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Role of salt valency in the switch of H-NS proteins
between DNA-bridging and DNA-stiffening modes

Marc Joyeu¥
Laboratoire Interdisciplinaire de Physique,
CNRS and Université Grenoble Alpes,

Grenoble, France

Running title: bridging/stiffening modes of H-NS

Abstract: This work investigates the interactions of H-N®tpins and bacterial genomic
DNA through computer simulations performed withaarse-grained model. The model was
developed specifically to study the switch of H-N®teins from the DNA-stiffening to the
DNA-bridging mode, which has been observed repéatadon addition of multivalent
cations to the buffer, but is still not understobdhravelling the corresponding mechanism is
all the more crucial, as the regulation propertesl-NS proteins, as well as other nucleoid
proteins, are linked to their DNA-binding propestidhe simulations reported here support a
mechanism, according to which the primary role oltimalent cations consists in decreasing
the strength of H-NS/DNA interactions compared tN&/H-NS interactions, with the latter
ones becoming energetically favored with respethédormer ones above a certain threshold
of the effective valency of the cations of the uffBelow the threshold, H-NS dimers form
filaments, which stretch along the DNA molecule tare quite inefficient in bridging
genomically distant DNA sites (DNA-stiffening modd) contrast, just above the threshold,
H-NS dimers form 3-dimensional clusters, which alde to connect DNA sites that are
distant from the genomic point of view (DNA-bridgirmode). The model provides clear
rationales for the experimental observations that switch between the two modes is a
threshold effect and that the ability of H-NS disé form higher order oligomers is crucial

for their bridging capabilities.
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INTRODUCTION

Nucleoid Associated Proteins (NAP) are DNA-bindpgteins with low to medium
sequence specificity, which participate activelybacteria’ chromosome organization and
gene expression regulation by bridging, bending;aming the DNA molecule (1-3). Despite
continuous efforts of several groups (see (1-3) ieidrences therein), the mechanisms by
which NAP achieve these goals remain in most cakesve and controversial. Part of the
difficulty arises from the fact that these mecharssappear to be specific to each NAP. For
example, the histone-like nucleoid structuring emot (H-NS), ParB, and structural
maintenance of chromosome proteins (SMC) are &it\mx to bridge DNA, but the bridges
are qualitatively different, which results in diféat effects on chromosome organization and
gene expression regulation (4). Even worse, asiNgIP may display several binding modes
to DNA, depending on a variety of external factditse pH, temperature, and the composition
of the buffer (5-9). For example, atomic force ragmopy and optical tweezers experiments
first suggested that H-NS binding to DNA leads he formation of bridges between DNA
duplexes (this is the so-calldatidging mode) (5), while subsequent magnetic tweezers
experiments instead concluded that the DNA molecatber adopts a more extended and
stiffer conformation upon binding of the proteirisi§ is the so-calledtiffeningmode) (6). It
was later pointed out that the discrepancy betwieenwo sets of experiments may arise from
the fact that the buffer used in the first set wpeximents contained divalent salt cations,
while the buffer used in the second set did notl @anwas accordingly shown that both
binding modes do exist and that a switch betweentwo of them can be driven by changes
in divalent cations concentrations (7). More recanall angle neutron scattering experiments
(8), as well as experiments performed in confinedngetries (9), confirmed the crucial role
of divalent cations. Still, it should be pointedtoas stated in (7), thattHe specific
mechanism by which magnesium and calcium ions BHBIS binding properties is currently
unknowri, which is an all the more regrettable lack, as tkegulation properties of H-NS
(10,11), as well as other NAP (12,13), are probdibked to their DNA-binding properties.
The purpose of the present paper is to propose@lareation for the role of divalent cations,
based on our current knowledge of the propertiedHafS proteins and the results of
simulations performed with a coarse-grained moakich was developed specifically for this
purpose.

H-NS is a small protein (137 residues, 15.5 kdiich is functional as a dimer. Each

monomer consists of a N-terminal oligomerizatioomain (residues 1-64) (14,15) and a C-
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terminal DNA-binding domain (residues 91-137) (t6hnected by a flexible linker (17). A
secondary dimerization site at the C-terminal ehthe main oligomerization domain allows
H-NS dimers to organize in superhelical chains mgstals (18) and is probably also
responsible for the oligomerization of H-NS in gan, where dimers, tetramers, and larger
oligomers have been observed under different comdit(14,19,20). A thermodynamic
analysis of such solutions led to a value of théhapy change upon dimerization or

tetramerization of H-NS proteins of the orderl®k,T at room temperature (20), which is

very close to the value that was reported for titeapy change upon formation of a complex
between DNA and a H-NS protein in solution (21). A#l be developed below, this
similarity of the values of the enthalpy changesrupligomerization of H-NS and binding of
H-NS to DNA is crucial for the dynamics of H-NS/DNAixtures.

A second important point deals with the very peeuproperties of DNA when
immersed in a solution containing dilute cationakdd DNA is indeed a highly charged
polyanion with two phosphate groups per base pesulting in a bare linear charge density of
about -5.® /nm, where € is the absolute charge of the electron. Howeves, Manning-
Oosawa condensation theory (22,23) stipulates tteatnet linear charge density along a
polyion immersed in a buffer containing counteriasfsvalencyZ cannot be larger than

e/(z¢y), where ¢, =€° /(47E,£,k,T) denotes the Bjerrum length of the buffer, thattli®

distance at which the electrostatic interactiomeen two elementary chargésis equal to
the thermal energk,T . If the bare charge density along the naked pnolysdarger than the
critical valuee/(z/;), then an instability occurs and counterions cages the polyion and
neutralize an increasing number of its chargdshil net density reduces to the critical value
e/(z¢g). Owing to its relative dielectric constaaf =80, the Bjerrum length of water at
25°C is ¢/;=07 nm and the critical charge density—-14e/nm (for a buffer with
monovalent cations) ot —0.7e /nm (for a buffer with divalent cations). This implidsat (i)
counterions do coalesce on the DNA molecule fohlmbnovalent and divalent cations, and
(i) increasing the valency of the cations leadstproportional reduction of the net charge
density along the DNA.

Counterion condensation is expected to have impbonsequences on H-NS/DNA
interactions. Indeed, except in the vicinity of ewf high-affinity binding sites (24), H-
NS/DNA interactions are mainly non-specific, asitaged by the very small variation of the
change in heat capacity with temperature in thegegah0-25°C (21) and by the fact that
protein occupation on DNA decreases as monovaldhtsencentration increases (7). H-NS
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proteins and cationic counterions therefore competebinding to the DNA and theory
indicates that the binding of polypeptides to theADis indeed accompanied by the release of
counterions in the buffer (25-28). The counterioggain translational entropy upon release
from the DNA (25-28), so that the net energy batafur the binding of ligands to the DNA
results from subtle enthalpy-entropy compensati@$s30). Of outmost importance for the
present work is the fact that this balance depaedsitively on the valency of the cationic
counterions present in the buffer. It has inde@aagedly been observed that addition of small
amounts of divalent cations provokes a substadaatease of the free energy of binding of
polypeptides and proteins to nucleic acids (31-33).

In contrast, the bare charge density is much gmalbng proteins than along nucleic
acids, usually smaller than Manning-Oosawa’s d@itiadensity, so that counterion
condensation is expected to be much less markgardbeins than for nucleic acids, although
there are theoretical indications that it might taaally vanish (34). Still, the short length of
H-NS proteins should contribute to further diminigie eventual importance of counterion
condensation (34), if it does take place. As a equence, H-NS/H-NS interactions are
expected to remain mostly insensitive to the valeat the cations of the buffer. More
precisely, both H-NS/H-NS and H-NS/DNA interactiatesppend on the ionic strength of the
buffer through the variation of the Debye lengthyt tH-NS/DNA interactions depend
additionally very sensitively on the valency of tlkations through the mechanisms of
counterion condensation and release.

Considered together, the arguments sketched almmaequently suggest that binding
of H-NS to DNA is favored in buffers with monovaterations, while oligomerization of H-
NS proteins is favored in buffers containing subst amounts of divalent cationthe role
of divalent cations (like magnesium and calciuns)oconsisting precisely in displacing the
equilibrium from predominant H-NS/DNA interactiot®wards predominant H-NS/H-NS
interactions

While this assumption is the key point of the preswork, there still remains to
understand why displacing the equilibrium towareading H-NS/H-NS interactions drives
H-NS from the stiffening to the bridging mode. hetsame spirit as for previous work dealing
with facilitated diffusion (35-37) and the compactiof genomic DNA inside the nucleoid
(38-42), a mesoscopic beads and springs-type medgldeveloped specifically to answer
this question. This model incorporates the effectiialency of the cations, as a free
parameter and simulations were launched with diffevalues oZ. The results presented in

Results and Discussion highlight the fact that albrariation ofZ is indeed able to induce
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strong changes in the conformations of the syskéome precisely, in the range of valuesZof
where H-NS/DNA interactions prevail over H-NS/H-Ni@eractions, the dynamics of the
system is driven by the attachment of protein chamnthe DNA chain irtis configuration,
their sliding along the DNA, and the formation dafafnents of proteins along the DNA
duplex, with the length and internal connectivitiytbe filaments increasing witd. Such
filaments have repeatedly been reported as a deasdic of the stiffening mode (6,7,10). For
slightly larger values of, H-NS oligomerization however takes over the bugdof H-NS to
DNA and the system rather organizes in the forn8-aimensional H-NS clusters, which
efficiently bind regions of the DNA duplex that doadly separated from the genomic point
of view. This is the bridging mode, which leadstiie collapse of the DNA for sufficiently
large protein concentrations.

This work consequently supports a mechanism ferstiitch of H-NS proteins from
the DNA-stiffening mode to the DNA-bridging modeaupincrease of the concentration of
divalent cations, which consists of (i) the displaent of the equilibrium from predominant
H-NS/DNA interactions towards predominant H-NS/H-M&ractions, and (ii) the resulting
switch of the preferred organization of H-NS proteifrom filaments stretching along a
genomic contiguous part of the DNA molecule to tdus able to connect parts of the DNA

molecule that are genomically broadly separated.

METHODS

The mesoscopic model which has been developethdégoresent study is described in
detail in Model and Simulations in the Supportingthtial. In brief, the DNA is modelled as
a circular chain of 2880 beads with radius 1.0 epasated at equilibrium by a distan2®
nm and enclosed in a sphere with radius 120 nm. Beaxls represent 15 DNA base pairs.
Both the contour length of the DNA molecule and ¢le# volume are reduced by a factor of
approximately 200 with respect to their actual ealinE. coli cells, so that the nucleic acid
concentration of the model is close to thevzivo one. DNA beads interact through stretching,
bending, and electrostatic terms. The bending itigidonstant is chosen so that the model
reproduces the known persistence length of DNA{B10. Electrostatic repulsion between
DNA beads is written as a sum of Debye-Huckel termvhich depend on effective
electrostatic charges placed at the center of &&eld. These charges are assumed to be
inversely proportional to a parame#&rwhich represents the effective valency of theooat

of the buffer, in order to account for counterimndensation along the DNA moleculeis
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equal to 1 (respectively, 2) for monovalent (resipety, divalent) cations, but may take any
real value between 1 and 2 when divalent catioms atded to a buffer that contains
monovalent cations. This point is discussed in mdegail in Results and Discussion.

Repulsion between DNA beads decreases ASupon increase d.

H-NS dimers are modeled as chains of 4 beads raitius 1.0 nm separated at
equilibrium by a distance 4.0 nm. For most simoladi, 200 protein chains were introduced in
the confining sphere together with the DNA chainhickh corresponds to a protein
concentration approximately twice the concentrabdtd-NS dimers during the cell growth
phase and six times the concentration during tagosiary phase (43). Protein chains have
internal stretching and bending energy and intenditt each other and with the DNA chain.

The value of the bending constant is assumed t@sdew as2 k,T, in order to account for

the flexible linker that connects the C-terminatl &tterminal domains of H-NS (17).

A major approximation of the model consists inuassg that the interactions among
protein beads and between protein beads and DNéske@ mediated uniquely by effective
electrostatic charges placed at the center of peatlein bead and to disregard all interactions
beyond the crude electrostatic ones. The chargepasitive for the two terminal beads of
each chain and negative for the two central beBls.terminal beads of each protein chain
can therefore bind either to the beads of the DRa&irtor to the central beads of other protein
chains, so that the model accounts for both H-N§ooierization and binding of H-NS to
DNA. The values of the charges at the center ofeimndeads are assumed to be independent
of Z, thereby reflecting the fact that counterion cors#ion on proteins is negligible.
Consequently, the attraction term between ternbealls of a protein chain and central beads
of another protein chain does not depen@pwhile the attraction term between DNA beads
and terminal protein beads evolveslaZ . This is one of the key points of the model.

A Lennard-Jones-type excluded volume term is adddte attractive Debye-Hickel
term for pairs of beads with opposite charges.tkersake of simplicity, this excluded volume
potential is assumed to be independerZ ahd identical for protein/protein and protein/DNA
pairs of beads. The two parameters of the potewsaé adjusted manually in order that the
enthalpy changes upon forming a complex betweenptwtein chains and between a protein
chain and the DNA chain are comparable to the exwertally determined value for H-NS
(20,21). As shown in Figs. S1 and S2 of the Suppteal Material, this enthalpy change is
equal to—120k,T both for two protein chains approaching one amopleependicularly, and

for a protein chain approaching the linear DNA chpérpendicularly aZ = 1.37. Since H-



NS/DNA attraction decreases likéZ , while H-NS/H-NS attraction does not dependzoit
is expected that this valué =1.37 plays a critical role in the model, with the fortoa of H-
NS/DNA bonds being energetically favored f6r<1.37 and oligomerization of H-NS being

favored for Z >1.37. This particular valueZ = 13%will therefore be labelledZ_.. in the

crit
remainder of the papefhe evolution withZ of the enthalpy change upon formation of a H-
NS/DNA bond is shown as a solid line in Fig. 1 dnel enthalpy change upon formation of a
H-NS/H-NS bond as a horizontal dot-dashed line. d&ghed line indicates the energy of the
saddles that separate two minima, see Fig. S2.didtance between the solid and dashed
lines therefore represents the gap that proteinst wnercome to translocate from one DNA
binding site to the next one.

It is worth emphasizing that the model proposede heelies on a rather crude
approximation, in the sense that it ignores mosthef complexity of the binding of H-NS
proteins to the DNA. The model indeed assumes bivading dynamics is governed by
electrostatic interactions between protein beadstlh@ DNA chain, which carries the critical
charge density for a given value &f and disregards more complex mechanisms, like the
release of counterions. This model was used ire gfiitits naivety, because it nonetheless
reproduces the marked decrease of the H-NS/DNA itgnanergy upon addition of
multivalent cations, which is central to this work.

The dynamics of the complete system was invegtihhy integrating numerically the
Langevin equations of motion with kinetic energgnie dropped and with time step set to 1.0
ps for simulations with 200 protein chains and ps5for 1000 protein chains. After each
integration step, the position of the centre of ¢bafining sphere was slightly adjusted so as
to coincide with the centre of mass of the DNA neale. Temperatur@ was assumed to be
298 K throughout the study. Representative snapsioot200 protein chains and= 133
1.42, and 1.50, are shown in Fig. 2.

RESULTSAND DISCUSSION

As mentioned in the Introduction, the Manning-Geaacondensation theory (22,23)
stipulates that the effective linear charge alofgaly charged polyion immersed in a buffer

containing counterions of valen&is e/(Z/;) as soon as counterion condensation occurs
The case of a buffer containing cations of twoed#ht valencieg, and Z, is more complex,

because the cations compete for condensation, @il fractions of DNA phosphate sites



neutralized by cations of type 1 and& @énd &,, respectively) can be readily obtained from

the equations derived in (44). One can then comimeteffective valency of the cations of the
buffer, according to
b

Z= : (1)
¢ B(l_ Z1‘91 - Z2‘92)

where b= 017nm is the effective distance between two chargesgainaked DNA, and

2,6, +7,6, the total fraction of DNA phosphate charges nédatd by the different cation&
is always comprised betweeny and Z, and the net linear charge density along the DNA
backbone is—g/(z¢;). Application of Eqg. (1) to a buffer containing 1®8mof MgCl; in
addition to 60mM of KCI, as was used in (5) andalsvestigated in (31-33), leads to an

effective valencyZ =163, meaning that addition of a relatively small amiooh divalent
cations results in a significant increaseZofAddition of this amount of MgGlalso increases
the Debye length by about 30%, but this variatidfecis H-NS/DNA and H-NS/H-NS
interactions essentially in the same way, so thist eéffect will be disregarded in the present
simulations, which focus on the effects of varyihign the dynamics of the system.

In the model, the effective valeng&yis actually considered as a free parameter, which
affects only the charge placed at the center ofi €0¢A bead, this charge being obtained as
the product of the equilibrium distance between tveads and the net linear charge density
—-el(Z¢,). Simulations were run for 9 different valuesZofanging from 1.0 to 1.67 and two
different numbers of protein chains (200 and 10@®jje keeping all other parameters of the
system constant. Representative snapshots of tiferomations obtained with 200 proteins
chains andz=1.33, 1.42, and 1.50, are shown in Fig. 2. It imirgled that H-NS/DNA

interactions are energetically favored far< Z_, = 13vhile H-NS/H-NS interactions are

crit

favored forZ >Z_. . Visually, one indeed observes a qualitative défice between the three

it -
snapshots in Fig. 2, with the protein chains orgagi principally in short filaments stretching
along the DNA forZ=1.33, in rather loose clusters connected to the DiNAZ=1.42, and in
bigger, more compact clusters connected to the BiMX=1.50.

A more quantitative insight into the evolutiontbe conformations of the system can
be gained by plotting, for increasing values Zfthe probability distribution p(s) for a
protein chain to be bound ®DNA beads (Fig. 3, left column), the probabilitigtibution

g(s) for a protein chain to be boundgother protein chains (Fig. 3, right column), adlae

the probability distributionu(s) for this protein chain to belong to a cluster cosgd ofs



protein chains (Fig. 4) (the closely related plbtlee size distribution of protein clusters is
shown is Fig. S3 of the Supporting Material). Hois tpurpose, it was considered that the
protein chain is bound to a DNA bead if their iagtron is attractive and of total magnitude

(computed according to Eq. (S11)) larger ti3dQT, and that two protein chains are bound if

the interaction between one chain and one ternbi@atl of the other chain is attractive and of

total magnitude (computed according to Eq. (S9)yda than 3k, T. The choice of the

threshold is somewhat arbitrary but the princigatéires of the distributions do not depend
critically thereon. It is seen in Fig. 3 that #6+1.00, that is, when H-NS/DNA interactions are
energetically favored with respect to H-NS/H-NS sjmaost protein chains bind to four DNA
beads but do not bind to other protein chains. Relpeging that tight binding of a protein
chain to the DNA chain involves two consecutive DBdads (see Fig. S2), this indicates that
most protein chains bind the DNA chain with thewotterminal beads (that is, @is) while
remaining separated from the other protein chaliss is confirmed by the distribution of
cluster sizes (Fig. 4), which indicates that abf of the protein chains belong to clusters
of size 1 (and about 25% to clusters of size 2¢dntrast, foZz=1.67, that is, when H-NS/H-
NS interactions are energetically favored with ez$pto H-NS/DNA ones, most protein
chains do not bind to the DNA chain but bind indt@a average to 5 other protein chains
(Fig. 3). This suggests that protein chains forrgdeclusters, which interact only loosely with
the DNA chain. The distribution of cluster sizesg(F4) accordingly indicates that large
clusters with size up to 100 chains sequestratentijerity of protein chains.

For 200 protein chains, the transition betweerséhtvo limiting regimes occurs

aroundZ_. = 137 as may be checked in Fig. 3. In this range ofi@slofZ, many protein

crit
chains bind to one other protein chain and formustiameously one strong bond (involving
two DNA beads) with the DNA chain. This suggestatthilaments of connected protein
chains form along the DNA chain, where each protkiain binds with one terminal bead to
the DNA chain and with the other terminal beadh® neighboring protein chain. The plot of

u(s) in Fig. 4 accordingly indicates that, fé=1.33, about 35% of the protein chains belong

to filaments of size 3 to 6 (and about 35% to fiéents of size 2). These filaments are
admittedly not very long and they are furthermoispersed rather randomly over the whole
contour length of the DNA chain. It should however reminded that 200 protein chains
correspond approximately to one H-NS dimer per DBIA base pair, that is, about twice the
physiological concentration during the cell growghase (43). This concentration is much
smaller than the typical protein concentrationsduse(6,7,9,10), which were of the order of
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one H-NS dimer per one to ten DNA base pairs adddehe collapse of the DNA molecule
when no stretching force was applied to its exttiasi Simulations indicate that, for 1000
protein chains, filaments form at lower valueZpfare much longer, and cover significantly
larger portions of the DNA contour length, as may dihecked in Fig. 5, which shows a
representative snapshot of the systenzZfdr.17.

Careful analysis of the results of simulationscate that the mechanical properties of
the DNA chain (like its persistence length) are sighificantly altered by the assembly of
protein filaments on the DNA chain, even for 1000tein chains. This is probably due to the
fact that the bending rigidity of the protein cheimas assumed to be much smaller than the
rigidity of the DNA chain, in order to account fdre flexible linker that connects the C-
terminal and N-terminal domains of H-NS (17). Asamsequence, the protein chains and the
filaments merely adapt to the deformations of thidADchain without hampering them
significantly. This property of the model is in atecontradiction with experimental results,
which indicate that the formation of filaments iscampanied by an increase in the
persistence length and stiffness of the DNA moked6l7,10). Such a discrepancy between
the results of simulations and experiments strorsglggests that protein filaments are in
themselves not responsible for the increased stiffrand that the mechanism behind it is
more probably related to the way H-NS dimers bimdhie DNA duplex. More precisely, it
has been shown that H-NS dimers insert one C-taintgop inside the minor groove of
double-stranded DNA (45). Binding of a H-NS dimerat DNA site consequently decreases
the flexibility of the DNA chain at this particuldocation, a point not accounted for in the
model, and the many H-NS/DNA bonds associated thigiformation of protein filaments are
probably responsible for the observed increasevémadl DNA stiffness.

Another important feature of protein filamentstiat they stretch along the DNA
chain but only seldom bridge sites that are broad|yarated from the genomic point of view.
However, the geometry of protein clusters changestitally aboveZ , = 137where H-
NS/H-NS interactions become energetically favorét vespect to H-NS/DNA ones. Indeed,

above Z_, protein clusters grow in three dimensions in th#dsuinstead of growing in one

crit
dimension along the DNA chain, which enables thenform simultaneous contacts with
several sites along the DNA chain that are notiganus from the genomic point of view, as
may be checked in the middle and bottom vignettdsg 2. Particularly striking is the plot,
as a function ofZ, of the number of indirect connections betweenrspaf DNA beads

mediated by H-NS clusters, which is shown in FigT@o DNA beads are considered to be
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connected if they are linked by protein chains thah a continuous series of contacts of the
form d-p-p-p-... -p-p-p-dwhered denotes a DNA bead amda protein chain, and there is no
limit on the number of intercalated protein chgmdhe same threshold as above is used for
defining a contact3k,T for both DNA/H-NS and H-NS/H-NS contacts), andyophirs of

DNA beadd separated along the DNA chain (genomic separabigrp0 or more other DNA
beads are taken into account (the result is esdignindependent of the exact value of the
separation threshold, as soon as it is larger thancontour length of the short protein
filaments observed for 200 protein chains). Itasrsin Fig. 6, that the number of connections

increases sharply just above, , which indicates that connection of distant DN£fesiby H-

NS proteins is efficient only when H-NS/H-NS intetians are favored with respect to H-
NS/DNA ones and H-NS proteins are able to formtelgsin three dimensions.
Let us mention for the sake of completeness tti@raquantities, like the coverage of

the DNA chain by protein chains, may however diggiamoother variations around,, than

the quantities discussed above, as can be cheolked.i S4 of the Supporting Material. For

the specific case of the coverage of the DNA cligiprotein chains, the smoother behavior
is due to the fact that the formation of both protBlaments and 3-dimensional clusters
contribute to reduce the coverage of DNA (becausene overlap of protein chains in the

former case and of protein chains not being boorttié DNA chain in the latter case), so that
coverage of DNA decreases steadily and rather imijoover the full range of variation @

It is worth emphasizing that the present work eopently describes the DNA-
bridging mode of H-NS proteins as consisting oftgiro clusters that bind broadly separated
sites along the DNA chain, and not, as is oftenevarless implicitly assumed, as tracts of
parallel proteins that bridge two parallel DNA dexés. This latter description emerges quite
naturally when looking at atomic force microgragfDNA/protein complexes deposited on
mica plates (5), but simulations have shown tha tonformations of DNA/protein
complexes are significantly different in bulk anmd planar conditions and that the parallel
protein bridges geometry arises from the rearramgenof the complexes after their
deposition on the charged surface (38,39). Moreorerent single-molecule experiments
have reported the presence of clusters of H-NSm®turied inside the nucleoid (46), while
other experiments have shown that mutants of H-Nch have disrupted dimer-dimer
interactions and cannot form higher order oligomars also unable to form bridges between
two DNA duplexes (47). The ability for H-NS dimets clusterize therefore appears as a
prerequisite for their ability to bridge distant BNsites, which strongly supports the
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conclusions of the present work. Finally, it haemeshown in the same work that the
transition from no bridging to complete bridging very abrupt upon increase of the
concentration of magnesium ions (47), which is mgaiagreement with the threshold effect

observed in Fig. 6.

CONCLUSION

The coarse-grained model developed in the preserk fully supports the mechanism
proposed in the Introduction, according to whick grimary role of divalent cations in the
switch of H-NS proteins from the DNA-stiffening medo the DNA-bridging mode consists
in decreasing the strength of H-NS/DNA interactianth respect to the strength of H-NS/H-
NS interactions, with the latter ones becoming geiirally favored above a certain threshold
of the effective valency. The geometry of H-NS tdus changes drastically at this threshold.
Below the threshold, H-NS dimers form filaments jefthstretch along the DNA molecule but
are quite inefficient in bridging DNA sites thatamot contiguous from the genomic point of
view. This is the DNA-stiffening mode. In contraahove the threshold, H-NS dimers form
3-dimensional clusters, which are able to conné¢ABites that are distant from the genomic
point of view. This is the DNA-bridging mode.

The model does not reproduce the increase in DiNffvesss induced by the assembly
of protein filaments on the DNA molecule, becaus#oes not account for the local increase
of rigidity associated with the insertion of thet&minal loop of H-NS proteins inside the
minor groove of the DNA molecule. In contrast, itoyides clear rationales for the
experimental observations that the switch betwéentivo modes is a threshold effect and
that the ability of H-NS dimers to further oligone is crucial for their bridging capabilities.

This work suggests that the switch of H-NS pratdietween the DNA-stiffening and
DNA-binding modes can be explained on the basisimple, general arguments. According
to the recent study quoted above (47), it may adtesult from a more involved mechanism,
where divalent cations let H-NS dimers switch betwea “closed” and an “open” geometry,
which have different oligomerization and DNA-bindiproperties (47). While it is not clear,
why such a mechanism would display a thresholdatit of course not be excluded that both
mechanisms cooperate to let H-NS proteins swittiWwdsn the two DNA-binding modes.

Last but not least, it appears that the conceatraif divalent cations where the switch

occurs falls within the physiological range, whitlay be considered as an indication that the

12



mechanism described here may play an importantirokle global regulation scheme of

bacterial cells.

SUPPORTING MATERIAL
Model and Simulations section. Figures S1 to S4.

SUPPORTING CITATIONS

Reference (48) appears in the Supporting Material.
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FIGURE CAPTIONS

Figure 1 : Plot, as a function of the effective valentyof the cations of the buffer, of the
minimum of the potential energy felt by a lineaotgin chain approaching the linear DNA
chain perpendicularly (solid red curve) and of ¢éinergy of the saddle separating two minima
(dashed blue curve). The potential energy surfsedf is shown in Fig. S2 of the Supporting

Material for Z=Z_, = 137. The dot-dashed green horizontal line represéatstinimum of

crit
the potential energy felt by a linear protein chapproaching another linear protein chain
perpendicularly. The potential energy surface fitselshown in Fig. S1 of the Supporting

Material. The solid and dot-dashed lines inters¢&t =7 . = 1.37.

crit
Figure 2 : Representative snapshots of the system with 28@ips chains foZ=1.33 (top),
1.42 (middle) and 1.50 (bottom). The blue line axta the centers of successive DNA beads.
Red (respectively, green) spheres represent tekrfrespectively, central) beads of protein
chains. The confining sphere is not shown.

Figure 3 : Probability distribution p(s) for a protein chain to be boundsd®NA beads (left
column) and probability distribution(s) for a protein chain to be bound $ather protein
chains (right column), for values of Z increasimgnh 1.00 to 1.67. Note that binding of a
protein chain to the DNA chain usually involves tawccessive DNA beads. Each plot was
obtained from a single equilibrated simulation w®0 protein chains by averaging over a

time interval of 0.1 ms.

Figure 4 : Decimal logarithm ofu(s), the probability distribution for a protein chaio
belong to a cluster containirgprotein chains, for values & increasing from 1.00 to 1.67.
Each plot was obtained from a single equilibratedugation with 200 protein chains by

averaging over a time interval of 0.1 ms.

Figure 5 : Representative snapshots of the system with po@@ins chains far=1.17. The
blue line connects the centers of successive DN&dfeRed (respectively, green) spheres
represent terminal (respectively, central) beadgrofein chains. The confining sphere is not

shown.
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Figure 6 : Plot, as a function oZ, of the average number of connections betweers [mdir
DNA beads mediated by protein chains, for 200 pmatbains. Only pairs of beads separated
along the chain by 50 (or more) other DNA beaddaken into account.
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Role of salt valency in the switch of H-NS proteins
between DNA-bridging and DNA-stiffening modes

M. Joyeux
LIPhy, CNRS and Université Grenoble Alpes, Grendbiance

MODEL AND SIMULATIONS

Temperaturd is assumed to be 298 K throughout the study. Todeifor the DNA
molecule consists of a circular chain of 2880 beads with radiugsa = 1.0im separated at

equilibrium by a distancé, = 2%m and enclosed in a sphere with radRs= hP2Q.

Two beads represent 15 DNA base pairs. The comémgith of the DNA molecule and the
cell volume correspond approximately to 1/200ththedf values fofE. coli cells, so that the
nucleic acid concentration of the model is closthtophysiological one. The potential energy

of the DNA chain consists of 4 terms, namely, ttretshing energy/,, the bending energy
V, , the electrostatic repulsior},, and a confinement term,,,
EDNA :Vs +Vb +Ve +Vwa|| ' (Sl)

The stretching and bending contributions write
h n
Vo =22 0 =lo)’
< (S2)
W=22%
k=1

where r, denotes the position of DNA bedd I, =|r,-r,,,| the distance between two
successive beads, an@, =arccos, —I,.) (M1 = o) /(e =Tl [Fe —Tie2)) the angle
formed by three successive beads. The stretchiaigeN, is a computational device without
biological meaning, which is aimed at avoiding gidirod description. The stretching force
constant is set toh =100k,T /12, which insures that the variations of the distabpesveen

successive beads remain small enough (1). In intthe bending rigidity constant is
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obtained from the known persistence length of thMAD =50 nm, according to
g=¢ kT /1, =20k,T .
Electrostatic repulsion between DNA beads thatrexieclose neighbours along the

chain is written as a sum of repulsive Debye-Hut&ehs with hard core

n-4 n
Vo= S H( ) (S3)
k=1 K=k+4
where
H(r) =iexr{— - ZaJ . (S4)
4rer o

Interactions between close neighbouts|¢<— K| < 3) are not included in Eq. (S3) because it
is considered that they are already accounted rothe stretching and bending terms.
& =80¢, denotes the dielectric constant of the buffer. Talee of the Debye lengthy is set

to 3.07 nm, which corresponds to a concentratiomohovalent salt of 0.01 Me,,, is the
electric charge, which is placed at the centreawheDNA bead when considering that the
buffer contains only monovalent cationZ £1). The numerical valuee,,, =—3525€,
where € is the absolute charge of the electron, is thelyebof |, and the net linear charge
density derived from Manning’s counterion condeiosatheory (-€//, =—-141€/nm, see
the main text). The charge placed at the centeeawh bead reduces t®,,/Z when

considering that the buffer contains cations oéetff/e valencyZ >1.

Finally, the confinement ter,,, is taken as a sum of repulsive terms

Voar =10kgT z f (”rk”) ) (S5)
k=1
wheref is the function defined according to
if r<R,: f(r)=0
r 6
ifr>R0:f(r):(—j -1. (S6)
Ro

H-NS dimers are modeled as chains of 4 beadsrattius a separated at equilibrium

by a distanceL, = 4.m. For each protein chajnchargese,, =e,, =3€ are placed at the
centre of terminal beadsn=1 and m= 4 and chargese;, =, =—-3€ at the centre of

central beadsn= 2nd m= 3 The values of these effective charges were obdafrom a

naive counting of the number of positively and riegdy charged residues in published
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crystallographic structures (2). It is considerhdttthe density of charges along the naked
protein chain is small enough for counterion comsd¢ion not to take place in the range
1<Z < 2. Moreover, the terminal beads of each proteinrcloan bind either to the beads of
the DNA chain or to the central beads of othergirothains, so that the model accounts for
both H-NS oligomerization and binding of H-NS tetBNA chain. In most simulations,
P =200 protein chains were introduced in the confiningese together with the DNA chain,
which corresponds to a protein concentration agprately twice the concentration of H-NS
dimers during the cell growth phase and six tinfes ¢oncentration during the stationary

phase (3).
The potential energy of the protein chains coas$# terms
E, =V +V,® +V,FP +v D | (S7)

where the stretching, bending, and confining emsrgare very similar to their DNA

counterparts
3
Vs(P) z z (ij 0
j=1 m=1

V,® = z z @2 (S8)

j=1 m=1

vV =10kT Y'Y (R ;)

= m1
with R, the position of beadh of protein chainj, L, the distance between beaudsand
m+1 of protein chain, and©,, the angle formed by beads m+1, andm+2 of protein chain
j. The value of the bending constant is assumee &slow ass =2 k,T, in order to account
for the flexible linker that connects the C-terntiaad N-terminal domains of H-NS.

The interaction energy between protein chain§)”, is taken as the sum of (attractive

or repulsive) Debye-Huckel terms with hard core @eg@ulsive) excluded volume terms, with
the latter ones contributing only if the correspogdDebye-Hiickel term is attractive

ARG iejleMH(HRil J4H) +ZZ4: ZP: iejmeJMH(HR H

j=l m=1J=j+1M=1

(S9)
A3 Y Y TF(R, Ry,
=l m= ZL4J 1M=23
£j

whereF is the function defined according to
. r,—2a,r,
if r<r, : F(r)=-2 -2)+1 S10

: (=22 ("2 (S10)
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if r>r,: F(r)=0,

and r, denotes the threshold distance below which théuded volume term, taken as the
repulsive part of a™order Lennard-Jones-like function with hard caneates a repulsion
force between oppositely charged beads. The farsh tin the right-hand side of Eqg. (S9)
insures that the two terminal beads of the sami awanot overlap. The numerical values of
the two parameters of the excluded volume potenfiat1k,T and r, = 35 nm, were
adjusted manually in order that the enthalpy chamgen forming a complex between two
protein chains is comparable to the experimentditermined value for H-NS. As shown in
Fig. S1, this enthalpy change is equal-t@20k,T for two protein chains at equilibrium
approaching one another perpendicularly, whichlasecto the experimentally determined
value for H-NS € -102k,T (4)).

Finally, the potential energy describing the iat#ions between the DNA chain and
the protein chainsEg e, is similarly taken as the sum of (attractive epulsive) Debye-
Huckel terms with hard core and (repulsive) exctudelume terms, with the latter ones
contributing only if the corresponding Debye-HUctezim is attractive

e =2 S5 S e R D 43S SF( R, 11

k=1 j=1 m=1 k=1 j=1m=14

It is emphasized that the attraction term betwe&hAbeads and terminal protein beads
scales asl/Z in Eqg. (S11), while the attraction term betweemnmiaal beads of a protein
chain and central beads of another protein chaas ¢t depend o in Eq. (S9). This is a
key point of the model, see the main text. The mité energy felt by protein chains at
equilibrium approaching perpendicularly the linBdA chain at equilibrium is shown in Fig.
S2 for an effective valency of the catioAs= 1.37. For this particular value &, the enthalpy
change upon binding of a protein chain to the DNwio is —120k,T , which is equal to the
enthalpy change upon binding of a protein chaiartother protein chain, and comparable to
experimentally determined values £110k;T (5)). In contrast, as illustrated in Fig. 1 of the
main text, binding of protein chains to the DNA ehie favored forZ < 137 while binding

to other protein chains is favored far> 13l may also be noted in this figure that the
evolution of the enthalpy change upon binding oNH-to DNA deviates slightly from an
1/Z law, which results from the fact that the exelddvolume term is assumed to be
independent of Z in Eq. (S11).
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The total potential energy of the systeh),,, is the sum of the energies of DNA and
protein chains and DNA/protein interactions
Epot = EDNA + EP + EDNA/P * (812)

The dynamics of the model was investigated by natigy numerically the Langevin
equations of motion with kinetic energy terms netgd. Practically, the updated position

vector for each bead (whether DNA or proteirﬂ‘,ﬂ) , Is computed from the current position

vector,r ™, according to
D, At
(n+1) — . (n) (n) (n)
(" =0+ LR + 2D AL E (S13)
B

where the translational diffusion coefficied is equal to(k,T)/(6777a) and 77 = 0.00089
Pa s is the viscosity of the buffer &t=298 K. Fj(“) is the vector of inter-particle forces
arising from the potential ener@y,,, £ a vector of random numbers extracted at each step

n from a Gaussian distribution of mean 0 and vaeahcandAt the integration time step,
which is set to 1.0 ps foP = 20protein chains and 0.5 ps f&*=  1008ains. After each
integration step, the position of the center of ¢bafining sphere was slightly adjusted so as
to coincide with the center of mass of the DNA ncale.
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Figure S1 : Potential energy felt by a protein chain aligaézhg they axis when approaching
another protein chain elongated along xhaxis and centered on (0,0). Both chains are at
equilibrium with respect to their stretching andtheg degrees of freedom. The black disks
represent two beads of the protein chain elongaledg thex axis. In this geometry, the
potential is symmetric with respect to theaxis, in addition to having rotational symmetry
along thex axis. k,y) denote the coordinates of the center of the teathbead of the vertical
chain that lies closest to the horizontal chaine hhinimum of the potential energy surface
(—120kgT ) is located on thg axis. Contour lines are separatediy,T .
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Figure S2 : Potential energy felt by a protein chain aligaéahg they axis when approaching
an infinite DNA chain elongated along tkeaxis, for an effective valenc¥=1.37. Both
chains are at equilibrium with respect to theietsthing and bending degrees of freedom. The
black disks represent DNA beads. In this geoméigy piotential has rotational symmetry
along thex axis. k,y) denote the coordinates of the center of the teathbead of the vertical
protein chain that lies closest to the horizont&dADchain. The minima of the potential
energy surface<{120k,T ) are located at equal distances from two succed3NA beads.

Contour lines are separated Dk, T .
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Figure S3 : Decimal logarithm ofv(s), the probability distribution for a protein clust®

contains protein chains, for values d@fincreasing from 1.00 to 1.67. Each plot was olet@in
from a single equilibrated simulation with 200 miat chains by averaging over a time
interval of 0.1 ms.
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Figure $4 : Plot, as a function of Z, of the fraction of th&l® chain covered by protein
chains, for 200 protein chains. A bdadf the DNA chain is considered to be “covered’ay

protein chain if it is bound to a protein chainsorrounded, in the rang[dx—S,k+ 5] by two
beads that are bound to protein chains belongitigetgame cluster.
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