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Abstract

The ParABS system plays a critical role in bacterial chromosome segregation. The key component of this system, ParB, loads and spreads
along DNA to form a local protein—-DNA condensate known as a partition complex. As bacterial chromosomes are heavily supercoiled due to the
continuous action of RNA polymerases, topoisomerases and nucleoid-associated proteins, it is important to study the impact of DNA supercoiling
on the ParB-DNA partition complex formation. Here, we use an in-vitro single-molecule assay to visualize ParB on supercoiled DNA. Unlike most
DNA-binding proteins, individual ParB proteins are found to not pin plectonemes on supercoiled DNA, but freely diffuse along supercoiled DNA.
We find that DNA supercoiling enhances ParB-DNA condensation, which initiates at lower ParB concentrations than on DNA that is torsionally
relaxed. ParB proteins induce a DNA-protein condensate that strikingly absorbs all supercoiling writhe. Our findings provide mechanistic insights
that have important implications for our understanding of bacterial chromosome organization and segregation.
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Introduction

Reliable segregation of chromosomes to daughter cells is a
fundamental requirement for the stable propagation of all
living organisms. The ParABS system is the primary mecha-
nism responsible for the faithful segregation of chromosomes
in the majority of bacteria (1,2). It is comprised of an ATP-
hydrolase partition protein A (ParA) (3,4), a CTP-hydrolase
partition protein B (ParB) (5,6) and a 16-base pair centromeric
sequence known as parS that is present in multiple copies
near the origin of replication (7). While ParA proteins bind
non-specifically to the DNA to cover the entire chromosome
(8,9), ParB proteins specifically load onto DNA at the parS
sequence (6,10,11). Prior to this binding, two monomers of

ParB protein form an open dimer via their C-terminus, ex-
posing the DNA-binding domain for the parS site recognition
(6,11) (Figure 1A). The N-terminal domain of ParB can bind
CTP nucleotide, which is a crucial regulator of ParB activity
(6,10-13). Upon parS binding, a ParB dimer changes the
conformation to a closed state (‘clamp’) around the DNA
molecule while it sandwiches two previously bound CTP
molecules between two N-termini (11,12). After forming a
clamp, the ParB dimer loses the affinity to the parS site and
diffuses laterally along the DNA spreading to distances of
up to 10 kb (Figure 1B) (11). Eventual hydrolysis of both
CTP molecules, after ~1-2 min, destabilizes the ParB clamp
and the monomers revert back to an open state (11,12).
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Figure 1. ParB binding to DNA and partition complex formation. (A) Schematic representation of ParB dimer structure and loading to DNA,,s. Monomer
units of ParB each bind a CTP nucleotide at their N-terminal domain (6). Upon recognition of parS site, ParB dimer undergoes a conformation change and
forms a topological clamp around the DNA (11-13). (B) ParB loading, spreading and bridging on the DNA. Upon loading to the parS site (top left), ParB
dimers lose the affinity to parS and start diffusing along the DNA (6,10). Upon CTP hydrolysis, ParB proteins either (i) dissociate from the DNA and recycle
to parS (11), (i) recruit a new ParB protein onto the DNA from the surrounding (44) or (iii) form a dynamic ParB—ParB bridge with another DNA-bound
ParB dimer — which is essential for partition complex formation (14,17,24,41). (C) Schematic depicting directional movement of the partition complex in
chromosome segregation. A large ParB partition complex is formed right after origin replication which contains nearly all cellular ParB proteins. The
partition complex recruits SMC complexes (not shown in the schematic) that help to split two nascent origins (27,28). Nascent partition complexes
interact with the nearby ParA molecules and start directionally moving towards the bacterial cell pole of the cell via diffusion ratchet mechanism (29-31).

This open clamp can now either dissociate from the DNA
molecule or connect to a nearby ParB dimer forming a dy-
namic protein-protein bridge (14-17). Dissociation ensures
that ParB proteins recycle and reload to the parS site en-
suring the maintenance of a high local ParB concentration
near the origin, while the dynamic bridging is important
for the formation of a higher-order nucleoprotein structure
known as a partition complex (18-20). There are multiple
models for the partition complex formation, such as nucle-
ation and caging between ParB and DNA (20,21), liquid-
liquid phase separation (22,23) or bridging-induced conden-
sation (14-18,24,25), but they all rely on the presence of
DNA-bound ParB proteins that exhibit self-self interaction
and the bridging of distal segments. Formation of the par-
tition complex near the origin of replication further pro-
motes the loading of SMC proteins (Structural Maintenance
of Chromosomes) (26-28) and interacts with a ParA gradi-
ent along the nucleoid (Figure 1C) (23,29-31), which induces
a directional movement of the nascent origin to the daughter
cell.

In cells, transcription exerts prominent forces and twists on
the genomic DNA (32,33). An RNA polymerase transcribing
a gene will continuously create positive supercoiling down-
stream and negative supercoiling upstream of the transcrip-
tion site (34-37). When such torsional tension is built up, the
DNA will twist and form plectonemes that are extended inter-
twined DNA helices (37-39). Many other cellular processes
modulate and regulate the supercoiling within the genome
through actions of topoisomerases and nucleoid-associated
proteins. Vice versa, supercoiling is known to affect many pro-
cesses in bacterial cells by changing the protein-binding affini-
ties and spatial organization of the DNA (32,40). Recent in-
silico studies (41,42) suggested that supercoiling may, for ex-
ample, strongly change the dynamics of the ParB-DNA par-
tition complex by modulating the interactions between distal
segments of the DNA.

Here, we examine the effects of DNA supercoiling on ParB
diffusion and condensation dynamics using a single-molecule
visualization assay (43). We measured the diffusion of single
ParB dimers on supercoiled and non-coiled DNA molecules,
and found that the presence of supercoiling reduces the resi-
dence time of ParB on the DNA. Furthermore, we measured
the degree of ParB-DNA condensation induced by ParB pro-
teins on supercoiled DNA as well as the changes in plectoneme
dynamics and localization in the presence of ParB. We ob-
served that all plectonemic structures were absorbed within
the ParB-DNA condensate. Lateral DNA flow and atomic
force microscopy (AFM) confirmed that supercoiled DNA in
the presence of ParB yielded a collapsed structure that ab-
sorbed all supercoiling writhe. This experimental study reveals
the interplay of DNA supercoiling and ParB-DNA conden-
sation, two fundamental and essential processes that govern
bacterial genome organization and segregation.

Materials and methods

ParB purification and fluorescent labeling

The expression constructs were prepared using pET-28a(+)
plasmid backbone with the inserted Bacillus subtilis ParB-¢
gene in it [originally published in (16) and modified by Soh
et al.(6)]. In brief, ParB was amplified from the genome us-
ing primers STM682 and STM683, which introduce BamHI
and Ncol restriction sites into the polymerase chain reaction
(PCR) product (Table 1). Additionally, the primer STM683 in-
troduces a mutation at the Lys35 in the parB gene and converts
it to a Cys, which is later used for protein labeling via click
chemistry reaction with maleimide dyes. The final plasmid was
constructed using a standard NEB protocol for BamHI and
Necol digestion, which was used both for the ParB"¢ PCR
product and pET-28a(+) plasmid (Novagene), followed by a
T4 DNA ligase (New England Biolabs, M0202L) ligation for
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Table 1. DNA primers used in the presented study for cloning and plasmid construction

Primer name Sequence 5’ to 3’

STM682 ATTCGGATCCTTATGATTCTCGTTCAGACAAAAGCTC

STM683 ATATACCATGGCTAAAGGCTGTGGAAAAGGGATTAATGCG

CD21 GACCGAGATAGGGTTGAGTG

CD22 CAGGGTCGGAACAGGAGAGC

MT30 CTGCAGGAAGGTTTAAACGCATTTAGG

MT31 TAATACGACTCACTATAGGGAGACGC

MT32 CCTGTAGTCTTCTTAATTAAGACGTCAG

MT33 GTACCAAGTCTTCGAATTCGGATC

MT39 GATCCGAATTCGAAGACTTGGTACGGTCTCATCGTAAAGCTTCTTGATAACGGGGAC
MT40 GACGTCTTAATTAAGAAGACTACAGGGGTCTCAATGGTCCAGTCCCATTTCCCCTATCGC

15 min at room temperature prior to transformation to chem-
ically competent BL21-Gold cells. We expressed recombinant
proteins in E. coli BL21-Gold (DE3) for 24 h in ZYM-5052
autoinduction medium at 24°C. Purification of ParB™C vari-
ant, used for fluorescent labeling, was performed as described
before (6,44). Briefly, we pelleted the cells by centrifugation
and subjected them to lysis by sonication in buffer A [S0 mM
Tris-HCI (pH 7.5), 500 mM NaCl, 1 mM EDTA, 5 mM §-
mercaptoethanol, 5% (v/v) glycerol and protease inhibitor
cocktail (Sigma—Aldrich)]. Tris-HCI buffers were made using
1 M Tris-HCI (pH 7.5) (UltraPure™, Invitrogen). We then
added ammonium sulfate to the supernatant to 40% (w/v)
saturation while stirring at 4°C for 30 min. We centrifuged
the sample, collected the supernatant and subsequently added
ammonium sulfate to 50% (w/v) saturation and kept stir-
ring at 4°C for 30 min. We collected the pellet (containing
ParBC proteins) and dissolved it in buffer B [SO mM Tris-
HCI (pH 7.5), 1 mM EDTA and 2 mM B-mercaptoethanol].
Before loading onto a heparin column (GE Healthcare), the
sample was diluted in buffer B to achieve a conductivity of 18
mS cm ™!, We used a linear gradient of buffer B containing 1 M
NaCl to elute the protein. After collecting the peak fractions,
we repeated the dilution in buffer B to 18 mS cm~! conduc-
tivity and loaded it onto HiTrap SP columns (GE Healthcare).
For elution, we used a linear gradient of buffer B containing
1 M NaCl. We loaded the collected peak fractions directly
onto a Superdex 200-16/600 pg column (GE Healthcare) pre-
equilibrated in 50 mM Tris-HCI (pH 7.5), 300 mM NaCl and
1 mM TCEP [Tris-(2-Carboxyethyl)phosphine)] (ThermoFis-
cher Scientific). For fluorescent labeling, we incubated puri-
fied ParB1*C variant with Alexa647-maleimide at a 1:2 molar
ratio (protein:dye). We incubated the mixture for 15 min on
ice, centrifuged it for 10 min and then eluted it from a spin
desalting column (Zeba) and flash frozen in liquid nitrogen.
We estimated the fluorophore labeling efficiency at 74% for
ParB-Alexa647 (resulting in 93% labeled ParB dimers) by an
inbuilt function on Nanodrop that measures the protein con-
centrations from absorbance at 280 nm and dye concentra-
tion from the absorbance at peak wavelength (here 650 nm
for Alexa647). We used extinction coefficients of ¢ = 270 000
M~! ecm™! for Alexa647 and ¢ = 7450 M~! cm™! for ParB
protein based on its protein sequence.

Construction and purification of coilable 38 kb
DNA,./s construct for fluorescence experiments

To prepare a linear fragment adapted for flow cell experi-
ments, we isolated ~38 kb plasmid pBS-parS via a midiprep
using a Qiafilater plasmid midi kit (Qiagen). The large plas-
mid was constructed from multiple smaller components as de-

scribed in detail in Tisma ef al. (17). We digested the pBS-
parS for 2 h at 37°C using NotI-HF or Xhol restriction en-
zymes (New England Biolabs) and heat-inactivated for 20
min at 80°C. This resulted in the linear fragment that con-
tains the parS site close to the middle of the DNA molecule,
more specifically at the 0.4 relative position to the DNA ends.
To prepare a linear fragment that would allow the introduc-
tion of DNA supercoiling upon the change of intercalating
dye concentration, we constructed a fragment carrying han-
dles with multiple biotins at the ends that would torsionally
constrain the molecule from rotation around its axis. The han-
dles for the 38 kb construct were made by PCR using primers
CD21/CD22 of a 514 bp from the larger template pJT186 [see
Table 1 and TiSma et al. (17) for details and sequences] in the
presence of 1:5 ratio of biotin-16-dUTP (Jena Bioscience, NU-
803-BIO16-L) to dTTP (Thermo Fisher Scientific, 10520651).
This allows stochastic, multiple insertions of biotinylated nu-
cleotides into the final DNA,,,s ends. We digested these bi-
otinylated PCR fragments using NotI-HF or Xhol for 2 h at
37°C, which resulted in the handles of ~250 bp in length. We
mixed the digested handles with the large 38 kb fragment in
10:1 molar ratio (biotin-handles to DNA,,s) and added T4
DNA ligase (New England Biolabs, M0202L) and 1 mM ATP
for ligation. The ligation was set overnight at 16°C and subse-
quently heat-inactivated the next day for 20 min at 65°C. To
remove the excess of biotin handles from the large fragment,
we used AKTA pure, with a homemade gel filtration column
containing ~46 ml of Sephacryl S-1000 SF gel filtration media
(Cytiva), run with TE buffer with 150 mM NaCl,. The sam-
ple was run at a speed of 0.3 ml min~'. The collected fractions
containing the expected DNA size from the AKTA purification
were stored at 4°C, until use, in order to avoid freeze-thaw cy-
cles that would introduce nicks into the DNA molecules. The
final mixture contains ~30-40% coilable molecules and the
rest non-coilable/nicked, which served as the control compar-
ison throughout this work.

Single-molecule visualization assay

We performed the experiments with supercoiled DNA and
ParB proteins in custom-made flow cells, built by connect-
ing a surface-passivated glass slide and a glass coverslip using
double-sided tape (45,46). The surfaces were prepared as de-
scribed in detail by Chandranoss et al. (45) with slight modi-
fications. After extensive cleaning, the surface was silanized
using 3-aminopropyl-triethoxysilane (10% v/v) and acetic
acid (5% v/v) methanol solution. We passivated the surface
with NHS-ester PEG (N-hydroxysuccinimide-ester polyethy-
lene glycol, 5000 Da) and biotinylated NHS-ester PEG (5000
Da) in relation ~40:1. This step was repeated 4 x 24 h to
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ensure low adhesion of ParB proteins to the surface. Addi-
tionally, we treated the surface with 0.5 mg ml~! UltraPure™
bovine serum albumin (BSA) (Thermo Fisher Scientific) for 30
min in T20 buffer [40 mM Tris-HCI (pH 7.5), 20 mM NaCl].
This further reduced the non-specific adhesion of labeled ParB
to the surface.

For immobilization of 38 kb DNA,,,s, we introduced 50 pl
of ~3 pM of biotinylated-DNA,,,,s molecules at a flow rate
of 1.5-4 ul min~! in imaging buffer without the oxygen scav-
enging enzymes [40 mM Tris-HCI (pH 7.5), 65 mM KCl, 2.5
mM MgCl,, 2 mM Trolox, 1 mM TCEP, 30 mM glucose, 0.25
mg ml~' BSA, 1 mM CTP, 25-400 nM SYTOX Orange (SxO,
Thermo Fisher Scientific)]. Immediately after the flow, we fur-
ther flowed 100 ul of the wash buffer [40 mM Tris-HCI (pH
7.5),20 mM NaCl, 65mM KCIl, 25-400 nM SxO] at the same
flow rate to ensure stretching and tethering of the other end
of the DNA to the surface. By adjusting the flow, we obtained
a stretch of around 20-50% of the contour length of DNA.
The positive and negative supercoiling was induced by chang-
ing the SxO concentration during the initial tethering of the
DNA,;sand during imaging. Namely, to induce positive su-
percoiling of the tethered DNA, we tethered the DNA at the
initial 25 nM SxO while the final experiments are done in 250
nM SxO in the imaging buffer [40 mM Tris-HCI (pH 7.5),
65 mM KCl, 2.5 mM MgCl,, 1 mM CTP, 2 mM Trolox, 1 mM
TCEP, 10 nM Catalase, 18.75 nM glucose oxidase, 30 mM
glucose, 0.25 ug ml~! BSA, 50-250 nM SxO]. Conversely, to
induce negative supercoiling the initial tethering was done in
400 nM SxO while the final imaging is done at 50 nM SxO.
The release of prebound SxO dyes after immobilization of the
DNA results and now presence of the lower amount of dyes
in the DNA results in negative supercoiling of the DNA. The
final supercoiling levels within the surface-bound DNA were
similar to previously reported levels for bacterial genomes (40)
[0 ~ +0.05, estimated using a model developed in (47)].

Next, we flowed in the imaging buffer without ParB pro-
tein at a very low flow rate (0.2 ul min~!) to enable minimal
disturbances to the DNA molecules before and after protein
addition. Real-time observation of ParB diffusion was carried
out by introducing ParB (0.2-25 nM) in the imaging buffer.
We used a home-built objective-TIRF microscope with Di01-
R405/488/561/635-25 dichroic mirror (BrightLine®, IDEX
H&S) and NF03-405/488/561/635E-25 quad-notch emis-
sion filter (StopLine®, IDEX H&S) for fluorescence imaging.
We used alternating excitation of 561 nm (0.2 mW) and 647
nm (14 mW) lasers in Highly Inclined and Laminated Optical
sheet (HiLo) microscopy mode to image SxO-stained DNA
and Alexa647-labeled ParB respectively. HiLo allows imaging
of a thin section near the surface with a penetration depth of
a few microns, which allows capturing the DNA molecules
but reducing the out of focus signal from surrounding flu-
orophores. All images were acquired with an PrimeBSI sC-
MOS, Complementary Metal-Oxide Semiconductor, camera
at an exposure time of 100 ms (10 Hz frame rate), with a 60 x
oil immersion, 1.49 NA CFI APO TIRF (Nikon).

Image processing and analysis

Areas with single DNA molecules were cropped from the
raw image sequences using Fiji (48) and analyzed separately
with a previously published python software (49,50). Here,
the rectangle area around individual molecules were selected
and cropped into a new video containing only the individ-
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ual molecules. This was repeated for all molecules in a sin-
gle field of view. For the analysis of these regions, the soft-
ware smoothened the cropped image section using a median
filter with a set window size of 10 pixels, and the subtracted
the background with the ‘white_tophat’ operation provided in
the scipy python module (51). We adjusted the contrast of ob-
tained images manually for visualization purposes only (i.e.
Figure 4C). The ends of a DNA were manually marked. To
get kymographs of our image sequences, we obtained total
fluorescence intensity of 11 pixels across the axis of the DNA
and stacked them over time axis (i.e. Figure 3B). We chose
the exact same DNA axis to obtain kymograph of the ParB
fluorescence channel and the frame times were matched to be
identical by shifting the second channel by a single frame.

To further analyze the kymographs, we identified the
‘peaks’ for high DNA and protein kymographs by finding
the local maximum value within each frame using the scipy
python module. These maxima were merged into individual
tracks if the two maxima are within 7 pixels distance and 5
frames (1 s) away from each other. From these tracks, we cal-
culated the size of a plectoneme or DNA condensate from the
fraction of fluorescence intensity in the tracked peak relative
to the overall fluorescence intensity of the DNA. The peak
pixel was extended by + 2 pixels to cover the width of the
signal. We used an 11-frame moving window to calculate the
apparent diffusion constant D over time (Figure 4D and H).
We calculated the diffusion constants of plectonemes (i.e. Fig-
ure 5B) for each analyzed DNA molecule from the MSD cal-
culated over a lag time ranging from 2 to 20 frames, then by
fitting to the function MSD = 2D, where T is the lag time.
The condensation fraction, as reported in Figure SA, was cal-
culated from manual identification based on the presence of
ParB-Alexa647, a high DNA signal and a low apparent diffu-
sion constant. As DNA plectonemes can be confused for con-
densed segments of DNA, we screened for both the presence
of ParB and significant change in the plectoneme diffusion dy-
namics (D <10 kb? s7!) over an extended time period (200
frames, i.e. 40 s) before classifying an event as ‘supercoiled
condensate’ versus just a local diffusing plectoneme. The 1D
curves diffusion signal, condensate size signal and ParB inten-
sity signal (Figure 4) were filtered using median filter of the
window size of 9 frames. Analyses of the plectoneme size ver-
sus DNA position as well as plectoneme position versus ParB
cluster position were carried out using custom-written scripts
in Igor Pro V6.39 (Wavemetrics, USA).

Construction of 4.2 kb DNA,,,s construct for AFM
experiments

To construct the circular DNA for AFM experiments we used
a commercially available pPGGA plasmid backbone (New Eng-
land Biolabs). We made a linearized fragment of the pGGA
plasmid using a PCR reaction with MT032 and MTO033
primers (Table 1), which served as a backbone for the in-
sertion of the parS-containing fragment. In parallel to this,
we extracted a region containing the parS site downstream
of metS gene in B. subtilis genome by a colony PCR using
primers MT039 and MT040 (Table 1). We combined the plas-
mid backbone with the colony PCR insert by mixing them in
molar ratio 1:3 in the 2x HiFi mix (New England Biolabs) to
obtain the final plasmid of 4175 bp. We incubated the reac-
tion at 50°C for 60 min and cooled it down to 4°C for 30
min. We then transformed 2 pl of this reaction into 50 ul
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of E. coli NEB35alpha cells (New England Biolabs) and veri-
fied the presence of insert in grown colonies the following day
by sequencing using MT030 and MTO031 (Table 1). We grew
sequence-positive clones for the plasmid extraction at 37°C
overnight in the presence of a selective antibiotic Chloram-
phenicol (Cm) (30 ug ml~"'). For obtaining supercoiled plas-
mids, we diluted the overnight culture 1:100 in 10 ml of fresh
LB-Cm (Luria-Bertani) medium and grew at 30°C until the
culture reached ODgpp = 0.6. We then placed the culture on
ice for 5 min, and then spun down 4 ml of the culture before
proceeding to isolation of the final plasmid using a QIAprep
Spin Miniprep kit (Qiagen). The samples were stored at 4°C
in order to avoid any freeze-thaw cycles that could introduce
nicks into the DNA molecules and lower the yield of super-
coiled plasmids. The plasmids that were going to be nicked
were extracted directly from the overnight culture. These plas-
mids were nicked using a modified protocol for Nb. BbvCI
nicking enzyme (New England Biolabs) capitalizing on a pre-
existing recognition site in the metS gene. We added the nick-
ing enzyme (1:50 NEB stock dilution), to the extracted plas-
mid solution and incubated it at 37°C for 90 min and imme-
diately purified over the PCR extraction membrane (Wizard®
SV, Promega) and specifically skipped the recommended 80°C
inactivation step, which would result in a fraction of single-
stranded DNA in our AFM experiments. The following step
was three rounds of plasmid clean-up using the same QIAprep
Spin Miniprep kit (Qiagen) to remove all the residual enzymes
that could corrupt the AFM images by nonspecifically adher-
ing to the surface.

AFM experiments and imaging

We obtained images in dry conditions using an AFM from
Bruker Multimode 2 (Massachusetts, USA) and Scanassyst-
Air-HR tips from Bruker. We incubated samples with different
molarity ratios of DNA, CTP and ParB in Eppendorf tubes for
2-5 min in a buffered solution [40 mM Tris (pH 7.5), 70 mM
KCI and 7.5 mM MgCl;]. Then, we deposited the solution
onto a freshly cleaved mica for 30 s. Afterward, we thoroughly
washed the surface with 3 ml of Milli-Q water and dried it
under a flow of nitrogen until visibly dry. AFM was operated
using peak force-tapping mode. We used WSxM software (52)
for all image processing and data extraction from our raw
data in AFM experiments.

Results

To observe ParB binding to supercoiled DNA molecules, we
employed a single-molecule DNA stretching assay (53) with
fluorescently labeled ParBA€xa647 proteins (44). We attached
a 38 kb DNA molecule that contained a parS site close to
the middle (DNA,,s) to a glass surface via multiple biotin-
streptavidin interactions at both DNA ends (Figure 2A; see
the ‘Materials and methods’ section for details). Due to the
multiple biotin attachment points at each end, a large frac-
tion of such DNA,,,s molecules was torsionally constrained
and could not rotate around its central axis to relieve any tor-
sional strain on the molecule. We exploited this feature to di-
rectly introduce supercoiling of the desired handedness, either
positive or negative supercoiling, to the DNA molecule. We
achieved this by changing the concentrations of the interca-
lator dye SxO that is used for fluorescent visualization of the
DNA (46,47,54) (Figure 2B), and does not prevent binding,
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sliding or DNA condensation by ParB proteins (17,44). When
a SxO fluorophore intercalates into the dsDNA helix, it lo-
cally pushes two base-pairs apart and thus, due to the induced
change of the base-pair distance and angle (55,56), locally un-
derwinds the DNA, which yields an overwinding twist into
the remainder of the molecule since the linking number of the
molecule is fixed due to the tethering. For sufficiently large
SxO concentration, this overwinding yields a positive writhe
in the DNA molecule, i.e. positively coiled plectonemes (Fig-
ure 2B). The latter were observed as dynamically moving lo-
cal high-density spots on the linearly stretched DNA molecule
(53) (Supplementary Movie S1). The effect of supercoiling on
ParB binding and condensation was monitored for both super-
coiled and torsionally unconstrained DNA molecules in the
same field of view (47) (Supplementary Figure S1).

ParB proteins efficiently bind and diffuse on
supercoiled DNA

After forming positively supercoiled DNA, we added
ParBAexa647 (Figure 2C and D) to observe protein localiza-
tion and their diffusion behavior along the DNA, similar
to our previous report for torsionally unconstrained DNA
(44). ParB proteins were observed to load onto the DNA
at the parS site and to immediately exhibit 1D diffusion
away from the binding site, as best observed in a kymograph
(Supplementary Figure S2). While ParB diffusion was shown
previously on non-coiled DNA molecules (14,24,44), we here
observed the efficient loading and diffusion of ParB proteins
along the supercoiled DNA molecules. Unexpectedly, we ob-
served that ParB did not appear to strongly pin plectonemes
(Figure 2E and F). After binding the ParB, the dynamics of
the plectonemes continued in an unperturbed way, and no
clear co-localization of ParB and the plectonemes was ob-
served (Figure 3A and B, and Supplementary Figure S2B-F).
This contrasts many other DNA-binding proteins that were
shown to induce a localization of plectonemes at the binding
site of the protein (37,57-63), presumably because the binding
induced a local change in DNA curvature that lowers the en-
ergy of plectoneme formation. We, however, observed contin-
uous 1D diffusion by ParB. ParB dimers that were diffusing on
positively supercoiled DNA showed a slightly higher diffusion
coefficient D = 0.69 + 0.35 kb? s~! (median + SE (standard
error); n = 66, Supplementary Figure S3A and B, and Table 2)
than on non-coiled DNA molecules (D = 0.43 4+ 0.13 kb? s,
median + SE, n = 58, Figure 3D-F, Supplementary Figure S3C
and D).

We observed a non-exponential distribution for the resi-
dence time of ParB molecules on DNA (Figure 3C), which
contrasts the typical exponential decay for most DNA-binding
proteins with the dissociation rate (64,65). This indicates the
existence of multiple rate-limiting steps. For ParB, both CTP
molecules that are sandwiched between the ParB monomers
likely need to be hydrolyzed in order to open and detach the
dimer from the DNA12.44). To describe prolonged diffusion
on the DNA molecule, we applied our previously described
model (44), which incorporates CTP hydrolysis as the rate-
limiting step that extends the ParB diffusion and spreading on
the DNA. From the model we obtained the residence time of
70 s (mode of distribution; Figure 3C and Table 2) of ParB
molecules diffusing on supercoiled DNA which was signifi-
cantly lower in comparison to the molecules diffusing on non-
coiled DNA (91 s, P-value < 0.005; Figure 3F and Table 2).
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While all the data presented above were for positively su-
percoiled DNA, we observed very similar behavior of ParB
proteins on negatively supercoiled DNA. We introduced neg-
ative supercoiling into the DNA,,s molecules in the same
manner described previously, except that we lowered rather
than increased the dye concentration after DNA-binding (see
the ‘Materials and methods’ section). Subsequent addition
of ParBAlexaé47 molecules showed efficient binding of ParB
to negatively supercoiled DNA molecules (Supplementary
Figure S4A and B), with a typical residence time of 66 s
(mode of distribution; Supplementary Figure S4C and Table
2), and a diffusion coefficient of 0.59 + 0.25 kb? s~' (me-
dian =+ SE, Supplementary Figure S4D and E). The results thus
show that the presence of DNA supercoiling did not hinder
the loading and diffusion of single ParB molecules. However,
it did affect the dynamics of diffusing molecules by decreasing
the residence time and slightly increasing the diffusion coeffi-
cient, albeit with only a marginal level of statistical signifi-
cance (0.01 < P < 0.05), indicating a weak but noteworthy
trend.
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Figure 2. /n vitro single-molecule fluorescence for studying ParB proteins on supercoiled DNA. (A) Schematic representation of the single-molecule DNA
stretching assay, with 38 kb DNA,,s tethered to the glass surface. (B) The same molecule after the addition or reduction of intercalating dye which
induces supercoiling and plectoneme formation. (C, D) Same as panels (A, B) but with ParB added to the nicked or supercoiled DNA molecules,
respectively. (E) Images of DNA molecules taken at various times, showing dynamic plectoneme movement on the supercoiled DNA molecule. (F)
Visualization of single ParBA'®@47 dimer on the DNA molecule of panel (E), showing binding and 1D diffusion along the DNA,.sat the concentration of
0.1nM.

Supercoiling facilitates DNA condensation by ParB
proteins

In previous in vivo and in vitro studies, ParB proteins were
shown to form ParB-DNA condensates around the parS
site (14,15,17,22,24,25), and various current models suggest
a strong dependence on ParB diffusion and self-self inter-
action (14-18,20-25). Notably, distant-site binding due to
supercoiling-related proximity could severely alter the forma-
tion of ParB-DNA condensates, such as was proposed recently
by Connolley et al. (41).

We therefore set out to test the DNA condensation in
the presence of DNA supercoiling at higher concentrations
of ParB proteins. For comparison, we added either low (3
nM; Figure 4A-D) or high ParB concentrations (25 nM;
Figure 4E-H) onto supercoiled DNA,,,s molecules. At low
ParB concentration, the rapidly moving plectonemes on the
DNA largely remained unaffected after ParB addition, both
in their position (Figure 4A) and the number of co-existing
plectonemes formed on the supercoiled DNA (Figure 4B and
Supplementary Figure S5A-E). There also was no significant
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Figure 3. ParB efficiently binds and diffuses along the supercoiled DNA. (A) Schematic representation of the supercoiled DNA and addition of ParB
proteins. (B) Kymographs showing 1D diffusion of a single ParBA'®%@647 dimers (top) at 0.1nM and DNA plectonemes (middle). Lines below the merged
kymograph indicate sections where ParB signal does not overlap the plectonemes. (C) Residence times of diffusing ParB dimers after binding to the
parS site. The data were fitted to a model assuming a delayed dissociation of ParB from the DNA after CTP hydrolysis of both nucleotides [full line, see
TiSma et al. (44)]. (D-F) Same as panels (A-C) for non-coiled DNA molecules.

Table 2. Quantification of ParB residence times in the presence of DNA supercoiling

Standard
error of the
Mean mean Median Mode kctp Kot N Significance
Non-coiled 141s 10s 129 s 91s 0.016 s7! 0.020 £ 0.009 5! 59 MW KS
Positive supercoiled 109 s 8s 95 s 70 s 0.017 s ! 0.047 +0.014 5! 80 0.0028 0.0052
Negative supercoiled 106 s 8s 100 s 66's 0.021s7! 0.028 +0.016 57! 58 0.0026 0.0072

Significance tests compared to the non-coiled samples: MW and KS. MW and KS are non-parametric statistical tests to assess the difference between two
distributions. KS is more sensitive to differences in the distribution shape and spread, while MW is more sensitive to changes in median values. Here, both
show high significance P < 0.01. KS, Kolmogorov-Smirnov test; MW, Mann-Whitney test.

change in the amount of DNA within each plectoneme, and
the total amount of DNA integrated over plectonemes re-
mained at the same value, ~12 kb for this set amount of super-
coiling (Figure 4C and D). Furthermore, small ParB clusters
were found to not strictly correlate with the position of the
plectonemes on the DNA over time, confirming the absence
of significant plectoneme pinning (Supplementary Figure SSF
and G). The dynamic behavior of DNA in the presence of
low ParB concentration was of comparable dynamics and
localization to the control in the absence of the protein
(Supplementary Figure S5B and C, and Supplementary Figure
SSH and I, respectively).

At high ParB concentrations, however, the behavior was
strikingly different. All DNA supercoiling plectonemes were
found to converge and pin at one spot, namely the posi-
tion of the ParB-DNA condensate (Figure 4E and F, and
Supplementary Figure S6A-F). No dynamic movement of the
condensed spot along the DNA was observed (Figure 4G),
which contrasts the data on naked non-supercoiled DNA
molecules where the condensate size remained highly vari-
able [as shown previously in (17)]. Quantitative analysis of the
amount of DNA within the main plectonemic cluster, showed
an increase of the DNA amount within the cluster over time

by 40% (from ~8 kb in the plectonemes before condensation
to ~11.5 kb for the final condensate; Figure 4H). The absence
of any plectonemes outside the condensate indicates that the
ParB-DNA condensate absorbed all supercoiling writhe into
a cluster that we term a ‘supercoiled condensate’. This super-
coiled condensate was a static object with a negligibly low dif-
fusion coefficient (~2 kb? s') (Figure 4H, middle). Overall,
the presence of large numbers of ParB proteins on the DNA
drastically changed the dynamics of the supercoiled DNA.

To quantify the effects of supercoiling on the ParB-DNA
condensation, we screened a range of ParB concentrations
(0.5-25 nM) on both negatively and positively supercoiled
DNA (Figure 5). We observed that the presence of DNA super-
coils did not hinder ParB proteins from spreading all over the
DNA molecule at any concentration (Supplementary Figure
S7), in line with a recent in vivo study (66). Both on non-
coiled, negatively and positively supercoiled DNA molecules,
the ParB signal spanned over the entire length of the molecule
due to diffusion (Supplementary Figure S7).

An important observation was that the presence of DNA
supercoiling decreased the minimal ParB concentration that
is required for DNA condensation from ~20 to ~3 nM.
This was observed for both positive (Figure 5A) and negative
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Figure 4. Multiple ParB proteins pin DNA plectonemes into a single static cluster. (A) Probability distribution of plectoneme size versus DNA position at
3 nM ParB protein. Yellow dashed line signals the position of the parS sequence. (B) Observed number of plectonemes on the supercoiled DNA in the
presence of ParB. (C) Kymographs showing supercoiled DNA (top) and ParBA'®%2647 proteins (bottom) in the single-molecule assay. (D) Quantification of
supercoiled plectoneme DNA amount (top), its diffusion coefficient (middle) and ParBA'%347 intensity signal (bottom) over the time of the kymograph

show in panel (C). (E-H) Same as panel (A-D) for 25 nM ParB concentration. (I-J) Schematic representation of supercoiled condensate in the presence
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Figure 5. DNA-condensation by ParB proteins is facilitated by DNA
supercoiling. (A) Fraction of condensed molecules in the presence of an
increasing concentration of ParB proteins on non-coiled (gray) and
positively supercoiled DNA (blue). Error bars represent the binomial 95%
confidence interval. [N: 0.5 nM:0 (no condensed); 3 nM: 12; 7 nM: 34; 15
nM: 21; 25 nM: 6]. (B) Diffusion constant of DNA plectonemes or of the
supercoiled condensate, measured on the supercoiled molecules shown
in panel (A) (blue bars) in the presence of ParB proteins. Blue: before
ParB enters the flow channel. Red: after > 10 min after ParB was added
to the flow channel and is covering the DNA,,;;s molecules (P-values =
0.5 nM: N/A; 3 nM: 0.54; 7 nM: <0.01; 15 nM: 0.19; 25 nM: 0.011). (C)
Total amount of DNA in plectonemes or in a supercoiled condensate on
the 38 kb DNA,;,s molecules before (blue) and after (red) the addition of
ParB at shown concentration.

supercoiling (Supplementary Figure S8A). While torsionally
unconstrained DNA molecules did not form condensates
at ParB concentrations below ~25 nM, supercoiled DNA
molecules (of either supercoiling sign) showed a sizeable frac-
tion of molecules (~25%) that exhibited condensation al-
ready at 3 nM. The 1D diffusion constant of local DNA spots
(i.e. plectonemes or supercoiled condensates at low and high
ParB concentrations, respectively) showed a gradual reduc-
tion with increased concentrations of ParB (Figure 5B). At the
highest concentrations used (25 nM), almost all plectonemes
pinned near the middle of the DNA molecules (around the
parsS site) with a diffusion constant close to zero (Figure 5B).
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This strong reduction in the dynamics of plectonemes was
found to be independent of the handedness of the supercoiling,
as our data for negative supercoiling (Supplementary Figure
S8B) showed the same phenomena as for positive supercoiling
(Figure 5B). When the condensed plectonemes pinned onto the
DNA, they gradually increased the amount of DNA content
within them over time (Figure 4G and H). At the higher ParB
concentrations in our experiments, we observed a sizable in-
crease (~40%) in the average DNA amount within the super-
coiled condensate (Figure 5C and Supplementary Figure S8C),
albeit this varied between experiments.

ParB condensate formation collapses linear
extended plectonemes

While our data clearly show a pronounced DNA condensation
of supercoiled DNA by ParB, the above experiments did not
resolve much of the internal structure of the condensate, i.e.
whether it is a globular condensed cluster or a linear extended
object such as plectoneme. Current models for DNA conden-
sation by ParB proteins propose stochastic bridging interac-
tions of distant segments (14,17) and possible DNA hairpins
formed by laddering DNA segments (41).

To resolve more of the internal structure, we used both our
DNA stretching assay and AFM. In our single-molecule visual-
ization assay, we tethered the molecule, induced supercoiling
and induced ParB condensation, as in Figure 2. In addition,
however, we now exerted an in plane lateral flow that moved
the molecule sidewards on the surface, revealing the inner
topology of the DNA (Figure 6A). In such experiments with
torsionally unconstrained DNA, the lateral flow extended the
molecule into a U-shaped arc in the direction of the buffer
flow (Figure 6B, left). When doing such experiments after ad-
dition of the ParB at high concentration (25 nM), however, the
DNA molecules showed a high-intensity condensed spot near
the middle of the DNA (Figure 6B, right). This resembles the
condensed structure of the partition complex, as reported by
multiple works previously (14,15,17,24,25).

In the experiment with supercoiled DNA without ParB, the
lateral flow caused instead one long plectonemic structure to
align in the flow direction (53) (Figure 6C, left), which pre-
sumably results from the merging of multiple dynamic plec-
tonemes into a single long plectoneme. After ParB was loaded
on the supercoiled DNA under the same conditions (25 nM),
however, the extended structure was found to have collapsed
into a non-extended high-intensity spot near the middle of
the DNA (Figure 6C, right), which markedly differed from
the previous extended plectoneme structure. In fact, the clus-
ter resembled the same shape as the ones on the non-coiled
DNA molecules. These images showed that for ParB on su-
percoiled DNA, the plectonemes were completely condensed
into a compact ParB-DNA cluster that had absorbed all su-
percoiling writhe.

To observe the DNA structure below the optical resolution,
we used AFM on 4.2 kb circular DNA,,,s that was either
supercoiled or nicked. The nicked molecules showed typical
open conformations on AFM surface (Supplementary Figure
S9A). After the addition of ParB to these non-supercoiled
DNA, we observed high compaction in large regions of
the DNA molecule or even encompassing the entire DNA
molecule (Supplementary Figure S9B) — in line with previ-
ous studies (14,17). For supercoiled DNA molecules (without
ParB), we observed extended DNA molecules with multiple
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supercoiling.

crossings, typical of plectonemic DNA (Supplementary Figure
S9C). Upon addition of ParB to supercoiled DNA molecules,
the plasmids showed entirely condensed structures, where any
plectonemic regions could not be resolved due to the high
compaction and protein coverage in the ParB-DNA clusters
(Supplementary Figure S9D). The AFM data confirm the ob-
servations of collapsed plectonemic structure in fluorescence
assay experiments.

Discussion

DNA supercoiling is an important regulator of many essential
processes such as transcription, replication and DNA com-
paction and segregation (32,67,68). Vice versa, these pro-
cesses, e.g. transcription by RNA polymerase, induce super-
coiling into the genomic DNA (34,35,37). As a result, bacterial
DNA is continuously supercoiled (69,70), both in the bacterial
chromosome and in plasmid DNA. Both DNA supercoiling
and the ParABS system promote distant intramolecular inter-
actions by, respectively, plectoneme formation (39) and for-
mation of condensed DNA structures by ParB—ParB bridging
(14,15,17,23,25,30). In this work, we addressed the question
of how these two processes affect one another.

The impact of DNA supercoiling on ParB

The hallmark behaviors in ParB’s mechanism of action are
(i) loading to parsS site, (ii) clamping and diffusion, and (iii)

ParB-ParB bridging which allows DNA condensation. We ob-
served that the presence of DNA supercoiling did not pre-
vent ParB binding, diffusion or condensate formation on the
DNA molecules (Figures 2—4), which is in line with recent in
vivo data on plasmid DNA molecules (66), but it did quanti-
tatively affect the dynamics of diffusion and condensate for-
mation in ParB mechanism. ParB molecules bound efficiently
onto negatively supercoiled DNA, non-coiled DNA and posi-
tively supercoiled DNA, and all these cases could diffuse along
these DNA substrates. No local pinning of plectonemes to
locally bound ParB was observed. This could be attributed
to the atypical topological binding of ParB to DNA: while
most DNA-binding proteins firmly bind to a tight DNA-
protein interface, ParB proteins only briefly interact with their
parS recognition sequence (12,13), whereupon they release
from it and topologically encircle the DNA (6,11). Topolog-
ical entrapment of the DNA likely allows them to freely dif-
fuse along DNA, irrespective of the sequence or twist of the
DNA. We observed a somewhat faster diffusion but shorter
residence times of ParB in the presence of DNA supercoil-
ing, where interestingly there was no significant difference be-
tween different supercoiling handedness (positive and nega-
tive). Increased 1D diffusion may be due to an altered affin-
ity of clamped ParB (i.e. after release from parS) to super-
coiled DNA whereby it can slide faster on the DNA that
contains twist, although this difference was marginally sig-
nificant (Supplementary Figure S4E), indicating that the ef-
fect should be interpreted with caution. Alternatively, a di-
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rect electrostatic interaction between the C-terminal domain
and DNA backbone, which was reported in some species (i.e.
B. subtilis) (16), may be reduced and thus allow faster diffu-
sion. The decreased residence time is not trivial from the struc-
tural point of view, as the CTP binding pocket (N-terminus) of
ParB is distant from the lumen that entraps the twisted DNA
(C-terminus). While CTP-hydrolysis rates are unaffected, the
faster release time of ParB may be due to a lowered affinity
of the C-terminus to the supercoiled DNA backbone post-
hydrolysis.

While DNA supercoiling does not greatly affect the behav-
ior of single ParB proteins on DNA, we observed that it has a
very strong effect on the DNA condensate that is formed by
multiple ParB proteins. The concentration required to form
a condensate on DNA was strongly (>5-fold) reduced in the
presence of DNA supercoiling, which contrasts a previous re-
port using magnetic tweezers (25). Supercoiling thus greatly
facilitates the partition complex formation. This is likely to be
a result of increased intramolecular interactions between dis-
tant DNA segments, which occurs in plectonemic DNA. Here,
ParB proteins would load and spread along the DNA (Figure
1) irrespective of the supercoil presence. Upon CTP hydrolysis,
ParB proteins open and either dissociate or form a ParB-ParB
bridge. In the absence of supercoiling, such bridge formation
by ParB proteins would rely on solely on thermal fluctuations
of the polymer whereby the probability of distant segments
of the DNA molecule meeting is low (Figure 6D). However,
with increased intramolecular interactions and proximity of
the DNA chains in supercoiled DNA, ParB-ParB bridges can
be formed with a higher probability (Figure 6D). Similar ob-
servations were made in previous modeling studies that in-
dicated that the introduction of DNA supercoiling promoted
the formation of partition complexes (41,42). A recent study
by Alaoui et al. (66), however, suggested no strong influence
of supercoiling on the formation of partition complex in plas-
mids. This was concluded from ChIP-seq and fluorescence in
vivo data, whereby it is difficult to deduce the 3D structure
of the ParB-DNA complex. Our data corroborate their find-
ings that ParB can still efficiently spread over the supercoiled
DNA [similar to ChIP-seq data (66)], independent of the su-
percoiling handedness. Notably, the same study showed that
linearization of the plasmids, close to the parS site, increased
the plasmid loss fraction by >25-fold. When the plasmid lin-
earization was induced at the larger distances (13 and 47 kb)
that ParB proteins, and likely supercoils (71,72), would not
reach by diffusion in vivo, the plasmid loss was identical to the
untreated control. Our data experimentally support that the
formation of the 3D partition complex is strongly promoted
by DNA supercoiling, and we hypothesize that this may be
particularly important right after the origin replication when
the available ParB concentration outside of the partition com-
plex is very low (23).

The impact of ParB on supercoiled DNA

While supercoiling strongly affected the condensation of ParB
proteins on DNA, ParB also drastically changed the dynamics
of supercoiled DNA. As DNA condensation by ParB proteins
proceeded, the motion of the rapidly moving plectonemes
slowed down, until finally a single static spot on the DNA
emerged (Figures 4 and ). We termed this structure a ‘super-
coiled condensate’ as it is a ParB-DNA condensate that ab-
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sorbed all writhe, i.e. all plectonemic supercoils. The change
in the dynamics of DNA plectonemes was similarly present in
both positive and negatively supercoiled DNA, likely because
this effect is induced by the interwinding plectonemic struc-
ture which facilitates ParB-ParB bridging. As a result of the
ParB interactions, the supercoiled condensate lost the char-
acteristic linearly extended plectonemic structure (Figure 6).
Notably, the data show that the ParB partition complex can
act as a topological barrier to supercoiling, as it pins all the
nearby supercoils into the condensed structure.

Interestingly, previous work showed that brief rifampicin
treatment of bacterial cells showed a complete loss of any
higher-order organization within the origin region (73-75),
which is surprising as ParB proteins should have been unaf-
fected in their ability to locally condense the DNA in the parti-
tion complex. This observation is consistent with the hypothe-
sis that supercoiling is a crucial facilitator for the maintenance
of the ParB-DNA partition complex, especially considering
the small number of ParB proteins (~250-700) in a bacterial
cell (23,30). In fact, supercoiling appears to underlie most of
the large-scale chromosome compaction in bacterial cells (76),
and — as we show here — partition complex formation as well.

The ParABS system also facilitates the segregation and
propagation of many plasmids in bacterial cells (77,78). Plas-
mids are often supercoiled due to continuous high expression
of genes that enable their survival, and consecutive replica-
tion cycles (79), and for their small sizes [~1-100 kb (80)] su-
percoiling often has a significant effect on the entire molecule
rather than on a local fraction. The effect of facilitated parti-
tion complex formation in the presence of DNA supercoiling
therefore also has significant implications for plasmid biology
as their segregation to daughter cells could be impacted by
their supercoiling density which is determined by the level of
transcription and phase of the cell cycle.

Overall, this study provides interesting mechanistic in-
sights into how two essential processes within the bacterial
cells, DNA supercoiling and the DNA segregation machinery,
interact.
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