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ABSTRACT

The tripartite ParABS system mediates chromosome
segregation in a wide range of bacteria. Dimeric
ParB was proposed to nucleate on parS sites and
spread to neighboring DNA. However, how properly
distributed ParB dimers further compact chromoso-
mal DNA into a higher-order nucleoprotein complex
for partitioning remains poorly understood. Here, us-
ing a single-molecule approach, we show that tens of
Bacillus subtilis ParB (Spo0J) proteins can stochas-
tically multimerize on and stably bind to nonspecific
DNA. The introduction of CTP promotes the forma-
tion and diffusion of the multimeric ParB along DNA,
offering an opportunity for ParB proteins to further
forgather and cluster. Intriguingly, ParB multimers
can recognize parS motifs and are more inclined to
remain immobile on them. Importantly, the ParB mul-
timer features distinct capabilities of not only bridg-
ing two independent DNA molecules but also mediat-
ing their transportation, both of which are enhanced
by the presence of either CTP or parS in the DNA.
These findings shed new light on ParB dynamics in
self-multimerization and DNA organization and help
to better comprehend the assembly of the ParB-DNA
partition complex.

INTRODUCTION

During cell division, faithful chromosome segregation en-
sures the inheritance of a full copy of the genetic infor-

mation of the parent to each daughter cell (1-4). In many
bacterial species, chromosome segregation relies on the tri-
partite ParABS system, consisting of an ATPase protein
ParA, a DNA-binding protein ParB, and a centromere-like
palindromic DNA sequence, named the parsS site (5). In a
typical ParABS system, ParB proteins first recognize and
specifically bind to clusters of the parS sites, followed by
association with parS-flanking regions (6-8). DNA-bound
ParB proteins condense the chromosomal DNA into a large
higher-order nucleoprotein complex and facilitate the for-
mation of a poorly organized network of DNA loops (6).
This kinetochore-like structure, also known as the parti-
tion complex, serves as a functional assembly that can re-
cruit the P-loop ATPase ParA (9). A gradient of nucleoid-
associated ParA-ATP dimers created by the stimulation
of the ATPase activity of ParA provides a driving force
to move the partition complex, and hence the sister repli-
con(s), to the opposite side of the cell (10,11). In addi-
tion to chromosome segregation, ParB sometimes has ad-
ditional species-specific functions. For example, in B. Sub-
tilis, ParB (Spo0J) facilitates the recruitment of the struc-
tural maintenance of chromosome (SMC) complex and
contributes to origin localization (12-14); In Caulobacter,
ParB forms a complex with MipZ and together regulates
cell division (15). Therefore, ParB plays multifaceted roles
and the ParB-DNA complex is essential for the recogni-
tion, organization, replication, and partitioning of DNA
molecules.

The assembly of the partition complex begins with ParB
dimers nucleating on parS sites and later associating with
neighboring DNA, a process termed ‘spreading’ (16). Re-
cently, a series of studies have revealed a new factor in ParB
spreading: CTP (17-23). ParB and ParB-like proteins are

“To whom correspondence should be addressed. Tel: +86 21 20684536; Fax: +86 21 20685430; Email: sunbo@shanghaitech.edu.cn
fThe authors wish it to be known that, in their opinion, the first two authors should be regarded as Joint First Authors.

© The Author(s) 2022. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://orcid.org/0000-0002-9187-4277
https://orcid.org/0000-0002-4788-2106
https://orcid.org/0000-0002-4590-7795

CTPases that can bind and hydrolyze CTP (17,18). In the
presence of CTP, a ParB dimer forms a clamp-like struc-
ture and encircles double-stranded (ds) DNA in the cen-
ter of the clamp (19,21,22). The CTP-bound ParB dimer at
the parS site weakens its association with DNA, allowing
them to dissociate from the site and diffuse to neighbor-
ing low-affinity DNA (19-21,24). In addition to the load-
ing and spreading of ParB dimers on the chromosomal
DNA, the formation of a higher-order ParB-DNA com-
plex necessitates the coalescence of multiple ParB dimers
into nanometer-sized condensates as evident by in vivo ex-
periments, which drives DNA co-condensation (25,26). As
the intracellular concentration of ParB is not high enough
to grow an extensive filament on DNA (27-29), ParB-
mediated DNA looping was proposed to explain the co-
condensation of ParB and DNA (29). In this model, long-
distance DNA up to 10-20 kb is looped via ParB—ParB
and ParB-DNA interactions, thus condensing DNA into
a loosely compacted structure. In support of this looping
model, single-molecule experiments provided a few pieces
of in vitro evidence to display the DNA bridging and con-
densation activities of ParB, which exhibited a dependence
on both parS and CTP (20,29). Recently, a nucleation and
caging model was proposed to better explain how parsS sites
act as a nucleation center, allowing ParB clusters to restrain
the chromosomal DNA into a spatially confined space
(26,30,31). However, despite extensive studies, our knowl-
edge of how hundreds of ParB dimers centered around the
parS sites effectively assemble to form condensates for the
organization and compaction of chromosomal DNA is still
limited.

Bacillus subtilis genetically encodes a ParB homologue
named Spo0J, which mediates chromosome segregation
during sporulation (32). In vivo, Spo0J proteins assemble
into single foci that colocalize with the oriC region of the
chromosome, and together with Soj (ParA homologue in B.
subtilis), contribute to the timely separation of replicated
origins (14,33). Notably, in addition to the specific bind-
ing to eight parS sites scattered around the oriC region,
Spo0J in a dimeric form spreads and associates with several
kilobases of nonspecific DNA flanking parS sites (34,35).
Therefore, Spo0J serves as a model system for the under-
standing of the dynamic assembly of the ParB-DNA com-
plex. In this study, by combining optical tweezers with con-
focal fluorescence microscopy, we examined the dynamic as-
sociation and disassociation of Spo0J (hereafter referred to
as ParB) on DNA at the single-molecule level. We found
that tens of ParB proteins can stochastically multimerize
on and off nonspecific DNA. In the presence of CTP, the
ParB multimer actively diffuses along DNA with coeffi-
cients of 0.1-0.4 kb?/s and yet preferentially remains im-
mobile on parS sites. After a collision, two ParB multimers
have a chance to fuse as one. Strikingly, the ParB multimer
is distinguished from the ParB dimer in its unique capabil-
ities to bridge two DNA molecules and shift their relative
positions. These findings suggest that the ParB multimer
not only organizes chromosomal DNA but also provides
a means to condense the dimeric ParB into foci, possibly
serving as a functional intermediate in partition complex
assembly.
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MATERIALS AND METHODS
Preparation of DNA templates

The N phage DNA template was constructed as described
elsewhere (36). Briefly, biotinylated N DNA was constructed
through 3’-end labeling by filling in 5'-overhangs with an
exo-Klenow fragment. The reaction was conducted by in-
cubating 10 nM N DNA (Thermo Scientific), 250 uM
dGTP/dATP/dTTP, 10 wM biotin-14-dCTP (Thermo Sci-
entific), and 5 U Klenow exo  (Thermo Scientific) in reac-
tion buffer (50 mM NaCl, 10 mM Tris—-HCI pH 7.9, 10 mM
MgCl, and 1 mM DTT) at 37°C for 1 h, followed by heat
inactivation for 10 min at 75°C. The mixture was purified
by Column DNA Purification Kit.

The DNA template containing 1x or 8x parsS sites was
the ligation product of three DNA segments, L1, L2, and
the parS segment (Supplementary Figure S1A). The 7.6-
kb L1 and 12.9-kb L2 DNA segments were polymerase
chain reaction (PCR)-amplified from A DNA. The resulting
DNA fragments were digested with BstXI (NEB) to create
an overhang for ligation. The parS DNA segment contain-
ing the 1x parS site was obtained by annealing two oligonu-
cleotides in annealing buffer (20 mM Tris—-HCI pH 8.0, and
100 mM KCl) (Supplementary Table S1). The partial match
of the two oligonucleotide sequences allows for the creation
of two overhangs at each end for ligation. The 8x parS DNA
segment was produced by PCR from the modified plasmid
pDONORA4.1 (Supplementary Table S1). The PCR prod-
uct was digested with BstXI to create overhangs for liga-
tion. The final product was produced by ligating the L1,
L2 and parS segments at a 1.2:1.2:1 ratio using T4 DNA
ligase (NEB).

To construct the 18.6-kb parS-containing template, a
544-bp DNA segment containing 8x parS was amplified
from the modified plasmid pDONOR4.1 (Supplementary
Figure S1B). This segment was inserted into a 13.4-kb lenti-
CRISPRI plasmid (Supplementary Table S1). The resulting
DNA ligation product (13.8 kb) was digested and linearized
with Kpnl and Nhel (NEB). Another 4.8-kb DNA seg-
ment containing 8 x parS was PCR-amplified and inserted
into the 13.8-kb vector using the ClonExpress IT One Step
Cloning Kit (Vazyme). The 18.6-kb parS-containing tem-
plate termed L4 was PCR-amplified from the resulting 18.6-
kb plasmid. The nonspecific 18.6-kb DNA template termed
LS5 was amplified by PCR using A DNA as a template.

Protein expression and purification

ParB-eGFP. The C-terminally eGFP-fused ParB protein
from B. subtilis (ParB-eGFP) was expressed and purified as
follows. The parB gene was amplified and constructed in a
pET-based expression vector, which consists of a sequence
encoding eGFP and an C-terminal Hisg-tag. The protein
was expressed in Escherichia coli strain BL21 (DE3) (Trans-
Gen) cells. The cells were grown in Kanamycin resistance-
contained LB medium at 37°C for 4 h. When the optical
density at 600 nm reached 0.6, protein expression was per-
formed at 18°C for 16 h following induction with 1 mM
isopropyl-beta-D-thiogalactopyranoside. The medium was
then discarded. The harvested cells were lysed in 1 mM
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EDTA, 300 mM NacCl, 50 mM Tris-HCI pH 7.5 and 1%
protease inhibitor and filtered through a 0.22-pm Milli-
pore Express® PES Membrane Filter Unit. The cells were
disrupted by passing through a high-pressure cell crusher
at ~800 bar three times. The lysed solution was then cen-
trifuged at 11 000 rpm for 60 min, and the clarified super-
natant from the cell lysate was separated from the cellular
debris and bound in batch to Ni-NTA Agarose (TransGen).
The column was further washed by lysis buffer containing
different imidazole concentrations of 5, 20, 50 and 200 mM.
The bulk of ParB-eGFP was in the 50 mM imidazole eluate.
The eluate was then concentrated using 50-kDa filtration at
5000 rpm to a certain volume at 4°C. ParB-eGFP was fur-
ther purified with gel filtration chromatography with a Su-
perdex 200 increase 10/30 column (GE Healthcare) in stor-
age buffer (50 mM Tris—HCI pH 7.5, 300 mM NacCl, and
10% (v/v) glycerol). Consistent with wild-type ParB (17)
(37), the purified ParB-eGFP protein was verified to pref-
erentially exist in a dimeric form and display both CTPase
and DNA binding activities comparable to those of wild-
type ParB (Supplementary Figure S2). The two ParB mu-
tants (R80A and N112S) were expressed and purified simi-
larly.

ParB-Cy5 and ParB-AF555. Since ParB contains no na-
tive cysteine residues, the vector was designed to contain
a cysteine before the N-terminal tag that was used to co-
valently coupled with a maleimide-conjugated fluorophore
(Cy5 or AF555). Fluorophore labeling was conducted in
50 mM Tris—HCI pH 7.5, 300 mM NacCl, 10% (v/v) glyc-
erol and a 10-fold molar excess of Cy5-maleimide dye or
AF555-maleimide at 4°C for 12 h. To remove free fluo-
rophores, the conjugate solution was centrifuged at 5000
rpm in storage buffer at 4°C in a 30-kDa concentrator tube
at least three times and the labeled proteins were collected.
ParB-Cy5 and ParB-AF555 protein were further concen-
trated and stored at —80°C before use.

Fluorescence-combined optical tweezers assays

A dual-optical tweezer setup combined with confocal mi-
croscopy and microfluidics (LUMICKS, C-trap) was used
to perform the single-molecule assays (38,39). In brief, a
1064-nm fiber laser and a water-immersion objective were
used to create two orthogonally polarized optical traps.
The trap separation was controlled using a piezo mirror
for beam-steering one trap. Force measurements were per-
formed by back-focal plane interferometry of the condenser
top lens using a position-sensitive detector. A computer-
controlled stage enabled rapid movement of the optical
traps within a multiple-channel flow cell (36). This microflu-
idic system allowed for the rapid in situ construction and
characterization of DNA dumbbell constructs, and facil-
itated the swift transfer of tethered DNA between differ-
ent flow channels (Figure 1A). DNA molecules were cap-
tured between two streptavidin-coated polystyrene beads
(4.38 or 1.76 pm in diameter) using the multichannel lam-
inar flow cell and were tensioned by increasing the dis-
tance between the optical traps. The presence of a single
suspended DNA molecule was verified by its inherent me-
chanical force-extension relationship (40). The DNA tether

was then transported to the protein or buffer channel as de-
scribed for each assay. In these channels, a constant force
was applied to the DNA tether via a high-frequency feed-
back system on the steered trap during data acquisition.
Unless stated otherwise, all experiments were carried out in
reaction buffer containing 20 mM Tris—HCl pH 7.5, 50 mM
NaCl and 2 mM MgCl, with a constant force of 1 pN ex-
erted on the DNA template.

Confocal scans were performed when DNA tethers were
in the buffer and protein channels. A 488-nm laser was used
for imaging ParB-eGFP, a 532-nm laser was used for imag-
ing ParB-AF555, and a 638-nm laser was used for imaging
ParB-Cy5 and To-Pro-3. Kymographs were generated via a
confocal line scan through the center of the two beads with
a pixel size of 75 nm for 0.1 ms.

Single-molecule data analysis

Single-molecule fluorescence data of ParB binding to the
dsDNA obtained from the single-molecule experiment were
analyzed using custom software provided by LUMICKS.
DNA force and extension data were taken at 100 Hz. DNA-
bound ParB molecules were quantified by the measurement
of the fluorescence intensity. The overall fluorescence inten-
sity along the DNA (the total number of photons in each
column of the kymograph) as a function of time was fitted
by an exponential function. The fluorescence intensity of a
ParB multimer was calculated as the number of photons in
the manually selected region.

The diffusion of ParB multimers along the dSDNA was
quantified by tracking the position of the multimer in each
frame. Briefly, kymograph segments containing diffusive
ParB multimers were generated with reduced background
noise using Fiji (41). The position of a multimer in each
frame was determined as the largest fluorescence intensity
using MATLAB. The movement of a ParB multimer in nm
was converted to base pairs using the force-extension char-
acteristics of DNA (42). The sliding processivity was de-
fined as the average distance that the ParB multimer slides
before reversing the direction of motion or stalling. Due to
the limited spatial resolution, only sliding distances over 1
kb were counted in statistics. The sliding rate of the ParB
multimer was obtained from a linear fit to the trajectory of
each sliding event. The diffusion coefficients were measured
as a linear fit to the one-dimensional mean square displace-
ment (MSD) taken within 50 s at a 5-s interval (43).

RESULTS

ParB proteins stochastically multimerize on and stably bind
to nonspecific DNA

We first sought to explore the dynamic association of ParB
with nonspecific DNA containing no parsS sites (hereafter
referred to as nsDNA) at the single-molecule level. To this
aim, we employed a fluorescence-combined dual-trap op-
tical tweezers setup to monitor protein-DNA interactions
in real time (44). This single-molecule experiment was per-
formed in a four-channel microfluidic system, which allows
for the quick formation of a single DNA tether (in channels
1 and 2) and the rapid switching of experimental conditions
(in channels 3 and 4) (Figure 1A) (44). Figure 1A displays
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Figure 1. Stochastic multimerization and stable binding of ParB proteins on DNA. (A) Schematic of the experimental setup and configuration. A single
DNA tether was formed in channels 1-3 containing streptavidin-coated beads, biotinylated N DNA, and reaction buffer, respectively. The successfully
formed DNA tether was moved to protein channel 4 for ParB loading and imaging, followed by transporting back to buffer channel 3 for imaging. On
the right, a zoomed-in view illustrates the experimental configuration (not to scale). (B) A representative kymograph and DNA length versus time of a
suspended N DNA showing ParB binding to the DNA in the protein and subsequent buffer channels. The gray rectangles indicate the beads’ positions.
The scale bar represents 3 wm. The final fluorescent profile of ParB along the DNA is shown alongside the kymograph. (C) Time-evolutions of the overall
fluorescence intensity along the DNA (black line) and the fluorescence intensity of the ParB multimer in the buffer channel (red line). (D) The number of
ParB molecules in multimer formed on nsDNA in the absence of CTP. (E) The average number of ParB multimers formed along the A DNA in the buffer
channel after a 1-min incubation in the protein channel containing 20, 50, 100, or 250 nM ParB. n =9, 12, 14 and 15, respectively. The data are shown in
mean £+ SEM. (F) The average number of ParB multimers formed along the A DNA under a force of 1, 25 and 45 pN in the buffer channel after a 1-min

incubation in the 20 nM ParB channel. n = 12, 8 and 9, respectively. The data are shown in mean + SEM.

a schematic of the experimental configuration in which a
48.5-kb A DNA molecule was suspended between two opti-
cal traps via two streptavidin-coated microspheres, while a
confocal laser repeatedly scanned along the tensioned DNA
to detect the dynamic interplay between fluorescently la-
beled proteins and the DNA.

In this experiment, following the confirmation of a sin-
gle DNA molecule suspended between two microspheres
by the inherent force-extension relationship of dsDNA in
the buffer channel (no CTP) (42), we transported the tether
to the protein channel containing 20 nM ParB-eGFP and
incubated for 1 min while maintaining a constant force of
1 pN on the tether. In this channel, the kymograph of the

DNA molecule indicates a uniform coating by ParB possi-
bly in a dimeric form, while the DNA length remained un-
changed (Figure 1B). DNA condensation induced by ParB
coating was reported by previous studies (20,37). Given the
recapitulation of DNA condensation under 250 nM ParB
and 0.1 pN force (Supplementary Figure S3), this discrep-
ancy can be reconciled by the low ParB concentration and
the relatively high force used in our assay.

To gain insight into the DNA dissociation properties of
ParB, we switched the ParB-coated DNA tether back to the
buffer channel, wherein a majority of ParB proteins were
found to dissociate from the DNA within tens of seconds,
as reflected by a gradual decay of the overall fluorescence
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intensity of the DNA molecule over time (Figure 1B, C and
Supplementary Figure S4A). Intriguingly, other than dis-
sociation, we were also surprised to detect the appearance
of fluorescence spots that were gradually and stochastically
formed along the DNA (Figure 1B). Analysis of the inten-
sity of these fluorescence spots as a function of time indi-
cated that it typically took tens of seconds for them to reach
equilibrium (Figure 1C). Given the absence of free ParB
proteins in the buffer channel, these fluorescence spots are
attributable to the spontaneous multimerization of DNA-
bound ParB proteins. The gradual dissociation of nonmul-
timeric ParB proteins likely provides space on DNA that
triggers the short-distance movement and cluster of the re-
maining proteins, resulting in stochastic protein assembly.
Notably, these ParB multimers were found to stably bind
to DNA and remain nearly static for a long period (over 5
min) (Supplementary Figure S4A). In the ParB channel, we
also detected the binding of ParB multimers to the DNA
in some cases, and consistently, the DNA binding status
was maintained in the buffer channel (Supplementary Fig-
ure S5). The characteristic of the ParB multimer to stably
bind to DNA is further substantiated by a protein exchange
assay (Supplementary Figure S6). Control experiments un-
der a high salt condition (100 mM NaCl) and with ParB
labeled with Cy5 (ParB-Cy5) or Alexa Fluor 555 (ParB-
AF555) produced similar observations, excluding the pos-
sibility that the formation of the ParB multimer was due to
the low salt condition (50 mM NacCl) or to the eGFP used
for the fluorescence detection (Supplementary Figures S5
and S6).

Next, we characterized the intrinsic properties of the
ParB multimer on DNA. Calculating the fluorescence inten-
sities of ParB-eGFP multimers and comparing them with a
single DNA-bound dCas9-eGFP/sgRNA complex allows
us to determine an average of 76 monomers (38 dimers) in
each ParB multimer (Figure 1D and Supplementary Figure
S7) (45). Moreover, both increased ParB concentration and
applied force on DNA (during incubation) facilitated the
formation of ParB multimers (Figure 1E, F). Collectively,
our data demonstrate that ParB can spontaneously multi-
merize on nsDNA in a stochastic, CTP-independent man-
ner. Unlike nonmultimeric ParB proteins that only tran-
siently interact with nsDNA, the ParB multimer retains sta-
ble binding to nsDNA.

CTP facilitates the formation and diffusion of the ParB mul-
timer along DNA

Since ParB has proven to be a CTPase (17,18,23), we
next asked whether and how CTP regulates multimerized
ParB. Through examining the status of DNA-bound ParB,
we found that nonmultimeric ParB proteins on the DNA
showed an even faster dissociation in the buffer channel
containing 2 or 10 mM CTP (Supplementary Figure S4),
and yet the number of the ParB multimer increased by ap-
proximately threefold (Figure 2A and Supplementary Fig-
ure S8). Meanwhile, the DNA length remained unchanged
in the CTP channel. Strikingly, in contrast to the nearly
static ParB multimers without CTP, the presence of CTP
featured an apparent diffusion of 79% of ParB multimers
(n =261) along the DNA for a few minutes (Figure 2B and

Supplementary Figure S4B). The CTP-driven diffusion of
the ParB multimer was also corroborated by experiments
with ParB-Cy5 and ParB-AF555 (Supplementary Figure
S9). To quantitatively characterize the diffusion, we derived
corresponding trajectories of individual multimer from the
kymographs (see methods), based on which the sliding rate,
processivity (defined as the average speed and distance that
a ParB multimer maintains a unidirectional movement be-
fore stalling or reversing its direction of motion), and diffu-
sion coefficient of ParB multimers were measured (Figure
2B and Supplementary Figure S10A). It turned out that all
three parameters increased with increasing CTP concentra-
tion (Figure 2C-E and Supplementary Figure S10B), con-
sistent with the notion that CTP promotes diffusion. Al-
though the CTP concentration used here is above the in
vivo condition (0.8 mM CTP), it is noteworthy that our
measured diffusion coefficients of ParB multimers are in
good agreement with the in vivo measurements by super-
resolution microscopy (25,46).

To address whether CTP binding is sufficient to support
the diffusion of the ParB multimer, we further assayed two
ParB mutants: N112S, which can bind CTP without hydrol-
ysis, and R80A, which is deficient in both CTP binding and
hydrolysis (Supplementary Figure S2C) (17). Despite the
capability of both mutants to multimerize, the R80A multi-
mer barely diffused and the N112S multimer showed reduc-
tions in diffusion coefficient and processivity but a compa-
rable diffusion rate with ParB (Supplementary Figure S11).
Therefore, it is likely that both CTP binding and hydrolysis
are required for the efficient diffusion of the ParB multimer.

The ParB multimer preferentially remains immobile on parS
sites and can absorb a diffusive one

We next addressed how parS motifs modulate the ParB mul-
timer. To this end, we first constructed a 21.5-kb DNA tem-
plate containing an 8 x parS sequence located 7.8-kb to one
end and 13.3-kb to the other (Figure 3A and Supplemen-
tary Figure STA). After incubation in the ParB channel for
I min, up to 75% of examined DNA molecules (n = 24)
showed a ParB multimer binding around the 8 x parS region
with the DNA length maintained (Figure 3A). Alternating
the position and depletion of the 8x parS sequences along
the DNA substantiated that the observed DNA binding by
the ParB multimer is indeed a result of the presence of the
parS sites (Supplementary Figure S12). Surprisingly, com-
pared to the multimers on nsDNA, 8x parS-bound multi-
mers were distinguished in their response to the presence of
CTP and preferentially remained immobile on the sites for
minutes (Figure 3A). The presence of 10 mM CTP supports
only 2 out of 23 parS-bound ParB multimers diffusing away
in 10 min (Supplementary Figure S13A).

We next asked whether the inertia of parS-bound ParB
multimers in the presence of CTP is because of the ex-
cess parS sites designed in our DNA template. We thus re-
duced the copy number of parS motifs and examined the
association of ParB multimers with a 1x parS-containing
DNA template. After the ParB channel incubation, only 2
out of 14 examined DNA molecules showed a ParB multi-
mer binding at the 1x parS motif (Figure 3B). However, in
the buffer channel, diffusive ParB multimers were found to
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Figure 2. The diffusion of ParB multimers along DNA in the presence of CTP. (A) The average number of ParB multimers on DNA in the presence of 0,
2 or 10 mM CTP after a 1-min incubation in the 20 nM ParB channel. The error bars represent SEM. n = 11, 23 and 26, respectively. (B) Representative
kymographs and derived real-time trajectories of individual ParB multimers showing their movements in the presence of 0, 2 or 10 mM CTP. Scale bars
represent 5 wm and 10 s, respectively. (C) The sliding rate of ParB multimers in the presence of 0, 2 or 10 mM CTP. The data are shown in mean + SEM.
(D) The sliding processivity of ParB multimers in the presence of 0, 2 or 10 mM CTP. (E) The diffusion coefficient of ParB multimers in the presence of 0,

2 or 10 mM CTP. n = 23, 32 and 30, respectively.

switch to be immobile on the site (n = 7) (Figure 3B). Con-
sistently, only 3 out of 12 1x parS-bound ParB multimers
were capable of escaping from the site and diffusing away
in 10 min (Supplementary Figure S13B). These data sug-
gest that the ParB multimer can recognize parS motifs and
prefer to stay immobile on them, and the immobility of the
ParB multimer on parsS is only moderately regulated by the
number of the parS motif.

Since ParB multimers preferentially stay stationary on
parsS sites, other diffusive ones would inevitably bump into
immobile parS-binding multimers (Figure 3C). We thus ex-
amined the consequence of a collision of a diffusive ParB
multimer with an immobile multimer on parS sites. Anal-
ysis of the fluorescence intensity revealed that 43% of dif-
fusive ParB multimers (# = 30) fused with the immobile
parS-bound multimers after the collision, and the rest were
more inclined to separate and diffuse away from the immo-
bile ones (Figure 3D, E). In both scenarios, the stationary
status of parS-bound ParB multimers was maintained. Sim-
ilar collision outcomes occurring on nsDNA were observed
(Supplementary Figure S14).

Taken together, the ParB multimer can recognize parS
motifs and prefers to stably bind to them. Moreover, the
parS-bound multimer has a chance to absorb diffusive ones
after a collision.

The ParB multimer efficiently bridges DNA molecules

Our experiments demonstrated that ParB multimers are
composed of tens of ParB dimers and they stably asso-
ciate with DNA. These findings raised the possibility that

the ParB multimer might serve as a hub for the assem-
bly of higher-order DNA structures. To examine that, we
performed a DNA catching experiment, wherein we first
assembled ParB-eGFP multimers on a suspended A DNA
molecule in a ParB channel and then disassociated nonmul-
timeric ParB molecules from the DNA in a buffer chan-
nel. Following that, we transported the ParB multimer-
associated DNA to a channel containing free A DNA and
To-Pro-3 (a DNA dye), wherein fluorescent DNA and ParB
were simultaneously monitored (Figure 4A). As evident by
the flow-stretched DNA molecule, 16 out of 29 ParB mul-
timers were detected to connect free A\ DNA molecules af-
ter a 30-s incubation in the channel (Figure 4B). Note that
a ParB multimer capturing multiple DNA molecules was
also detected in rare cases (Supplementary Figure S15A).
The capability of the ParB multimer to bridge DNA was
also demonstrated by the experiments with ParB-Cy5 and
is in stark contrast to that of the nonmultimeric ParB which
failed to do so (Supplementary Figures S16).

Next, we asked whether the parS motif plays a role in
the regulation of the DNA bridging capability of the ParB
multimer. To answer that, we prepared an 18.6-kbp DNA
molecule containing two 8x parS motifs separated by 4.4-
kb DNA (see methods). We repeated the DNA catching ex-
periment with the replacement of the free A DNA with this
particularly designed parS-containing DNA. To our sur-
prise, up to 93% of the ParB multimers (n = 95) were mon-
itored to bridge free parS-containing DNA (Figure 4C-E).
In comparison, experiments with an 18.6-kb DNA contain-
ing no parS motifs gave rise to the reduction in the percent-
age of bridging ParB multimers to 50% (n = 111) (Figure
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of the 1x parsS site. Scale bars represent 2 wm and 10 s, respectively. (C) The cartoon of a collision between a diffusive multimer and an immobile one at
8x parS sites. (D, E). Representative kymographs and derived real-time trajectories of ParB multimers show that a diffusive multimer either fuses with (D)
the parS-bound multimer or is bounced away (E) after a collision. Scale bars represent 2 wm and 10 s, respectively. The yellow and blue arrows highlight
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the collision) are shown above the kymograph.

4D, E). Moreover, depletion of CTP was found to attenuate
the bridging capability of the ParB multimer (Supplemen-
tary Figure S17).

In summary, the ParB multimer possesses a distinct capa-
bility of bridging DNA molecules, which is enhanced with
the involvement of CTP and the parS sequence in the DNA.

The ParB multimer mediates the transportation of bridged
DNA molecules

Having demonstrated that the ParB multimer is capable
of diffusing along and bridging DNA molecules, we fur-
ther asked whether they could mediate the relative motion
between bridged DNA molecules. As expected, the move-
ments of ParB multimers complexed with 18.6 kb DNA
along N DNA were monitored in the presence of CTP (Sup-
plementary Figure S18). To avoid the influence of the ther-
mal fluctuation from the long DNA and to increase the
spatial resolution, we chose to use a Cy5-labeled 52-bp ds-
DNA oligonucleotide containing a 1x parS motif (parS-
oligo-Cy5) to accurately record the motion of the ParB
multimer-bridged DNA molecules. In this experiment, we
incubated a suspended A DNA in a channel containing the
parS-oligo-Cy5 and ParB-eGFP for 1 min and then trans-
ferred the tether to a buffer channel and waited for the dis-
assembly of the nonmultimeric ParB for 5 minutes before

the fluorescence detection (Figure 5A). Through simulta-
neously scanning the fluorescence signals of ParB and the
oligonucleotide, we found that up to 75% of ParB multi-
mers assembled on the A DNA (n = 77) colocalized with the
oligonucleotides (Supplementary Figure S19). This finding
suggests that the ParB multimer also mediates the bridging
of the A DNA with the oligonucleotide. Consistently, simul-
taneous movements of the ParB multimer and the oligonu-
cleotide along the A DNA were recorded (Figure 5B). To
quantitatively characterize the movements, we derived cor-
responding trajectories of the multimer and the parS-oligo-
CyS5 from the kymographs and found that the diffusion coef-
ficient of the multimer was significantly reduced by the com-
plex with the bridged oligo (Figure 2E and Supplementary
Figure S17D).

Given that both the parS motif and CTP play a regu-
latory role in DNA bridging, we speculated that both of
them also modulate the DNA transporting capability of
the ParB multimer. To test that, we first revisited the ex-
periments with a 58-bp oligonucleotide containing nonspe-
cific sequences (ns-oligo-Cy5) for comparison. We found
that the number of the ParB multimer-oligonucleotide com-
plex formed on the A DNA was reduced by approximately
threefold (Figure 5C). Moreover, the diffusion of the com-
plex along DNA was often interrupted by a sudden release
of the nonspecific oligonucleotide (Figure 5D). The statisti-
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cal analysis showed that the presence of parS prolongs the
DNA binding lifetime of the ParB-oligonucleotide complex
by approximately 2 times (Figure SE). The reason for these
observations might be ascribed to the attenuation of the
ParB multimer-oligonucleotide stability by the absence of
parS. Consistently, depletion of CTP also attenuates DNA
transportation activity of the ParB multimer (Supplemen-
tary Figure S17).

Together, we conclude that the ParB multimer is capa-
ble of mediating the relative motion between bridged DNA
molecules, and this capability is promoted by CTP and the
parS motif in the bridging DNA region.

DISCUSSION

During bacterial chromosome segregation, proper distribu-
tion and assembly of DNA-bound ParB molecules is key
to the formation of the partition complex. In this process,
ParB dimerization and multimerization confer specificities
and functional advantages for DNA spreading and organi-

zation. It has been believed that the ParB dimer is the func-
tional unit for spreading (17,18,25,29,47). Nevertheless, our
knowledge of how ParB dimers further cluster into a tight
focus for the assembly of a higher-order nucleoprotein com-
plex is still limited. In this work, through the real-time visu-
alization of the dynamic association of ParB with nonspe-
cific or parS-containing DNA, we discovered that ParB can
spontaneously multimerize into higher-order species com-
posed of an average of 38 ParB dimers (Supplementary Fig-
ure S7). Notably, the importance of the ParB multimeriza-
tion is reflected by the finding that the single amino acid
mutation in ParB causing a defect in multimerization but
not in dimerization also results in a chromosome segrega-
tion defect (48). ParB multimerization can take place along
nsDNA (Figure 1B). This is possibly realized by the clus-
ter of DNA-bound ParB dimers over a short distance. This
pathway restricts the ParB multimer to assemble around
parS motifs where the ParB dimer maintains a high concen-
tration. Moreover, compared to the ParB dimer, the ParB
multimer displayed exceedingly stable binding to nsDNA
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even in the presence of CTP (Supplementary Figure S4).
Considering that there are a large number of DNA-binding
proteins acting as roadblocks in vivo, ParB may also bene-
fit from the stochastic multimerization in avoiding barriers
and accessing distant DNA. In B. subtilis, DNA segrega-
tion proceeds coordinately with replication (14,33). There
is a chance that the stable binding of the ParB multimer im-
pedes other DNA transactions, such as replication. How-
ever, ParB multimers are quite mobile, especially the ones on
nsDNA. After a collision with DNA-based motor proteins,
the ParB multimer may switch the direction of movements
and even dissociate. The coordination of the ParB-DNA as-
sembly with other DNA transactions and the potential role
of the ParB multimer in recruiting the SMC complex war-
rant further exploration (12,49).

DNA-based diffusion is deemed as one of the effective
means for ParB to spread along and assemble DNA. In ad-

dition, ParB diffusion has also been speculated to function
in the effective transportation and modulation of chromo-
somal DNA, though direct evidence is lacking (50). A lam-
inar flow-based single-molecule study provided the first di-
rect evidence of the diffusion of the ParB dimer, in which
quantification of ParB movement without the presence of
any nucleotides revealed a diffusion coefficient of 3.0 kb?/s
or 0.34 pm?/s (29). Recently, direct visualization of CTP-
driven diffusion of quantum dot-labeled ParB was con-
ducted by Balaguer et al. (20). Although they did not de-
termine the multimeric state of diffusive ParB, the reported
diffusion coefficient (3.5 kb?/s or 0.41 wm?/s) agrees with
the previous one but is an order of magnitude higher than
we measured here for ParB multimers (0.1-0.4 kb?/s or
0.01-0.05 wm?/s) (Figure 2E). Moreover, the fast diffu-
sion detected in their work differs from our observations in
that it often lasts a few seconds and culminates in a quick
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Figure 6. A model of the ParB multimer functioning in partition complex assembly. The ParB dimer forms a ring-shaped structure that encircles dsDNA.
The movement of ParB dimers (short arrows) allows for the stochastic formation of ParB multimers (shown as a group of ParB dimers) along nsDNA.
The diffusion of ParB multimers (long arrow) along nsDNA helps to reach and compact distance DNA and to further aggregate. ParB multimers bound
to parsS sites (red) remain immobile and act as a nucleating center to bring in DNA via active DNA transportation (progressive arrows).

DNA dissociation of ParB molecules. It is reasonable that
ParB multimers diffuse along DNA more slowly than ParB
dimers as DNA binding motifs accumulate within ParB
multimers. Moreover, other than DNA spreading realized
by the ParB dimer, the relatively slow diffusion of the ParB
multimer may serve a different purpose in organizing chro-
mosomal DNA into higher-order structures, such as DNA
transportation and ParB condensation (see discussion be-
low). This speculation is reinforced by the finding that 95%
of ParB molecules within ParB condensates display slow
mobility in vivo, with a similar coefficient of 0.43 kb?/s or
0.05 pm?/s (25). It is plausible that the specific functions
of ParB in different partitioning steps are regulated by the
multimeric status of the protein.

Since the discovery of the CTPase activity of ParB,
tremendous efforts have been devoted to the investigation
of the regulatory roles of CTP in ParB binding to parS and
spreading. CTP binding has proven to sufficiently support
the sliding of the ParB dimer, whereas CTP hydrolysis serves
as a timing control to limit the sliding and recycle the pro-
teins (21). Our work provides additional functional roles
of CTP in regulating ParB activity. First, compared to the
enhanced dissociation of the nonmultimeric ParB (Supple-
mentary Figure S4), CTP has an opposite effect on ParB
multimers and promotes their assembly on nsDNA (Fig-
ure 2A). Second, CTP also promotes the diffusion of the

ParB multimer (Figure 2). Third, CTP contributes to DNA
bridging and transportation mediated by the ParB multi-
mer (Figure 5 and Supplementary Figure S17). These find-
ings broaden the functionalities of CTP in the regulation of
ParB activity.

The ParB multimer is distinguished from the ParB dimer
in its unique capabilities to bridge and transport two DNA
molecules (Figures 4 and 5). Moreover, the preference of
the ParB multimer in stably binding to parS sites also dif-
fers from that of the ParB dimer (20). These characteris-
tics possibly originate from multiple DNA binding motifs
in the multimers and may prepare them as essential dock-
ing points for the organization of the network of DNA
loops in partition complex assembly. Additionally, diffu-
sive ParB multimers have a chance to fuse and grow af-
ter a collision on both parS and nonspecific DNA (Fig-
ure 3 and Supplementary Figure S14); this random colli-
sion could serve as a means for ParB to further assemble
into foci. Based on our findings, we proposed a model of
the ParB multimer functioning in the assembly of the parti-
tion complex. As illustrated in Figure 6, spontaneous multi-
merization of ParB dimers stochastically occurs on nsDNA;
Non-parS-bound multimers diffuse along DNA to access
distance DNA; The ParS-bound ParB multimer stays sta-
tionary and serves as a nucleation center; The distinguished
capability of the ParB multimer to simultaneously bind to
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and actively transport DNA molecules allow for the forma-
tion and modulation of DNA loops; The collision and fu-
sion of diffusive ParB multimer along DNA facilitate ParB—
DNA nucleation. Our model at least partially explains how
dispersed ParB dimers, after spreading, cluster and orga-
nize the parS-flanking DNA. It also shares similarities with
the previously proposed nucleation and caging model (26),
such as the immobility of ParB bound to parS and ParB—
nsDNA interaction, and ParB multimerization along with
DNA bridging and transportation may help prime the nu-
cleation. Overall, this work provides new insights into ParB
self-multimerization as well as the potential roles of the
ParB multimer in the partition complex assembly during
bacterial chromosome segregation.
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