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Abstract:  
The histone-like nucleoid structuring (H-NS) protein controls the expression of hundreds of genes 
in Gram-positive bacteria through its capability to coat and condense DNA. This mechanism 
requires the formation of superhelical H-NS protein filaments that are sensitive to temperature 
and salinity, allowing H-NS to act as an environment sensor. We use multiscale modeling and 
simulations to obtain detailed insights into the mechanism of H-NS filament’s sensitivity to 
environmental changes. Through the simulations of the superhelical H-NS filament, we reveal 
how different environments induce heterogeneity of H-NS monomers. Further, we observe that 
transient self-association within the H-NS filament creates temperature-inducible strain and might 
mildly oppose DNA binding. At last, we probe different H-NS–DNA complex architectures and 
show that complexation enhances the stability of both, DNA and H-NS superhelices. Overall, our 
results provide unprecedented molecular insights into the environmental sensing and DNA 
interactions of a prototypical nucleoid-structuring bacterial protein filament. 
 
Keywords: H-NS protein, DNA binding, multiscale modeling, protein polymer, stability, 
mechanical property. 
 
 
Despite the lack of an envelope-enclosed nucleus, a bacterial cell can organize its dynamic 
nucleoid with the nucleoid-associated proteins (NAPs) in a hierarchical fashion.1-3 Many bacterial 
NAPs contribute to both the organization of the nucleoid and the control of gene expression. The 
137-residue H-NS protein4-7 abundant in gram-negative bacteria is among the 18 different NAPs 
whose three-dimensional (3D) structures were characterized. It has been investigated as a model 
system by us8-10 and others11-25. These studies showed that H-NS dimers can assemble into a 
superhelical structure and preferentially recognizes AT-rich DNA strands. On the atomistic level, 
and for reasons of feasibility, these studies concentrated on self-associations between H-NS 
domains and H-NS dimers,13, 16, 19, 26-33 or on the association between an H-NS domain and DNA.18, 

25, 34-40 It remains elusive on the molecular level how a full-length H-NS filament8 interacts with the 
DNA strand and how this complex system responds to different environmental signals. Herein, 
we endeavored to fill this knowledge gap via extensive molecular dynamics (MD) simulations of 
H-NS filaments in absence and presence of DNA. 
 
H-NS possesses three functional domains (Figure 1): An N-terminal dimerization domain (site1), 
a central dimerization domain (site2) and a C-terminal DNA-binding domain (DNAbd).41 DNAbd 
is attached to site2 via a flexible linker that contributes to DNA and autoinhibitory interactions. 



Site1 and site2 are connected through a helix, and mediate H-NS polymerization through site1–
site1 and site2–site2 associations.42 Whereas site1 dimerization is constitutive, site2 dimerization 
is sensitive to environmental changes.9, 33 Increases in temperature and/or salinity destabilize 
site2 dimerization and hence H-NS filament formation, releasing the coated DNA for gene 
expression. This environment sensing mechanism helps pathogenic bacteria optimize their 
behavior when inside warm-blood hosts, but can also be adapted to suit bacteria within other 
habitats.10 Despite the lack of full-length or DNA-bound H-NS structures, nuclear magnetic 
resonance (NMR) studies suggest that the DNAbd can move freely in the H-NS polymer, but 
attaches to site1 in the monomer.9 An earlier simulation study43 identified three possible binding 
modes between the DNAbd site of H-NS and a short AT-rich DNA strand. The most stable mode 
likely involves a full insertion of the Q112G113R114 motif into the DNA minor groove, which is 
consistent with prior solution NMR observations.41 More recently, the DNA binding modes of H-
NS and similar proteins were suggested to be switched by the addition of counter ions.24, 44 
Building on prior knowledge, we modeled the superhelical H-NS filament with full-length 
monomers in this work, to provide a comprehensive view of H-NS domain interactions, filament 
stability, environment sensing, and DNA binding. Such details are fundamental to understand 
bacterial growth45, 46 and adaptive evolution,10, 47, 48 and may inspire strategies to combat bacterial 
multidrug resistance.49 

 
Figure 1. Illustration of our filament model comprised of 12 H-NS monomers (26,067 atoms). In 
the cartoon, green, cyan, and yellow indicate the site1 (residues 1–44), site2 (resides 52–82), and 
DNAbd (residues 93–137) domains. The diameter (d=17.5 nm) and pitch (p=27.5 nm) of the right-
handed helical model (PDB templates: 3NR7 and 2L93) are labeled. Due to the flexible linker 
region, DNAbd can adopt multiple positions relative to site1 and site2 in the absence of DNA. In 
the sequence, the coloring of letters is consistent with the cartoon, with the linker regions 
annotated in black. The Q112G113R114 motif key for DNA binding is highlighted with a yellow 
background. 



 
Using the full-length H-NS sequence of Salmonella typhimurium (UniprotID: P0A1S2) and the 
superhelical filament architecture (PDB 3NR7), we first constructed the filament model of 12 full-
length monomers for a complete helical turn with periodic boundary conditions in the Z-axis (see 
SI). Given that the local root-mean-square deviation (RMSD) of H-NS monomers were stable after 
60 ns in a 200-ns simulation (Figure S1), we performed 100-ns all-atom (AA) simulations under 

three different conditions, and a 1.3-s coarse-grained (CG) simulation at a resolution of 6 CG 
sites/monomer (parameterized with H-NS dimers under the same condition, see SI). To examine 
the structural stability, we defined the global RMSD of the filament using a CG representation 
(each CG site at the centers-of-mass of residue 2-82), with the perfect superhelix as a reference. 
Averaged in the last 20 ns of two AA simulation replicas, the global RMSD of the H-NS filament 
was 2.7 ± 0.9 nm under our standard condition (0.15 M NaCl, 293 K). Our CG simulation (global 
RMSD = 2.4 ± 0.4 nm) confirmed this level of fluctuation on a microsecond timescale. Further, 
our AA simulations showed that the global RMSD of the H-NS filament was increased to 3.3 ± 1.3 
nm under high salinity (0.50 M NaCl, 293 K) and to 4.7 ± 1.3 nm under a high temperature 
condition (0.15 M NaCl, 313 K), indicating higher levels of deformation of the filament. 
Nevertheless, the helical pitch remained largely unchanged along the Z-dimension, only 
fluctuating within a narrow range between 27.4 and 27.6 nm under all three conditions. However, 
there was a 13-16% drop in the filament circumference projected on the XY-plane under a high 
salt or temperature condition (Figure 2B).  
 

 
Figure 2. (A) Top and side views of our AA filament simulations taken from a final snapshot at 
100 ns. The Cα atoms of residues 22 and 68 that were used as endpoints to define the monomer 
length are shown as spheres, color-coded per monomer (also see Figure S6).  (B) Time evolution 
(100 ns, color-coded from light, 0 ns, to dark, 100 ns) of the filament circumference projected on 
the XY plane. Knots represent the centers of mass of a monomer. The colors correspond to the 
simulation conditions with green for standard (0.15 M NaCl, 293 K), cyan for high salt (0.50 M 



NaCl, 293 K) and magenta for high temperature (0.15 M NaCl, 313 K). The same color scheme 
is used in (C) and (D). (C) Time evolution of the distance between the heavy-atom center of the 
ith and (i+6)th H-NS monomers di, i+6. As 12 monomers in each model were simulated, the six traces 
in each plot represent di, i+6 of the six pairs.  (D) The distributions of monomer length and diameters 
at the end of the simulations. 
 
During the simulations, thermal fluctuations led to deviations of the filament from the initial 
superhelix that obeyed strict crystallographic symmetry. Some monomers irregularly located 
along the filament contributed more than others to the filament deformation (Figure 2B-2C). This 
heterogeneity was apparent in the uneven distribution of monomer-monomer angles within the 
superhelix projections in the XY plane (Figure 2B) and of the superhelical half-turn distances, di, 

i+6, calculated as the distance between the heavy-atom center (using residues 2 to 82) of the ith 
and (i+6)th H-NS monomers. Both phenomena were particularly pronounced at high temperature. 
To identify the basis of this heterogeneity in H-NS filament dynamics, we analyzed the distribution 
of the monomer length (defined as the Cα distance between residues 22 and 68 which bound the 
subset of H-NS that lay near the helix, see Figure S6) and the distribution of di, i+6. High salinity or 
temperature only slightly broadened the distribution of the monomer length, consistent with the 
subtle changes we observed for the helical pitch. However, the distribution of di, i+6 after 100 ns of 
simulation was markedly broadened at high temperature, showing a heterogeneous trimodal 
shape with equally populated peaks at 5, 12 and 18 nm. In comparison the distribution showed a 
much narrower landscape with peaks at 10, 12 and 16 nm for 0.15 M NaCl/293 K. The 500 mM 
NaCl condition showed intermediate breadth with peaks at 8, 13 and 16 nm (Figure 2D). These 
results suggest that the increase in temperature and, to a lesser extent in salinity, distort the H-
NS filament. This distortion results from dynamic heterogeneities among the monomers, where 
strain is unevenly distributed along the helix.  
 
To understand the mechanism underlying the monomer heterogeneity, the domains of each H-
NS monomer were inspected. In our previous studies,9, 10 we showed that site1 dimers are 
generally more stable than site2 dimers, and that specific salt bridges in the site2 dimers (such 
as K54–E74’ and K57–D68’, where the apostrophe denotes residues from the second chain) 
mediate heat or salt–induced melting of site2. In agreement, site2 also displayed a higher 

flexibility than site1 in our filament simulations at 0.15 M NaCl, 293 K (local C RMSD were 2.2 ± 
0.1 Å and 1.8 ± 0.1 Å, respectively). Although the salt bridges K54-E74’ and K57–D68’ were 
present in the final snapshots at 100 ns simulation at high temperature or salinity, they formed 
and reformed throughout the simulation. Furthermore, the K54-E74’ and K57–D68’ salt bridges in 
the high temperature or salinity simulations showed more frequent breaking and forming when 
compared with the 0.15 M NaCl and 293 K simulations (Figure 3D). The transient loss of these 
salt bridges and the associated increase in the flexibility of the site2 backbone is likely a direct 
response of H-NS to environmental changes, causing the global deformation of the filament. 
Notably, our previous free-energy simulations suggested that the disassociation energy of the 
site2 dimer was lowered by more than 2 kcal/mol10 at high salinity (0.50 M NaCl) or temperature 
(313 K). Since the dissociation of the entire H-NS filament has a strong thermodynamic driving 
force (2xN kcal/mol where N is the number of pairs in the filament), the monomer heterogeneity 
and filament deformation observed in our AA or CG simulations may only represent the initial 
response of the H-NS filament to environmental changes. 
 
Our previous studies elucidated the molecular mechanism of H-NS autoinhibition:10 Melting of 
site2 (e.g. due to high temperature) allows the DNAbd and site2–DNAbd linker to associate with 
site1 dimers, thereby resulting in a DNA-binding incompetent form. The conformational states of 
the DNAbd in the H-NS filament have not been investigated. In all our simulations, we observed 
that in absence of bound DNA, and with intact site2 dimers, the DNAbds were mostly residing in 



proximity of the H-NS filament (~78% of DNAbds had a centroid distance below 4 nm), despite 
being flexibly attached to site2 by a ten-residue linker. Within a distance cutoff of 8 Å, most 
contacts between DNAbd and the site1–site2 fragment in the H-NS filament were polar or ionic. 
However, the interactions were transient and occurred with different binding modes. On the 
filament, contacts were contributed by residues located on the central part of helix3 that connects 
site1 and site2 (R41, E42, E43, E44, S45, A46 and A47). On the DNAbd, contacts were 
established by two stretches of residues (G104, E105, T106, K107, and G113, R114, P116, A117) 
that line one site of this domain (Figure 3B). It was previously shown that residues G113 to A117 
are involved in DNA interactions where G113 and R114 form the QGR motif.50 Thus, we speculate 
that the fuzzy self-association of the DNAbd with the filament backbone may mildly oppose DNA 
binding, and present a protection against non-specific DNA associations. The DNAbd–helix3 
interactions in the filament are however structurally different from the self-associations that block 
DNA binding in the autoinhibited dimeric form of H-NS, because in the latter the association 
involves site1 and is driven by the basic site2–DNAbd linker, which is also a key element for DNA 
binding.9, 10, 25 Increasing salinity and temperature affected the DNAbd–helix3 association 
differently compared to the standard condition (0.15 M NaCl and 293 K): DNAbd was more likely 
to contact helix3 at a higher temperature (313 K), but less likely to do so at a higher NaCl 
concentration (0.50 M). The effect of salinity is explained by providing a stronger screening effect 
that weakens the ionic and polar intramolecular contacts. The observation that temperature 
promotes the self-association may involve entropic effects favoring release of bound solvent ions.   
 

 
Figure 3. (A) Top and side views of the H-NS filament in the final snapshot of our MD simulation 
at high temperature (0.15 M NaCl, 313 K). (B) Examples of DNAbd–site1 interactions that alter 
the filament stability at 313 K. Electrostatic interactions between K107DNAbd–E43site1 and 
R114DNAbd–E42site1 were often observed. (C) Time evolutions of the monomeric backbone RMSD 
(residues 2-86, the red plot) and the corresponding DNAbd–site1 centroid distance (the blue plot). 
(D) Distribution of the sidechain N-O distances of R54 and E74’ (D1), K57 and D68’ (D2) during 
the last 20 ns at 0.15 M NaCl, 293 K (green), 0.50 M NaCl, 293 K (blue), and 0.15 M NaCl, 313 
K (red). Baseline is the initial model. 

 



Additional to potentially affecting DNA binding, we also found that the DNAbd backbinding 
reduced the stability of the H-NS filament in our simulations. We analyzed the correlation between 
the local backbone RMSD of each monomer and its DNAbd–helix3 centroid distance in all our 
filament simulations without bound DNA (Table S2). 46% of the monomers with DNAbd–helix3 
contacts showed a strong anticorrelation between the RMSD and the DNAbd–helix3 centroid 
distance, which indicates that the association of DNAbd and the filament could increase the 
backbone RMSD and induce the monomer distortion. Moreover, 63% of monomers without 
DNAbd–helix3 contacts also lacked a correlation between the RMSD and the centroid distance, 
suggesting certain independence of these two domains (see examples in Figure 3C). In other 
words, the transient interactions between the filament and the DNAbds likely distorted the 
monomer backbone, and thus deviated the H-NS filament from a perfect superhelix. This effect 
could reduce filament stability, especially at a high temperature (Figure 3A). Conversely, in a 
DNA-bound state, the same effect may be diminished and enhance filament stability, a possibility 
explored in the following. 
 

 
Figure 4. (A) Top and side views of our DNA-free and DNA-bound simulations (0.15 M NaCl, 293 
K). H-NS is in rainbow color mode and DNA is black. Specific illustration of the models of H-NS–
DNA complex is shown in Figure S7. (B) Time evolution (from light to dark) of the filament 
circumference projected onto the XY plane. Knots represent the centers of mass of a monomer 
(C) Time evolution of the distance between the heavy-atom center of the ith and (i+6)th H-NS 
monomers. (D) Cartoon illustration of DNAbd interactions with DNA in two different models. 
 
One widely accepted DNA-binding mode of H-NS is that H-NS can spread along DNA and stiffen 
the DNA molecule. In order to gain molecular insight, we built two DNA-bound H-NS filament 
models (Figure S7) with DNA bound to the interior of the superhelix (DNA-in) or to the exterior of 
the superhelix (DNA-out). After 100 ns of simulation at 293K and 0.15 M NaCl, the DNAbd 
remained in close contacts with the DNA duplex in all the DNA-bound simulations, indicating the 



high stability of the complexes. Further, the QGR motif, with the sidechains of Q112 and R114 
extended to maximize the contacts with DNA (Figure 4D), contributed significantly to the stable 
binding. We also observed other less specific interactions between DNAbd and DNA, involving 
residues like R93, K96, K120, and K121. Clearly these positively charged residues allowed 
generally binding to negatively charged DNA molecules. In addition, our observation supports the 
binding modes by QGR and R93,16 and supported that the interface of DNA and H-NS also 
extends to the site2–DNAbd linker.25 
 
DNA binding generally reduced the flexibility of the entire H-NS filament, and this effect was more 
pronounced in the DNA-out simulations than in the DNA-in simulations. This effect is supported 
by an estimation of the persistence length, L, from the H-NS filament simulations (Figure 5). 
Without DNA binding, L was reduced by increased salinity or temperature, consistent with our 
observations. With DNA binding, there was an increase in L of 9% and 130% for the DNA-in and 
DNA-out models respectively. Our estimates of L correlate with prior salt dependent force-based 
measurements of DNA elasticity.51 In those measurements, L of the DNA increased from 50 to 
130 nm with an increasing H-NS concentration. Furthermore, increased salinity resulted in a lower 
L, which we also saw in the simulations (Figure 5). In addition to changes in L, the H-NS 
superhelical structure was well preserved in the simulations of the DNA-out model, whereas the 
filament distortion was only slightly reduced in the DNA-in simulations compared with the DNA-
free simulations (Figure 4B-4C).  Thus, the H-NS filament–DNA complex was stiffer than the DNA 
molecule (with a L of ~50 nm) or the filament alone, thereby supporting the above-mentioned 
stiffening model. Comparing the DNA-in and DNA-out models and their simulations, we found that 
the DNA-in model allowed 20 times more contacts between the DNA strands and the site1, which 
could cause bending of the polymerization domain (Figure 4D1) as well as disruption of base 
pairing in DNA. Notably, we modeled an extreme case that all DNAbds of the H-NS filament were 
bound to the DNA molecule on one side of the filament. If only some of the DNAbds were bound 
to DNA in the same way, there would be less distortion in the DNA-in model. The other DNAbds 
might engage in binding to another DNA molecule, thereby producing a bridging DNA-binding 
mode. 
 
 

 
Figure 5. Persistence length of the H-NS filaments estimated from the all-atom MD simulations. 
Replica simulations are shown for each temperature, NaCl concentration, and DNA-bound state 
of the system. Error bars from the linear fits described in the SM are shown along with the average 
of the two replicas as dashed lines. 



 
With or without DNA, H-NS filaments constitute a complex dynamical system that could 
experimentally only be studied using low-resolution methods.8-10, 14, 15, 40, 51, 52 Herein, we have 
used all-atom and coarse-grained modeling to investigate H-NS filaments. Our simulations 
recapitulated the experimental observations that the stability of H-NS polymers weakens as 
temperature and salinity increase, and that this destabilization is mediated by salt bridges in site2 
dimers. Herein, the effect of salt less pronounced than the effect of temperature, in line with 
previous experimental observations.8-10 Additionally, our large-scale simulation provided atomistic 
insights into H-NS filament dynamics underlying its environment sensing function. We observed 
that the temperature- and salt-induced destabilization of the filament correlates with a marked 
conformational heterogeneity of the monomers in the filament. Monomer heterogeneity has 
already been shown as a dynamic feature related to functions in the other biological filaments like 
actin.53 Our observations of such a feature in the H-NS filament, which is structurally distinct from 
the actin filament, suggests that this is a more general feature among biological filaments. We 
also observed a tendency of the DNAbd to loosely associate with the helix3 region that links site1 
and site2 dimers in the filament. This backbinding led to strains that tended to deform the filament. 
Being based on mostly polar interactions, backbinding, and hence filament straining, was 
enhanced by high temperature, but decreased by salinity. Hence, the backbinding of the DNAbd 
might contribute to temperature-induced filament destabilization in the absence of DNA while 
conversely lead to stabilization in the presence of DNA. The fuzzy interactions with the filament 
involved the DNA-binding regions of the DNAbd, raising the possibility that this self-association is 
mildly opposing DNA binding, possibly to reduce non-specific binding. Finally, we explored two 
models for H-NS polymerization along a DNA filament. In agreement with experimental 
observations, we noted that the H-NS–DNA complex had an increased stability compared to apo-
H-NS filaments. Our investigations also revealed greater stability of the ‘DNA-out’ model, where 
the DNA strand runs on the outside of the H-NS filament superhelix, as compared to the ‘DNA-in’ 
model. Considering the enhanced stability is more attuned with the function and mechanism of 
H-NS for DNA association, the ‘DNA-out’ model may of greater biological significance. Collectively, 
our study provides unprecedented molecular insight into the dynamics, architecture, and 
environmental sensing ability of the filament stage of H-NS in presence and absence of DNA.  
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