and the consensus positions to the right.

groove dimensions (Figure S5), induce the protein to interact with
different nucleotides, pinning the double helix in distinct orienta-
tions and thus constraining supercoiled DNA (Fig. 4,D 5 and S4).

We also find that, on occasions, DNA supercoiling reduces the
number of contact points between a DNA arm and its IHF side from
three (encompassing two major and one minor grooves) to two (a
major and a minor groove) (see the two bottom structures of
Fig. 5). We do not observe this conformational alteration in relaxed
DNA, probably due to its natural propensity to optimally wrap IHF.
Hence, our simulations reveal that the DNA conformational vari-
ability induced by supercoiling not only influences the binding
modes of the complex but also its fine structural details.

Previous experiments have given an unclear picture of whether
IHF constrains supercoiled DNA: while in vivo experiments found
IHF was not able to change the overall supercoiling balance in
the chromosome [68,62], in vitro experiments showed that IHF
had indeed the capacity to constrain supercoiled DNA on smaller
plasmids [37]. Our simulations provide an explanation for these
apparently contradictory results: IHF can restrain twist at the bind-
ing site, although it cannot modify the global state, because it
under- or overwinds DNA depending on the supercoiling direction.
In fact, our results suggest that IHF could act as a kind of ‘supercoil-
ing buffer’ through the release of stored torsional stress by means
of DNA breathing or dissociation as the surrounding superhelical
density would change.

This view is in agreement with the concept of ‘topological
homeostat’ associated to other NAPs like Fis, which has been
detected to rescue promoters from inactivation via the formation
of writhed loops, when these deviate from optimal superhelical
density [69]. Our simulations suggest that IHF-induced loops could
also serve this purpose of protecting promoters from supercoiling
variation, apart from the more established function of facilitating
their basic assemblage [70]. Interestingly, this ‘torsional buffer’
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effect has also been exposed in eukaryotes through the reorganiza-
tion of nucleosome fibers as a function of DNA twist [71]. We thus
point towards a general need across species of developing cushion
mechanisms that can protect against supercoiling imbalance gen-
erated by crucial cellular activities, such as transcription and repli-
cation [72], as well as external factors like growth stage or
environmental stress [73].

3.5. IHF reduces the entropy of the DNA supercoiling conformational
landscape

In the presence of IHF, plectonemes are mostly observed to form
with the protein at their apices (see Fig. 3 and 6). This has the effect
of significantly reducing the entropy of the minicircle conforma-
tional landscape, relative to the case in which no protein is bound
(Fig. 6). We observe that the conformational distribution of the
DNA minicircles is significantly broader in naked DNA, as the apex
of the plectoneme can be located in multiple positions. In the pres-
ence of the protein, the ensemble of conformational states is
shifted towards a unique folded state, positioning the IHF at the
apex.

We can quantitatively estimate the cost of the entropic reduc-
tion by using S = kgln(W), where kg is the Boltzmann constant
and W is the number of possible states. If we assume IHF folds
DNA in one state, compared with the 168 possible in naked DNA
(an apex of the plectoneme can be pinned to each bp along half
of the minicircle), then the entropic reduction is approximately
5.1 kgT or 3 kcal/mol at 300 K. If we consider that not all plec-
toneme positions are equally probable along the naked minicircle
(some conformations are more favorable than others, see Fig. 3
and 6), we then need to reduce the number of states to 50 or
25%. This gives entropic penalties around 4.4 kzT (2.6 kcal/mol)
and 3.7 kgT (2.2 kcal/mol), respectively, which are still large
enough to be overcome by thermal fluctuations of bare DNA. This
entropic simplification could be larger, as IHF could have the
capacity to organize longer DNA loops, containing higher levels
of inherent conformational variability.

Overall, our simulations support the view that IHF function con-
sists basically of organizing DNA into unique conformations in
order to facilitate the types of genetic transactions in which the
protein is involved. Interestingly, a similar plectoneme-pinning
effect has also been detected in damaged DNA [74,75], showing
that local changes in DNA curvature and flexibility are key to reg-
ulating the folding of supercoiled loops. This together with the fact
that IHF can be functionally replaced by other DNA-bending pro-
teins [70] suggest that the positioning of plectonemes might be a
general principle for this type of architectural proteins. However,
it remains an open question for future studies whether other pro-
teins might reduce DNA conformational variability to the same
degree as hardly any induces such as strong bend on DNA.

3.6. IHF-mediated bridging divides DNA into topological domains

A DNA-IHF-DNA bridge involving additional contacts between
distal DNA and the "bottom” of the protein was observed to form
spontaneously in replica 3 of the most positively supercoiled mini-
circle (ALk = +3) (see Supplementary Movie 12). This bridge
results from nonspecific interactions between basic aminoacids
and the negatively charged DNA backbone (see Fig. 2 and 3). This
supports our previous findings indicating that such bridges are
both possible and energetically favorable, and that specific recog-
nition can be simply modulated or extended via additional
electrostatic-driven interactions between the protein and the
DNA [10].
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Fig. 6. Polar plots of mean (+ standard deviation) distance from each point along the helix axis to the DNA centroid. Each color represents a replica simulation. In the absence
of IHF (top), plectonemes can form in many positions. Adding IHF (bottom, binding site location shown in orange) causes the plectonemes to align with the protein at the apex

and consistently localize to the crossing points.

The observation of this bridge in the most supercoiled minicir-
cle suggests some relationship between bridge formation and
supercoiling, which we explain as the result of the proximity of
distal DNA sites that are far apart in torsionally relaxed DNA
[40,76,77]. In this regard, DNA bridges involving secondary non-
specific recognition sites have also been identified for other bacte-
rial proteins like Topoisomerase IB [34| and ParB [78] in
supercoiled DNA. We think IHF needs specially high supercoiling
levels to form DNA bridges (o > |0.095| or ALk > |3|, Table 1),
because it naturally bends DNA. On extreme supercoiling condi-
tions, DNA can stochastically bend and melt at a variety of points
[25], giving the opportunity to avoid protein wrapping and thus
to establish a bridge.

The formation of an IHF-mediated DNA bridge in a minicircle
results in two closed loops. Measuring the writhe in both of these
loops over time (Fig. 7), reveals no evidence of writhe passing
between the loops, consistent with the formation of two isolated
topological domains. Furthermore, the writhe is not evenly dis-
tributed: while the larger loop accounts for 76% of the minicircle’s
contour length (255 bp), it holds 90% of the total writhe. That this

‘Overall
31 Large loop — ]
Small loop
2 2 KW’“/WWMM
E WWMWNW
1 - -
O 1 I\ |
0 1 2 3 4 5 6 7 8 9 10
Time (ns)

Fig. 7. A DNA minicircle bridged by IHF consists of two closed loops, each of which
has independent writhe. There is no evidence of writhe passing between them: the
writhe of the smaller loop (81 bp, blue) remains constant, while any changes in the
writhe of the larger loop (255 bp, red) are also reflected in the minicircle’s overall
writhe (336 bp, black).
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asymmetry was not corrected by the diffusion of writhe into the
smaller loop is further evidence for the separation of topological
domains.

This effect can be quantified by calculating the correlation coef-
ficients between each pair of time series: if writhe regularly passes
between the two loops, one would expect the two datasets to be

negatively correlated with R*> close to 1. In fact, the calculated

value is R> = 0.0041, indicating that no correlation exists between
the two and that IHF is therefore demonstrably dividing the DNA
minicircle into two separate topological domains. For comparison,
the R? values for the correlation of the overall writhe with the large
and small loops are 0.75 and 0.14, respectively, indicating as
expected that the larger loop has a greater influence on the total
writhe and that changes within both loops collectively explain
almost all of the change in the minicircle’s overall writhe.

Finzi and coworkers have already shown that protein-mediated
DNA bridges have the capacity to establish independent topologi-
cal domains, constraining variable amounts of supercoiling
[79,80]. This result was observed by specialized loop-mediating
proteins like the CI [79] and lac repressors [80], where each DNA
molecule is attached to the bridging protein by means of specific
interactions. Here, our simulations provide atomic insight into this
effect and reveal that a single bridge is sufficient to create a topo-
logical boundary, even if it is locked via nonspecific interactions.
However, as this type of binding is weaker than specific recogni-
tion, it will probably present shorter lifetimes and, as a conse-
quence, less capacity to define topological domains.

4. Conclusions

By performing all-atom simulations, we have provided, for the
first time, atom-level insights of the interplay between DNA super-
coiling and DNA-shape protein recognition (see Fig. 8). We observe
that changes in the intrinsic curvature of circular DNA facilitates its
bending around IHF and results in the appearance of new binding
modes not observed in relaxed linear DNA [10]. We also show that
these effects are further enhanced by supercoiled DNA. We antici-
pate that the ‘active role’ of DNA [36] detected here for driving pro-
tein interaction (Fig. 8A) will be applicable to other systems relying
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A DNA has an ‘active role’ in IHF interaction
Relaxed DNA circle Supercoiled DNA
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-~
D IHF bridge creates
topological domains
naked DNA DNA+IHF OC_)
C IHF as a ‘supercoiling buffer’

(-)supercoiling (+)supercoiling

Fig. 8. Model of the different ways through which the interplay between a DNA-
bending protein like IHF and supercoiling emerges. (A) DNA intrinsic curvature
facilitates wrapping around the protein, thus demonstrating DNA'’s active role in
this recognition. (B) In reverse, IHF organizes DNA conformation in a unique
manner through pinning curvature or plectoneme’s apex. In bare DNA, the binding
site (in red) can be in a variety of positions. (C) IHF could also act as a ‘supercoiling
buffer’ by restraining under- or overtwisted DNA at the binding site depending on
whether the complex is formed on negatively or positively supercoiled DNA, as
observed in our simulations. When the neighboring supercoiling decreases or
increases (represented by an open circle or an ‘8’ shape, respectively), the
constrained twisting could be released, shielding a steady supercoiling level. CG
bps are in red and serve as rulers to identify differences in DNA helical pitch. (D)
Finally, our simulations show IHF can separate DNA in topological domains through
a non-specific electrostatic-driven bridging interaction. Color scheme and orienta-
tion is the same as in Fig. 1: o subunit of IHF is shown in mauve, § subunit in
turquoise, A-tract is always placed to the left and the consensus positions to the
right.

on indirect recognition, where DNA is heavily deformed, including
other NAPs and eukaryotic chromatin-binding proteins.

As well as quantifying the influence of supercoiling on IHF bind-
ing, we also demonstrate the effect of IHF binding on the topolog-
ical organization of DNA by showing that IHF strongly and reliably
controls the position of plectonemes (Fig. 8B). The protein also acts
as a ‘supercoiling relief factor [66,65] by inducing global com-
paction on relaxed DNA almost to the same extent as supercoiled
loops. We anticipate that this capacity of compacting DNA and pin-
ning plectonemes might be general to other DNA-bending proteins,
although this effect is probably weaker, as barely any other protein
produces a U-turn bend as IHF.

Due to the influence of DNA conformation on indirect recogni-
tion, IHF restrains under- or overtwisted DNA, depending on
whether the complex is formed under negatively or positively
supercoiled DNA. This effect suggests that the protein could act
as a ‘supercoiling buffer’ by increasing or decreasing constrained
supercoiled DNA as neighboring superhelical density is changed
(Fig. 8C). We hypothesize that IHF-induced loops could shield a
supercoiling steady state on promoters for protecting their expres-
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sion, as has been demonstrated by other NAPs like Fis [69]. Because
eukaryotic chromatin fibers also present the capacity to homeostat
DNA torsion [71], we propose that supercoiling buffering mecha-
nisms might be essential across species to protect genome func-
tionality from imbalances on superhelical stress.

Additional evidence [10] is also provided for DNA bridging by
IHF via a secondary nonspecific interaction driven by positively
charged aminoacids at the "bottom” of the protein (Fig. 8D). This
is only detected at extreme levels of supercoiling, because bending
and melting occur stochastically at different points on the DNA,
avoiding the folding of DNA arms around the protein and thus leav-
ing the key aminoacids free. By combining the current results with
our previous publication [10], we hypothesize IHF-mediated
bridges to be feasible when DNA strands are nearby (i.e. in high
DNA supercoiling levels, high DNA and counterion concentration);
as well as in weak IHF binding sites where the open DNA state is
significantly populated. Probably, this is of significance to a num-
ber of biofilms and to nucleoid compaction at the cellular stage
when IHF is most abundant. We finally demonstrate that this
bridging, even if it is based on nonspecific interactions, has the
capacity to divide the DNA into two distinct topological domains.

In essence, the present study points to a collection of observa-
tions derived from the influence that DNA structure and dynamics
exerts on protein recognition when based on indirect readout. This
effect becomes more evident when DNA suffers from superhelical
stress as it significantly changes DNA configuration energy land-
scape. Because this study examines DNA supercoiling within
ranges observed in vivo, we expect our findings to be relevant in
the living cell. The combination of these effects provides a biolog-
ical mechanism to control DNA compaction, plectoneme positions,
supercoiling and chromosome boundaries, making IHF a valuable
tool for the regulation of genes in complex pathways as has been
detected at the whole genomic level [42]. We anticipate that this
multifaceted mode of action might not be exclusive of IHF, but it
could constitute a common principle of architectural proteins
responsible for the organization of chromosomes, either in
prokaryotes or eukaryotes, and, more generally, of proteins that
recognises DNA through alterations on its shape.
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