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Abstract

Nucleoid-associated proteins perform crucial roles in compacting prokaryotic DNA, but how
they generate higher-order nucleoprotein structures by perturbing DNA topology is unclear.
Integration host factor, IHF, is a key nucleoid-associated protein in bacteria, creating sharp
bends in DNA. We show that the IHF-DNA complex is more elaborate than a simple two-
step model previously suggested and also provide structural insights about its multimodal
nature. Using atomic force microscopy and molecular dynamics simulations we find three
topological modes in roughly equal proportions: “associated” (73°), “half-wrapped” (107°)
and “fully-wrapped” (147°), with only the latter occurring with sequence specificity. DNA
bridging is seen not only with high IHF concentrations but also with densely packed binding
sites, with simulations showing this occurs through another binding mode that does not
depend on sequence. We present a model of these states and propose a crucial biological

role for these observed behaviors.
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Introduction

Nucleoid-associated proteins (NAPs) are a collection of DNA-interacting proteins that perform
crucial roles of organization, packaging and gene regulation in prokaryotic chromosomes (1).
They often bind non-specifically and create a wide variety of DNA topologies (2, 3). Integration
host factor (IHF) is a key NAP in Escherichia coli and other Gram-negative bacteria. Its
architectural role is thought to involve creating some of the sharpest bends seen in DNA (4),
in excess of 160° (5), at around 300 sites containing the consensus sequence
WATCARNNNNTTR (W is A or T; R is A or G), thereby facilitating the assembly of higher-order
nucleoprotein complexes (6) and gene regulation (7), such as the CRISPR-Cas system (8), the
origin of replication (oriC) (9) and a Holliday junction complex involved in the integration and
excision of phage A DNA (10). IHF’s large repertoire of roles supports the long-standing view
that it has an essential function in the structural organization of DNA in a wide variety of
genetic transactions. However, with copy numbers on the order of tens of thousands per cell
depending on the growth phase (11), non-specific binding must also play a role despite a
1000-fold larger K4 (12), and it has been shown to be able to compact DNA (13, 14). This non-
specific binding may also play a role ex vivo, as IHF has been implicated in biofilm stability. In
some cases the removal of IHF caused a 50 + 6% reduction in biofilm thickness (15) and IHF

has also been imaged at vertices of an extracellular DNA lattice (16).

The crystal structure of IHF is obtained from its conformation bound to DNA at a
specific binding site (5). The crystallographic structure revealed that IHF is formed by a core
of a helices with a pair of extended B-ribbon arms whose tip each contains a conserved
proline that intercalates between two base pairs (Figure 1A). 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 isolated
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cationic amino acids on the protein’s surface, resulting in a binding site with a total length of
35 bp and an overall bend angle of 160° (see Figure 1B), which has been supported by atomic
force microscopy (AFM) (17, 18). IHF’s consensus sequence is located on the right side of the
binding region and is small compared to the total length of the wrapped DNA. However, many
IHF binding sites include an A-tract to the left-hand side (upstream of the specific sequence)

that increases affinity (19), the degree of bending and the length of the attached DNA site.

Recent studies have shown that IHF can produce DNA bends smaller than the
canonical 160°. IHF can bend DNA flexibly, with a portion of the population that is only
partially bent (20). Previous work has shown that the IHF/DNA complex is more dynamic than
originally thought, with transitions between bending and binding states, with an activation
energy of approximately 14 kcal/mol (24ksT where kg is the Boltzmann constant, absolute
temperature T) (20), but the free energy of wrapping is found to be only around 3.6 kcal/mol
(6ksT) (21). In this study, binding also appeared to occur through a two-step process, a fast
~100 ps step that seems to be sequence non-specific, and a slower millisecond step which
was site-specific (20, 22). However, despite these advances, there is still poor understanding
of the underlying bending mechanism driven by IHF, with no obvious explanation as to why

the apparent free energy of DNA wrapping is so close to the thermal energy scale.

Here, we compared experimental AFM imaging with atomically precise predictions
from molecular dynamics simulations for the same DNA sequence of around 300 bp and
performed further AFM on three further constructs to investigate the effects of increasing
the number of IHF binding sites (Figure 1C). This approach allowed us to demonstrate multiple
modes in which IHF can bind to the H2 binding site on DNA. The intermediate strength of this

binding site (between those of the strong H' and weak H1 sites) makes it representative of a
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generalized NAP. We then formulated a model for multiple IHF bending states encapsulating
both specific and non-specific binding. Using advanced sampling methods, we calculate the
free energy of each of these conformations and demonstrate that asymmetric behavior
between DNA arms. Furthermore, by looking at the protein’s non-specific binding properties
we see evidence for IHF-mediated bridging between two DNA strands and provide structural
insight into how this occurs, which may have implications for the binding modes between

DNA and other nucleoid-associated proteins.

Results

Simulation of the two-step binding mechanism
Starting from the intercalated state shown in Figure 1A, the canonical bending can be
reproduced, as in Figure 1B. This is true of simulations using both a short 61 bp DNA construct
in explicit solvent and a longer 302 bp construct in implicit solvent (see Materials and
Methods). In both cases the observed DNA—protein interactions correspond well to those
present in a short simulation of the crystal structure in explicit solvent (Figure S1). These
interactions can be broadly divided into four regions based on their position relative to the
center of the binding site and the protein subunit to which the involved amino acid belongs:
on the left-hand side (containing the A-tract), the a subunit is closest to the center and thus
constitutes the “near” side, while on the right-hand side (containing the consensus sequence),
the B subunit is closer.

While the DNA in the crystal structure is too short to capture some of the more distant
interactions, there is generally strong agreement between the crystal structure and

simulations starting from unbent DNA. This observation demonstrates the validity of the
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molecular dynamics methodology for this system, as well as suggesting a possible explanation
for the previously proposed two-step binding mechanism: that the IHF arms bind to DNA first,
the proline residues intercalating to induce flexible hinges prior to bending. The two-step
mechanism that we have proposed explains both the high activation energy of initial binding
(20) due to proline intercalation and the smaller free energy of wrapping (21).

Interactions across all simulations are dominated by hydrogen bonding between
positively charged surface amino acids and the DNA backbone, with almost no interaction
between the protein and the nucleobases away from the intercalation sites. The cationic
amino acids involved are outliers on an otherwise primarily neutral or negatively charged

surface.

Multimodality of IHF binding

To investigate the differences between specific and non-specific binding, two short sequences
were amplified from phage A, one with no IHF consensus sequence (0A361) and another with
a single consensus sequence (1A302) of lengths 361 bp and 302 bp respectively (Figure 1C).
These were then imaged using AFM and compared to molecular dynamics (MD) simulations

to determine the different bending behavior.

AFM images were analyzed by skeletonizing the pre-processed images to recover the
DNA contour (see Materials and Methods), with qualitatively different behavior observed
depending upon the presence of an IHF binding site (Figures 2A—B). Figure 2C (and Figure S2)
shows the reduction of the radius of gyration of the DNA if IHF is present, suggesting that the
protein bends DNA for the single-binding-site case in this assay, but with no significant change

for the OA361 sequence. However, as the radius of gyration can only determine that
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significant compaction averaged across the entire construct has occurred more precise

bending angles analysis was also performed (see Materials and Methods).

When IHF is incubated with DNA before imaging the angular distributions, as
expected, contain a large proportion (~60-70% of the total) of the bare DNA angle
distributions (Figure S3), which was taken into account. The presence of IHF can be seen via
additional peaks in the angular distributions, which for 0A361 (Figure 2A) and 1A302 (Figure
2B) show a further 2 and 3 peaks respectively (see Figure S4). Two common peaks are at
angles of 73 £ 7° and 107 £ 9° (mean # s.d. values from 1A302). As these are present in both
distributions, this finding suggests that these bending modes occur due to non-specific
binding, whilst the canonical large bending angle (147 + 30°), as seen in the crystal structure
(3), only appears in 1A302, that contains one specific IHF binding site. A wide range of angles
have previously been seen using AFM imaging, but usually as a single broad distribution
centered around 100-130° (17, 18) and not a combination of distributions. Our new finding
suggests that this broad angular range could likely be due to IHF-DNA complexes being
primarily the canonical fully wrapped state where the angle has been underestimated by AFM
or by the low angular resolution of AFM. The existence of the other two states can be
explained as incompletely bound states, as have been previously proposed (20, 23). However,

unlike previous studies we show two possible states before the DNA is fully bound.

The proportions of the associated, half-wrapped and fully wrapped states (~32%, 27%
and 41% respectively) show that all three binding modes are present in roughly equal
guantities with a single binding site. However, the proportion of the associated states to the
wrapped states is also much larger for 0A361 (~64%), suggesting that this mode is unrelated

to the consensus sequence. The 73° state is one that has not been observed in AFM before,
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possibly as it is within the expected range of angles for bare DNA and could be excluded if not
accounting for the bare DNA distribution (Figure S3) or due to the selection of an H2 binding

site making the fully wrapped state less probable.

Multiple MD simulations were performed of the 1A302+IHF construct in implicit
solvent, starting from the bound but unbent state shown in Figure 1A. The frames of these
simulations were clustered through hierarchical agglomerative clustering and a free-energy
landscape was constructed based on separate umbrella-sampling simulations (see below).
Three clusters were found with bend angles of 66°, 115°, and 157°, in good agreement with
the AFM results; representative structures are shown in Figure 3C. The relative probabilities
of the clusters can be determined by integrating over the relevant regions of the free-energy
landscape (Figure 3D); this analysis predicts that the canonical fully wrapped (157°) state
should be observed around 33% of the time, the half-wrapped (115°) state 27%, and the
associated (66°) state 39%. Each cluster corresponds to a minimum or plateau in the free-
energy landscape; the locations of these features, along with the observed paths between

them, are highlighted in Figure 3E.

The clusters can also be characterized by the hydrogen bonds present between the
protein and DNA (Figure 3F). In the fully-wrapped state, both sides of the DNA form hydrogen
bonds with both subunits of the protein; in the half-wrapped state, the left-hand side, which
contains the AT-tract, forms contacts with both subunits while the right-hand side forms no
hydrogen bonds; and in the associated state, the left and right sides of the DNA form
hydrogen bonds with only the a and B subunits, respectively. It is notable that the consensus

sequence does not interact with IHF in the half-wrapped state.
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Free-energy landscape of IHF binding to DNA

The free energies and relative probabilities of each of these states were determined via
umbrella sampling simulations (24) of a 61bp segment of the construct in explicit solvent (see
Materials and Methods). The reaction coordinate (the distance between a chosen protein
atom and a chosen DNA atom) on each arm was varied, once with the other arm allowed to
wrap and once with the other arm held away from the protein, and the potential of mean
force (PMF) for each simulation was calculated using the weighted histogram analysis method
(WHAM). By linearly interpolating between the two sets of results for each arm (Figure S5) a
two-dimensional free energy landscape can be constructed with the reaction coordinates as

orthogonal axes, as in Figure 3C.

It is observed that there is a large free-energy barrier preventing the right-hand side
(which contains the consensus sequence) from binding before the left-hand side (which
contains the AT-tract). The form of the potentials is also qualitatively different. While the left-
hand side presents a relatively deep Lennard-Jones-type potential with a minimum at around
20A and an additional small plateau at around 35A, implying that binding is energetically
favorable, the right-hand side has a much flatter shape with small minima around 10A and

35A, and appears to be dominated by thermal noise.

This free-energy landscape suggests that it is very energetically favorable for the
protein to bind the A-tract on its left-hand side, but that it is less inclined to bind the
consensus sequence. This is reflected in the observed clusters—there is no cluster in which
the left-hand side is unbound, while the position of the right-hand side distinguishes the fully
and half-wrapped states. The associated state corresponds to the smaller local plateau or
minimum in each arm's energy landscape, as seen when the values of the reaction

coordinates are plotted together for each frame of a cluster as in Figure S6.

Page 8 of 35


https://doi.org/10.1101/2020.04.17.047076

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.17.047076; this version posted April 18, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The lack of interaction of IHF with the consensus bases suggests that the half-wrapped
and associated states are forms of non-specific binding, a conclusion supported by the
occurrence of bend angles corresponding to these states in AFM observations of the 0A361
construct (in which the consensus sequence does not appear). The consensus sequence is
therefore necessary only for the fully wrapped binding mode, suggesting that its biological

function is to moderate bending by - not binding of - IHF.

The free-energy landscape features a significant minimum that appears to correspond
to another state, in which the left-hand side is fully bound and the right-hand side is partially
bound. However, the frames in this region are difficult to distinguish from those in the fully
wrapped state, and the corresponding minima in the free-energy landscape are separated by
only a narrow energy barrier of less than 2 kgT. Since the system can move freely between
these two minima under the influence of thermal noise, it is more proper to consider this

state an extension of the fully wrapped mode.

DNA aggregation and bridging by IHF

Increasing the concentration of IHF for both OA361 and 1A302 caused clusters of increasing
size to be formed (Figures 4A and 4B). This behavior at high concentration (~1 IHF:3bp / 120
nM IHF:1 nM DNA) has previously been seen (14) and shows how large cellular concentrations

of IHF —such as in the stationary phase — could increase genome compaction.

Two further constructs, with the same three binding sites in close proximity (but of
different lengths, 3A343 and 3A474, with 343 and 474 bp respectively), behave very
differently to the previous constructs with no or one binding sites. Even at low concentrations,

from around 5 nM up to 50 nM (for 1 nM DNA, so ~1 IHF: 6 — 60 bp), IHF/DNA clusters could
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be seen, larger than those for the other two constructs, especially in the case of 3A343. This
could be due to the shorter length (around % of 3A474) as most of the sequence is the same,
or that it has a much higher AT-content (70% vs 63%). As with 1A302, there appears to be a
large unbound population but also fewer DNA molecules that are bound by IHF. Although this
may be due to protein aggregation, the difference between DNA binding constructs suggests
that it is not just a simple case of protein-protein binding but that this behavior is mediated
by the different sequences of the constructs, and that bridging (when conditions are met) is
preferable to bending. The prominence of clustering with three IHF binding sites so close
together suggests it has the same behavior to a high local concentration of IHF on the DNA,

allowing bridging to occur at more biologically relevant concentrations.

IHF-induced aggregation can be explained by the bridging of two DNA strands by a
single IHF, a phenomenon observed in MD simulations. These bridges result from non-specific
interactions between the DNA and the protein; some of these hydrogen bonds involve amino
acids that also interact in one or more of the wrapped states, while others are only observed
in the bridged state. The main DNA strand, into which the prolines intercalate, appears to
remain mostly unwrapped, in a conformation closest to the associated state. By performing
umbrella-sampling simulations and weighted histogram analysis (see Materials and
Methods), it is found that bridging is very energetically favorable, with a free-energy

difference on the order of 14 kcal/mol (24ksT) between the bridged and unbridged states.

Discussion

Here we have integrated advanced theory and experiment to explore the physics of life at the

single-molecule level (25) and enable new insights into the complex interactions between
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proteins and DNA. Both atomic force microscopy experiments and molecular dynamics
simulations show evidence of a larger number of bending modes of the IHF/DNA complex
than previously proposed. The presence of all three states as well as the large proportion of
unbound DNA suggests a highly dynamic system, where higher AT-content makes binding
more probable (3, 6, 26) but where a consensus sequence is needed to fully bend DNA. We

put forward the following model for the mechanism of IHF binding (Figure 5).

When IHF binds to DNA, it is highly likely that the left-hand side will bind to the DNA
first, but not with the consensus sequence. This results in the half-wrapped state in which the
left-hand side is fully bound while the right-hand side is free. Alternatively, both sides may
make interactions with the nearest subunit of the protein, resulting in a smaller bending
angle, that we designate the associated state. Transitions between the associated and half-
wrapped states were not observed (Figure S7), and both appear to be long-lived metastable
states corresponding to plateaus or local minima in the free-energy landscape (Figure 3D). As
the associated and half-wrapped states are experimentally seen in constructs both with and
without a consensus sequence, this suggests a non-specific binding mechanism for these
states. However, in the presence of a consensus sequence, both of these two initial states
lead towards the global minimum, resulting in canonical binding. This does not imply that this
is the only mechanism by which IHF binds nonspecifically to DNA; for example, the similar
electrostatic profiles of IHF and HU suggest that another nonspecific binding mode similar to
that observed by Hammel et al. (27) is likely, but such a state would require a distinct
simulation methodology and any induced bending is likely to be within the range of typical

angles for bare DNA, so this possibility was not explored in this work.
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This work was performed on sequences containing the intermediate-strength H2
binding site. Meanwhile the H' site—on which most previous work has focused—may behave
differently, such as by exhibiting a bias towards the fully wrapped state, this work is likely to
be more representative of general nucleoid-associated proteins, which do not typically

interact with DNA as strongly as the IHF interacts with the H’ site.

Semi-stable states in which IHF remains bound to DNA would allow for IHF to remain
associated with the DNA while retaining some flexibility in the region of the IHF - which could
be important in the formation of, for example, a transcription complex. Interestingly, the
consensus bases are within the region that is less tightly bound, which, as an AT-rich region

could demonstrate the need for flexibility downstream of the IHF.

Another interesting behavior observed was the bridging/clustering of DNA by IHF. At
high concentrations of IHF (such as in the stationary phase) this can occur non-specifically,
giving it a role in compaction. The DNA constructs with multiple binding sites in close
proximity seem to preferably select for the bridging behavior over bending, showing how the
formation of bridges could be influenced by the DNA sequence. This could be due to steric
hindrance or tension due to the presence of other proteins preventing complete wrapping by
each IHF, leaving the lower regions of IHF free to bind other DNA. This could explain the role
of IHF in biofilms, by cross-bridging extracellular DNA, but undoubtedly shows that the

function of IHF is far more multifaceted than bending DNA.

Materials and Methods
Protein amplification and purification

IHF was overexpressed from the E. coli strain BL21Al containing the plasmid pRC188 (a kind

gift from the Chalmers laboratory, the University of Nottingham, UK). The cells were grown
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in 2x 1 L LB + 100 pugml? carbenicillin at 37°C with shaking at 180 rpm to an ODesgo ™ 0.6.
Overexpression of IHF was induced by the addition of IPTG and Arabinose to final
concentrations of 1 mM and 0.2% (w/v) respectively and growth was allowed to proceed for
a further 3 hours. Cells were harvested by centrifugation at 4,000 rpm and 4°C in a Sorvall
SLC6000 rotor. The pelleted cells were then resuspended in 20 mL of 10 mM Tris pH 7.5, 10%

sucrose (w/v) before being flash frozen in liquid nitrogen and stored at -80°C.

For purification stored cell pellets were thawed on ice and the buffer was adjusted to
contain 50 mM Tris pH 8.4, 150 mM KCl, 20 mM EDTA, 10 mM DTT and 0.2 mgml! lysozyme.
The resultant suspension was mixed by inversion and left on ice for 15 mins before the
addition of brij58 to 0.1% (w/v) and a further 15 minutes on ice. The suspension was then
clarified by centrifugation at 4°C and 38,000 rpm in a Beckmann ty70ti rotor for 60 minutes.
Polymin P added to 0.075% (w/v) from a 1% stock in a dropwise fashion to the supernatant
whilst stirring at 4°C, stirring was continued for 10 mins before centrifugation at 4°C and
16,000 rpm in a Sorvall SS34 rotor for 20 minutes. The supernatant was collected before being
subjected to a 50% AmSQ0, precipitation followed by an 80% AmSO04 precipitation, in each case
the sample was centrifuged as above IHF remained soluble at 50% AmS04 and precipitated at
80% AmS0a. The precipitated IHF was resuspended in 20 ml buffer A (50 mM Tris-HCl pH 7.5,
2 mM EDTA, 10 mM B-ME, 10% glycerol) such that the conductivity matched that of buffer A
+ 100 mM KCIl. The sample was loaded onto a 10 mL P-11 phosphocellulose column
equilibrated with buffer A + 100 mM KCl, the column was washed with 300 ml of buffer A +
100 mM KCI before being developed with a 200 mL gradient of 0.1-1 M KCl in buffer A.
Fractions containing IHF were identified using 15% SDS polyacrylamide gel electrophoresis
and pooled. The pooled fractions were dialysed against buffer A + 100 mM NaCl before

loading onto a 5 mL Hitrap Heparin column (GE Healthcare) equilibrated with the same buffer,
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the column was washed with 300 ml of buffer A + 100 mM NaCl before being developed with
a 200 mL gradient of 0.1-1 M NaCl in buffer A. Fractions containing IHF were again identified
using 15% SDS polyacrylamide gel electrophoresis and pooled. Pooled fractions were
aliquoted and flash frozen in liquid nitrogen before storage at -80°C. Protein concentrations

were determined using the Bradford Protein Assay (Bio-Rad).

DNA amplification

DNA constructs were chosen from phage A with different numbers of IHF binding sites, within
the range of 300-400 base pairs. All DNA constructs were amplified by PCR using Q5 DNA
polymerase (see Table S1 for primers) resulting in three constructs: OA361 (361 bp long
containing no IHF consensus sequence, 1A302 (302 bp long with one IHF consensus sequence)
and 3A343/474 (343/474 bp long with three IHF consensus sequences). These were all chosen

in the region around the xis gene that is known to interact with IHF (28).

Atomic force microscopy acquisition and analysis

Mica was first pre-treated by depositing 20 pl 0.01% (w/v) 1-5 kDa poly-L-lysine (Sigma-
Aldrich, MO, USA) and left for 5 minutes before washing with 1000 pl filtered milliQ H20 and
vacuum drying. The DNA samples were prepared by adding a 20 pl solution of 10 mM Tris, 50
mM KCl with 1 nM DNA (and 5 — 150 nM IHF) to the pre-treated mica and leaving for ~5 min.
These were then washed once more with 1000 ul of filtered milliQ H20 and vacuum dried

before being imaged.

All samples were imaged on a Bruker Bioscope Resolve (Bruker, CA, USA) in tapping
mode using TAP-300AI-G probes (BudgetSensors, Bulgaria). Images were then loaded using

pySPM (29)and preprocessed by using a 1st order line-by-line flattening and 2nd order fits to
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flatten the surface before filtering scars. The images were then analyzed using custom code
using the scikit-image package (30) to threshold the image and segment it into the individual
DNA strands. The individual segments were then skeletonized to recover the DNA contour for
further analysis. Angles were measured by first identifying IHF as the peak along the contour,

then taking a 4px (16 nm) vector either side of a 4px window around the IHF.

Molecular Dynamics Simulations

Molecular dynamics simulations were performed using AMBER 18 (31). Linear B-DNA
molecules with sequences identical to the experimental constructs were generated using the
NAB utility; IHF and the eleven base pairs at the center of the binding site were extracted
from PDB entry 5J0N (10), manually mutated where necessary, and inserted at the relevant
location; a 61 bp section of the 1A302+IHF construct, centered on the binding site, was
extracted. The full constructs were solvated using the implicit generalized Born model with a
salt concentration of 0.2M; the 61 bp constructs were explicitly solvated using a truncated
octahedral TIP3B box and neutralized with a 0.2M-equivalent concentration of K and Cl ions.
The protein and DNA were represented using the ff14SB (32) and BSC1 (33) force fields,

respectively.

Following minimization, four 50 ns simulations were performed of the 1A302+IHF
construct using the CUDA version of pmemd, starting from the same minimized structure.
Following the observation of three populations in the experimental results, the simulation
results were clustered using hierarchical agglomerative clustering in cpptraj until three
clusters were formed. The DNA helix axis was calculated for each frame of these clusters using
WTLINE (34); this was projected onto the best-fit plane to approximate the experimental

methodology and bend angles were calculated using SerralLINE. The bend angle was defined
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as the angle between vectors joining points 30 bp apart along the helix axis, where these

vectors were separated by a further 30 bp centered on the binding site.

Hydrogen bonds were determined using cpptraj with a distance cutoff of 3.5A and an
angle cutoff of 120°, and the time-average number of intermolecular hydrogen bonds

involving each residue was calculated; in all plots, this value is capped at 1.

Free-energy Calculation

Umbrella sampling simulations were performed on the 61 bp construct in explicit solvent and
the Grossfield implementation of the weighted histogram analysis method (35) was used to
extract the potential of mean force (PMF). The simulations used pmemd’s NMR restraints
with a spring constant of 2 kcal mol"t A2 (3kT A-2); the reaction coordinates were reduced over
a series of 5ns simulations in 1A increments from their positions in the minimized structure
until the PMF was observed to increase sharply. The reaction coordinates for the left- and
right-hand sides were chosen as the distances between backbone atoms that are close
together in the crystal structure: A75 P—Prol18B Ca and A13 P-Ser19a Ca, respectively.

Generally, 300 histogram bins were used in the WHAM analysis.

For each arm, two sets of umbrella-sampling simulations were performed. In the first,
the other arm was unrestrained and allowed to bind to the protein (which it did, in both cases
within the first umbrella-sampling window). In the second, the other arm was held away from
the protein by a potential with a spring constant of 2 kcal mol* A2 if its reaction coordinate
fell below 40A. These two sets of results (which were in generally good agreement) were
considered to represent the extremes of the other arm’s position, and linear interpolation

was performed between them.
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Two-dimensional landscapes were then constructed by simple addition of energies

and multiplication of probabilities; the relative probabilities of the clusters were calculated

by integrating over the probability landscape when computed with 1A resolution, with the

allocation of grid squares to clusters weighted by the proportion of frames falling within the

square that belong to each cluster, and the probabilities were normalized to sum to 100%.

To investigate bridge formation, an identical 61bp piece of DNA was pushed towards

the IHF-DNA complex by gradually decreasing the distance between the backbone atoms

closest to their centers of mass (A55 OP2—Phe81a Ca) using a one-sided harmonic potential

with a spring constant of 2 kcal mol™® A2, Following the formation of a bridge between the

two segments of DNA, umbrella sampling as described above was used to pull the second

piece of DNA away from the protein, with the reaction coordinate until a plateau was

observed in the PMF.
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Figures and Tables
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Fig. 1. Molecular structure of IHF and DNA when canonically bound as determined by
molecular dynamics (MD) simulations. (A) Initial state for MD simulations, with the a
subunit shown in pink and the B subunit in blue; the intercalating prolines are highlighted,
and the DNA is shown in gray. (B) Final state of a representative canonical simulation. (C)
DNA constructs used in experiments with binding sites highlighted (1A302 simulated),

shown to relative scale.

Page 22 of 35


https://doi.org/10.1101/2020.04.17.047076

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.17.047076; this version posted April 18, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(A) 0A361 (no IHF binding site) (B) 1A302 (a single IHF binding site)
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Fig. 2. Atomic force microscopy (AFM) images of IHF+DNA, with and without IHF binding
sites. (A) AFM image of DNA without IHF binding site (OA361), showing minimal binding
when compared to (B) AFM image of DNA with an IHF binding site (1A302). (C) Kernel
density estimates of the contour lengths and radius of gyration of DNA + IHF, with a
significant reduction in the radius of gyration only seen for 1A302. (D) Three representative
examples of IHF binding, with a comparison of AFM (top) and molecular dynamics

simulations (bottom).
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Fig. 3. Analysis of different bending angles of IHF-bound DNA. (A) Bending angle
distribution of OA361 with IHF. There is a considerable amount (72%) of unbound DNA, with
the unbound distribution set by OA361 without IHF. The remaining peaks of the distribution
are well fitted (as shown by the reduced x? in Figure S4) by two Gaussians, representing
three substates with bending angles of ~70°, ~116°. (B) For 1A302+IHF, the two IHF-induced
substates are again present (~73°, ~108°) as well as an additional substate (reduced x? in
Figure S4) appears with a more canonical angle of ~147°. (C) Simulations of the same
construct can be classified into three clusters with mean bending angles that correspond
well with the experimental data; the relative probabilities of these clusters can be
determined from weighted-histogram analysis, which results in the free-energy landscape

(D). The clusters correspond to minima and plateaus in this free-energy landscape, and the
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observed cluster transitions provide a guide to the paths by which the system traverses the
landscape (E). The clusters can also be categorized based on the DNA—protein hydrogen
bonds present in the structure (F); while the fully wrapped DNA interacts with both subunits
of the protein on both sides, the half-wrapped DNA interacts only on the left, and the
associated state interacts primarily with the “near” subunit on each side. This right-left
asymmetry is reflected in the free-energy landscape, which features a large free-energy
change as the left-hand side binds that is not present on the right-hand side. “X-ray” refers
to the interactions present in a short explicitly solvated simulation of the 1IHF crystal

structure.
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(A) OA361 + 120 nM IHF (B) 1A302 + 120 nM IHF (C) 3A474 + 5 nM IHF

1.5

1.5 15
1.0 B 1.0 1.0
€ 3 g
0.5 & 105 = 05 =
o =y o
= - 2
0.0 0.0 0.0
—0.5 -0.5 -0.5
F
(F)__ 30
g,
S
> 20
o
= @
E
c
£ o 10
= )
o
@ o

40 50 60

Distance (A)
(G) Far left Near left Near right Far right

1
Associated
Bridge
g 4 L 0
Qoo D ooooooopo QoA [~ R-R-B-B-B-R-5-)
HANMTONODODNS UNDANOVD NONMNDO-EITUNS NTNOOIO T
a‘,h‘/"'m"""NN TTITNOOO® TETITTNOODO® c_mm—aNNN
EXVC e gy VEScCOYS DOV EVVNSD =SS vov
SFRFAdNCE=533> SOSF-550 SSScO0SSSE 90505
<p-<_4_1 40702(_’)_1_)(/) <<O§U')_J.JO< naigca

Fig. 4. AFM images of aggregates on different concentrations of IHF and different
constructs (at 1 nM). (A) With no binding site a large amount of IHF leads to some
aggregation, (B) similar to that of DNA with a single IHF binding site. (C) DNA constructs with
3 IHF binding sites form clusters larger than that of the previous constructs even at low
concentrations of IHF (D) and when the concentration of IHF is increased a three-binding-
site construct form large extended structures. (E) Bridge structure from MD simulation, (F)

Free-energy landscape, (G) Contact maps of bridge.
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Fig. 5. Model of IHF binding — bending and bridging. (A) IHF first intercalates with the DNA.
The first binding step appears to be either a loose association to the DNA (73° binding) or a
half-wrapped state (120°). Both of these can then progress to the canonical fully wrapped
state. Although not observable by our experiments, MT experiments show reversibility
between the PW and AS. states. As the associated state leaves the bottom half of IHF
unbound it can also bind to another region/strand of DNA non-specifically resulting in a
bridge. (B) A single binding site would only form a single bridge whereas (C) multiple binding

sites or a large concentration of IHF would form multiple bridges causing aggregation.
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Supplementary Materials

Table S1. Primers for DNA amplification by PCR of sequences used, amplified from phage

A
Primer Name |Sequence
OA361-F 5°- GCATCATCAAGTGCCGGTCG -3°
OA361-R 5- TGCTGTTGGTTGCACTGCTG -3°
1A302-F 5°- CAAGACACCGGATCTGCAC -3’
1A302-R 5- GCATATGATGTCTGACGCTGG -3°
3A\343-F 5 - CTTTGTGCTTCTCTGGAGTGCG - 3°
3A343-R 5" - GGCAGGGAGTGGGACAAAATTG - 3°
3\474-F 5" - GATTGCGAGGCTTTGTGCTT - 3°
3M\74-R 5 - CTACCTTTCACGAGTTGCGC - 3°
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Fig. S1. MD reproduces canonical interactions. The main DNA—protein hydrogen bonds
present in a short simulation of the 1IHF crystal structure are also present in an explicit-
solvent simulation of a straight 61bp construct and the most canonical replicas of the

302bp construct in implicit solvent. Note that the crystal structure is too short to capture

some of the far contacts.
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Fig. S2. Kernel density estimates for properties of all DNA constructs used +/- IHF. (A)
0A361, (B) 11302, (C) 31343 and (D)/3A474. For all of these the contour lengths remain the
same, but only for 11302 and 31474 do the radius of gyration and the end-to-end distance

reduce upon addition of IHF (31343 was too prone to cluster).
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Fig. S3. Angle distributions of 02361 and 12302 without IHF from AFM images. Angle
distributions for (A) 0A361 and (B) 11302 without IHF, showing a Gaussian centered around
zero with a width of 47° and 55° respectively, suggesting that the 11302 construct is slightly

more flexible, perhaps due to sequence-specific curvature.
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Fig S4. Reduced x? fits for 0A361 and 1A302 with IHF. (A) For OA361 (no binding site) the
data is fit well by either 2 or 3 Gaussians, suggesting an unbound and 1-2 bound states. (B)
For 1A302 the reduced x? is lowest for four Gaussians, suggesting that there are four states,

the fixed unbound state and three bound states.
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Fig. S5. Demonstration of independence of potentials of mean force for each arm. The
forms of the potentials for the left (left) and right (right) arms are similar whether the other
arm is free (red) or restrained (blue), suggesting that the reaction coordinates are
approximately independent. On the right-hand side, the PMF is dominated by noise in both

cases.
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Fig. S6. Values of reaction coordinates by cluster. The frames of the fully wrapped cluster
are shown in red, half-wrapped in green, and associated in blue. Gray dots represent states

present only in the first 5ns of each replica.
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Fig. S7. Cluster-vs-time for each replica. By identifying the cluster to which each frame of a

simulation belongs, the possible transitions can be observed. These are half-wrapped to

fully wrapped (replicas 1 and 2) and associated to fully wrapped (replica 4). Every replica

spends some time in the associated or half-wrapped state before transitioning to the

canonical fully wrapped state.
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