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Partition complex structure can arise from
sliding and bridging of ParB dimers

Lara Connolley 1, Lucas Schnabel2, Martin Thanbichler 1,2 &
Seán M. Murray 1

Inmany bacteria, chromosome segregation requires the association of ParB to
the parS-containing centromeric region to form the partition complex. How-
ever, the structure and formation of this complex have been unclear. Recently,
studies have revealed that CTP binding enables ParB dimers to slide alongDNA
and condense the centromeric region through the formation of DNA bridges.
Using semi-flexible polymer simulations, we demonstrate that these proper-
ties can explain partition complex formation. Transient ParB bridges organize
DNA into globular states or hairpins and helical structures, depending on
bridge lifetime, while separate simulations show that ParB sliding reproduces
the multi-peaked binding profile observed in Caulobacter crescentus. Com-
bining sliding and bridging into a unified model, we find that short-lived ParB
bridges do not impede sliding and can reproduce both the binding profile and
condensation of the nucleoprotein complex. Overall, ourmodel elucidates the
mechanism of partition complex formation and predicts its fine structure.

Faithful chromosome segregation is essential for the efficient repli-
cation of cells. For this, bacterial chromosomes and low-copy plasmids
employ active partitioning systems, with the ParABS system being one
of the most widespread1–3. This system consists of three components:
centromeric-like parS sequences and two proteins, ParB which forms
dimers that bind specifically to the parS sequence, and ParA, an
ATPase, the activity of which is stimulated by ParB4,5.

ParB spreads to several kilobases of DNA surrounding the parS
sites, which in bacteria are concentrated close to the origin of
replication6. This spreading is essential in order for these systems to
function, though the degree of spreading varies substantially between
systems7–13. In any case, the result is believed to be a nucleoprotein
complex, the partition complex, that is clearly visible using fluores-
cencemicroscopy.Originally, spreadingwasproposed tobedue to the
formation of a nucleoprotein filament extending out from the parS
site7,8,14. However, it was subsequently shown that there are too few
ParB proteins to form such large structures10. Instead, ParB was found
in vitro to condense DNA through non-specific DNA binding and the
formation of protein bridges10,15–19.

These results motivated modelling studies of partition complex
formation. In particular, the spreading and bridging model proposed

that the partition complex forms through a combination of long-range
(3D) bridging and short-range (1D) nearest-neighbour interactions20.
However, thismodelwas subsequently argued to be incompatiblewith
the binding profile of ParB from F plasmid11. Instead, it was proposed
that the observedprofile is due to the spatial caging of ParB around the
nucleatingparS site, due tonon-specific and transient interactions, and
the polymeric nature of the DNA11,21,22. This model can also be under-
stood as the weak-spreading limit of the spreading and bridging
model23.

Recently, it has been demonstrated that ParB exhibits parS-
dependent CTPase activity that is required for correct partition com-
plex formation and dynamics13,24–28. CTP-bound ParB dimers were
shown to load onto and encompass the DNA at parS sites and subse-
quently slide along the DNA strand before eventually dissociating. It
was also shown in vitro that CTP binding allows ParB bridging to occur
at physiological concentrations (much lower than that required in the
absence of CTP10,15) and leads to efficient DNA condensation29,30. These
results fundamentally change our understanding of how the partition
complex is formed and suggest that the previous models need to be
reevaluated. In particular, no modelling study has yet provided a uni-
fied framework for ParB dimer sliding and bridging. ParB sliding may
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also have additional relevance for chromosomal ParABS systems,
which typically have several genomically separated parS sites and, as a
result, more than one peak in the ParB binding profile9,10,12,13,21,31–34, yet
have a single visible partition complex per origin in wild-type cells10,35.

Here, we investigate the role of ParB sliding and bridging in par-
tition complex formation using semi-flexible polymer and reaction-
diffusion simulations.Wefirst show that different ParB bridge lifetimes
lead to distinctly different polymer conformations. We then study the
short-lifetime regime in which distinct DNA structures (hairpins and
helices) form and show how these structures result in the condensa-
tion of ParB-coated DNA. We then use stochastic simulations to show
that ParB sliding can reproduce the multi-peaked ParB distribution
seen experimentally and explore the effects of roadblocks on sliding.
Finally, we combine ParB bridging and sliding in out-of-equilibrium
coupled polymer/reaction-diffusion simulations and show that brid-
ging does not inhibit ParB sliding for sufficiently short bridge lifetimes.
Overall, our work supports a new model of partition complex forma-
tion in which ParB dimers load onto the DNA at parS sites before
sliding diffusively along the DNA. Genomically distant, but spatially
proximal, ParB dimers interact to form transient bridges that organise
the DNA through the formation of hairpin and helical structures. We
speculate that these structures facilitate the additional function of
ParB to load Structural Maintenance of Chromosome (SMC) com-
plexes onto the chromosome.

Results
Semi-flexible polymer model of ParB bridging
In order to obtain a realistic model of partition complex formation, we
use a semi-flexible lattice polymer model of the 10 kb centromeric
region of C. crescentus in which everymonomer corresponds to 20 bp,
the approximate footprint of a ParB dimer28,36 (Fig. 1a). The DNA is
modelled as a linear chain using a kinetic implementation of the BFM
(Bond Fluctuation Method) polymer model37. Since the DNA is stiff at
this scale, we introduce an energetic cost for bending to obtain the
experimentally measured persistence length of lp ~ 120 bp (Supple-
mentary Fig. 1a)38. The BFM is well suited for this as it allows a large set
of bond angles37 and can therefore implement stiffness more realisti-
cally than models that only allow 0∘ or 90∘ bond angles. The lattice
spacing corresponds to 2.2 nm. Allowable monomer moves are
attempted at a rate p, which defines the fundamental polymeric
timescale τ = 1/p and are accepted according to the corresponding
energy cost.

The polymer is constrained by ParB-induced bridging between
monomers. This is implemented by allowing any two spatially prox-
imal, non-neighbouring monomers of the polymer to form a bridge at
a rate dependent on their ParB occupancies Bi, Bj and a rate parameter
kb. Each dimer/monomer can only bridge one other dimer/monomer
at a time (in the following ‘dimer’ will always refer to a ParB dimer and
‘monomer’ to a monomer of the simulated DNA polymer). Bridges
dissociate randomly with rate kub and therefore have exponentially
distributed lifetimes. These rates are related to the activation energies
for bridging and unbridging, the difference of which, ΔEij is the asso-
ciated binding energy of the interaction (Fig. 1b). Further details of the
model are found in the Methods section.

Since ParB dimers can slide along the DNA, the spreading of ParB
throughout the centromeric region can occur, at least in principle,
independently of any 3D structure. We therefore initially model ParB
dimers implicitly, using the relative probability of ParB occupancy,
obtained from the experimental binding (ChIP-Seq) profile12, to specify
the probability of a bridge forming when two given monomers come
into proximity. This will allow us to first investigate how the observed
ParB genomic distribution can, through bridging, affect the structure
of the centromeric region, separately from the question of ParB
spreading.Wewill examine the coupling between the two processes of
sliding and bridging later.

ParB bridge lifetime results in distinctly different polymer
conformations
Themulti-peaked ParB binding profile ofC. crescentus consists of three
clear peaks centred on five parS sites (note that two of these parS sites
are only separated by 42 bp and so are not typically distinguishable in
our figures) (Fig. 1c). While two other putative parS sites have been
identified12, they are not associated with significant enrichment of
ParB. This profile is used in our polymer model to specify the ParB
dimer occupancies Bi along the polymer and thus, up to an overall
parameter kb, the bridging rate between proximal monomer pairs.
Simulating the system, we found a surprising result: ParB-induced
bridging leads to two distinct phases for the partition complex. Long
bridge lifetimes cause the polymer to collapse into a globule-like
structure (Fig. 1f), whereas at shorter bridge lifetimes the polymer is
more structured with long extended localised regions of bridging
(Fig. 1h). Note that ’long’ and ’short’ are relative to the polymeric
timescale τ. Since we do not have an experimental estimate of this
timescale at the lengthscale (20 bp) considered here, we cannot pro-
vide specific values.

The effect was also apparent in maps showing the location of the
ParB bridges (Supplementary Fig. 1b, d). Whereas bridge maps of the
structured conformations show distinctive ±45∘ lines, those of the
globular regime display amore randomdistribution. However, despite
the clear differences in their conformations, both regimes exhibit very
similar bridge maps at the population level (Supplementary Fig. 1c, e),
which display a checker-board pattern centred on the parS sites and
have no ± 45∘ lines detectable. Such a pattern is consistent with an
overall preference for contacts within and between regions associated
with peaks in the ParB binding profile. A similar pattern was also
observed in contact probability maps (Fig. 1g, i), though the globular
regime had more contacts for the same number of bridges, as expec-
ted from its greater level of compaction. This highlights how the
population-average view of DNA organisation may not be informative
of the structure of individual conformations.

To better characterise these different regimes we constructed the
phase diagram of the system (Fig. 1d). Three regions could be identi-
fied: a free coil-like regime in which there are very few bridges (less
than 20, a value chosen by inspection) and the polymer behaviour is
dictated simply by its stiffness and volume-exclusion (Supplementary
Fig. 1f, g), and the structured and globular (unstructured) regimes. We
defined the transition between the structured and globular regimes
using the ParB weighted radius, i.e. the radius of the spatial ParB dis-
tribution due to the polymer conformation (see Methods). The glob-
ular state has a much smaller ParB weighted radius compared to the
structured state with the same number of ParB bridges (Fig. 1e). This
radius plateaus as the system goes further into the globular regime.
We, therefore, chose a threshold of 55 nm to distinguish the two
regimes based on two standard deviations above the plateaued mean
value (Fig. 1e).

We propose that these two regimes arise due to the degree of
movement that the polymermakes between bridging events. Bridging
can be either kinetically limited (limited by the intrinsic bridging/
unbridging rates) or diffusion-limited (monomers coming into proxi-
mity is the limiting factor and the kinetics are so fast that bridge
breaking and forming becomes correlated because newly broken
bridges tend to recombine before the polymer can explore the con-
formational space)39. Consider a bridged polymer conformation
(Supplementary Fig. 1h). In the diffusion-limited region, recombination
effectively increases the bridge lifetime (the activation energy of
unbridging)40,41. This strengthens a cooperative effect in which new
bridges are more likely to form close to an existing bridge because
adjacent monomers have a higher likelihood to also be in, or come
into, proximity and the time needed for a new bridge to form is much
less than than the (lengthened) bridge lifetime. Repetition of this
process leads to the extended regions of bridges which we observe
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(Supplementary Fig. 1h). The conformational cost of bridging is also
reduced by having bridges clustered together. A similar effect has
previously been seen in simulations of the bridging protein H-NS42. On
the other hand, at long bridge lifetimes bridging events are kinetically
limited and the polymer is able to reorganise and explore the con-
formational space between bridging events. As a result, there aremany
more potential bridging events (monomers coming into proximity)
away from existing bridges than in the short-lifetime diffusion-limited
regime. This results in both more bridges and a more random dis-
tribution of bridges (Supplementary Fig. 1b) and hence a globular
polymer configuration (Supplementary Fig. 1h). The increase in the
number of bridges overcomes the additional conformational cost of
having the bridges dispersed rather than localised as in the structured
regime.

Since the globular regime is reminiscent of previous proposals for
partition complex organisation11,20,21, we will focus next on examining

the structured state. We will return to the globular state in the final
section.

Short-lived ParB bridging leads to the formation of hairpins and
helices
The structured regime found at short ParB bridge lifetimes is defined
by the presence of two distinct structures, hairpins and helices. Hair-
pins form by the polymer bending 180∘ back on itself to form bridges
between anti-parallel segments,whereas inhelices, thepolymer turns a
full 360∘ with bridges between parallel segments (Fig. 2a). These two
structures are visually different but also have different underlying
bridging patterns which allows them to be clearly identified in bridge
maps. Hairpins correspond to +45∘ lines whereas helices correspond to
−45∘ lines. The location of the line relative to the main diagonal indi-
cates the length of the loop of the hairpin or the period of the helix.
Unsurprisingly, these structures generally form near the parS sites.
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Fig. 1 | ParB bridge lifetime results in distinctly different polymer conforma-
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distant, spatially proximal monomers at a rate proportional to the ParB occupancy
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of a bridging–unbridging interaction between two spatially closemonomers i and j.
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normalised ParB ChIP-Seq profile12 specifies the ParB distribution. parS sites are
represented by red dots. Note that the two parS sites are very close together.
d Phase diagram of the system in terms of the effective binding constant
kb
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D E

, where B2 is defined as the mean BiBj

D E
taken over all i, j

with ∣i−j∣>1, and p
kub

= expðΔEub=kBTÞ, the relative bridge lifetime (see Methods).
e The mean ParB weighted radius for short and long bridge lifetimes (±SD) (indi-
cated by the dashed lines in d) as a function of the number of bridges. Data from
1000 conformations for each parameter set. Circles indicate the respective loca-
tions of f, g, and h, i. f An example conformation of the polymer in the globular
state. g Average contactmap at the same location based on 1000 conformations. A
contact is defined as two monomers being within five lattice sites of one another.
h An example conformation of the polymer in the structured state. i Average
contactmapat the same location, otherwise as ing. The locations studied in f,g and
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indicated by the leftmost circle in d are shown in Supplementary Fig. 1f, g. Source
data are provided as a Source Data file.
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However, we observed substantial variation: the tip of a hairpin (indi-
cated by where the 45∘ line in the bridge map intersects the main
diagonal) was often reasonably far from the nearest parS site (Fig. 2a).
At lower levels of bridging, these structures most frequently form
within the region covered by the central peak containing three
parS sites.

We made use of the distinctive ±45∘ lines to quantify the occur-
rence of hairpins and helices as a function of the degree of bridging in
the system (Fig. 2b). We found that the frequency of both structures
increased approximately linearly with the number of bridges, with
hairpins being the most common. From ~30 bridges every conforma-
tion contained at least one structure (Supplementary Fig. 2b). At the
highest levels of bridging studied (~100 bridges) each conformation
contained 3–4 structures, which could be of either type and involve
multiple and distant parS sites. Nevertheless, the different constituent
structures could still be identified from the ±45∘ lines in the bridge
maps. However, as discussed in the previous section, the ±45∘ lines are
not apparent in the ensemble average contact map or bridge map
which displays a checkered pattern centred on the parS sites (Fig. 2c
and Supplementary Fig. 2c).

Consistent with in vitro experiments, ParB bridging led to the
condensation of the DNA polymer. Both the volume occupied (see
Methods for definition) and the squared radius of gyration decreased
with the number of bridges (Fig. 2d, Supplementary Fig. 2d). In vivo the
nucleoprotein complex is visualised through the spatial distribution of
a fluorescently tagged variant of ParB, which forms distinct foci within
cells. To connect with these observations, we combined the genomic
distribution of ParB on the DNA (based on the ChIP-seq profile), with

our simulated conformations of the DNA polymer to obtain the
resulting spatial distribution of DNA-bound ParB (Fig. 2e). The resul-
tant spherical densitywas reminiscent of that observed experimentally
using single-moleculemicroscopy. The radius of the partition complex
of C. crescentus has been measured experimentally using super-
resolution PALMmicroscopy to be ~78 nm35. This could be achieved in
our simulations with just 30 ParB bridges. This corresponds to a 20%
decrease compared to the value in the absence of bridging (Fig. 2d).

ParB sliding model can reproduce the multi-peaked ChIP-seq
profile
In the previous sections, we ignored thequestionof how the genomic
distribution of ParB is formed but rather focused on how the
observed distribution can affect, through bridging, the organisation
and compaction of the centromeric region. In this section, we do the
opposite and consider how ParB spreads along the DNA, while
ignoring any potential effect of ParB bridging. Several recent in vitro
studies have shown that ParB dimers of chromosomal ParABS sys-
tems (C. crescentus, Myxococcus xanthus and Bacillus subtilis) can
entrap DNA at parS before sliding away in either direction in a
manner akin to a DNA clamp13,24–28,30. Dissociation is believed to be
primarily due to CTP hydrolysis. We recently developed a stochastic
model of this spreadingmechanism in the context ofM. xanthus13 and
found that loading at parS sites, 1D diffusion along the DNA and
dissociation was indeed able to qualitatively reproduce the observed
ParB binding profile from ChIP-Seq. The predicted 1D diffusion
coefficient also agreed with single-molecule microscopy measure-
ments. However, the binding profile of M. xanthus is relatively noisy
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and consists largely of a single peak centred on a cluster of all but one
of its 24 parS sites. Therefore, themulti-peaked and less noisy profile
of C. crescentus may serve as a better test of the in vivo relevance of
the loading and sliding model. While other multi-peaked ParB bind-
ing profiles are available21,32–34, the binding affinity of each parS site of
C. crescentus has been determined so that ParB loading in the model
can be described using a single parameter rather than one for each
parS site.

We use the same fundamental model as previously13, modified
for C. crescentus. ParB dimers load onto the DNA, modelled as a 1D
lattice, at any of five parS sites. Loaded dimers then diffuse along the
lattice with effective diffusion coefficient D and dissociate randomly
at a rate koff (Fig. 3a). Previous experimental studies have shown that
upon loading at parS sites ParB dimers form a protein clamp that
completely encompasses and subsequently slides along the DNA
strand13,24–28. Consistent with this, it has been shown that ParB dimers
are unable tomove past DNA-bound roadblocks25,27. Note that due to
the relatively tight entrapment of the DNA strand, we assume in our
model that sliding ParB dimers act as obstacles for one another
(based on the structures one dimer is not expected to be able pass
through the loop of another13,25,26). The parS sites must also be free
for a dimer to load. The total number of ParB dimers is fixed at the
measured value of 36035, with unbound dimers treated as a well-
mixed bulk (cytosolic) population. The relative loading rate at each
site is specified by its relative affinity for ParB12, leaving a single
overall loading rate kon.

We first determine the effective diffusion coefficient D and the
dissociation rate koff. To estimate the latter, we performed fluores-
cence recovery after photobleaching (FRAP) of eGFP-ParB foci in pre-
divisional cells containing two foci (partition complexes) (Fig. 3b).
After bleaching one of the two foci, the fluorescence signal recovered
with a half-time of 64 s (Fig. 3c, Supplementary Fig. 3a, b). This pro-
vides an estimate for the dissociation rate koff (see Methods). Inter-
estingly, roughly similar ParB recovery times have been measured for
M. xanthus13 and F plasmid21,43.

To determine the diffusion coefficient, we fit the outer part of

the third peak to an exponential ex/λ with λ=
ffiffiffiffiffiffi
D
koff

q
(Fig. 3d), the pre-

dicted continuum distribution under this model for an isolated parS
site (see Methods). The fitted value of λ = 710 bp, then gives
D = 5600bp2 s−1 = 6.1 × 10−4 μm2 s−1. This is lower than previously
reported diffusion coefficients for proteins diffusing along bacterial
DNA44 including previous measurements of ParB13,43, which are on the
order of 10−2 μm2 s−1. We will see below that a larger value is required in
the coupled model to overcome the roadblock effect of bridges.

One model parameter remains to be determined - the overall
loading rate of ParB kon. Previous measurements have estimated that
~80% (290) of ParB dimers in the cell are in ParB foci35. In contrast, we
find that even at high loading rates <220 ParB dimers are associated
with the DNA (Supplementary Fig. 3c). Increasing kon further does not
substantially increase the number of ParB bound as the parS sites are
almost continuously occupied. The disparity in the number of DNA-
associated dimersmay be due to several factors. Firstly, themaximum
possible number of associated dimers in our simulations is dependent
on the chosen discretisation since each lattice site/monomer can be
bound by a single ParB dimer. Thus if the footprint of ParB is smaller
than our discretisation size of 20 bp, wewould be underestimating the
achievable ParB occupancy. Secondly, the in vivo estimate of the cel-
lular ParB concentration is based on quantitative Western blotting,
which has a substantial margin of error45. ParB foci may also contain a
cytosolic or non-specifically bound population that is not accounted
for in our model.

Given the above, we choose the loading rate for our model by
finding the best fit of the simulations to the ChIP-seq data (Supple-
mentary Fig. 3c), obtaining kon = 200 ⋅ koff. This results in remarkably
good agreement between themodel and the ChIP-Seq profile (Fig. 3d),
indicating that loading and diffusive sliding of ParB dimers can indeed
explain the observed binding profile. It also suggests that dimers are
largely unaffected by transcription and other processes that could
hinder ParB spreading sincewe have not accounted for these effects in
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our model. This may not be the case for other systems such as F
plasmid that show changes in the binding profile coincident with
promoters21,46. Indeed, in vitro experiments have shown that high-
affinity DNA-binding proteins, such as EcoRI (with the catalytically-
inactive E11Qmutation) and TetR, can block the sliding of ParB dimers
along the DNA25,27,30.

Residence time and percentage occupancy of roadblocks
impacts their effect on ParB sliding
To better understand how roadblocks can impact the spreading of
ParB dimers, we used our sliding simulation to examine the effect on
spreading from a single parS site. Representative of the biological
situation, we do not consider a permanent roadblock but rather a
dynamic one, which we specify in terms of its average lifetime and
occupancy i.e. the overall fraction of time that the roadblock is bound
to the DNA. These two measures are independent of each other, for
instance, a roadblock that is present and absent for 1s at a time has the

same 50% occupancy as a roadblock present and absent for 10s at a
time.We found that at a lifetime of 1 s, the roadblock had a surprisingly
mild effect on spreading, only becoming noticeable from an occu-
pancy of ~75%. Even at 95% occupancy, roughly half the number of
dimers slide past the site of the roadblock as in its absence (Fig. 3e).
Similarly, at 75% occupancy, a negative effect on spreading was only
observed for roadblock lifetimes < ~1 s (Fig. 3f).

We canunderstand these results as follows.When the roadblock is
present for a time much shorter than the time interval between dimer
crossing attempts then a backlog of dimers does not develop. Even for
longer times, the backlog of dimers can be cleared if there is enough
timebetween roadblock events i.e. if the average roadblockoccupancy
is sufficiently low (Fig. 3g). These results may explain why we observe
no significant deviation of the ParB binding profile from that expected
from our simple loading and slidingmodel—the in vivo occupancy and
residence times of proteins binding to the centromeric region of
C. crescentus may simply not be large enough to substantially affect
ParB spreading.

Coupled simulations of sliding and bridging
Wenext investigate whether ParB bridging is compatiblewith the ParB
binding profile i.e. would the spontaneous formation of ParB bridges
between spatially proximal but genomically distant ParB dimers limit
overall ParB spreading and produce a fundamentally different binding
profile? To answer this question we coupled our polymer and sliding
simulations together (Fig. 4a). Unlike the previous simulations, the
bridging of proximal monomers is now explicitly dependent on the
presence of a ParB dimer at each site rather than on a pre-specified
ParB distribution. Note that since ParB sliding is a non-equilibrium
process, this coupled model is therefore necessarily out-of-
equilibrium. We assume that bridged dimers are not able to slide
along the DNA, due to the entrapment of genomically distant regions,
so they act as roadblocks for unbridged sliding dimers. The simula-
tions are run until steady state and the ParB distributions and polymer
conformations recorded.

The same values determined in the previous section are used for
ParB dimer loading (kon = 200 ⋅ koff) and dissociation (kof f =

logð2Þ
64 s�1).

There are currently no estimates for the bridge lifetime. We expect
bridges to have a significantly shorter lifetime than that of ParB dimers
on the DNA and therefore a nominal value of kub = 1 s−1 is chosen. With
too high a value (of the order of the ParB lifetime on the DNA) sliding
ParB dimers would not have time to move past roadblocks (ParB
bridges) before unbinding.We access the two regimes discussed in the
first section through themobility of the polymer.We arbitrarily choose
two values of p to represent the globule-like and structured regimes
(based on the sweep of the simple bridging model). This leaves the
sliding diffusion coefficient and overall bridging rate as free para-
meters. These are chosen such that we can reproduce both a 78 nm
ParB radius and the expected genomic distribution. We are unable to
use the value found for the diffusion coefficient in the previous section
due to the introductionof ParB bridges resulting in ParB dimers sliding
a shorter distance creating sharper peaks. Thus this value must be
tuned based on the number of ParB-ParB bridges. For the structured
regime discussed below a value of 4.4 × 10−3μm2 s−1 is used to resolve
the ChIP-seq profile for 25 bridges. This is a lower bound. Larger values
have very little effect on the ParB profile recovered as sliding ParB
dimers reach equilibrium between bridging events. This lower bound
is within an order of magnitude of the diffusion coefficient of ParB
measured in vivo13,43.

For the structured regime, we found that the coupled simulations
could reproduce the binding profile measured by ChIP-seq (Fig. 4b),
with an even better fit than we obtained from the non-polymeric
sliding simulation (Fig. 3d). Importantly, we also observed the same
hairpin and helical structures as in the uncoupled polymer simulations
that had the ParB binding profile given as a input (Fig. 4c) andobtained
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very similar average contact (Fig. 4d) andbridgemaps (Supplementary
Fig. 4b). These structures again compact the polymer and we could
achieve the measured radius of 78 nm (Fig. 4e).

In the globular regime we were able to broadly reproduce the
ChIP-seq profile although the simulations could not accurately capture
the depth of the valleys (Supplementary Fig. 4c). Similar contact and
bridge maps were found (Supplementary Fig. 4d, e). Interestingly, the
partition complex is less condensed in the coupled simulations than in
the uncoupled simulations at the same mean number of bridges,
whereas no significant difference was detected for the structured
regime (Supplementary Fig. 4f, g).

Recent in vitro studies have shown that DNA-loaded ParB
dimers of B. subtilis can load additional dimers independently of parS
(‘ParB-ParB recruitment’)47, potentially explaining the cooperative non-
specific DNA binding observed previously15,18,19 and consistent with
interactions between dimers through their N-terminal domains16,48. To
explore whether such recruitment could be relevant in vivo, we added
in cis ParB-ParB recruitment to our model (Fig. 4f). Although in
trans recruitment was also shown by the same authors this would be
substantially more challenging and computationally intensive to
implement.

We found that even a relatively low ParB-ParB recruitment rate,
for which the total number of bound dimers increased by less than
20%, results in a fundamentally different binding profile. ParB
spreading was increased through the appearance of slowly decaying
’shoulders’ at the extremes of the distribution. As a result the dis-
tinctive exponential decay seen in the experimental ChIP-seq profile is
no longer reproduced (Fig. 4g) and this could not be remedied by
changing the model parameters. This result suggests that ParB-ParB
recruitment does not play a significant role in vivo in ParB spreading,
consistent with the finding of Tišma et al. that ParB-ParB recruitment
accounts for only 10% of ParB loading events in vitro47.

Discussion
The sliding and bridgingmodel presented here uses recent discoveries
to probe the formation and structure of the partition complex. Recent
in vitro-based studies have shown that, dependent on CTP, ParB can
load onto DNA at parS sites before sliding randomly along the
strand13,24–28. It was also shown that ParB can efficiently condense DNA,
again in the presence of CTP, through the formation of bridges
between genomically distant DNA regions10,15,29,30. While we have not
explicitly modelled the CTP-dependent nature of these processes, our
model is consistent with CTP hydrolysis triggering the unbinding of
ParB dimers and therefore setting the length scale of sliding13,25. Our
model predicts that the dynamic sliding and bridging of ParB results in
two different conformational regimes, one globular, one structured
for long and short bridge lifetimes respectively. The latter regime is
dependent on the stiffness of the DNA. If that is ignored, short-range
bridges between next to neighbouring monomers dominate and DNA
structures do not develop. This is consistent with the results of pre-
vious studies of chromatin organisation49,50 that do not incorporate
stiffness and with bridging by much larger molecules42. We also
showed how the genomic distribution of ParB could define its spatial
distribution through the formation of ParB bridges. We then explicitly
modelled both the sliding of ParB along the DNA and the formation of
ParB-ParB DNA bridges. Importantly, we found that sufficiently short-
lived bridges do not hinder sliding of ParB along the DNA and our
model could reproduce both the measured genomic and spatial dis-
tribution of C. crescentus ParB.

We speculate that the two different regimes could have relevance
in different biological contexts. The hairpins and helices of the struc-
tured regime may facilitate the loading of SMC (structural main-
tenance of chromosomes) complexes onto the DNA51. While this is
known to be due to ParB at the parS sites52, the precisemechanism is a
topic of ongoing study53,54. However, ParB mutations that eliminate

SMC recruitment are also known to reduce the ability of ParB to form a
higher-order nucleoprotein complex53,55,56. This leads us to postulate
that the ParB-induced DNA structures we observe are relevant for the
loading of SMCcomplexes (Fig. 5). Furthermore, chromosomal ParABS
systemsoften havemultiple separatedparS sites6 thatproduce amulti-
peaked binding profile9,10,12,13,21,31–34, whereas a single cluster of parS
sites appears to be more common for plasmid-based systems57. Sepa-
rated parS sites would allow the formation of multiple hairpins and
could thereby be beneficial for SMC loading.

In contrast, ParABS-carrying plasmids, especially those of E. coli
and other bacteria that do not carry SMC58, would likely not require
these structures. Instead it may be advantageous to form a more
compact partition complex to better facilitate the partitioning func-
tion of ParABS. Indeed, while F plasmid ParB spreads over a four times
larger region than ParB of C. crescentus11, the resultant partition com-
plex is significantly smaller (a radius (2σ) of 35 nm)43. Thus, we spec-
ulate that plasmid-based ParABS systems may operate in the more
compact globular region.

The bacterial chromosome is on average negatively supercoiled59.
This results in the formation of supercoiled loops (plectonemes) that
partition the chromosome into topologically isolated ~10 kb
domains60. However, in vitro DNA experiments and simulations have
also detected simple plectonemes in the low kilobase range61–63. Thus,
these structures, which are topological similar to the hairpins, may be
relevant at the 1–2 kb scale of the peaks of the ParB distribution. We
expect they would only promote bridge formation due to bringing
DNA strands into contact (helices are likely less relevant as they are
thermodynamically disfavoured compared to plectonemes64). Indeed,
a previous model of F plasmid partition complex formation argued
that supercoiling is required to explain the observed compactness of
the partition complex of that system22.

The conformations we observe in our simulations are similar to
those recently seen using atomic forcemicroscopy forB. subtilis ParB30

but more detailed study is required to test our prediction of hairpin
structures. Our model could also be better characterised by knowl-
edge of the ParB-ParB bridge lifetime, which could be achieved in vitro
by using magnetic tweezers to probe the relaxation time of ParB-
condensed DNA upon removal of ParB from the buffer. In vivo char-
acterisation of the partition complex is more challenging. While our
simulated contact maps are in principle comparable to the experi-
mental contact maps produced by chromatin conformation capture
(HiC), the resolution of this technique is not yet sufficient to probe
DNA structure at the short lengthscale of theC. crescentus centromeric
region. This may change as the technique improves65,66.

Overall, we have presented a physicalmodel for the formation of
the partition complex of the ParABS system. Our dynamical sliding
and bridging model reconciles the recent result that ParB spreads

Fig. 5 | A sliding and bridging model can reproduce the genomic and spatial
distribution of ParB, forming hairpins and helical structures which organise
theDNA.Cartoon of the structure of the partition complex. ParBdimers load at the
parS sites and then slide along the DNA where they can interact with genomically
distant, spatially proximal dimers to form ParB-ParB bridges. These bridges can
organise the DNA into hairpin and helical structures. Hairpin structures could
potentially be involved in the recruitment of SMC onto the DNA.
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along the DNA by sliding like a DNA clamp with the ability of ParB to
condense the centromeric region into a nucleoprotein complex.
Future experimental work will help in evaluating the model and
testing its predictions.

Methods
Polymer model
We simulate the DNA of the centromeric region using the bond fluc-
tuationmodel (BFM)37, a lattice polymermodel that reproduces Rouse
polymer dynamics. Specifically, the DNA is modelled as a linear chain
on a 3D cubic lattice with reflective boundary conditions. Each
monomer occupies a cubic site of the lattice including the eight
associated lattice points. Furthermore, each lattice point can only be
occupied by one monomer at a time to account for the excluded
volume of the chain. Individual monomers are connected by bond
vectors taken from a set of 108 allowed vectors. This set is chosen such
that the polymer chain cannot pass through itself37. Monomers can
move one lattice site at a time in each Cartesian direction subject to
the constraint on allowed bond vectors and the excluded volume. The
model is ergodic in that the configuration space of the polymer can be
sampled using only local moves. We use a kinetic implementation,
based on the Gillespie method67, as this allows us to incorporate the
dynamics of bridging (see below).

We take each monomer to represent 20 bp since this is the
approximate footprint of a ParB dimer and leads to computationally
tractable simulations. In C. crescentus, ParB spreads over a ~10 kb
region of the chromosome andwe therefore simulate a polymerwith a
corresponding length of 500 monomers.

In order to account for the stiffness of the DNA, we follow the
approach of Zhang et al.68 and introduce a squared-cosine bending
potential E between successive bonds

E
kBT

= ksð1� cosθÞ2, ð1Þ

where θ is the change in angle between successive bonds and ks is a
parameter controlling the stiffness. Note that a monomer move
affects three bond angles: the angle at the monomer and at its two
neighbours. Attempted moves are then accepted with probability
P =minð1, expð�ΔE=kBTÞÞ, where ΔE/kBT is the change in energy due
to the move. Allowable monomer moves (moves that obey the
volume exclusion, bond length, bridge length conditions) are
attempted at a rate p. We set the stiffness parameter k = 14 to give a
persistence length (calculated according to the angle between con-
secutive bonds68) of 120 bp (Supplementary Fig. 1a) in line with
experimental measurements38.

Similar to other bacteria, chromosomal DNA in C. crescentus
constitutes a volume fraction of ~1–2%. We obtain this volume ratio in
the simulations by setting the size of the lattice appropriately. In the
BFM the volumeoccupied by the polymer is not a fixed quantity due to
the large set of bond vectors—the excluded volume associated with
each monomer can overlap. However, we can measure the occupied
volume by dilating the three-dimensional binary image describing the
occupancy of each lattice site using a cubic structuring element of
width 3 (we use the MATLAB function strel). This gives precisely
the excluded volume of the entire polymer (recall that each monomer
uniquely occupies eight lattice points). Using a 90 × 90× 90 cubic
lattice and the stiffness parameter chosen above, we find an excluded
volume fraction of 1.7% (an excluded volume per monomer of ~22
lattice sites).

Upon this stiff polymer framework, we implement bridging
between non-neighbouring monomers. Our implementation is similar
to that of Bohn and Heermann69. Any two non-neighbouring mono-
mers that are within (strictly less than) a spatial distance of 3 lattice
sites are allowed to bridge. The rate (probability) of bridging depends

on the positions of the monomers within the polymer. In Figs. 1 and 2,
the rate is specified, up to an overall factor, by the ParB binding profile
(determined by binning the experimental ChIP-Seq profile at the 20 bp
resolution of the polymer). The rate of bridge formation between two
monomers that are in proximity is then equal to the overall bridging
rate, kb multiplied by the product of the ParB occupancy at each site,
BiBj. Bridgedmonomers can still move on the lattice butmustmaintain
a bridge length strictly less than 3. Eachmonomer canonly bridgewith
at most one other monomer.

Bridges break randomly with a mean lifetime 1/kub and a value of
1 s is used throughout this manuscript. The timescale of monomer
dynamics τ = 1/p is not experimentally known at the short lengthscales
simulated here. In thefirst part of this paper, only the ratio of these two
timescales is relevant such that we can leave kub fixed and vary the
move rate p of the polymer. For the phase diagrampresented in Fig. 1d
we vary p from 20 to 2 × 106, for the rest of the paper we take the
arbitrarily chosen values of p = 40 to represent the structured regime
and p = 4 × 103 for the globular regime, shownby thewhite dotted lines
in Fig. 1d.

For any given parameter set, simulations are first run until equi-
librium is reached as determined by the volume occupied by the
polymer reaching an approximate constant value. We use the volume
occupied rather than the usual squared radius of gyration as the for-
mer was found to be a much less noisy measure. The conformation of
the polymer is then recorded.We repeat this process for 1000 random
initial configurations.

Calculating ParB radius. The ParB radius is calculated by combining
the genomic distribution of ParBon theDNA (either basedon theChIP-
seq profile for the uncoupled polymer simulations or the simulated
position of ParB dimers in the coupled simulations) with the simulated
conformations of the DNA polymer to obtain a spatial distribution of
DNA-bound ParB. We take an average across all 1000 conformations,
aligning them by their centroids, to obtain a 3D density. We then
determine the radius within which 95% of ParB dimers are found. We
convert this value from lattice units to nanometres as follows. In our
(stiff) polymer simulations, the bond length betweenmonomers varies
but has an average value of 3.0 lattice units. Since every bond/mono-
mer corresponds to 20 bp and the length of a base pair is 0.33 nm70, a
lattice unit corresponds to 2.2 nm.

Model of ParB sliding
We model the loading, sliding (diffusion) on and unbinding of ParB
dimers from the DNA using the same approach as in our recent work
onM. xanthus13. The DNA ismodelled as a one-dimensional lattice with
each lattice site corresponding to 20bp. The model is single occu-
pancy—loading and sliding can only occur if the target lattice site is
free. ParB dimers can load at some number of special lattice sites,
corresponding to the parS sites. For the simulations of sliding in C.
crescentus, the relative loading rate at each parS site is determined by
1
Kd

whereKd is themeasured dissociation constant12. The loading rate at
each site is then determined by multiplying by an overall factor kon.
Dimers diffuse to unoccupied neighbouring lattice site with a rate
d =D/h2, where D is the effective diffusion coefficient and h is the
lattice spacing. Unbinding occurs randomly with rate koff. The total
number of dimers is fixed as 360 as estimated for C. crescentus35. Any
unbound dimers are assumed to be in the cytoplasmwhich we take to
bewell-mixed. This is a simplifying assumption andwemake no claims
regarding themechanism of ParB targeting to the parS sites. Evidently,
it must be fast enough relative to the measured 64 s turnover of the
partition complex. This might be facilitated by the high local con-
centration of bound dimers near the parS sites (in which case the
cytosol would not actually be well-mixed). From the point of view of
themodel, this would onlymean a lower loading rate kon would suffice
to load the same amount of ParB.
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For each parameter set the simulation isfirst run until steady state
is reached and then the distribution of ParB is recorded at regular time
intervals, sufficiently separated to be independent samples of the
steady-state distribution.

Analytical description. We provide an analytical description of sliding
for the simplified case of a single parS site. Consider ParB dimers dif-
fusing on an infinite single-occupancy lattice (lattice spacing h).
Dimers can move to any unoccupied neighbouring site at a rate d.
Dimers load onto the lattice at a site i =0with rate �kon and unbindwith
rate koff. We denote the probability of there being n ParB dimers at the
ith site by Pn(i, t) (n =0, 1 due to single occupancy). The chemical
master equation which corresponds to this system of reactions is

∂P1ði,tÞ
∂t

=dP1ði� 1,tÞP0ði,tÞ+dP1ði+ 1,tÞP0ði,tÞ � dP0ði� 1,tÞP1ði,tÞ
� dP0ði+ 1,tÞP1ði,tÞ � koffP1ði,tÞ+ �konδi0P0ði,tÞ:

ð2Þ
Using P0(i, t) +P1(i, t) = 1, we can rewrite this in terms of the expec-

ted number of dimers at each site, EiðtÞ=
P1

n=0 nPnði,tÞ=P1ði,tÞ, as

∂EiðtÞ
∂t

=dðEi�1ðtÞ+ Ei + 1ðtÞ � 2EiðtÞÞ � koffEiðtÞ+ �konð1� EiðtÞÞδi0: ð3Þ

A similar equation for Ei(t) is obtained for a multi-occupancy
model but with a different pre-factor in the Kronecker delta term71 i.e.
the steady-state distribution of both models have the same form. This
is most easily described in the continuum limit (h→0, d→∞, �kon ! 1
keeping D = dh2 and kon =

�konh fixed) in which we obtain

∂Eðx,tÞ
∂t

=D
∂2Eðx,tÞ

∂t2
� koffEðx,tÞ+ konð1� Eðx,tÞÞδðxÞ: ð4Þ

The steady-state solution of this equation is

EðxÞ= kon

2 D
λ + kon

e�∣x∣=λ ð5Þ

where λ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D=koff

p
is the associated diffusive lengthscale.

Fit to ChIP-Seq profile. Before fitting to the experimental ChIP-seq
profile we first binned the profile at 20 bp resolution to match the
simulations. We then fit to the right side of the right most peak of the
experimental profile (Fig. 3d) to an exponential y = aex/λ as expected
from the analysis above. We use the MATLAB fit function to fit for the
length scale parameter λ, for which we find λ = 710 bp. The analysis
above shows that λ=

ffiffiffiffiffiffi
D
koff

q
and we confirm this numerically. We can

therefore use the estimate for koff obtained from the FRAP experiment
to obtain D = 5600bp2s−1 = 6.1 × 10−4 μm2s−1. Note that this value of D
does not account for any roadblocks beyond the effect of sliding ParB
dimers on each other. The remaining parameter of the slidingmodel is
the overall factor of the loading rates, kon. This is determined by
finding the best fit of the stochastic model to the entire ParB binding
profile as determined by the mean square error between the ChIP-Seq
profile and the steady-state profile obtained from the simulations
(Supplementary Fig. 3c). Both profiles are normalised to the same area
under the curve before the mean square error is calculated.

Roadblock simulations. For the roadblock simulations we used the
same framework but with a single parS site and choose a high loading
rate kon = 100 such that this site is occupied the majority of the time.
Weuse the values ofD and koff as above. A roadblock is implementedas
another particle that can bind and unbind to and from a specific site 25
lattice sites (500bp) away from the parS site.

To explore the effect of the roadblock we either (1) fix the
unbinding rate kR,off such that the residence half-time (τ = logð2Þ=kR,off )
of the roadblock remains constant and then vary the binding rate
kR,on to vary the occupancy of the roadblock, or (2) fix the occupancy
(kR,on/(kR,on + kR,off)) of the roadblock and vary both kR,on and kR,off by
the same factor.

Coupled bridging and sliding model
In the coupled simulations, the bridging probability is dependent on
the actual locations of sliding ParB dimers on the polymer. Bridged
ParB dimers do not diffuse along the DNA due to the topological
constraints of being bound to distal DNA regions. Therefore, bridged
dimers act as roadblocks for the unbridged dimers preventing them
from sliding past. We keep the polymer at the same length as pre-
viously (500 monomers) however we add a further 250 lattice sites to
each end over which sliding is also allowed. This provides sufficient
length to account for rare far-diffusing ParB dimers before they
dissociate.

Parameters are taken from those found in the previous simula-
tions: p is either 40 or 4 ×103 s−1, for the structured and globular
regimes respectively, and the ParB unbinding rate kub =

logð2Þ
64 s�1, and

the overall ParB loading rate kon = 200 ⋅ koffs−1. The diffusion coefficient
from the sliding model cannot be used due to the roadblock effect of
the bridges. It is therefore chosen along with the bridging rate kb to
best fit the ChIP-seq profile while at the same time resulting in the
observed level of condensation (78 nm ParB radius). Increasing the
diffusion coefficient beyond a certain point has no effect due to sliding
ParB dimers reaching steady-state between bridges.

The simulation is run until steady state has been reached, as
determinedby the volumeoccupiedby thepolymer, before a snapshot
is taken. For each parameter set tested 1000 simulations are ran, each
with a different initial conformation.

Comparison to previous models
The closest model to the current work is the spreading and bridging
model20. This equilibriummodel showed how ParB could compact the
centromeric region through a combination of bridging and nearest-
neighbour interactions. At the time it was not known that ParB is aDNA
clamp and the model therefore relied on the binding of ParB to non-
specific DNA.While themodel nominally accounted for the stiffness of
the DNA, the polymer model used allowed only 0∘ or 90∘ bond angles
and sowas unlikely to fully capture the interplay between ParB bridges
and stiffness that we observe in our model. The nucleation and caging
model11,21 can not be directly compared with ours as it does not model
ParB explicitly but rather treats it as a fixed spatial distribution centred
on the parS site. This was proposed to be a result of ParB self-assembly
due to self and non-specific DNA interactions together with nucleation
at the parS site (later described as liquid-liquid phase separation43).
Unlike our model, ParB had no effect on the DNA (bridges were not
considered), which was modelled as a Gaussian polymer. While this
model required an unphysically short persistence length to explain the
ChIP-Seq binding profile, this was subsequently resolved by including
the effect of DNA supercoiling22.

Fluorescence recovery after photobleaching (FRAP)
C. crescentus strain MT174 (parB::egfp-parB)72 was grown in M2G
minimal medium73 at 28 ∘C and 220 rpm for 36 h to an OD600 of ~0.6.
Cells were spotted on pads made of 1% (w/v) agarose in M2Gmedium.
Images were taken with a Zeiss Axio Imager.Z1 microscope equipped
with a Zeiss Plan Apochromat 100x/1.46 Oil DIC objective and a
pco.edge 4.2 sCMOS camera (PCO). An X-Cite 120PCmetal halide light
source (EXFO, Canada) and an ET-EGFP filter cube (Chroma, USA) were
used for fluorescence detection. FRAP analysis was conducted by
bleaching single EGFP-ParB foci using a 488 nm-solid state laser and a
2D-VisiFRAP multi-point FRAP module (Visitron Systems, Germany),
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with 2-ms pulses/pixel at 20% laser power. After the acquisition of a
prebleach image and application of a laser pulse, 16 images were
recorded at 20 s intervals with VisiView 4.0.0.14 (Visitron Systems). For
each time point, the average fluorescence intensities of equally sized
regions containing the bleached focus, the non-bleached focus, the
cell background and a reference region of the agarose pad were
determined, using Fiji 1.4974. After background correction, normal-
isation and averaging of the focus intensities, the recovery half-time
was calculated by fitting the data as described below.

Analysis. To calculate the residence time of ParB dimers from the
photobleaching we perform a simple manipulation of the data. Fol-
lowing the standard calculation used in43 the FRAP experiments can be
described by a simple kinetic model for the ParB proteins in the par-
tition complex and the ParB in the rest of the cytoplasm. Considering
B1(t) and B2(t) as the average number of ParB proteins in each partition
complex after photobleaching, Btot the total number of ParB dimers,
and kin and kout the rate to enter and exit the partition complexes
respectively, the system can be written as:

dB1ðtÞ
dt

= kinBtot � ðk in + koutÞB1ðtÞ � kinB2ðtÞ, ð6Þ

dB2ðtÞ
dt

= kinBtot � ðkin + koutÞB2ðtÞ � kinB1ðtÞ: ð7Þ

In order to fit to the data more easily we consider the sum and
difference, B± = B1(t) ±B2(t):

dB + ðtÞ
dt

= 2kinBtot � ð2kin + koutÞB + ðtÞ ð8Þ

dB�ðtÞ
dt

= � koutB�ðtÞ : ð9Þ

The general solution to these equations is given by:

S + = 2S1 � 2 S1 � 1
2
S+ ð0Þ

� �
e�ð2kin + koutÞt ð10Þ

B�ðtÞ= � B�ð0Þe�koutt : ð11Þ
A simple exponential fit of our data to the difference curve

(Supplementary Fig. 3b) finds kout = 0.011 s−1, or a half-time in the focus
of 64 s and B−(0) = 0.91. Then fitting to the sum, taking B∞ to be equal
to 0.62, we find B+(0) = 1.06 and kin = 0.0035 s−1. Using these fitted
values we can plot B1(t) and B2(t) in Fig. 3c using the simple transfor-
mation S1 =

1
2 ðS + + S�Þ and S2 =

1
2 ðS + � S�Þ.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data sets generated from the polymer model can be found at
https://gitlab.gwdg.de/murray-group/kBFM/-/tree/bridging_prob and
the data sets generated from the coupled bridging and slidingmodel at
https://gitlab.gwdg.de/murray-group/kBFM/-/tree/coupled. The acces-
sion number for the ChIP-seq data is GSE10023312. Source data are
provided with this paper.

Code availability
Code for the polymer simulation is available at https://gitlab.gwdg.de/
murray-group/kBFM/-/tree/bridging_prob. Code for the sliding simu-
lation is available at https://gitlab.gwdg.de/murray-group/Caulobacter_

ParABS/-/tree/Caulo_20bp. Code for the coupled polymer and sliding
simulation is available at https://gitlab.gwdg.de/murray-group/kBFM/-/
tree/coupled.
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