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Chapter 27 

Deciphering Sequence-Specific DNA Binding by H-NS 
Using Molecular Simulation 

Thor van Heesch, Eline M. van de Lagemaat, and Jocelyne Vreede 

Abstract 

H-NS is a DNA organizing protein that occurs in Gram-negative bacteria. It can form long filaments 
between two DNA duplexes by first binding to a high-affinity AT-rich nucleotide sequence and extending 
from there. Using molecular dynamics simulations and steered molecular dynamics, we are able to 
determine the free energy of formation and dissociation of a protein–DNA complex comprising an H-NS 
DNA-binding domain and a specific nucleotide sequence. The molecular dynamics simulations allow 
detailed characterization of the interactions between the protein and a specific nucleotide sequence. To 
quantify the strength of the interaction, we employ an additional potential based on protein–DNA contacts 
to speed up dissociation of the protein–DNA complex. The work required for the dissociation results in an 
estimate of the free energy of dissociation/complex formation. Our protocol can provide quantitative 
prediction of protein–DNA complex stability, while also providing high-resolution insights into recogni-
tion mechanisms. In this chapter, we have used this approach to quantify the sequence specificity of H-NS 
DNA-binding domains to various nucleotide sequences, thus elucidating the mechanism with which H-NS 
can specifically bind to AT-rich DNA. 

Key words Molecular dynamics, Protein–DNA complexes 

1 Structure and Function of H-NS 

1.1 Function of H-NS H-NS is a bacterial DNA-binding protein, involved in DNA orga-
nization. Bacteria contain their genomic DNA in a distinct struc-
ture called the nucleoid. Organization of the nucleoid is mediated 
by several factors, including the so-called architectural proteins. 
H-NS is such an architectural protein and plays a key role in the 
genome organization of Gram-negative enterobacteria. Depending 
on the external conditions, H-NS structures DNA by forming 
filaments along DNA duplexes, by binding either to two separate 
DNA duplexes or to adjacent sites on the same duplex [12, 14, 19, 
43, 69, 73]. H-NS can function as a repressor of gene expression by 
binding near or at promoter regions and limiting the accessibility of 
DNA, thus regulating transcription globally [4, 54, 63]. As H-NS
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prefers to bind to foreign genetic material, it functions as a xenoge-
neic silencer and is also associated with bacterial stress resistance 
and virulence through the activation of foreign H-NS repressed 
genes in response to lethal environmental conditions [15, 20, 52, 
55]. The type and concentration of cations can switch the binding 
mode of H-NS to DNA [69]. Magnesium promotes bridging, 
while potassium can abolish DNA bridging at high 
concentrations [69].
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1.2 H-NS Structure H-NS is a 137 amino acid protein, containing two domains: the 
oligomerization domain and the DNA-binding domain (DBD). 
The first 83 residues constitute the oligomerization domain with 
two dimerization sites: a dimerization site (residues 1–30) and a 
dimer–dimer interaction site (residues 60–85) to form higher-order 
structures [3]. At low concentrations, H-NS primarily exists as a 
dimer [19]. The DBD is made up of residues 89–137, which 
consists of an antiparallel β -sheet, an α helix, and a 310 helix 
[24, 65]. According to NMR experiments on the full-length 
H-NS protein in solution, the oligomerization domain and DBD 
function independently of one another [16]. This data further 
suggests that a flexible linker connects the two domains. The loop 
of DBD (residues 112–114) contains a conserved three amino acid 
sequence: QGR [14, 16], see Fig. 1. This motif interacts with the 
minor groove of DNA in a comparable manner to other H-NS 
related proteins, such as Ler and Lsr2, according to NMR investi-
gations [2, 11, 24]. 

1.3 Binding 
Specificity 

H-NS prefers AT-rich sequences, especially those with short 
A-tracts interrupted by ApT steps [13, 25, 37]. More specifically, 
experimental studies using either protein binding microarrays or 
chromatin immunoprecipitation revealed that H-NS has a high 
affinity for AT-rich sequences with short A-tracts interrupted by 
TA steps [5, 37, 44, 51, 56, 68, 74]. Bouffartigues et al. identified a 
high-affinity binding site, 5’-TCGATATATT-3’, in the proU pro-
moter of E. coli. This motif has a high AT content with several ApT 
steps [5, 36]. In addition, changing the relative location of high-
affinity H-NS binding sites on plasmids in relation to one another 
results in different plasmid and H-NS complex topologies 
[33]. Based on known H-NS binding sites [12, 44, 52, 68]  
high-affinity sequence for H-NS contains AATATATT, with two 
ApT steps and two short A-tracts. Even though it is clear H-NS 
prefers to bind to AT-rich DNA, the extent to which molecular 
factors such as the conformation of H-NS and DNA and the role of 
ions contribute to the recognition mechanism is to date unknown. 
We aim to quantify the stability of various H-NS-DNA complexes 
in this work using a molecular simulation protocol that can provide 
quantitative prediction of protein–DNA complex stability [26].
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Fig. 1 Molecular visualization of H-NS and nine nucleotide sequences investigated in this study. The H-NS 
DNA-binding domain (DBD) is shown in teal ribbon, with the Q112, G113, R114, and R93 amino acids shown 
as atomistic representations without hydrogen atoms. The DNA constructs are shown in atomistic represen-
tation, color coded based on their AT (blue) and GC content (orange) 

1.4 Molecular 
Simulations Provide 
Highly Detailed 
Insights 

Molecular dynamics (MD) simulations complement experiments 
by modeling structures and their time evolution in atomistic detail. 
Forces between atoms are described by a set of empirical equations 
based on bonded, van der Waals, and electrostatic interactions. 
Previously, an exploration of the different binding modes of 
H-NS to a high-affinity nucleotide sequence and an estimate of 
the associated rate constant have been reported [62]. By means of 
MD simulations, three types of binding for H-NS to AT-rich DNA 
were identified: backbone bound, partially inserted, and fully 
inserted into the minor groove [62]. H-NS interacts with the 
DNA through a conserved QGR motif, aided by a conserved 
arginine at position 93. The QGR motif interacts first with phos-
phate groups, followed by the formation of hydrogen bonds 
between acceptors in the DNA minor groove and donors in the 
side chains of either Q112 or R114. After R114 inserts into the



minor groove, the rest of the QGR motif follows. Full insertion of 
the QGR motif in the minor groove is stable over several hundreds 
of nanoseconds and involves hydrogen bonds between the nucleo-
bases and both backbone and side chain atoms of the QGR motif. 

588 Thor van Heesch et al.

However, the slow binding/unbinding dynamics in the 
order of microseconds to seconds only allows for qualitative pre-
dictions, as most of the simulation time is spent in a stable state. 
Quantitative predictions, such as the rate constant associated with 
the binding of H-NS to DNA, require many transitions from one 
stable state to another. Assuming a binding rate constant in the 
order of 106 M-1 s-1 , observing a single transition would require at 
least 1μs of molecular dynamics simulation in explicit solvent. A 
reasonably accurate estimation of the rate constant, therefore, 
would require simulation times in the order of seconds, which is 
currently not feasible. Focusing on the transition regions by avoid-
ing long waiting times in stable states enables a directed and effi-
cient sampling of the transitions [50]. Path sampling techniques 
achieve this focusing on the transitions by performing an important 
sampling procedure in trajectory space [50, 61]. New relevant 
paths are generated by running relatively short MD trajectories 
within the transition region, providing a speed-up of several orders 
of magnitude [17, 61]. Replica Exchange Transition Interface 
Sampling simulations provided predictions of the mechanism and 
rate constant of H-NS binding to DNA [62]. The rate constant for 
the process of H-NS binding to AT-rich DNA resulting in full 
insertion of the QGR motif is in the order of 106 M-1 s-1 . This 
estimate took several months of computation to complete. 

A faster way of enhanced sampling can be achieved by adding 
an additional potential to drive the system along a reaction coordi-
nate, i.e., exploring both more conformations and more transi-
tions. This so-called biasing potential can be implemented in 
various ways in order to predict the free energy difference between 
the bound and unbound states of protein–DNA complexes, such as 
adaptive biasing force [75], metadynamics [21, 66], alchemical 
sampling [22, 23], umbrella sampling [48, 72], and steered molec-
ular dynamics [32]. For such approaches to be successful, the 
biasing potential has to resemble the reaction coordinate closely. 
If the biasing potential is sufficiently close to the underlying free 
energy surface, these approaches can provide a reliable estimate of 
the free energy and can predict transition pathways [7]. As a conse-
quence, each protein–DNA complex requires a specific biasing 
potential, which may complicate the comparison of different sys-
tems. Moreover, studies that have not compared multiple DNA 
sequences cannot guarantee that the biasing method can ade-
quately distinguish sequence-specific interactions and the asso-
ciated recognition mechanisms. Here we use an efficient and 
generalizable simulation protocol to characterize and quantify 
H-NS in complex with various different nucleotide sequences



[26]: Starting with the high-affinity sequence 5’-GCAATATA 
TTGC-3’, the sequence is capped with GC base pairs at both 
ends to lower the probability of base opening at the DNA ends. 
In addition, we tested three nucleotide sequences hypothesized to 
have lower affinity, based on GC content. The high-affinity 
sequence is changed into GC to assess the impact of GC content 
and its positioning with respect to the H-NS binding motif. Two 
sequences have half of the high-affinity sequence changed into GC, 
starting from 5’ or 3’, resulting in 5’-GCGGCGTATTGC-3’ and 
5’-GCAATACGCCGC-3’. Also, the complete GC-analogue was 
considered: 5’-GCGGCGCGCCGC-3’. In addition, we also 
examined several artificial and extreme sequences: an A-tract 
sequence represented as 5’-GCAAAAAAAAGC-3’ and a G-tract 
5’-GCGGGGGGGGGC-3’. We also included an ApT step 
repeat sequence, 5’-GCATATATATCC-3’, its GC counterpart, 
5’-GCGCGCGCGCGC-3’, and finally, we added a GpT steps 
sequence, 5’-GCGTGTGTGTGC-3’, as a hybrid of the ApT and 
GpC sequences. Table 1 lists the sequences investigated in this 
work. 
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Table 1 
Overview of nucleotide sequences of dsDNA with full name, sequence, and 
labels used for reference in the rest of this chapter 

Name Sequence Label 

High affinity 5-GCAATATATTGC-3 Haff 

Half GC-analogue 5’ 5-GCGGCGTATTGC-3 5GC 

Half GC-analogue 3’ 5-GCAATACGCCGC-3 3GC 

GC-analogue 5-GCGGCGCGCCGC-3 GCa 

A-tract 5-GCAAAAAAAAGC-3 Atr 

G-tract 5-GCGGGGGGGGGC-3 Gtr 

GT-steps 5-GCGTGTGTGTGC-3 GpT 

AT-steps 5-GCATATATATGC-3 ApT 

GC-steps 5-GCGCGCGCGCGC-3 GpC 

Another crucial element in our study was the choice of cations 
for solvation. While magnesium is recognized for promoting bridg-
ing in H-NS [42], this research exclusively examines H-NS DBD 
binding; hence, no bridging can transpire. However, understand-
ing magnesium’s role in binding affinity remains interesting to 
investigate. Therefore, we investigated all sequences under two 
different ionic conditions: one with 50 mM KCl and another con-
taining 10 mM MgCl2.
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2 Methodology 

2.1 Molecular 
Dynamics 

We used eighteen systems in this study, the DNA-binding domain 
of H-NS (later referred to as H-NS) in complex with nine different 
nucleotide sequences, listed in Table 1, with either Mg2+ or K+ as 
cations. We performed Molecular Dynamics (MD) simulations of 
these systems in explicit water with either potassium chloride or 
magnesium chloride. H-NS’s initial structure was taken from the 
solution NMR structure of the DNA-binding region of Salmonella 
typhimurium of H-NS-like protein Bv3F (residues 91–139, PDB 
code 2L93) [24]. An acetyl cap was placed on the N-terminus to 
neutralize its charge, since this domain is connected to a linker in 
the full-length protein at the N-terminal end. Coordinates of H-NS 
bound to the minor groove of the high-affinity 12-bp strand of 
dsDNA were obtained from earlier work [62]. To obtain an initial 
conformation of H-NS bound to these sequences, the high-affinity 
sequence with H-NS bound has been rebuilt with Web 3DNA 2.0 
while preserving the dsDNA backbone geometry [40]. 

Preparation of the system for MD simulations consisted of 
placing either the bare DNA or H-NS bound to DNA in a periodic 
dodecahedron box, with the box boundaries at least 1.2 nm from 
the system, resulting in simulation boxes with edges of 7 nm or 
larger, followed by the addition of water molecules. To mimic 
experimental conditions [24] and neutralize the system, we added 
50 mM KCl or 10 mM MgCl2 by replacing water molecules with 
ions. Interactions between atoms are described by the 
AMBER14sb-parmbsc1 force field [31, 45] in combination with 
the TIP3P water model [35]. We selected this particular force field 
as it covers topologies for both amino acids and nucleotides and 
provides good representations of the static and dynamic properties 
of DNA under a diverse range of conditions [31]. For non-bonded 
interactions, both van der Waals and electrostatic, we used a cutoff 
at 1.1 nm. Long-range electrostatic interactions were handled by 
the Particle Mesh Ewald method [9, 18] with a grid spacing of 0.12 
nm. To remove unfavorable interactions, we performed energy 
minimization using steepest descent. By applying position 
restraints on the heavy atoms of the protein and DNA with a 
force constant in each direction of 1000 kJ/mol nm2 and 
performing 0.1 ns of MD at a temperature of 298 K and a pressure 
of 1 bar, we relaxed the water and ions around the initial structures. 

After preparation, we performed 3 ×1μs MD runs for the DNA 
bound and unbound with H-NS, varying initial conditions by 
assigning new random starting velocities drawn from the Maxwell– 
Boltzmann distribution at 298 K. All simulations were performed 
with GROMACS, version 2021 [1, 70], at a locally maintained 
cluster, with the leap-frog integration scheme and a time step of 
2 fs, using LINCS [27] to constrain bonds in the protein and
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SETTLE [49] to constrain water bonds. All simulations were per-
formed in the isothermal–isobaric ensemble at a pressure of 1 bar, 
using the v-rescale thermostat [8] and the isotropic Parrinello– 
Rahman barostat [53, 59]. 
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2.2 Steered 
Molecular Dynamics 
Settings 

The steered molecular dynamics (SMD) simulations in this work 
were carried out using the open-source PLUMED library [10], 
version 2.7.2 [67] in combination with GROMACS, version 
2021 [1, 70]. Preparation of the systems consisted of the exact 
same procedure as the MD simulations. In addition, to prevent 
jumps in the pulling coordinate, interactions between periodic 
images were switched off for the pulling coordinate, while for 
other interactions periodic boundary conditions were taken into 
account. 

The minor groove of dsDNA contains mainly hydrogen bond 
acceptors, except for guanine, and the DNA-binding motif in 
H-NS contains mainly hydrogen bonds donors. Previous work 
has identified a promising quantitative descriptor to follow the 
interaction between DNA and H-NS by counting the number of 
contacts between hydrogen bond acceptors in the minor groove of 
DNA, labeled i, and hydrogen bond donors in the QGR motif of 
H-NS, labeled j [62]. For each pair ij, we define a contact cij with 
the expression: 

cij = 

1 ðrij - d0Þ<0 

1- ðrij -d0 
r0 

Þnn 

1- ðrij -d0 
r0 

Þmm if ðrij - d0Þ≥0 
ð1Þ 

where rij is the distance between atom i and atom j, located in the 
DNA and H-NS, respectively. The parameters r0 =0:4 nm, 
d0 =0:25 nm, nn=2, mm =4 have been chosen such to count 
contacts at hydrogen bond distance (<0:35 nm) as 1 and contacts 
at 0.7 nm as 0.5. This provides a smooth and descriptive function 
that can discriminate between the different binding modes. Sum-
ming all contacts for all pairs results in the contact map parameter 
CQGR-minor : 

CQGR-minor = 
NH -NS  

j =1 

NDNA 

i =1 

cij ð2Þ 

where NDNA and NH -NS  are the number of interaction sites in the 
DNA and in H-NS. In this contact map, hydrogen bond donors in 
Q112, G113, and R114 have been included. In addition, we 
calculated the number of contacts between hydrogen bond donors 
in R93 (atoms N, NZ, NH1, and NH2) and hydrogen bond 
acceptors in the minor groove of the AT bases CR93-minor . T  
discriminate between different binding modes, a contact map 
parameter cj is also computed for each hydrogen bond donor j in
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the QGR motif, separately, with respect to the hydrogen bond 
acceptors in the minor groove of the DNA: 

Cj = 
NDNA 

i =1 

cij ð3Þ 

with j indicating the atoms Q112-N, Q112-NE2, G113-N, 
R114-N, R114-NZ, R114-NH1, R114-NH2 in the QGR motif. 
Note that any type of contact can be included. We decided to limit 
the number of contact points per nucleobase to one, to enable 
comparison between different sequences. 

To steer the system along this contact map from the fully 
inserted (FI) state to a dissociated state, the parameters in the 
switching function were adjusted to r0 =3:0 nm, d0 =0:3 nm, 
nn=1, mm=12 [26]. Now the contact map follows a linear 
trend instead of a rational decay over a range of about 2 nm and 
asymptotically decays to zero after 3 nm. This modification ensures 
a constant displacement of each contact throughout the pulling 
simulation. The high contact count represents the FI state of H-NS 
bound to the DNA and the lower bound to a state of where H-NS 
is dissociated from the backbone of the DNA (BB). To distinguish 
between the two types of contact maps, we refer to the initial 
parameters resulting in smooth decay of the contact map as 
CQGR-minor , and the adjusted linear contact map used during the 
pulling of the steered MD simulations as λ. The final pulling coor-
dinate, λ, is defined along the normalized linear contact map range 
with 1.0 referring to the FI state and 0.0 to the DNA dissociated 
BB state of the protein–DNA pair. The system is constrained to the 
pulling coordinate with a harmonic potential: U = k 2 ðr - λðtÞÞwith 
k the force constant, set to 500 kJ mol-1 nm-2 , and r the coordi-
nates of the system. The pulling coordinate λ is changing with a 
constant velocity. In the linear contact map space, λ, we steer the 
system from 108 to 65 contacts, which is equal to a contact count 
of 39 and 10 with the parameters previously used [62]. 

For each system, we performed 30 100 ns SMD simulations (see 
Table 2) and obtained the corresponding work-λ curves. From 
these simulations, we can obtain an estimate of the free energy 
difference ΔG by computing the potential of mean force (PMF, 
indicated by the symbol Φ ) from the exponential average work 
required for dissociation in each system by applying the Jarzynski 
equality [34] as  

Φ≈ - 1 
β 
lnhe- βw0→ τi ð4Þ 

where β = 1/kB T, with T the temperature and kB Boltzmann’s 
constant, and the total work, w, is the sum of the work done in each 
interval along the initial state, 0, to the final state, τ.
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Table 2 
Steered Molecular Dynamics Simulation Results. 30 runs of 100 ns each 
were initialized per system. Completed indicates the number of runs used 
for the SMD analysis, broken lists the number of runs that are pruned due 
to nucleobase H-bonds broken for more than 5% simulation time 

K+ Mg2+ 

Sequence Completed Broken Completed Broken 

3GC 26 4 26 4 

5GC 28 2 23 7 

Atr 28 2 24 6 

ApT 26 4 25 5 

GCa 25 5 26 4 

GpC 25 5 27 3 

GpT 20 10 23 7 

Gtr 26 4 23 7 

Haff 23 7 22 7 

As an error measure, we also computed the standard deviation 
over all work-λ curves, which can be expressed as the square root of 
the variance and when weighted with β as 

σ = β 
2 

hw2i- hwi2 ð5Þ 

Finally we define 

Δw # wmax -wmin ð6Þ 

over the PMF as an estimate of the free energy difference between 
the H-NS—DNA complex and free H-NS [26]. 

2.3 Analysis During the MD simulations, the frames were stored every 50 ps and 
the first 200 ns of the MD simulations were not included in the 
analysis to ensure distributions are taken from equilibrated ensem-
bles. The GC-caps at the 5’ and 3’ ends are excluded from analysis. 
Various geometric parameters based on the CQ  GR-minor contact 
map described above were computed with in-house Python scripts 
[71]. In addition, we calculated the number of hydrogen bonds 
between the base pairs of the DNA using Python library MDtraj 
[47]. We computed the minor and major groove width of the 
DNA, as well as the ion densities as cylindrical radial distributions 
around the DNA grooves based on to the Curves+ and Canion 
definitions [38, 39, 60]. The only difference from the Canion 
calculations concerning the ion distributions is that we employed



a cutoff in the shape of a cylindrical section around the reference 
frame of each base pair. This section has a height of 0.34 nm, 
corresponding to the typical distance of a base pair rise step. Fur-
ther analysis consisted of visual inspection and generation of snap-
shots in VMD [30]. 
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Finally, to identify simultaneous interactions of ions with both 
DNA and protein, we first identified the atom furthest from the 
alpha carbon (Cα) in the side chain of each amino acid residue in 
the protein. This atom served as a representative of the side chain 
for subsequent analyses. For all the DNA bases, we selected the N1 
or N9 atoms based on whether the base was a pyrimidine or purine, 
respectively. These atoms were chosen as they are located at the core 
of the groove or near the helical axis of the DNA. Next, we 
computed the distances between the ions and the representative 
atoms of the protein side chains and DNA bases. A contact was 
counted if the distance was below a specified cutoff of 0.8 nm. By 
comparing the contact matrices for protein–ion and DNA–ion 
interactions, we determined the frames where an ion simulta-
neously makes contact with both a protein side chain and a DNA 
base. Subsequently, we aggregated the results to derive the fraction 
of ion-mediated contacts between protein side chains and DNA 
bases throughout the trajectory (value between 0 and 1). This 
methodology can offer a clear depiction of the regions in the 
protein–DNA complex where ions act as bridges, facilitating inter-
actions between the protein and DNA. This approach enabled us to 
systematically pinpoint and quantify the regions in the protein– 
DNA complex that are frequently influenced by ion-mediated 
interactions. 

3 H-NS Binds Differently to AT-Rich DNA and GC-Rich DNA 

To investigate the interactions between H-NS and various nucleo-
tide sequences, we performed microsecond long MD simulations 
of H-NS bound to nine different nucleotide sequences, represent-
ing a spectrum from AT- to GC-rich DNA, see Table 1 and Fig. 1. 
All systems were investigated at two ionic conditions: 50 mM KCl 
and 10 mM MgCl2. 

3.1 Contacts 
Between H-NS and 
DNA 

H-NS binds DNA with a conserved motif, consisting of three 
residues: QGR. Figure 2 shows the distribution of the number of 
contacts between hydrogen bond acceptors in the minor groove 
and the hydrogen bond donors in the QGR motif as violin plots. 
Figure 1 lists the molecules used in this study. In all simulations, 
H-NS stays bound to the DNA, as evidenced by the contact count 
ranging from 25 to 45. The probability distributions of the contact 
count differ for each system, and also having either K+ or Mg2+ as 
cation present results in differences. However, the broader



distribution with peaks between 30 and 40 contacts is observed for 
the GC-rich sequences. In addition the AT-rich sequences contain 
less variance with a high density peak at 40 contacts. The increased 
variance in the GC-sequences suggests the FI state is less stable than 
in the sequences that contain AT base pairs. 
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Fig. 2 Analysis of fully inserted (FI) state based on the cumulative MD 
simulations of 3× 1 μ s. The top row shows for each sequence the total 
number of contacts between the QGR motif and minor groove as CQGR with 
the left wing in the presence of 50 mM KCl and the right wing 10 mM MgCl2. The 
following rows show CQGR decomposed into the contribution of the individual 
residues, Q112, G113, and R114, respectively, with the addition of minor groove 
contacts of R93 

By decomposing the CQGR-minor count, we investigated the 
contribution of individual residues in the binding motif, see CR114, 
CG113, CQ 112, and CR93 in descending order in the panels of Fig. 2. 
R114 populates for the Haff, 5GC, ApT, and Atr sequence a stable 
binding mode of 20 contacts or higher, while the GC-rich 
sequences populate lower regions as well, indicating the arginine 
has more freedom to move and may be less tightly bound to the 
minor groove. This trend of a less stable binding mode of R114 
seems to progress in the order Haff → 5GC → 3GC → GCa, 
which coincides with increasing GC content at the position where 
R114 binds. 

The number of contacts of G113 is much lower, as it has only a 
single hydrogen donor as opposed to the four hydrogen bond 
donors in R114. However, for the G-tract and the GpC sequence,



the contact count approaches zero. For Q112 the same trend of 
broader distributions for GC-rich DNA is observed, with the 
G-tract and GpC sequence even sampling near zero contacts. For 
the A-tract the distribution seems slightly broader compared to the 
lower variance peaks of the other sequences. The ApT sequence 
shows an extremely low-variance high contact count of around 
10 contacts for Q112. 

596 Thor van Heesch et al.

Not much difference occurs between the two ionic conditions, 
as all left and right wing distributions in the violin plots look 
symmetric. However, for R93 we observe a contact count between 
5 and 12, which is lower than for R114, indicating that R93 makes 
contact with the DNA but does not enter the crevice of the minor 
groove. In some systems R93 has a higher number of contacts, at 
around 20. R93 has entered the minor groove in these conforma-
tions. These observations suggest that R93 has various binding 
modes. The violin plots show different distributions for the R93 
contacts with DNA under the presence of KCl or MgCl2 . 

3.2 Conformational 
Differences 

Figure 3 shows the minor and major groove widths of the DNA 
with and without H-NS bound. The different nucleotide sequences 
all show distinct patterns depending on their sequence: Adenine 
(A) and Thymine (T) sequences consistently exhibit narrower 
minor groove widths in comparison to their Guanine (G) and 
Cytosine (C) counterparts. Particularly, sequences containing 
A-tracts stood out with the narrowest minor groove width. The 
high-affinity sequence and the GC-analogue with symmetric

Fig. 3 Average minor and major groove widths of DNA sequences with and without H-NS bound. The solid line 
indicates the presence of the K+ ions and the dotted lines Mg2+ ions. On the x-axis the nucleotide sequence of 
the leading strand is shown, with the exception of the GC-caps at the 5’ and 3’ ends. The average standard 
deviation of both the minor and major grooves is consistently around 0.15 nm, irrespective of the sequence 
and ionic condition



sequences both display a symmetric shape. However, the 
GC-analogue displayed a wider groove. The GpT step sequence 
reveals a rugged sine-like minor groove width pattern. The GpC 
system shows a similar shape, with a diminished amplitude. The 
minor groove widths in the ApT and A-tract systems are the same 
throughout the sequence, except for the base pairs neighboring the 
GC-caps (placed on all sequences). Notably, the G-tract contains 
the largest minor groove. In terms of major groove widths, AT-rich 
DNA sequences have a wider major groove than the GC-rich 
sequences. The major groove width is smooth over the sequence 
for most systems, with two exceptions: The AT-rich sequence dis-
plays two distinct dips at positions 4 and 8, and the GpC major 
groove appeared more irregular.
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The binding of H-NS induces a universal trend across all 
sequences: an increased minor groove width on the 5’ half. This 
can be attributed to the binding of Q112 to the DNA. The impact 
of this binding is especially pronounced in AT-rich sequences. Their 
minor groove width expands from around 0.45 nm to up to 0.8 nm 
when H-NS binds. While GC-rich sequences also exhibit a widen-
ing from around 0.6 to 0.8 nm, the G-tract and GpC sequences 
show a more rugged profile for the minor groove width when 
H-NS is bound, though hardly any significant widening occurs. 
In terms of the major groove, some narrowing occurs when H-NS 
was bound to the DNA, albeit less pronounced than the changes in 
the minor groove. 

Ionic conditions introduce small variations in groove widths. 
For unbound DNA, the presence of Mg2+ ions slightly reduces the 
minor groove width, specifically in the G-tract and GpC sequence. 
For DNA bound with H-NS, the differences in both minor and 
major groove widths are more pronounced between Mg2+ and K+ 

ions. However, the intrinsic shapes of the grooves remain consis-
tent within each nucleotide sequence. It is worth noting that in the 
presence of Mg2+ , the major groove appears slightly narrower, 
especially for the GC-rich sequences of 5GC and 3GC, as well as 
for GpC and the right half of the A-tract. 

In conclusion, our findings suggest that DNA sequences with 
inherently narrow groove widths (AT-rich sequence) are more 
susceptible to deformation by H-NS than those with wider grooves 
(GC-rich sequences). Furthermore, while ionic conditions do influ-
ence groove widths, the effects are small, with specific variations 
observed based on the type of ion and DNA sequence. 

3.3 Ion DNA 
Densities 

To investigate the effect of potassium and magnesium ions, we 
looked at the location of the ions in the system. Experimentally, 
discerning the frequency of ion binding to DNA, especially for K+ 

ions, poses significant challenges. This is primarily due to the 
difficulty in distinguishing water from monovalent ions, even at 
high resolutions [28, 29, 39]. Previous studies have indicated that



the binding frequency of monovalent ions to specific DNA sites has 
been a topic of debate. However, results obtained using other ions, 
which might be less biologically relevant but are easier to locate 
experimentally, such as thallium or ammonium (both reasonable 
models for potassium cations), have demonstrated that monovalent 
ions can bind both in the major groove (favoring GC-rich regions) 
and in narrow minor grooves, such as A-tracts [28, 29]. DNA, 
being a flexible macromolecule with a helical conformation, easily 
undergoes deformations such as bending, twisting, and stretching 
within the timescale of our long MD simulations. While obtaining a 
general view of ion distributions by superimposing instantaneous 
DNA conformations from successive snapshots is feasible, the 
inherent motions of the double helix can lead to a “blurring” effect 
in the distributions of ions that have strong interactions with DNA. 
An alternative approach involves counting ion contacts with specific 
DNA atoms using a predetermined distance cutoff. While this 
method provides valuable local information, this approach is not 
well-suited for ions positioned or fluctuating between atom clus-
ters, and also not ideal for analyzing overall distributions. 
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Our results are presented as cylindrical radial distributions of 
the ions in Fig. 4. The term cylindrical radial distributions refers to 
the way ions are distributed around the dsDNA strand, visualized as 
if the DNA were the central axis of a cylinder [39]. This density 
projection shows how close or far the ions are from the DNA’s 
central helical axis. This representation offers a comprehensive 360° 
view of ion distribution around the DNA. In each circular panel the 
minor groove of the DNA is located in the bottom half of the circle,

Fig. 4 Ion distributions averaged over 3× 1μs MD simulations of DNA with H-NS bound and unbound to the 
respective DNA systems. Each panel shows 2D distributions projected in x - y plane along the principle 
helical axis (untwisted) of the dsDNA strand. In this representation the top and bottom halves of the circular 
panel correspond to the major and minor grooves. The dotted concentric circles mark distance to the center of 
the DNA helix at radii of 1.025 nm and 2.825 nm. The GC-caps were excluded from this analysis



while the major groove is situated in the top half. To aid in inter-
pretation, the maximum radius represented in the figure is π 
nm. Additionally, two dotted concentric circles are included: an 
inner circle with a radius of 1.025 nm, representing the inner part 
of the DNA within the grooves, and an outer circle with a radius of 
2.825 nm, signifying the external part of the DNA [39, 60]. In all 
systems containing K+ , the ions show pronounced high-density 
regions at both the minor and major grooves. However, a dimin-
ished density is visible in the major groove of AT-rich sequences, 
especially in Haff and ApT, and to a lesser degree in the GpT 
sequence. The G-tract sequence stands out with the highest density 
hot spot, broadest distribution at the major groove, and the most 
reduced minor groove density among the unbound K+ sequences. 
When H-NS is bound, a significant reduction in the minor groove’s 
density is observed, with the bottom half displaying less diffusive 
densities. Yet, the trend of increased major groove densities in 
GC-rich sequences and diminished densities in AT-rich sequences 
remains consistent. In the case of Mg2+ with unbound DNA, the 
major groove consistently exhibits increased densities for GC-rich 
sequences and reduced densities for AT-rich sequences. The minor 
groove’s density remains relatively consistent across sequences, 
with notable exceptions in GpT, ApT, and Atr, where distinct 
smaller clusters are noticeable. When examining Mg2+ densities of 
the bound complex, a marked reduction in densities within both 
the minor and major grooves compared to unbound DNA is evi-
dent. However, a subtle increase in more diffusive density is 
observed around the edges, aligning with the DNA phosphate 
backbone. Again, also for Mg2+ the trend of heightened densities 
in GC-rich DNA sequences remains consistent. Overall, K+ ions 
have a higher concentration of 50 mM, in contrast to Mg2+ at 
10 mM. However, the density range for K+ is observed to span 
from 0 to 0.2, whereas Mg2+ displays a range from 0 to 0.5. Nota-
bly, the density distribution of K+ ions is more dispersed, with the 
density only becoming zero at considerable distances from the 
DNA’s central axis. This dispersed distribution can be attributed 
to K+ ’s monovalent nature and its tendency to retain a hydration 
shell, leading to weaker direct interactions with DNA. In stark 
contrast, Mg2+ densities are more localized, predominantly within 
and around the grooves. The divalent nature of Mg2+ allows it to 
form stronger electrostatic interactions with the DNA’s phosphate 
backbone, and its ability to shed its hydration shell more readily can 
explain this localized presence. Furthermore, the diffusion constant 
for Mg2+ is notably lower, being more than twice lower than that of 
K+ , 0.706 and 1.957 [10-5 cm2 /s], respectively [6, 41]. This dif-
ference in diffusion constants can be ascribed to their respective 
charges and sizes, with the Mg2+ ion’s smaller size and higher 
charge leading to stronger interactions with surrounding mole-
cules, thus reducing their mobility.
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3.4 Ion-Mediated 
Contacts 

To further explore the hypothesis of ion mobility and their inter-
actions with the environment (including the presence of H-NS) on 
the ion binding patterns and distributions as observed in the differ-
ences between bound and unbound DNA, we investigated whether 
the ions interact with both the DNA and protein simultaneously. 
The resulting heat maps of ion-mediated contact frequencies for all 
FI systems are depicted in Fig. 5. Two main findings become 
evident, located near the N-terminus, the NED group is conserved 
in the H-NS family [69]. This group comprises both negatively 
charged amino acids—glutamic and aspartic acid (positions 
101 and 102)—and the polar but uncharged asparagine. For K+ , 
the signal is relatively weak, with a slight increase observed at Atr 
compared to other sequences. In contrast, for Mg2+ , the contact 
fraction (CF) is consistently higher. Notably, sequences like Haff,

Fig. 5 Heat maps of ion-mediated contacts between H-NS and DNA as a function of the fraction of the total 
simulation time with the K+ in blue and Mg2+ in red. On the x-axis the N1/N7 indices of each nucleobase are 
oriented from 5’ to 3’ for the leading strand followed by the atom indices from 3’ to 5’. The top two rows show 
the ion densities of K+ of the bare DNA and H-NS-DNA complex, and similarly the bottom two rows show the 
Mg2+ densities of the unbound and bound DNA. The color bar indicates the contact fraction, ranging from 
0 to 0.35, under both ionic conditions. Protein residues are labeled using a one-letter code on the y-axis, with 
labels only provided for residues that exhibit a signal, ranging from the capped N-terminus at the top to the 
C-terminus at the bottom



5GC, 3GC, and GpT exhibit the highest signals, reaching up to a 
CF of 0.35. This suggests that a magnesium ion is in contact with 
this negatively charged amino acid group and the DNA for over a 
third of the simulation time. Furthermore, this interaction appears 
to be localized predominantly to one DNA strand. In the K+ heat 
maps, a signal is evident at the QGR binding motif located centrally, 
interacting with both DNA strands. This is in contrast to the Mg2+ 

interaction, which seems to be more localized to the backbone of 
one of the two strands. However, no discernible trend or difference 
is observed among the various nucleotide sequences. Figure 6 pro-
vides a representative snapshot of the high-affinity sequence with 
Mg2+ present. Here, the Mg2+ ion appears trapped between the 
negatively charged phosphate groups of the DNA and the NED 
motif. Additionally, the proximity of K107 and A117 to this 
ion-mediated contact is evident, which explains the pronounced 
signals associated with these amino acids in the heat maps, since 
their spatial arrangement near the NED group and the point where 
H-NS approaches the DNA is noteworthy.
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Fig. 6 MD snapshot of the high-affinity DNA sequence (blue) bound by H-NS (teal) in the presence of 50 mM 
MgCl2 (water and Cl

- ions not shown) together with a close-up of the NED motif trapping an Mg2+ ion (pink) 
between the backbone of the DNA phosphate groups (orange). In addition, the atomic structures of the A117, 
K107, D101, E102, and N103 amino acids are shown and labeled 

3.5 Quantifying the 
Binding Specificity of 
H-NS 

In the previous sections we have been able to provide qualitative 
information about H-NS in complex with various nucleotide 
sequences, and characterized the way these complexes differ. To 
distinguish sequence-specific interactions and understand the 
corresponding recognition mechanisms, a simulation protocol 
was applied to quantify the nucleotide-specific binding affinity of 
H-NS in terms of the potential of mean force (PMF) associated 
with the dissociation of the studied protein–DNA complexes.
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From the CQGR-minor contact maps in the FI state, which 
sample a comparable range of contact counts and in which H-NS 
has not dissociated from the DNA for either sequence, 30 random 
configurations were selected where the CQ -minor and CR-minor 

contact counts were 10.25 ± 0.125 and 23 ± 0.25, respectively. 
These configurations were used as input for steered molecular 
dynamics (SMD) simulations. Note that not all 30 runs are 
included. Table 2 lists the number of runs after excluding runs 
with distorted DNA. The cumulative work required for the disso-
ciation of H-NS along the linear contact map, denoted by λ, was 
measured as the pulling coordinate, as described in the methods 
section. Utilizing Jarzynski’s equality, Eq. (4) [34, 57, 58], the 
non-equilibrium work-dissociation curves were converted into 
equilibrium free energy. Additionally, the standard deviation of all 
individual work-dissociation curves was computed as an error 
measure. 

Figure 7 shows a comparison between PMFs for H-NS dissoci-
ation from the different nucleotide sequences. For easy compari-
son, we also listed the relative binding affinities Δw computed for 
each nucleotide sequence, as well as the difference between 
sequences with respect to the high-affinity sequence:

Fig. 7 PMF along CQGR -minor  showing the Boltzmann-weighted average work plot ln < exp w > (solid lines) 
and average work <w > (dotted lines) for each system, with blue indicating high affinity and orange 
GC-analogue. The standard deviation σ of the PMF is indicated by the shaded areas. The first row displays bar 
plots of the Δw values, with standard deviation shown for each sequence, and the K+ and Mg2+ as 
environmental conditions represented in lighter and darker colors, respectively. The subsequent panels of 
the PMF profiles are plotted, with the x-axis representing the pulling coordinate advancing from the FI state 
(λ= 1:0) to a dissociated state where the QGR motif is no longer in contact with the DNA (unbound state, 
λ= 0:0), for both ion conditions (K+ and Mg2+ ). The dotted lines depict the average of the work profiles, and 
the opaque area surrounding the solid Boltzmann average indicates the standard deviation. The sequences are 
ordered from AT-rich to GC-rich and revert to AT-rich sequences. A higher Δw value signifies a greater 
binding affinity of H-NS to the respective nucleotide sequence



ΔΔw=ΔwHaff -Δwother. These values are also listed in Table 3. 
Previous observations in Fig. 2 indicated a destabilization of the 
R114 contacts when the high-affinity sequence was progressively 
changed to the GC-analogue. Under both ionic conditions the 
relative binding affinities follow a similar pattern: Haff > 5GC > 
3GC > GC-analogue. Additionally, the differences between the 
ionic conditions lie within the error range, except for the 
GC-analogue where the Δw is significantly lower for Mg2+ com-
pared to K+ . These observations lead to the conclusion that the 
interactions of R114 with the AT-rich sequences predominantly 
contribute to the increased binding affinity, further supported by 
the observation that the groove width is considerably smaller for 
AT-rich DNA, thus enhancing the electrostatic interactions 
between the DNA’s minor groove and the positively charged argi-
nine residue.

Sequence-Specific DNA Binding by H-NS 603

Table 3 
Δw predictions in kcal/mol from the SMD simulations under K+ and Mg2+ 

conditions. The ΔΔw values are computed with respect to the high-
affinity sequence: ΔΔw =Δw Haff -Δw other 

Δw ΔΔw 

System K+ Mg2+ K+ Mg2+ 

Haff 19.9 19.8 0.0 0.0 

5GC 17.9 18.6 2.0 1.2 

3GC 16.1 15.6 3.8 4.2 

GCa 15.6 11.7 4.3 8.1 

Gtr 11.8 16.1 8.1 3.7 

GpC 13.5 11.3 6.4 8.5 

GpT 17.2 16.8 2.7 3.0 

ApT 22.0 15.5 - 2:1 4.3 

Atr 20.1 20.7 - 0:2 -0:9 

For the ionic condition of K+ , the binding affinity across vari-
ous sequences exhibits the following trend: Gtr < GpC < GpT < 
Atr < ApT, which aligns with the previously established under-
standing that H-NS has a preference for AT-rich DNA. In contrast, 
the order of predicted binding affinities in the presence of Mg2+ is 
slightly different: GpC < Gtr < ApT < GpT < Atr. While GpC 
and Gtr still maintain the lowest binding affinity, and Atr the high-
est, an unexpected destabilization is observed in the ApT sequence 
in the presence of Mg2+ . Based on the analysis of the unbiased MD 
simulations, we observed there are no dominant discernible differ-
ences in the contacts of the QGR motif and minor groove width



between the two ionic conditions. Secondly, the ion distributions 
around the DNA of Mg2+ appears similar for Atr and ApT 
sequences. To provide a possible explanation for these differences, 
we analyzed the dissociation trajectories of the SMD simulations by 
plotting the number of Q112 versus the R114 contacts as shown in 
the first two rows of Fig. 8 and the total number of QGR contacts 
versus the contacts of R93 in the bottom two rows of Fig. 8. 
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Fig. 8 Analysis of the SMD simulations of all the systems showing dissociation routes of H-NS as the CQ112 v 
CR114 contacts in the top two panels for both K

+ in blue and Mg2+ in red. The bottom two panels show the 
CQGR v CR93 contacts with the same color coding. The colors are assigned based on the work (dark is low 
work, light is high work) and the four lowest work runs are plotted as solid lines and the remaining higher work 
runs as dotted lines. The SMD data is processed using a low-pass filter with a window size of 6 ns 

From the CQ 112 vs. CR114 plots, three dissociation routes can 
be classified based on how the QGR motif detaches from the 
DNA’s minor groove: (i) R114 precedes Q112 (R-G-Q), 
(ii) Q112 leads, followed by R114 (Q-G-R), and (iii) both Q and 
R detach simultaneously (Q$R). In different ionic contexts, the 
Haff system displays all these routes. However, irrespective of the 
work required, the GC-analogue exclusively follows the R-G-Q 
mechanism. The Gtr predominantly leans toward the Q$R route, 
while GpC’s route is environment-dependent: With Mg2+ the R-G-
Q route is dominant, whereas with K+ Q-G-R is favored. From the 
bottom two panels of Fig. 8 we observe another variable in play, 
which is the R93 residue’s behavior based on the starting config-
urations. In a majority of the sequences, the CR93 contact count is 
typically under 10 at the start of the SMD simulation, indicating the 
arginine is situated nearer to the DNA’s backbone rather than 
nestled within the minor groove. As SMD simulations progress, 
which can be traced with the CQ  GR  count, the R93 contact either



remains stable or shows fluctuations. Notably, GpC and Atr show 
elevated initial R93 contacts of around 20 contacts under Mg2+ 

conditions, and for ApT in a K+ environment. Although the vari-
ance in R93 interaction for ApT potentially elucidates the observed 
binding affinities disparities depending on the ionic environment, 
the consistent affinity prediction for Atr underscores the intricacy of 
the role of ions and R93. Including the R93 contacts into the 
pulling coordinate or initializing simulations with consistent R93 
contacts might offer clarity. 
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4 Concluding Remarks 

4.1 Recognition 
Mechanism 

The complementarity between arginine and the minor groove is 
most optimal for AT-rich DNA, in shape as well as electrostatic 
potential. The minor groove side of an AT base pair is available as 
hydrogen bond acceptor to the strong hydrogen bond donating 
guanidinium group of arginine. The electrostatic potential in the 
minor groove of AT-rich DNA is more negative, for two reasons: 
The minor groove width is narrower, meaning that the negatively 
charged backbones are closer to each other. The second reason is 
that the free hydrogen bond acceptors on thymine and adenine 
lower the electrostatic potential. These effects promote the binding 
of positively charged groups [46, 64]. Additionally, entropic effects 
play a role, as the narrower minor groove width of AT-rich DNA 
limits the motion of bound arginine. Based on these observations, 
we predict that an RGR motif would bind more strongly to AT-rich 
DNA than a QGR motif. 

The minor groove of DNA deforms where glutamine binds. 
Upon dissociation of Q112, the DNA relaxes back to its undis-
torted, unbound conformation. This effect is more pronounced for 
AT-rich DNA and could provide an explanation for the larger 
difference in the potential of mean force between bound and 
unbound for AT-rich DNA. Many factors play a role here, including 
the interactions of Q112 with the DNA backbone and R93 [62]. A 
similar investigation, but focused on altering the protein instead of 
the DNA, can shed light on the contributions of individual amino 
acids. 

The presence of ions plays a role, as ions (and water) must 
vacate the minor groove when H-NS binds to DNA. Tightly 
bound counter ions such as Mg2+ or K+ create an energetic barrier 
to protein binding, such as potassium in the minor groove of 
AT-rich DNA. A protein binding to DNA has to overcome this 
energetic cost of displacing these bound ions. Once these ions are 
displaced and released into the bulk solvent, there is an net entropic 
gain as these ions have increased freedom of movement [76], even 
though water molecules lose entropy when coordinating to the 
cation.
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4.2 Summary This chapter describes a detailed investigation of the interaction 
between the H-NS DNA-binding domain and DNA. The nucleo-
tide sequences have been systematically varied to shed light on the 
mechanism of sequence recognition by H-NS. As H-NS prefers to 
bind to AT-rich DNA, we expect stronger interactions between 
H-NS and DNA with a high ATcontent. Moreover, we investigated 
the role of cations in the interaction between H-NS and DNA. 
Using molecular dynamics simulations we were able to provide a 
detailed characterization of the various H-NS–DNA complexes in 
the presence of potassium and magnesium. Long molecular dynam-
ics simulations of H-NS in complex with DNA show that H-NS 
remains bound, regardless of the nucleotide sequence, though the 
nature of the protein–DNA interactions vary. The QGR motif with 
which H-NS binds to the minor groove of dsDNA is wider with 
more GC content, allowing R114 more freedom of motion within 
the minor groove. Examining the role of ions in the H-NS-DNA 
complexes revealed that magnesium ions mediate protein–DNA 
interactions via a conserved NED motif in H-NS. To quantify the 
strength of the interaction, we employ an additional potential to 
speed up dissociation of the protein–DNA complex. The work 
required for the dissociation is averaged over several runs, resulting 
in an estimate of the free energy of dissociation/complex forma-
tion. The SMD simulations show that H-NS binds stronger to 
AT-rich sequences, in agreement with experimental observations. 
Our findings encourage further exploration into the regulatory 
roles of H-NS and provide a protocol for a systematic investigation 
of sequence effects in protein–DNA complexes. Our protocol can 
provide quantitative prediction of protein–DNA complex stability, 
while also providing high-resolution insights into recognition 
mechanisms. 
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Smith JC, Hess B, Lindahl E (2015) GRO-
MACS: High performance molecular simula-
tions through multi-level parallelism from 
laptops to supercomputers. SoftwareX 1:19–25 

2. Ali SS, Xia B, Liu J, Navarre WW (2012) 
Silencing of foreign DNA in bacteria. Curr 
Op Microbiol 15(2):175–181 

3. Arold ST, Leonard PG, Parkinson GN, Lad-
bury JE (2010) H-NS forms a superhelical 
protein scaffold for DNA condensation. Proc 
Natl Ac Sci USA 107(36):15728–15732 

4. Atlung T, Ingmer H (1997) H-NS: a modula-
tor of environmentally regulated gene expres-
sion. Mol Microbiol 24(1):7–17



5. 

Sequence-Specific DNA Binding by H-NS 607

Bouffartigues E, Buckle M, Badaut C, 
Travers A, Rimsky S (2007) H-NS cooperative 
binding to high-affinity sites in a regulatory 
element results in transcriptional silencing. 
Nat Struct Mol Biol 14(5):441–448 

6. Buffle J, Zhang Z, Startchev K (2007) Metal 
flux and dynamic speciation at (bio) interfaces. 
Part I: Critical evaluation and compilation of 
physicochemical parameters for complexes 
with simple ligands and fulvic/humic sub-
stances. Environ Sci Techn 41(22):7609–7620 

7. Bussi G, Laio A (2020) Using metadynamics to 
explore complex free-energy landscapes. 
Nature Rev Phys 2(4):200–212 

8. Bussi G, Donadio D, Parrinello M (2007) 
Canonical sampling through velocity rescaling. 
J Chem Phys 126(1):014101 

9. Cheatham TI, Miller J, Fox T, Darden T, Koll-
man P (1995) Molecular dynamics simulations 
on solvated biomolecular systems: the particle 
mesh Ewald method leads to stable trajectories 
of DNA, RNA, and proteins. J Am Chem Soc 
117(14):4193–4194 

10. Consortium TP (2019) Promoting transpar-
ency and reproducibility in enhanced molecular 
simulations. Nat Methods 16(8):670–673 

11. Cordeiro TN, Schmidt H, Madrid C, Juárez A, 
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