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ABSTRACT Protein-mediated bridging is ubiquitous and essential for shaping cellular structures in all organisms. Here we
dissect this mechanism for a model system: the Histone-like Nucleoid-Structuring protein (H-NS). We present data from two
complementary single-molecule assays that probe the H-NS-DNA interaction: a dynamic optical-trap-driven unzipping assay
and an equilibrium H-NS-mediated DNA looping scanning force microscopy imaging assay. To quantitatively analyze and com-
pare these assays, we employ what we consider a novel theoretical framework that describes the bridging motif. The interplay
between the experiments and our theoretical model not only infers the effective interaction free energy, the bridging conformation
and the duplex-duplex spacing, but also reveals a second, unresolved, cis-binding mode that challenges our current under-
standing of the role of bridging proteins in chromatin structure. We expect that this theoretical framework for describing
protein-mediated bridging will be applicable to proteins acting in chromatin and cytoskeletal organization.
INTRODUCTION

Cells employ an eclectic array of biopolymers to perform

a diverse set of tasks: from actin and intermediate filaments,

which provide cellular structure, and microtubules, which

form the intercellular transport network, to DNA, which is

the molecular basis of the genetic code. Each of these

biopolymers is regulated and structured by proteins that

remodel these filamentous networks. One of the most com-

mon structuring mechanisms is the bridging motif, where

molecular bridges cross-link the individual biopolymers to

form loops, super-filaments, gels, and condensates. In this

article, we investigate the role of the molecular bridging

mechanism in the organization of cellular structures using

the dsDNA -bridging-protein H-NS as a model system.

H-NS is an abundant nucleoid associated protein (NAP)

that exhibits both a structural and a global regulatory role

in Gram-negative bacteria (1,2).

In our analysis, we employ two single-molecule tech-

niques to probe the dsDNA bridging: 1), optical tweezers

to unzip the protein bridges, as previously described (3); and

2), scanning force microscopy (SFM) to image protein-

induced dsDNA loops (for simplicity, we will refer to

dsDNA as DNA in the remainder of the text). To quantita-

tively compare these assays, we employ a theoretical frame-

work that describes protein-mediated biopolymer bridging.

Our model allows us to infer the effective interaction among

free energy, the bridging conformation, and the bridged

spacing between biopolymers. We previously reported strong

evidence that bridging by H-NS arises from trans binding (3);

of interest, our current approach shows that the same data
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also strongly suggest the existence of an additional nonbridg-

ing cis-binding mode. This second, previously unresolved

cis-binding mode predicts a surprisingly dynamic and flex-

ible adhesion motif whose general equilibrium adhesion

strength depends only on the density of bridging states. Cis
binding challenges our current understanding of the role of

bridging proteins in genome folding and organization and

has general implications for bridging as an essential feature

in biopolymer organization in all organisms.

MATERIALS AND METHODS

The materials and methods used in this work are described in the Supporting

Material.

RESULTS

The high-resolution imaging of protein-DNA complexes has

proved an important tool in determining the function and

mechanism of DNA architectural proteins (4,5). SFM

imaging has shown that H-NS (6) and functionally-homolo-

gous NAPs bridge DNA duplexes (7). Here we use the

SFM imaging assay to infer both the H-NS-mediated bridging

free energy and the spacing in the DNA–H-NS–DNA

complex. At low DNA concentrations, H-NS bridging results

in the formation of DNA loops, which are favored kinetically

and entropically over interduplex associations. The size of

these DNA loops is the result of two competing processes:

the adhesive free-energy density that drives H-NS-mediated

DNA bridging and the conformational free-energy penalty

that results from DNA-loop formation. The distribution

of loop sizes can be directly measured by SFM imaging

of H-NS–DNA complexes (Fig. 1 A). The number of
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FIGURE 1 (A) Representative SFM images of H-NS-

induced DNA loop complexes. The images are 125 nm

by 125 nm. (B) The probability of H-NS-mediated DNA

loops length L. A fit of the observed loop-length distribu-

tion (black), determined from SFM images of 286 loops,

to the predicted loop-length distribution (red) results in

excellent agreement with both chain statistics models.

These fits predict nearly identical values for the adhesion

energy: r ¼ 0.13 5 0.03 kT nm�1 (SEC) and r ¼ 0.14 5

0.03 kT nm�1 (WLC). The SEC model predicts a loop

spacing of b ¼ 4 5 1 nm, whereas the WLC suggests

a slightly higher value of b ¼ 6 5 1 nm . The chain statis-

tical models are discussed in the Supporting Material. (The

vertical range of the boxes represents the Poisson error, and

the width represents the bin size.)
contour-length L loops observed in equilibrium is related to the

looping free energy, Gloop(L), by the Boltzmann Distribution:

NðLÞ ¼ N0exp½�GLoopðLÞ=kT�, where N0 is a normalization

constant, k is the Boltzman constant, and T is the temperature.

To relate the observed H-NS–mediated looping free

energy to the molecular-level interactions of H-NS, we

need to model DNA loop formation. The free energy associ-

ated with an H-NS–mediated DNA loop is: Gloop(L;b,r) ¼
1/2 r L þ Gconf (L,b), where r is the H-NS–mediated adhe-

sion energy per unit length of DNA and Gconf is the confor-

mational free energy of the DNA loop, which depends on the

loop spacing b and the contour length of the unbridged loop

L (the factor of one-half that appears in the looping free

energy is a consequence of the loop geometry: a dL reduc-

tion in the adhesion length results in a 2dL increase in the

loop length). We applied the following coarse-grained

binding configuration: 1), the polymer tangents at contour

lengths 0 and L are antiparallel; and 2), the duplexes are dis-

placed in the normal direction by the loop spacing b (see

inset of Fig. 1 B). The conformational free energy of DNA
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bound to mica has been the subject of extensive investigation

(8–10). We systematically calculated the conformational free

energy of all 2D configurations for a wide range of contour

lengths, employing two 2D DNA statistical models: SEC

(10) and WLC (11).

Fig. 1 B shows that the loop-size distribution predicted by

both models closely match the observed distribution for an

adhesion energy of r ¼ 0.13 5 0.03 kT nm�1 and a loop

spacing of b between 4 and 6 nm (13). Although the

small-loop limit depends sensitively on the loop spacing,

the large loop limit is adhesion dominated. Therefore, errors

associated with the failure of the short-contour-length chain

statistics or errors in determining the traced loop length do

not significantly affect the measured adhesion energy,

although they limit the accuracy of the inferred loop spacing.

Note that the loop spacing b is too small to be resolved

directly via SFM imaging, nevertheless, a rough estimate,

based on the apparent width of the bridged duplexes,

confirms that the loop spacing is between 3 and 6 nm (see

the Supporting Material). This spacing suggests that the
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H-NS tail domains associate in a compact parallel conforma-

tion, excluding one of the two previously proposed dimeriza-

tion models for H-NS (3,12,13) according to which the dimer

is an extended structure.

The SFM assay measures the equilibrium interaction

between H-NS and DNA. We have previously probed the

nonequilibrium interaction between H-NS and DNA in

a dynamic unzipping assay (this experiment is described in

detail in Ref (3)). In these studies, H-NS–DNA complexes

were assembled by allowing the H-NS proteins to bind be-

tween two aligned DNA molecules at saturating concentra-

tions of H-NS. These complexes were unzipped employing

optical tweezers at constant pulling rates. The force-response

was found to be pulling-rate dependent: ~1 pN at 6.5 nm s�1,

~7 pN at 22 nm s�1, and ~25 pN at 88 nm s�1 (3). In the

high-force limit, the individual H-NS unbinding events, or

steps, are resolved and both the step-size distribution and

the force-dependent off rate can be directly measured. The

zero force off rate was estimated from an Arrhenius fit to

off rates measured at different forces. The estimated value

is 1.5 5 0.2 s�1 (3). The step-size distribution, captured at

a constant pulling rate of 88 nm s�1, is of particular relevance

to our current analysis and is shown in Fig. 2. The Fourier

transform of this step-size distribution reveals a peak corre-

sponding to the helical repeat of DNA which implies that

H-NS can bridge DNA duplexes every helical repeat (3).

The step sizes fall into three regimes: the zipping regime

(back steps), the unzipping regime (steps shorter that

50 nm), and the bubble regime (steps longer than 50 nm).

The zipping regime corresponds to back steps, or re-zipping
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FIGURE 2 Step-size distribution for saturated, bridged duplexes upon

optical-tweezers driven unzipping. In this assay, the step lengths are deter-

mined by the bridge spacing in the DNA–H-NS–DNA complex. The

number of observed contour length steps is plotted as a function of the

step length. The Poisson error is represented by the vertical box range.

The bin size is represented by the box width. (Where the bin size has

been expanded, the observed event number has been renormalized, resulting

in fractional events.) The first step bridging probability (red) appears sup-

pressed relative to the amplitude of subsequent steps in the unzipping regime

which are well described by an exponential decay (green). The decay length

fit from n > 1 steps is l ¼ 0.13 5 0.02 nm�1.
events where bridges, that have been disrupted, reform. All

back steps are short since the formation of bridges by rezip-

ping is suppressed by the force applied by the optical trap.

The unzipping and bubble regimes both correspond to unzip-

ping events. At a pulling rate of 88 nm s�1, the H-NS-DNA

complex cannot re-equilibrate and step-size distribution is

a snapshot of the step length distribution between H-NS

bridges in the unloaded complex. In the unzipping regime,

the step size decays exponentially with decay constant

l ¼ 0.13 5 0.02 nm�1 for step lengths longer than a helical

repeat. For shorter steps, the bridging probability is signifi-

cantly smaller than predicted by the exponential decay.

The mean step size in the unzipping regime is B ¼ 10.8 nm

(the mean step size is not equivalent to the decay length of

the step-size distribution, since short steps are suppressed).

For steps longer than 50 nm, the decay rate is significantly

less than l, suggesting that a different mechanism may con-

trol this bubble regime. Interestingly, the transition between

the unzipping and bubble regime occurs at roughly the

persistence length of DNA, the length scale on which

DNA becomes flexible. We therefore believe the bubble

regime correspond to regions where binding is frustrated

during the assembly of the bridged duplex due to the stiff-

ness of DNA.

DISCUSSION

Do the results from these two complementary assays,

probing H-NS function, lead to a consistent picture of

H-NS-mediated bridging? The most direct method for com-

paring the looping and unzipping assays is to compare the

estimated equilibrium force required to unzip the bridged

duplexes to the measured unzipping force. The equilibrium

force is defined as the work-per-unit-length required to over-

come the adhesion energy: Feq h r/2. (When length dL of

duplex is unzipped, the additional contour length between

beads increases by 2dL.) The looping assay predicts that

this equilibrium force is just 0.25 pN (see the Supporting

Material), only a quarter of the average force measured at

the slowest measured pulling rate (6.5 nm s�1). We expect

the pulling force to approach the equilibrium force for rates

slow compared to the equilibration time. If we assume the

equilibration time is the inverse of zero-force off rate, we

expect to measure equilibrium forces for unzipping speeds

less than koff B ¼ 16.5 nm s�1, more than twice as fast as

the slowest pulling rate we tested. Thus, the looping assay

predicts a pulling force much smaller than measured.

The results from the unzipping experiment itself also

appear to contradict our expectation that saturating H-NS

concentrations imply saturated bridging. The step-size distri-

bution is nontrivial: there are unbridged binding sites, which

remain empty as the concentration of H-NS is increased.

Could these unbridged sites correspond to transiently

unbound H-NS protein? We analyzed the step-size distribu-

tion with the use of a statistical mechanics model (for
Biophysical Journal 97(7) 1997–2003
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a description of the model, see Section SD of the Supporting

Material.)

These calculations reveal that the energy difference

between unbridged and bridged states is ~1 kT with a penalty

for bridges at adjacent sites. The small energy penalty asso-

ciated with bridging adjacent sites is compatible with a free

energy penalty arising from excluded volume (see Subsec-

tion SC4). Thus it appears that two H-NS dimers do not

bind cooperatively to adjacent sites by direct protein-protein

interactions (3). If we interpret the bridged and unbridged

states as a trans-bound H-NS dimer and a singly bound

dimer, respectively, the free-energy loss on protein binding

is just 1 kT, which predicts a significantly higher off-rate

and a lower unzipping force than observed (see Subsection

SD9 of the Supporting Material).

On the other hand, there is a subtle connection between the

looping assay and the step-size distribution: In an adhesion

model, the probability of a region length L being open is

proportional to exp(�rL/kT), where r is the adhesion energy

density. In the fit to the step-size distribution, we find that the

step-size distribution decays like exp(�l L). Therefore, the

adhesion energy, measured in the looping experiment,

predicts the value of the decay length of step-size distribu-

tion: l ¼ r/kT. This prediction is satisfied by the experi-

mental data, since the measured decay length from the

step-size distribution and the decay length predicted from

the looping assay are equal (to experimental precision).

The step-size distribution and loop formation are subject

to the same H-NS-induced adhesive free energy.

To resolve the mystery of how the adhesion energy could

be just 1 kT per bridge in equilibrium, we consider two

models: the Flexible-Linker model and the Rigid-Linker

model. If H-NS bridges the ~5 nm space between duplexes

in trans, it may also permit cis binding between adjacent

binding sites, spaced by a helical repeat, 3.6 nm (Fig. 3).

Although structural and mutational studies suggest that

each H-NS monomer has a flexible linker of 25 residues

(15), this does not necessarily imply that cis binding is acces-

sible. The Flexible-Linker model posits that both a cis- and

a trans-binding site are accessible and that the two states

have roughly the same binding energy since the distance to

each state is comparable. After the first head binds, the effec-

tive concentration of the second H-NS binding domain at the

respective binding sites is approximately equal (see Subsec-

tion SD2 of the Supporting Material for an extended discus-

sion of the effective concentration). In the Rigid-Linker

model, the cis-binding mode is not accessible.

The Flexible-Linker model naturally explains a number of

otherwise remarkable aspects of H-NS–DNA interactions:

1. Cis binding can naturally account for the failure of all

binding sites to be bridged at saturating H-NS concentra-

tions. In the Flexible-Linker model, unbridged sites are

cis bound, not unbound, under saturating concentrations

of H-NS and therefore the number of bridges does not
Biophysical Journal 97(7) 1997–2003
increase with H-NS concentration. In the Rigid-Linker

model, we would expect an equilibrated duplex of

duplexes to be bridged at every site. Thus the Flexible-

Linker model predicts that the step-size distribution is

the result of the competition between cis and trans
binding rather than trans binding and singly-bound

H-NS dimers (Rigid-Linker model).

Flexible-LinkerRigid-Linker

Flexible-LinkerRigid-Linker

Duplex

2 Duplex

cis/freefree

cis/trans/freetrans/free

Schematic State Diagram

Effective Concentration
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B

FIGURE 3 (A) Schematic state diagram of H-NS–DNA interactions. In

our schematic drawings, we represent the H-NS dimer as a single unit.

We consider two simple models for H-NS–DNA interaction: the Rigid

and Flexible-Linker models. In the Flexible-Linker model, the H-NS dimer

can bind to DNA in three states: free-head, trans, and cis. When H-NS inter-

acts with two DNA duplexes, there is a competition between the three modes

of binding. DNA adhesion is driven only by entropic effects (since H-NS can

assume the cis conformation at the same energetic cost). In the Rigid-Linker

model, the linker is too stiff to efficiently permit cis binding and the H-NS–

DNA interaction is dominated by the free-head and trans binding modes. (B)

The effective concentration illustrated for the Flexible and Rigid-Linker

models. When H-NS binds a head to a DNA duplex, the diffusion of the

second head is constrained. The physical concentration ([H]) of the second

head in the proximal volume is dramatically increased. (The concentration is

schematically illustrated by the red and blue gradients where the deeper hue

corresponds to a higher local concentration.) This effective concentration is

predicted by a polymer model for the linker domain. Structural and muta-

tional studies of the H-NS protein suggest that the dimerization and DNA-

binding domains are connected by a flexible linker (15). The Flexible-Linker

model makes use of the fact that the linker domain can be modeled as

a Gaussian chain with the generic amino-acid Kuhn length. In contrast,

the linker domain of the Rigid-Linker model is assumed to have a structure

which localizes the head domain in proximity to the trans-binding site. We

therefore expect the trans head concentration to be much greater than that

computed in the Flexible-Linker model.
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2. In equilibrium, the Flexible-Linker model predicts that the

adhesion between duplexes is entropic in nature because

the free energy difference between cis and trans binding

states is small. (Two states of equal free energy are avail-

able in a duplex of duplexes whereas only one of those

states is available when H-NS binds a single duplex.) As

a result, the adhesion energy is ~1 kT per bridge, as

observed (see Subsection SD8 of the Supporting Material

for an extended discussion of this prediction). In contrast,

we expect the adhesion energy in the Rigid-Linker model

to be greater on account of the appreciable difference

between the free energies of one-head and trans binding

(see Subsection SD7 of the Supporting Material).

3. Of particular importance is the cis lifetime in the Flexible-

Linker model binding, which is expected to be on the

order of many minutes due to the cooperative binding

of the two heads (see Subsection SD5 of the Supporting

Material) (14).

This long Flexible-Linker model cis lifetime implies that

unzipping experiments, even at lowest pulling rate of

6.5 nm s�1, are faster than the relaxation time. The force dif-

ference between the equilibrium force and the forces mea-

sured at the slowest pulling rate are a result of a failure to

reach equilibrium. The high force in the Rigid-Linker model

(and unequilibrated Flexible-Linker model) results from the

necessity of leaving H-NS heads unbound. In the equili-

brated Flexible-Linker model, nearly all heads are bound,

regardless of whether H-NS can bind in trans. Therefore

the failure of the unzipping force to approach half the

equilibrium force density makes it difficult to reconcile the

Rigid-Linker model with the pulling and looping results. 4)

Precoated H-NS–DNA complexes do not adhere (3). Even

if the complexes were initially saturated, the Rigid-Linker

model predicts that binding sites would become free after

1 s, resulting in adhesion. In contrast, the Flexible-Linker

model predicts that these binding sites appear only after

the lifetime of the cis state. Adhesion of precoated DNA

molecules was not observed over the timescale of minutes

(see Subsection SD5 of the Supporting Material). These

four independent lines of experimental evidence strongly

support the existence of a hidden cis-binding state as pre-

dicted by Flexible-Linker model binding by H-NS. Notably,

a flexible linker domain has also been suggested by structural

studies of H-NS (15). This finding thus reconciles the appar-

ently contradictory results from the two single-molecule

bridging assays.

Since a key prediction of the cis-binding model is the long

lifetime of H-NS bound to an extended DNA molecule, we

devised a force-extension experiment to probe the lifetime

of these complexes. (If H-NS can only bind in trans, H-NS

is predicted to diffuse away at the off-rate (2/s), which

predicts that, after a few minutes, virtually no H-NS will

remain bound to an extended DNA molecule if H-NS cannot

rebind. In contrast, FLM predicts that H-NS can bind in cis to
an extended DNA molecule with a lifetime of minutes.) This

experiment was carried out in a sophisticated flow system, in

which a DNA molecule can be rapidly moved between inde-

pendent channels containing different solutions (3,16,17).

A single DNA molecule is loaded with H-NS and subse-

quently transferred to a buffer solution without H-NS. The

DNA molecule is then stretched to test if H-NS induced

bridges are present. Next, this extended conformation is

maintained for >3 min before relaxing the molecule. After

multiple of these stretch-relaxation cycles with a total time

up to 20 min, DNA-H-NS interactions are still detected

(see Fig. 4). This clearly demonstrates that H-NS remains

bound to DNA in a buffer containing no H-NS with a lifetime

at least an order of magnitude greater than the lifetime of

a single H-NS-DNA binding domain (~1 s) (3), as predicted

by the Flexible Linker model. Analogous observations have

been reported by Skoko et al. (14), who argued that the low

off rate of the architectural proteins in their studies is due to

cooperative binding, induced either by changes in DNA

conformation or direct protein-protein interactions. In the

case of H-NS, the protein is not thought to significantly

deform DNA. While cooperative binding has been reported,

the mechanism of this cooperativity is not well understood.

Cooperativity may arise from bridging, which facilitates

the formation of neighboring bridges (3,6), direct interac-

tions between adjacent dimers through residues located in

the linker region and the N-terminal domain (13) or a combi-

nation thereof. Direct protein interactions implies a reduction

in free energy between adjacent H-NS bridges, whereas the

analysis of the step-size distribution suggests that in fact

these configurations are energetically penalized. Therefore

cis binding offers the most attractive model for the observed

low off rates in the lifetime experiment. Although cis binding

extends the lifetime of protein-DNA complexes, it still

permits rapid diffusion. Flexible-Linker model bridging

proteins are predicted to undergo two-tier diffusion: cis-

mediated stepwise one-dimensional diffusion along DNA

duplexes, and trans-mediated intersegmental transfer (18).

In vivo, the Flexible-Linker model predicts that the struc-

ture of the nucleoid as imposed by H-NS bridging is surpris-

ingly dynamic. In addition to condensing the nucleoid,

DNA-bridging proteins act as topological insulators to the

propagation of twist. The existence of topological domains

in prokaryotic nucleoids is widely accepted although both

the physical and biological nature of these domains is still

uncertain (19). Although Flexible-Linker model bridging

proteins would act as a barrier to twist propagation, the

domain walls would be diffuse in nature, in contrast to the

canonical assumptions (19). Recently, we proposed that

H-NS is one of the key proteins in topological domain forma-

tion (20). This prediction sheds new light on the observations

of Postow and co-workers (19), who attributed the apparently

diffuse nature of the topological insulators of twist propaga-

tion, in the Escherichia coli genome, to an artifact: the popu-

lation average of stochastically-positioned sharp domains. In
Biophysical Journal 97(7) 1997–2003
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contrast, our results predict that the observed diffuse barriers

are an intrinsic property of H-NS domains (although high-

affinity sites (21) within regions of preferential binding could

result in sharper domain walls (22,20)). H-NS-mediated

repression has been attributed to high-affinity sites, which

nucleate H-NS binding and the formation of DNA loops.

Cis binding suggests a possible mechanism for the rapid

relief and recovery of H-NS-mediated silencing (23). H-NS

dimers could switch from trans-bound to cis-bound states at

an appreciable rate, allowing access to DNA by H-NS antag-

onists and/or RNA polymerase. H-NS, maintained in the
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FIGURE 4 H-NS-DNA complex lifetime experiment. (A) A single DNA

molecule is caught with optical tweezers. A force extension curve is taken in

buffer solution (i). Subsequently, the DNA is ‘‘loaded’’ with H-NS in

a buffer containing H-NS (2 mM) (ii). The DNA molecule is then placed

back into the buffer solution without H-NS (iii). To probe the occurrence

of bridge formation (and thus detect the presence of H-NS), the beads

were brought together, releasing the DNA tension and allowing trans

binding (iv). The force-extension curves were taken at time intervals of

1–5 min (iv/v/iii). The Rigid-Linker model (gray box) predicts that

when the DNA is extended (iii), the lifetime of the H-NS-DNA complex

is the lifetime of a single head (~1 s). The Flexible-Linker model predicts

that when the DNA molecule is extended (iii), the lifetime of the H-NS-

DNA complex will be on order minutes due to the cooperative binding of

the two heads. (B) The black curve shows the initial force-extension

response of naked DNA. The red curve shows the force-extension response

for the DNA immediately after incubation with H-NS. Bridging features are

force spikes (*) at extensions shorter than the contour length that result from

large regions of trans-bound H-NS. After holding an extended state for >3

min, the blue curve still exhibits bridging features (*) that demonstrate that

H-NS remains bound to DNA for a lifetime an order of magnitude greater

than predicted by the single-head off rate. These data strongly support the

existence of cis-bound H-NS as predicted by the Flexible-Linker model.
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cis-binding state, could then rapidly transition back to the

trans-bound silenced state.

The single-molecule in vitro experiments, described

above, strongly favor the Flexible-Linker model model to

describe H-NS-mediated bridging. The models that we em-

ployed are applicable to the description of molecular

bridging generically. We will therefore describe the general

properties of the Flexible and Rigid Linker models. A

generic feature of the Flexible-Linker model is that it limits

the equilibrium adhesion energy of flexible bridges to 1 kT

per bridge, regardless of the equilibrium constant of head

binding. Such small adhesion energies imply that the

bridging molecules must be in abundance (like H-NS) to lead

to appreciable adhesion energies. As we have argued above,

the Rigid-Linker model is not limited by cis binding and can

result is much higher adhesion energies per bridge.

A generic feature we can predict for the Rigid-Linker

model is highly-cooperative bridging (24). This binding co-

operativity is the result of effective substrate concentration,

not direct interaction between adjacent bridges. The Rigid-

Linker model predicts the nucleation of ‘‘super’’ bridges

consisting of many adjacent molecular bridges. These super

bridges have a long lifetime in the absence of active remod-

eling. The formation of super bridges has regulatory conse-

quences. For instance, the segregation protein ParB can

bind DNA only in trans and is known to bind DNA cooper-

atively (25). ParB polymerizes along the DNA helix and has

been shown to silence genes up to 10 kb away from a single

parS nucleation site (26,27). Like ParB, proteins that exhibit

Rigid-Linker model DNA-binding are predicted to result in

long range silencing around high-affinity binding sites,

whereas cis-binding proteins, which bind less cooperatively,

are predicted to be dependent on multiple high-affinity

binding sites distributed throughout silenced regions (28).

(As a result of trans binding, the ParB protein would exhibit

cooperative binding even in the absence of protein-protein

interactions.) The Rigid-Linker model also predicts a pre-

ferred filament orientation for cross-linked filaments. This

binding configuration tends to align filaments in a stiff

bundle-like structure reminiscent of actin fiber bundles rather

than a uniform condensate. In contrast to the Rigid-Linker

model, there is a much smaller entropic advantage for

binding Flexible-Linker model proteins in series. Although

many of the bridging molecules are bound in cis (not

bridging), the lack of cooperative binding implies there are

many more bridging contacts in the filament networks, re-

sulting in a more uniform condensation with a dynamic

structure. Flexible-Linker model cross-linking predicts the

binding of all filament orientations with nearly equal proba-

bility, resulting in a gel-like network.

The Flexible-Linker and Rigid-Linker models illustrate

possible design principles that govern bridging motifs in

general, from chromatin structure to the cytoskeleton. There

are numerous examples of DNA bridging proteins in all three

domains of life (29), many of which, such as SMC family
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proteins (30) are involved in genome organization and

compaction. Molecular bridging is also important in struc-

turing the cytoskeleton. Although many actin-binding pro-

teins are believed to be quite stiff, filamin has a long flexible

linker. As predicted by the Flexible-Linker model, it forms

actin-filament gels at a significantly lower concentration

than other actin bridging proteins with similar head binding

affinity (31). Analogously, we anticipate that the physical

properties (e.g., flexibility and length) of the neck linker of

different classes of multimeric kinesins (32) will be shown

to be key determinants in how they structure, move, and

bundle microtubules. Given the ubiquity of the bridging

proteins in cellular structure, the Flexible-Linker and

Rigid-Linker models will be an essential tool for under-

standing the role of bridging in structuring biopolymers in

the cell.
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Methods, results, models, six figures, a table, and references are available at
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