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MODEL AND SIMULATIONS

Temperature T is assumed to be 298 K throughout the study. The DNA molecule is
modeled as a circular chain of n=2880 beads with radius a=1.0 nm separated at

equilibrium by a distance |, =2.5 nm and enclosed in a sphere with radius R, =120 nm.

Each bead represents 7.5 DNA base pairs (bp). The contour length of the DNA molecule and
the cell volume correspond approximately to 1/200th of the values for E. coli cells, so that the

nucleic acid concentration of the model is close to the physiological one (=10 mM). The

potential energy of the DNA chain consists of 4 terms, namely, the stretching energy V."™*,

the bending energy V,”*, the electrostatic repulsion V,”**, and a confinement term V™
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The stretching and bending contributions write
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where r, denotes the position of DNA bead k (with the convention that r,,, =r,),
I, = ||rk —rk+1|| the distance between two successive beads, and
6, = arccos((r,_, —1 ), —1,))/ (r_, =5 || —x..[)) the angle formed by three successive

beads. The stretching energy V."** is a computational device without biological meaning,

which is aimed at avoiding a rigid rod description. The stretching force constant h is set to

h =100 k,T /I, which ensures that the variations of the distance between successive beads



remain small enough (1). In contrast, the bending rigidity constant is obtained from the known

persistence length of the DNA, & =50 nm, according to g =& kT /1, =20k,T .

Moreover, it is assumed that the repulsion between DNA beads that are not close
neighbours along the chain is driven by electrostatics and can be expressed as a sum of

repulsive Debye-Hiickel potentials with hard core

n-4 n
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In Eq. (S4), ey, denotes the electric charge placed at the centre of each DNA bead. The
numerical value ey, =—-3.525€, where € is the absolute charge of the electron, is the
product of |, and the net linear charge density along a DNA molecule immersed in a buffer

with monovalent cations derived from Manning’s counterion condensation theory

(—€/lg~-141€/nm) (2,3). In Eq. (S5), £ =80 ¢, denotes the dielectric constant of the
buffer and ry =1.07 nm the Debye length, whose value corresponds to a concentration of

monovalent salt of 100 mM, which includes the (implicit) cationic counterions that are
required for the global electroneutrality of the investigated systems. Interactions between
close neighbours (1< |k - K| <3) are not included in Eq. (S4) because it is considered that
they are already accounted for in the stretching and bending terms. The repulsive interaction
between two DNA beads is shown as a blue short-dashed line in Fig. S1. Note that the

equilibrium distance between two successive beads (|, =2.5 nm) is small enough to ensure
that different DNA segments do not cross in spite of the small value of .

The confinement term V"™* is taken as a sum of repulsive terms

VM =10k, T Z f(r ] (S6)
k=1

where the function f is defined according to
f(ry=0, if r<R,
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In addition to the DNA chain, the confining sphere contains P =200 DNA-binding
protein chains, which corresponds to a protein concentration approximately twice the
concentration of H-NS dimers during the cell growth phase and six times the concentration
during the stationary phase (4). The number of protein chains was chosen to be as small as
possible, but still large enough for the effects discussed in the present paper (compaction
and/or stiffening) to be clearly seen in the simulations. P =200 turns out to be an adequate
choice in this respect. We note in passing that most experiments dealing with the architectural
properties of nucleoid proteins were similarly performed at protein concentrations much
larger than physiological ones (5-7). Each DNA-binding protein j is modeled as a chain of 7
beads (indexes m=1,2,..,7), where the two terminal beads m=1 and m=7 represent the
DNA-binding sites (see Fig. 1). Protein beads have the same radius a =1.0 nm as DNA beads

and are separated at equilibrium by the same distance |, =2.5 nm. The internal energy of
each protein chain j, E', consists of 4 terms
E'=V)+V)+V]) +v] (S8)

where the stretching, bending, and confinement contributions are very similar to their DNA

counterparts
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In Egs. (89)-(S11), R;, denotes the position of bead m (1<m<7) of protein chain j
(1< j<P), L;, the distance between beads m and m+1 of protein chain j, and ®, the angle
formed by beads m—1, m, and m+1 of protein chain j. The values of the stretching force
constant h and the bending force constant g are identical to those of the DNA chain. Note,
however, that the sum in the expression of V) runs from m=3 to m =35, which means that
the DNA-binding beads m=1 and m=7 can rotate without energy penalty around beads
m=2 and m=6, respectively. The free rotation of terminal beads mimics the flexible

linkers, which connect the C-terminal DNA-binding domains of H-NS to the main body of the
dimer (8).



The excluded volume term Vei ensures that beads belonging to the same chain j repel

each other at short distances and do not overlap. Vei is expressed in terms of the repulsive part

of a Lennard-Jones 3-6 potential
. 5 7
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where I, =3 nm and F(r|r,) is defined according to
6 3

N oh i re
F(r|r0)_.Ir6 2r3+1’ if r<r, (S13)

F(rir)=0, if r>r,.
The repulsive interaction between two protein beads belonging to the same chain is shown as
a thin red solid line in Fig. S1.

EPI | are taken as the sum

Interactions between the DNA chain and protein chain j,
of (attractive or repulsive) Debye-Hiickel potentials with hard core, which are complemented

with repulsive excluded volume terms for DNA-binding beads m=1 and m=7

EDNAT Ly DNy DN (S14)
where
VDNAYT eDNAkiiem H(r, R, [-2) (S15)
=
and
VIONAT — 4 T kz > G(r R, [ Isy) - (S16)
=y

Positive charges €, =2.4€ are placed at the centre of DNA-binding beads m=1 and m=7,
and negative charges e, =—1.2€ at the centre of the other beads (2<m<6). The values of

these effective charges are compatible with those obtained from a naive counting of the
number of positively and negatively charged residues in published crystallographic structures
of H-NS (9), except that H-NS is globally neutral, whereas the protein chains have here a total

slightly negative charge of —1.2€ , in agreement with the fact that most proteins encoded in
the genome of E. coli are anionic (10). In Eq. (S16), S, =2 nm and G(r|s,) is the repulsive

part of a Lennard-Jones 1-2 potential
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The interaction between DNA-binding protein beads (m=1 and m=7) and DNA beads is
shown as a thick green long-dashed line in Fig. S1 and the repulsive interaction between other
protein beads (2 <m<6) and DNA beads as a thin green long-dashed line. The most stable
DNA/protein complex is shown in Fig. S2(a) : each DNA-binding protein bead binds

simultaneously to two successive DNA beads with a total binding energy of —7.8 k,T , which

is comparable to experimentally determined values for complexes of DNA and H-NS

(=-11.0k;T (11)). It is seen in this figure that the terminal protein bead and the two DNA

beads overlap to some extent for the most stable DNA/protein complex. The reason is that the
radius of the beads a=1.0 nm is essentially used to compute the translational diffusion

coefficient D, = (k;T)/(67na) which governs the Langevin equations (see Eq. (S25) below).

Nonetheless, the distance between the centers of a DNA bead and a protein bead can become
smaller than 2a, which reflects the fact that proteins may insert loops in the major or minor
groove of the DNA molecule. The sum of the attractive Debye-Hiickel potential with hard
core at distance a (Eq. (S15)) and the repulsive part of a Lennard-Jones 1-2 potential without

hard core (Eq. (S16)) results in a maximum binding energy of —3.9k,T at a center-center

distance of 1.60 nm (thick green long-dashed line in Fig. S1), which is indeed smaller than
2a =2.0 nm and is responsible for the overlaps in Fig. S2(a).

The fact that DNA/protein interactions are mediated uniquely by effective electrostatic
charges placed at the center of each bead is certainly a strong approximation, because it is
known that proteins and cationic counterions compete for binding to the DNA, and that
binding of a protein is consequently accompanied by the release of counterions in the buffer
(12-14). Since the released counterions regain translational entropy, the net energy balance for
the binding of ligands to the DNA results from subtle enthalpy-entropy compensations
(15,16), a point which is overlooked in the present models. There is however no reason, why
this approximation should affect the validity of the results discussed in the main text, because
these results depend essentially on the ability of the proteins to bind to the DNA and on the
bond energy, not on the nature of their interactions.

The two models discussed in the main text differ only in the expression of the
interaction E'’ between two protein chains j and J. The two models agree on the fact that
each protein chain contains two isomerization sites, but the properties of these sites differ
from Model I to Model II.

In Model I, each isomerization site is made up of a single bead, namely bead m =2

for one site and bead m =6 for the other one (see Fig. 1). The isomerization beads of protein
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chain j may bind to the isomerization beads of chain J but repel all other beads through an
excluded volume term. The other beads of chain j (m#2 and m#6) repel all the beads of

chain J through the same excluded volume term. More explicitly, for Model I the interaction

energy between protein chains j and J, E'"’ | writes

EIN =vID Ly (S18)
where
Vi =g, { Z} W (R, =Ry | [Uy) (S19)
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and
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In Egs. (S19) and (S20), 3 stands for the ensemble

3I=1{{2,2},{2,6},{6,6}} . (S21)
In Eq. (S19), the condition {M,M} € J indicates that the sum applies to pairs of isomerization
beads. In contrast, the restriction {m,M} ¢ I in Eq. (S20) indicates that pairs of isomerization
beads do not contribute to the sum. Moreover, in Eq. (S19), W(r|u,) is a Lennard-Jones 3-6

potential
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with u, =1.0 nm. The interaction potential of two isomerization protein beads is shown for
&, =8k,T as a thick red solid line in Fig. S1. W(r|u,) is minimum for r=u,, with
W (u, |uy)=~1, so that for Model I the isomerization binding energy is simply —¢,,. The
excluded volume term in Eq. (S19) is similar to that in Eq. (S12) and the function F(r|r)) is

defined in Eq. (S13).

In Model II, each isomerization site is instead made up of two beads, namely beads
m=2 and m=3 for one site and beads m=5 and m=6 for the other one (see Fig. 1). An
isomerization site of one protein chain can bind to an isomerization site of another protein
chain, but only in a “head-to-tail” fashion. This is obtained by imposing that beads m =2 and
m =6 of one chain can bind to beads m=3 and m=5 of the other chain, but repel all other
beads. More explicitly, the interaction energy between protein chains j and J, E'” | has the
same expression for Model II as for Model I, except that the ensemble J is defined according

to



3=1{{2,3},12,5},13,6}.15,6} } . (S23)
&, is the only variable parameter of the model. It was varied from 4 k,T to 12k,T,

in order to check the influence of the isomerization binding energy on the equilibrium
properties of the system. As already mentioned, for Model I the isomerization binding energy

is just —g;,. For Model II, the isomerization binding energy of two protein chains was

estimated by letting two chains frozen in minimum energy conformations (IT-shaped) slide
parallel to each other and computing their interaction energy as a function of the coordinates
of the central bead of one chain relative to the central bead of the other one. The I1-shaped
conformation of protein chains was used for the calculation of the isomerization binding
energy, because terminal protein beads rotate without energy penalty around beads m =2 and
m=6 (Eq. (S10)) and the 90° angle ensures minimum repulsion between these beads. As

shown for &, =8k,T in Fig. S2(b), the interaction energy displays a sharp minimum around
Xx=7.6 nm and y=1.1 nm, whose depth is taken as the isomerization binding energy. As
illustrated in Fig. S3, this energy varies almost linearly with ¢ ,, from about —5k,T for
&, =4k,T to about —21k,T for &, =12k,T. For the sake of comparison, it is reminded

that the experimentally determined value of the enthalpy change upon forming a complex

between two H-NS dimers is —10.2k,T (17). For Model II, two protein chains cannot bind

simultaneously to the same isomerization site of a third protein chain, which ensures that
protein chains isomerize in the form of filaments rather than clusters.

As for DNA/protein interactions, it is stressed that modeling protein/protein
interactions as sums of Lennard-Jones potentials is a strong approximation, because protein
self-association is governed by a variety of factors, including electrostatic interactions,
hydrogen bonds, geometric frustrations, and hydrophobic interactions (18-20). There is
however again no reason, why this approximation should affect the validity of the results
discussed in the main text, because these results depend essentially on the geometry of protein
assemblies and on the strength of the bonds, not on the nature of protein/protein interactions.

The total potential energy of the system, E__, is the sum

pot 2
P P Pl P )
E, =EP+D EN+Y EPILY N B (S24)
j=1 j=1 j=1 J=j+1
The dynamics of the model was investigated by integrating numerically the Langevin

equations of motion with kinetic energy terms neglected. Practically, the updated position



(n+1)

vector for each bead (whether DNA or protein), r;""’, was computed from the current

)

position vector, r}” , according to

D, At
rj(n+1) :r;n)+ ktT Fj(n)+ ) Dt At f(n) , (S25)
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where the translational diffusion coefficient D, is equal to (k;T)/(67na) and 7 =0.00089
Pa s is the viscosity of the buffer at T =298 K. F j(”) is the vector of inter-particle forces
arising from the potential energy E ,, E™ a vector of random numbers extracted at each step

n from a Gaussian distribution of mean 0 and variance 1, and At the integration time step,
which was set to 1.0 ps. After each integration step, the position of the center of the confining

sphere was slightly adjusted so as to coincide with the center of mass of the DNA molecule.
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Figure S1 : Plot, as a function of the distance r between the centers of the beads, of the
various bead-bead interaction potentials of the model. Blue short-dashed line : DNA-DNA
repulsive interaction (Egs. (S4)-(S5)). Thin green long-dashed line : repulsive potential
between a DNA bead and a protein bead with 2<m<6 (Eq. (S15)). Thick green long-
dashed line : binding potential between a DNA bead and a DNA-binding protein bead with
m=1 or m=7 (Egs. (S15)-(S17)). Thin red solid line : repulsive potential between two
protein beads, which do not belong to the ensemble I (Egs. (S20), (S21) and (S23)). Thick
red solid line : binding potential between two protein beads, which belong to the ensemble 3
(Egs. (S19), (S21), (S22) and (S23)). r is expressed in nm, energy values in units of KT .
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Figure S2 : (a) Diagram showing the most stable DNA-protein complex and how energy
evolves when the protein is displaced from this position. Filled brown disks represent DNA
beads and circles represent protein beads m=1 (red) and m=2 (green). Contour lines are
separated by 1k,T. Energy values expressed in units of k,T are shown in yellow for a few

contours. Binding energy is —7.8 k,T . (b) Diagram showing the most stable complex formed
by two proteins for Model II and ¢, =8 kT , and how energy evolves when the upper chain
is displaced from this position. Contour lines are separated by 2k,T . Energy values
expressed in units of k,T are shown in yellow for two contours. Binding energy is —12.7 k,T .

Contour lines display rotational symmetry around the X axis (the long axis of the fixed protein
chain) and point symmetry with respect to the origin of the plot (the center of the central bead
of the fixed protein chain).
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Figure S3 : The blue and red lines show the evolution, as a function of ¢, of the binding

energy of protein/protein complexes for Models I and II, respectively. For comparison, the
green dashed line shows the bond energy of DNA/protein complexes (—7.8k,T). &, and

energy values are expressed in units of kT .

13



Model | Model Il

10 I ] I ] I =
i ———t—+—
1.0 1
18 1+
L | | L | 1
10 I ] I ] I =
} ————
10 1 | I —
a05 ELJ=9kBT_
».c_’_/ .
1B —————
- —t
m05_ 1 SLJ=11KB-[
i oF - —————
@05 T .
(=
L i ...
0.0

L
01234567 8-012345©6 7 8
S S

Figure S4 : Plot of the probability distribution ¢(S) for a protein chain to bind to S other
protein chains, for Model I (left column) and Model II (right column), and values of &,
increasing from 4k,T (top) to 12k,T (bottom). Each plot was obtained from a single
simulation with 200 protein chains (without the DNA chain), by averaging ((S) over time
intervals of at least 4 ms after equilibration.
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Figure S5 : Diagram showing the different modes of interaction between protein chains and a
DNA chain. DNA beads are shown in brown and protein beads in red, green or black,
according to the same color code as in Fig. 1.
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Figure S6 : Plot, as a function of &, of the average fraction of protein chains which belong

to a cluster bridging different DNA segments, for Model 1 (open symbols) and II (filled
symbols). Each point was obtained from a single simulation with the DNA chain and 200
protein chains, by averaging the relevant quantity over time intervals of at least 2.5 ms after
equilibration.
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Figure S7 : Representative snapshots extracted from simulations with the DNA chain and 200
protein chains for Model I and ¢, =6 k,T (top), 7 k,T (middle) and 8 k,T (bottom). The
line joining the centers of DNA beads is shown in brown (DNA beads are not shown). DNA-
binding protein beads are shown in red, isomerization beads are shown in green, other protein
beads are not shown. The lines joining the centers of protein beads are shown in black. The
blue circle is the trace of the confinement sphere.
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time intervals of at least 2.5 ms after equilibration.
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Figure S8 : Plot of the probability distribution p(s) for a DNA-binding protein bead to bind
to S DNA beads (cyan) and the probability distribution g(s) for a protein chain to bind to S
other protein chains (red), for Model I (left column) and Model II (right column), and values
of g, increasing from 4k,T (top) to 12k,T (bottom). Each plot was obtained from a single
simulation with the DNA chain and 200 protein chains, by averaging p(s) and (S) over



Figure S9 : Representative snapshots extracted from simulations with the DNA chain and 200
protein chains for Model II and ¢, =8 k,T (top), 9k, T (middle) and 10 k,T (bottom). The

line joining the centers of DNA beads is shown in brown (DNA beads are not shown). DNA-
binding protein beads are shown in red, isomerization beads are shown in green, other protein
beads are not shown. The lines joining the centers of protein beads are shown in black. The
blue circle is the trace of the confinement sphere.
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