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ABSTRACT The histone-like nucleoid structuring protein (H-NS) is a DNA-organizing protein in bacteria. It contains a DNA-
binding domain and a dimerization domain, connected by a flexible linker region. Dimerization occurs through the formation
of a helical bundle, including a coiled-coil interaction motif. Two conformations have been resolved, for different sequences
of Escherichia coli H-NS, resulting in an antiparallel coiled-coil for the shorter wild-type sequence, and a parallel coiled-coil
for the longer C21S mutant. Because H-NS functions as a thermo- and osmosensor, these conformations may both be func-
tionally relevant. Molecular simulation can complement experiments by modeling the dynamical time evolution of biomolecular
systems in atomistic detail. We performed a molecular-dynamics study of the H-NS dimerization domain, showing that the
parallel complex is sensitive to changes in salt conditions: it is unstable in absence of NaCl, but stable at physiological salt
concentrations. In contrast, the stability of the antiparallel complex is not salt-dependent. The stability of the parallel complex
also appears to be affected by mutation of the critical but nonconserved cysteine residue at position 21, whereas the antiparallel
complex is not. Together, our simulations suggest that osmoregulation could be mediated by changes in the ratio of parallel- and

antiparallel-oriented H-NS dimers.

INTRODUCTION

The bacterial genome is compacted and functionally orga-
nized by a family of small, DNA-binding proteins. These
proteins are generally referred to as architectural or
nucleoid-associated proteins. The action of the individual
members as well as their interplay determines how the
genome is folded (1-3). In addition, most of these proteins
act as global regulators of transcription (4,5). The histone-
like nucleoid structuring protein (H-NS) has been identified
as an important global regulator (regulating several hundreds
of genes) and as a key player in genome organization (6).
Its role as a global regulator has been coupled to acting as
an environmental sensor (7,8), perceiving changes in the
growth conditions of the bacterium, and facilitating physio-
logical changes required for adaptation to the new condi-
tions. It is to date unclear how H-NS would be able to
perceive and transmit such signals.

The protein contains a DNA-binding domain (residues
91-137) and a dimerization domain (residues 1-64), con-
nected by a flexible linker region (9). The protein has
been shown to bind to DNA as a dimer in two different
modes—in trans to bridge two DNA duplexes, or in cis,
binding with both DNA binding domains to the same duplex
(10-13). Up to now, a complete, high-resolution structure
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of full-length H-NS, either free or complexed with DNA,
has proven elusive. Structural models for the N-terminal
dimerization domain have been determined by NMR spec-
troscopy and x-ray crystallography, showing that dimeriza-
tion occurs through the formation of a coiled-coil
interaction motif. Two different structures have been
resolved by NMR spectroscopy, revealing two strikingly
different coiled-coil complexes (see Fig. 1) (14,15). The
structure comprising residues 2—46 contains an antiparallel
coiled-coil complex (15), whereas a longer truncate contain-
ing residues 2-58 and Cys”'-to-serine mutation results in
a parallel orientation of the coiled-coil helices (14).

Recently, a crystal structure of H-NS containing residues
2-83 and the C21S mutation has been resolved, revealing
a conformation with two regions of interaction (16). One
region involves residues 1-40 and is similar to the previ-
ously determined antiparallel coiled-coil conformation.
The second region comprises residues 67-83, at the
C-terminus, and interacts with its crystallographic neighbor.
It is unclear whether both the parallel and the antiparallel
conformations play a role in the function of H-NS. Based
on the notion that H-NS protein reacts to differences
in temperature and/or osmotic pressure (17-21) it has
been suggested that both structures might be functionally
relevant.

Molecular simulation can provide atomistic detail for
protein conformational change, complementary to experi-
ments (22). In this work, we used conventional molecular
dynamics (MD) simulations to investigate the stability of
the parallel and antiparallel conformation of the H-NS
protein dimerization domain under various conditions.
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FIGURE 1 Ribbon representations of the structural data
for the H-NS dimerization domain (A) the antiparallel
. conformation (B) the parallel conformation. The different
colors indicate the monomers. (C) Time evolution of
distance between C-terminal ends d¢.c. For each system,
eight simulations were performed initiated from different
starting velocities. The labels contain the following infor-
mation: ap indicates antiparallel conformation and p indi-
cates parallel conformation. The label wr indicates that the
wild-type sequence was used, and C2/S indicates that
cysteine at position 21 was replaced by a serine. The range
indicates the residues included in the simulations. The
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In this study, we do not aim to sample the transition
between the antiparallel and parallel conformations. The
tested conditions include different sequence lengths and
the C21S mutation on the stability of the H-NS dimerization
domain in different conformations.

Furthermore, we studied the effect of adding NaCl on
the stability of the complexes. Finally, we also investigated
the stability of the isolated coiled-coil regions in the anti-
parallel and the parallel orientation. As the interaction
patterns between the monomers in both conformations are
completely different, conversion between the two would
involve dissociation and rebinding. This suggests that the
conformation of the unbound monomer determines which
complex is formed. We present a preliminary investigation
of the conformational space of the isolated monomers. Our
results provide the groundwork for investigating the H-NS
dimerization domain using more advanced molecular simu-
lation methods to tackle the dynamics and mechanism of
transition between the different conformations.

METHODS
Molecular dynamics

In all simulations, we used the GROMACS software package, Ver. 4.0.4 (23)
in combination with the OPLS all-atom force field (24,25). We investigated
several systems, listed in Table S1 in the Supporting Material. All systems
are derived from two structures with PDB codes 1NI8 (15) and 1LR1 (14),
originating originally from Escherichia coli and Salmonella typhimurium,
respectively. These structures have been determined by NMR spectroscopy.
The sequences of H-NS protein from E. coli and S. typhimurium are iden-
tical up to residue 79. 1NIS8 contains residues 2—47 in the antiparallel confor-
mation and 1LR1 consists of residues 2-58 in the parallel conformation. In
one system, we have extended the H-NS antiparallel conformation up to
residue 58 using Modeller, Ver. 9.8 (26), to generate additional coordinates
for residues 48-58 in a helical conformation.

We indicated the different systems by their orientation (antiparallel, ap;
parallel, p), wild-type or mutation and the length of the sequence. The
system ap — C21S — 2-47 contains a complex in the antiparallel conforma-
tion of two monomers of length 247 with a mutation at position 21 of
cysteine to serine. The label m indicates that the system contains a mono-
mer, not a dimer.
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lines show a running average of 100 ps. The actual
distances were calculated every 2 ps.

All systems were solvated in a periodic dodecahedron-shaped box with
a minimum distance of 0.8 nm to the box boundaries, except for the systems
containing residues 23—43. These smaller systems were placed in a cubic
periodic box with a minimum distance of 1 nm to the box boundaries.
All systems were filled with TIP4P water molecules (27), followed by
the removal of water molecules that overlap with protein atoms or reside
in a hydrophobic location isolated from the bulk. NaCl was added by
replacing water molecules by Na* and Cl~ ions at random. The number
of added ions depended on the concentration and also aimed to charge-
neutralize the system.

All systems, except ap — C21S — 2-47, were energy minimized using the
conjugate gradient method. To equilibrate the hydrogen atoms and water
molecules the heavy atoms in the protein were position-restrained during
10 ps of molecular dynamics at a temperature of 298 K and a pressure of
1 bar. The van der Waals interaction cutoff was 1.1 nm. Electrostatic inter-
actions beyond a cutoff of 1.1 nm were treated with the particle-mesh
Ewald method (28,29) using a grid spacing of 0.12 nm. All bonds were con-
strained using LINCS (30), allowing for a time step of 2 fs. Temperature
was kept constant using the V-rescale thermostat (31), and pressure was
kept constant using the Parrinello-Rahman barostat (32,33). For sampling,
we performed eight MD runs of either 10 ns or 40 ns, listed in Table 1, each
starting with velocities randomly drawn from a Maxwell-Boltzmann distri-
bution at 298 K. All simulations were performed in parallel on a pSeries
575 supercomputer (IBM, North Castle, NY).

Analysis

During the simulations coordinates of the systems were stored every 2 ps.
After completion of the simulations, we calculated several distances for
these trajectories, listed in Table 1. These distances then served as basis
for the calculation of other structural measures (see Table 1).

We displayed the results either as time traces, with a running average
of 100 ps, or as log-probability plots, in which we plot —in[P(Q)], the
negative natural log of the probability P(Q) in two-dimensional order
parameter representations, with P(Q) the probability distribution of order
parameter Q.

RESULTS
Stability of the H-NS dimerization domains

Two differently oriented coiled-coil complexes have been
resolved for the dimerization domain of H-NS by NMR
spectroscopy (Fig. 1). The structure containing residues



Conformation of the H-NS Protein Dimerization Domain

TABLE 1 List of order parameters
de.c Distance between CA atoms of residues 43 in the
two monomers.
dy.o Distance between hydrogen atom HG in the side chain

of residue 21 (Cys/Ser) and oxygen atom O in the
backbone of residue Gln'”.
dj Distance between centers of mass of the side chains
of residues at positions i and j in the other monomer,
indicated by the prime symbol (). These distances
are calculated for the following pairs:
(Antiparallel) Leu?®-val*”, Leu30-Leu33’,
Leu33—Leu30’, and Va137—Leu26’,
(Parallel) Leu®®-Leu®®, Leu™*-Leu®”,
Leu33—Leu33’, and Val*’-val®”'

Distance between hydrogen atom H in the backbone
of residue n and oxygen atom O in the backbone
of residue n+4.

Snhc Sum of distances of native hydrophobic contacts. These
distances include d»4.37, d30.33, d33-30, and d37.5¢ for
the antiparallel conformation, and d»4.37, d30.33, d33.30'»
and d3;7.,¢ for the parallel conformation.

N-H-O=C

Sal Sum of distances of N-H — O=C of residues
2-6, 3-7, and 4-8.
a2 Sum of distances of N-H — O=C of residues

10-14, 11-15, 1216, and 13-17.
Sum of distances of centers of mass of side
chains of residues Leug, Leu”, and Leu.

2g.14-33

2-47 (Fig. 1 A) has an antiparallel conformation (15) and the
structure containing residues 2—58 has a parallel conforma-
tion (see Fig. 1 B (14)). The parallel conformation contains
a mutation: the cysteine at position 21 is changed into
a serine. H-NS is involved in environmental adaptation, as
reflected in large changes in global gene expression patterns
upon changing external conditions, such as temperature and
ionic strength (7,8,34,35). Different orientations for the
H-NS dimerization domain could facilitate such regulation,
as the orientation of this region will affect the way in which
the H-NS dimer interacts with DNA, or with other dimers to
yield tetramers or larger multimeric forms (36). We have
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used molecular dynamics (MD) simulations to probe the
stability of the dimerization domain in the two different
conformations, the effects of the C21S mutation, differences
in sequence length, and finally the influence of NaCl on the
conformational space. We have not used more advanced
molecular simulation methods, as it was our aim to investi-
gate separately the stability of the parallel and antiparallel
conformation under various conditions.

To begin, we performed MD simulations of the two NMR
structures of the H-NS dimerization domain. Using eight
simulations of 40 ns, each started from different initial
random velocities, we calculated the distance between the
Ca atoms of residues 43, denoted as dc.c, shown as a
red-dotted line in the structures depicted in Fig. 2 B. This
distance can distinguish between the parallel and antipar-
allel conformations, as the first has values for dc.¢c <1 nm,
and the second has values close to 4 nm. Note that we
used the distance between the Ca atoms of residues 43
rather than those of 47 (the last residue in the antiparallel
structure) because the a-helical hydrogen bonds formed
by these C-terminal residues are dissolved; this is also
true for the NMR structure (14).

We also used this representation rather than overall
root mean square deviation with respect to the experimental
structures, as this order parameter gives more insight into
the nature of the disruption. Fig. 1 C shows d¢_c as a function
of the simulation time, and it is clear that both confor-
mations show few fluctuations in dc_c, indicating that the
C-terminal ends of the complexes remain at a constant
distance. This implies that dissociation and/or large confor-
mational changes do not occur. Further confirmation that the
coiled-coil complexes remain intact is shown in Fig. 2 A,
showing the log-probability plot as function of the sum of
distances between residues in the hydrophobic core of the
complex, =nhc, and dc.c. The antiparallel structure forms
a perfect dimeric coiled-coil, as indicated by the small
distances between hydrophobic residues (Fig. 2 A, blue

FIGURE 2 (A) Log-probability plots as a function of the
number of hydrophobic contacts Znhc and the distance
between C-terminal ends dc.c. The systems are labeled
as described for Fig. 1. Contour lines indicate levels of
kgT. (B-D) (Ribbon representations) Structural data for
the H-NS dimerization domain (B), the antiparallel confor-
mation (C), the parallel conformation, wild-type, and (D)
the parallel conformation, the C21S mutant. (Stick models)
Residues at position 21. (Red line) dc.c.
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lines). In the parallel conformation, hydrophobic residues
Ala4, Ile7, Ile“, and Leu'* contribute to the packing of
the hydrophobic core, leading to slightly larger distances
between leucines 30 and 33 (Fig. 2 A, black lines).

To investigate the effect of the C21S mutation, we
changed the serine at position 21 in the parallel conforma-
tion to cysteine. This constitutes changing an oxygen atom
into a sulfur atom in both monomers. Surprisingly, dc.c
increased from <1 nm to values between 1.5 and 2.2 nm,
within a few picoseconds, in all eight 40 ns MD runs (see
Fig. 2 A, green lines). This increase in d¢.c coincides with
an increase in Xnhc to 2.5 nm and higher, indicating that
the hydrophobic core is disrupted. Fig. 2 C shows a typical
snapshot of the distorted parallel complex. On the other
hand, changing cysteine into serine in the antiparallel struc-
ture does not affect this conformation at all. The main
difference between the wild-type and the C21S mutant is
that the serine side chain forms a hydrogen bond to the
protein backbone, as depicted in Fig. 3 A.

To illustrate this, we plotted the two-dimensional log-
probability plots of the four simulations as a function
of dc.c and dy o—the distance between the side-chain
hydrogen atom, connected to either the sulfur in cysteine
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FIGURE 3 Close-ups of the site of residue 21 with (A) the wild-type with
cysteine and (B) the C21S mutant with serine. The C=0 group of residue
GIn'7 is shown as well. (Ribbon) Protein backbone; (stick models) side
chains. (Dotted lines) Hydrogen bonds. (C—F) Log-probability plots as
a function of the hydrogen bond distance between atom HG in residue 21
and atom O in residue 17 dy.o and the distance between C-terminal ends
de.c for (C) ap — wt — 2-47, (D) p — wt — 2-58, (E) ap — C21S — 2-47,
and (F) p — C21S — 2-58. Note that panels C, D, and F represent 8 X
40 ns and panel E represents 8 x 10 ns.
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or the oxygen atom in serine, to the backbone carbonyl
oxygen of residue GIn'’. These profiles show that the serine
side chain forms a hydrogen bond to the protein backbone,
as the minima in Fig. 3, C and E, have values of 0.3 nm for
dy.o, which is within the range for a hydrogen-bond interac-
tion. Conversely, the systems containing a cysteine have the
minima located at higher values of dy._o, implying that the
cysteine does not form a hydrogen bond with the protein
backbone. Instead, the cysteine side chain is oriented toward
the bulk solvent. Representative snapshots of both situations
are shown in Fig. 3 A. These observations imply that the
cysteine-to-serine mutation induces a preference to form
a hydrogen-bond interaction between the side chain of
residue 21 and the protein backbone.

To further investigate the effect of the sequence length
on the stability of the complexes, we performed 10-ns MD
simulations of three more systems: a longer sequence of
2-58 in an antiparallel conformation, a shorter sequence
of 2-47 in a parallel conformation, and the shorter sequence
with C21S mutation in a parallel conformation. The results
are displayed as log-probability plots of dc.c and Znhc in
Fig. 4, A-C. With a longer sequence, the antiparallel confor-
mation remains intact, as indicated by the single minimum
at a low value for Znhc (Fig. 4 A). This observation is not
surprising, as the number of hydrophobic contacts in the
coiled-coil complex is the same as for a shorter sequence.
The two simulations of shorter sequences in a parallel
conformation exhibit several minima. One minimum, rep-
resenting the intact conformation at Znhc = 2.5 nm and
dc.c = 1 nm occurs for both systems. This minimum
extends to higher values in the wt system, which has an addi-
tional minimum at Znhc = 2.7 nm and d¢c.c = 1.9 nm. The
simulation of the C21S mutant has two additional minima at
dc.c = 1.6 nm, at Enhc = 2.3 nm, and at Znhc > 3 nm.

Note that the log-probability plots do not represent
converged simulations, so no conclusions can be drawn on
the barrier heights separating the minima. Nevertheless,
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FIGURE 4 Log-probability plots as a function of the number of hydro-
phobic contacts Enhc and the distance between C-terminal ends dc.c
for systems of different sequence length and different orientation: (A)
ap — wt — 2-58, (B) p — wt — 2-47, and (C) p — C21S — 2-47.
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these observations suggest that the C21S mutation has
a much smaller effect on the shorter sequence. More impor-
tantly, these results clearly show that the shorter sequence
has a stabilizing effect on the parallel conformation. Finally,
the antiparallel conformation remains intact, regardless of
sequence length or the presence of the C21S mutation.

The effect of ions on the dimeric conformation

So far, our simulations seem to suggest that the parallel
structure occurs only under very specific conditions, i.e.,
when the protein contains the C21S mutation and has a
specific sequence length. The antiparallel conformation
is not affected by this mutation or by sequence length. A
recent crystal structure of the H-NS dimerization domain,
comprising residues 2-83 and the C21S mutation (16), as
well as a crystal structure of the H-NS homolog, VicH
(37) reveal an antiparallel conformation. It is noteworthy
that the 2-83 H-NS protein crystals could only be obtained
in absence of inorganic salt (38). This prompted us to
perform MD simulations of the dimerization domain at
two concentrations of NaCl, as our previous simulations
did not include ions. The antiparallel conformation is not
affected by the presence of 0.01 M NaCl, as the value of
dc.c remains at ~3.7 nm (Fig. 5 A, 0.01 M). Adding
0.5 M NaCl, however, resulted in the C-terminal helices
losing helical structure after ~30 ns, as indicated by the
larger fluctuations in dc.¢ (Fig. 5 A, 0.5 M).

More surprising is the effect of NaCl on the parallel
conformation. Fig. 5 B shows the time evolution of dc.¢

93

of the parallel conformation at different salt concentrations.
In absence of salt, it is clear that all simulations have values
for dc.c >1.25 nm. When adding salt, several simulations
sample dc.¢ values <1.25 nm, indicating that the complex
remains intact. Even though not all simulations resulted in
an intact complex, the addition of salt still leads to a stabili-
zation of the parallel complex. The addition of salt dimin-
ishes the stabilizing effect of the C21S mutation, as dc.c
increases in the presence of salt (Fig. 5 C). At a concentra-
tion of 0.01 M NaCl, there are no simulations that sample
values of d-.c < 1 nm, whereas at a higher concentration
of 0.5 M, half of the runs stay <1 nm for dc_c.

Visual inspection of the trajectories showed that Na™ ions
have a preference to occupy specific positions around the
complex. These preferred locations center around residues
3944, exhibiting the highly charged sequence ERREEE
(Fig. 5 D). This sequence is located at the end of the
coiled-coil region of H-NS, which can be recognized at
sequence level via the occurrence of heptad repeats (39).
In a perfect heptad repeat, hydrophobic residues occupy
the a and d positions, whereas region 39-44 contains a
positively charged Arg®® at the d position and negatively
charged Glu** at the a position (Fig. 6 B). In the parallel
conformation, these two charged residues are directly in
the interface region of the coiled-coil.

In absence of salt, these charged residues repel each other,
therewith causing the disruption of the parallel complex.
The presence of ions screen these charges, reducing
the repulsive interaction and thus providing stability for
the parallel complex. Monitoring the distance between the

FIGURE 5 Time evolution of dis-

tance between C-terminal ends dc.c.

For each system, eight simulations
were performed initiated from different
starting velocities. (A) The antiparallel

complex at 0, 0.01, and 0.5 M NaCl.

-.’ -
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(B) The parallel complex at 0, 0.01,
and 0.5 M NaCl and (C) the
parallel complex with C21S mutation

Time (ns)

at 0, 0.01, and 0.5 M NaCl. (Dotted
line) Values of dc.c indicate intact
complexes. The range indicates the resi-
dues included in the simulations. (Solid
lines) Running average of 100 ps. The
actual distances were calculated every
2 ps. (D) Snapshot from the p — wt —
2-58 simulations showing the protein
backbone (green ribbons), region 39—
43 (gray sticks, carbon; blue sticks,
nitrogen; red sticks, oxygen; and white
sticks, hydrogen), and ions within
0.45 nm of the protein (orange spheres,
Na™, purple spheres, C17).
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FIGURE 6 Coiled-coil core of the H-NS dimer-
ization domain. (A) Coiled-coil core sequence of
H-NS protein, including residues 23—42, including
the heptad-repeat labeling and the location of the
trigger sequence. (B) Sequence of the antiparallel

T and parallel coiled-coil core. (C) Probability
distribution of distances of helical hydrogen bonds
between atom H of residue n and atom O of residue

T T T i T T T

n+4, n ranges from 23 to 43. (Black lines) Distri-
butions that stay <0.25 nm; (gray lines) distances
at the helical ends; and (orange lines) distances
that range >0.25 nm and which are not at the
termini. (D and E) Log-probability plots of the
coiled-coil complexes as a function of the distances
between (D) residues Leu® and Leu® d30.33 and
Leu®® and Leu® d3p_33 and (E) residues Leu®
and Leu®” ds0.30 and Leu®® and Leu®® ds;3.55.

charged oxygen atoms of Glu** and the Na™ ion closest to
them, and dc._c, illustrates the stabilizing effect for the simu-
lations at 0.01 M NaCl as a log-probability plot, exhibiting
two minima (see Fig. S1 A in the Supporting Material). One
minimum represents the intact complex at (Na™-Glu** =
0.25 nm, dc.c = 1 nm), with a sodium ion very close to the
glutamate. Another minimum represents disrupted confor-
mations at dc.¢ ranging from 1.2 to 1.4 nm, and a large
distance between Glu** and the closest Na' ion. Note that
there is no stable state at low dc.c when the ions are far
from Glu**. The C21S mutant does not display similar
behavior, as the location of an Na™ ion is not related to
the value of dc.c (see Fig. S1 B).

The coiled-coil core of H-NS

As both the parallel and the antiparallel complex are coiled-
coil complexes, we now focus on the coiled-coil properties
of H-NS. H-NS exhibits two heptad repeats with deviations
at the hydrophilic g position, a methionine at g in the first
heptad repeat, and a valine in the second repeat (see Fig. 6
A). A third heptad repeat contains a more extreme deviation,
as elucidated in the previous section. Close inspection of the
H-NS coiled-coil region revealed that it exhibits similarity
to the consensus trigger sequence, a region that is crucial
to coiled-coil formation (40,41). One hypothesis regarding
coiled-coil formation requires part of the coiled-coil to
retain its helical structure even as a monomer. To test
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whether the coiled-coil region remains helical in isolation,
we cut out residues 23-43 from the antiparallel complex,
solvated it, and performed eight 10-ns MD simulations initi-
ated from different starting velocities.

As a measure for the helicity of this fragment, we
calculated the distances of the helical hydrogen bonds,
between N-H and C=O of residues n and n+4, respec-
tively, and plotted the probability distribution in Fig. 6 B.
Distances < 0.3 nm indicate that a hydrogen bond exists
for a particular pair and these distances are colored black.
Larger distances are colored gray, when these occur at the
ends of the peptide, and orange for all other. This visualiza-
tion facilitates locating helical hydrogen bonds that break
during the simulation. The loss of helical structure at the
peptide ends is caused by solvation of the hydrogen bonds
by bulk water. The increasing hydrogen bond lengths for
pairs 31-35, 32-36, and 33-37 display the inherent flexi-
bility of the peptide. In isolation, the coiled-coil fragment
does not lose its helical structure entirely, but instead bends
in the middle of the second heptad repeat.

From both the parallel and the antiparallel complex, we cut
out the coiled-coil region, comprising residues 23-43 (see
Fig. 6 B) and performed eight times 10 ns MD simulations.
To investigate the stability of the two complexes we used
the distances between hydrophobic residues Leu™® and
Leu®® in the coiled-coil core. For the antiparallel complex,
hydrophobic interactions occur between Leu’ and Leu®?,
and Leu® and Leu30’, indicated by dsp.33 and ds;.3¢0
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respectively. For the parallel complex, the interaction pattern
consists of Leu® and Leu301, and Leu®? and Leu33’, indicated
by d3¢.30 and d3;.33, respectively. The log-probability of the
coiled-coil complexes are displayed in Fig. 6, C and D. They
exhibit distinct differences. Both profiles have a minimum at
values for the hydrophobic side-chain distances <0.6 nm,
indicating that the complex is intact. For the antiparallel
conformation, this is the only minimum occurring in the
simulations, from which we conclude that the antiparallel
complex remains intact in all eight MD runs. For the parallel
complex, we sampled two additional minima, at larger values
for d;p.;0 and d3;.33. Visual inspection indeed showed
disruption and dissociation of the complex (see Fig. S2). In
absence of the N-terminal helices, we have thus shown that
the coiled-coil complex has a strong preference for the anti-
parallel orientation.

The isolated monomer

As the two conformations of the H-NS dimerization domain
do not have shared contacts, the conversion mechanism
necessarily involves dissociation into monomers followed
by association into the other conformation. The rebinding
can occur in an antiparallel or a parallel fashion, depending
on the conformation of the monomer. If both orienta-
tions are accessible for the monomer, the conformational
spaces of monomers extracted from the antiparallel and
parallel complex overlap. We therefore performed 10-ns
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MD simulations of the dimerization domain monomer ex-
tracted from the antiparallel and the parallel conformation.
In all simulations, helix «3 does not remain completely
helical, but exhibits a kink, as shown in Fig. 7, A and C.
Fig. 7, B and D, shows the probability distributions for
the helical hydrogen-bond distances N-H-O=C in helix
«3. Distances <0.3 nm indicate that a hydrogen bond exists
for a particular pair and these distances are colored black.
The probability distributions of distances that peak between
0.3 and 0.35 nm are colored blue, indicating weak helical
hydrogen bonds. Larger distances are colored gray, when
these occur at the ends of the monomer, and orange for
all other.

This visualization facilitates locating helical hydrogen
bonds that break during the simulation, thus pinpointing
the location of the kink. The loss of helical structure at
the C-terminal end for the antiparallel monomer is caused
by solvation of the hydrogen bonds by bulk water. In the
monomer simulations originating from the antiparallel
complex the kink occurs at hydrogen bonds between 29—
33, 30-34, 31-35. and 32-36, and helix a3 is separated
into two separate helices. For the longer monomer from
the parallel complex, this helix also shows a bend, indicated
by increasing distances between residues 31-35 and 32-36.
These probabilities have a narrower distribution for the
longer sequence. The two monomers extracted from the
opposite orientations thus show similar behavior for helix
a3, indicating overlap in configuration space.
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The snapshots displayed in Fig. 7, A and C, show different
conformations for residues 1-20 that include helices «l
and «2. To characterize the differences in orientation and
conformation of this region, we calculated log-probability
plots using three different order parameters: 2«1, 2«2, and
2g.14.33- These order parameters indicate the sum of
distances of helical hydrogen bonds in helix «l, in helix
a2, and the sum of distances among residues Leug, Leu]4,
and Leu®®, respectively. Fig. 8 shows the resulting log-
probability plots. The sampling of the configurational space
clearly has not converged. The diamond and the circle indi-
cate the location of the conformations in the antiparallel
and parallel complexes, respectively. These locations corre-
late strongly with the location of the deepest minima and
indicate the difference between the two conformations. The
minimum of the monomer extracted from the antiparallel
conformation is located at (Zal = 0.7 nm, a2 = 0.8 nm)
in Fig. 8 A. Such low values reflect small helical hydrogen-
bond distances, indicative of hydrogen bonds, and therefore,
these regions have a-helical structure in this monomer.

The minimum of the monomer obtained from the parallel
conformation has higher values for the helical order param-
eters (Zal = 1.8 nm, a2 = 2.1 nm) (see Fig. 8 B), indi-
cating that the helical structure in this orientation is less
well retained. This monomer has a tighter hydrophobic
core, as indicated by the minimum at (Zal = 1.8 nm,
3g.14-33 = 1.7 nm) (see Fig. 8 D) in contrast to the minimum
of the monomer originating from the antiparallel conforma-
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tionat (Eal =2.2nm, Zg.14.33 =0.7nm) (see Fig. 8 D). Inter-
estingly, the log-probability plot of the monomer extracted
from the parallel conformation also contains one additional
minimum at (Zal = 2.5 nm, Zg_14.33 = 0.7 nm), which is
very similar to the minimum sampled in the simulations of
the monomer obtained from the antiparallel complex.
Clearly, these log-probability plots show that the sampling
was not sufficient to achieve overlap in conformational
space. Moreover, they show that the main difference between
the monomer conformations in the antiparallel and the
parallel form are located in helix «2. Finally, the profiles
do show that the monomers are not confined to the confor-
mations they adopted in the two different complexes and
that, with longer sampling and/or more advanced simulation
methods, convergence can be reached.

DISCUSSION

Our results indicate that the antiparallel complex is the most
stable conformation, as this complex stays intact regardless
of ionic strength, sequence length, or mutation of Cys?! into
serine. This is in agreement with the observations from
small-angle x-ray scattering experiments (16). Despite the
stability of the antiparallel conformations, introducing the
C21S mutation may introduce a slight bias of H-NS toward
adopting a parallel coiled-coil conformation. This effect is
strongly dependent on the length of the sequence, as it is
most pronounced for H-NS residues 2-58 and absent for
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N 4 T — 1 T T - 4 T — 1 T T
35 + conf anti-parallel complex| 7 h
[ @ conf parallel complex

FIGURE 8 Log-probability plots of MD simulations of
two different monomer conformations (A and C) extracted
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T from the parallel complex. The profiles were calculated
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Conformation of the H-NS Protein Dimerization Domain

H-NS residues 2-47. The Cys?'-to-serine mutation is intro-
duced to remove the possibility of disulfide bond formation
between H-NS molecules, and thus prevent aggregation.
With respect to DNA binding, melting, and characteristics
in CD spectra, wild-type H-NS and the C21S mutant are
similar (42).

Among H-NS homologs and paralogs such as StpA,
cysteine is not a strictly conserved amino acid on position
21, and other likely residues for this position are leucine
and phenylalanine (9). Nevertheless, this residue is one of
the key characteristics to distinguish between H-NS and
StpA (9). It is very interesting to note that StpA contains
a phenylalanine at position 21 and is susceptible to proteol-
ysis in vivo, whereas the StpA F21C mutant is not. This
effect was attributed to the mutation changing the confor-
mation to a more compact stable form (43). Based on
that observation and the effects of the C21S mutation
seen in our simulations, one could speculate that H-NS
homologs and truncated variants, such as StpA or H-NSt
not containing this cysteine residue, have a higher propen-
sity to be in the parallel form.

The parallel conformation is also stabilized by the pres-
ence of ions as these shield the interactions between two
highly charged regions at the C-terminal ends. This region
of residues 48—58 mainly consist of alanine, glutamate, and
positively charged amino acids (at neutral pH). This region
seems to require only minor additional stabilization to
remain intact, as the introduction of one additional hydrogen
bond is enough to prevent dissociation of this region. The
free energy barrier associated with the breaking of a hydrogen
bond in a protein is ~3 kg7 (44). It is not uncommon for
coiled-coil systems to have a different orientation as a result
of slight changes in the sequence. Yadav et al. (45) showed
that peptides derived from the GCN4 leucine zipper, that
form a four-helical bundle, change from a parallel orientation
to antiparallel upon mutation of only one glutamate residue
into serine, per peptide. Moreover, SNARE complexes
comprise helical bundles to which different proteins
contribute occur in parallel and antiparallel forms, of which
the parallel form is the most stable (46).

Relating the fact that the stability of the parallel complex
strongly depends on the presence of NaCl to the function
of H-NS as a salt-dependent regulator, allows for specula-
tion about a possible mechanism for sensing differences in
ionic strength by H-NS. At high ionic strength, the antipar-
allel and parallel conformations of the H-NS dimerization
domains are in equilibrium. Upon a drop in ionic strength,
this equilibrium is shifted toward the antiparallel conforma-
tion. This could be related to the recent observation that
divalent ions can mediate a switch between two binding
modes of H-NS in vitro (13). In vivo a conformational
change and/or a switch between binding modes would likely
affect the genome-wide binding of H-NS resulting in
changes in global gene expression patterns. The salt-sensing
mechanism that we propose assumes that the parallel and
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antiparallel conformation can be converted into one another
passing through a monomeric intermediate. More advanced
molecular simulation methods aimed at sampling rare
events are required for testing this hypothesis.

CONCLUSION

We have shown that the antiparallel conformation of the
H-NS dimerization domain remains intact under a wide
variety of conditions. These conditions include truncation
and extension of sequence, addition of NaCl, and the muta-
tion of Cys21 to serine. Also, the coiled-coil core of the anti-
parallel conformation remains intact when simulated in
isolation. In contrast, the parallel conformation is very
sensitive to changes in sequence length, the C21S mutation,
and the salt concentration. The C21S mutation stabilizes the
parallel conformation for a specific sequence length con-
taining residues 2-58, whereas this effect is lost upon trun-
cation to 2—47. The coiled-coil core in parallel conformation
unfolds and/or dissociates when simulated in isolation.
Addition of NaCl resulted in stabilization of the parallel
conformation, which indicates that the parallel conformation
could play a role in the salt-sensing mechanism of H-NS.
Changes in salt could then alter the ratio between parallel
and antiparallel conformations. Given the importance of
the cysteine at position 21, the equilibrium in H-NS homo-
logs or truncates lacking this residue might be shifted toward
the parallel structure. Analogously, heterodimer formation
with paralogs such as StpA or H-NSt might be a mechanism
to shift the equilibrium to a different structure. Structures of
the isolated dimerization domains provide important insight
into the possible conformations of the full-length H-NS.
It is, however, important to realize that the existing con-
troversy around the orientations of the dimerization domain
will be only fully resolved once studies addressing the
structure of the full-length protein become available.

SUPPORTING MATERIAL

One table and two figures are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(12)00620-0.
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