ParB spreading requires DNA bridging
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The parABS system is a widely employed mechanism for plasmid partitioning and chromosome segregation in
bacteria. ParB binds to parsS sites on plasmids and chromosomes and associates with broad regions of adjacent DNA,
a phenomenon known as spreading. Although essential for ParB function, the mechanism of spreading remains
poorly understood. Using single-molecule approaches, we discovered that Bacillus subtilis ParB (Spo0]) is able to trap
DNA loops. Point mutants in Spo0J that disrupt DNA bridging are defective in spreading and recruitment of
structural maintenance of chromosomes (SMC) condensin complexes in vivo. DNA bridging helps to explain how
a limited number of Spo0J molecules per parsS site (~20) can spread over many kilobases and suggests a mechanism
by which ParB proteins could facilitate the loading of SMC complexes. We show that DNA bridging is a property of

diverse ParB homologs, suggesting broad evolutionary conservation.
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Proper chromosome organization is essential for accurate
DNA segregation in all organisms. In bacteria, nucleoid-
associated protein complexes play a critical role in this
process, yet the molecular mechanisms by which they
facilitate chromosome segregation remain unclear (Wang
et al. 2013). The parABS system promotes accurate chro-
mosome segregation and plasmid partitioning across a wide
range of bacterial species (Surtees and Funnell 2003). This
partitioning module is composed of three components:
a variant Walker-type ATPase called ParA, a DNA-binding
protein called ParB, and a cis-acting DNA element called
parS to which ParB binds with high affinity.

Plasmid ParB-parS complexes serve as centromere-like
elements that ParA segregates by a mechanism that re-
mains incompletely understood (Vecchiarelli et al. 2012).
Chromosomal parABS systems likely function in a similar
way, although instead of segregating entire chromosomes,
they reposition the origin region where the parS sequences
reside. In certain species, such as Caulobacter crescentus,
the parA and parB genes are essential (Mohl et al. 2001),
while in others, their loss-of-function phenotype is milder.
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In Bacillus subtilis, deletion of the parB gene (called spo0])
results in a modest chromosome segregation defect (~1%
anucleate cells), while deletion of parA (called soj) weakly
affects origin positioning (Lee and Grossman 2006). Fur-
ther complicating genetic analysis, chromosomal ParA
and ParB have additional species-specific functions, in-
cluding regulation of replication initiation, growth, and
motility (Ireton et al. 1994; Bartosik et al. 2009; Scholefield
et al. 2011).

Essential to the function of ParB proteins is their
unusual ability to associate with nonspecific DNA adja-
cent to parsS sites, a phenomenon called spreading. This
property was inferred from the ability of overexpressed
F plasmid SopB (ParB) to silence genes adjacent to sopC
(parS) sites (Lynch and Wang 1995) and later directly
demonstrated by chromatin immunoprecipitation (ChIP)
experiments with ParB from P1 plasmid (Rodionov et al.
1999). A DNA-binding protein “roadblock” inserted on
one side of the P1 plasmid parS site attenuated ParB
spreading unidirectionally (Rodionov et al. 1999). Other
plasmid ParB proteins, including KorB from plasmid RK2,
can also exhibit spreading and reduce expression of
neighboring genes (Bingle et al. 2005; Chiu et al. 2008).
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These observations led to the proposal that ParB nucle-
ates on parS$ sites and polymerizes to form long filaments
on DNA (Rodionov et al. 1999; Bingle et al. 2005; Murray
et al. 2006).

Spreading is also a property of chromosomally encoded
ParB proteins (Murray et al. 2006; Breier and Grossman
2007). There are typically several parS sites clustered near
the origin of replication (Livny et al. 2007), and ParB is
thought to form centromere-like complexes at these sites
that are acted upon by ParA to promote segregation of
the origin. In B. subtilis, ChIP-chip (ChIP coupled with
microarray analysis) experiments have shown that ParB
(Spo0J) associates with 10-20 kb of nonspecific DNA
flanking each of its eight parS sites. Roadblock experi-
ments with Spo0OJ suggest that the formation of one-
dimensional filaments is required for spreading, although
Spo0J does not silence genes adjacent to parS sites
(Murray et al. 2006; Breier and Grossman 2007). Fluores-
cent protein fusions to chromosomal ParBs form compact
foci that colocalize with origins, suggesting that ParB
may also gather the origin-proximal parS sites into
a single complex (Glaser et al. 1997; Lin et al. 1997;
Sullivan et al. 2009; Shebelut et al. 2010; Kusiak et al.
2011). In line with its proposed role as an organizer of the
origin-proximal region, ParB is required to recruit the
structural maintenance of chromosomes (SMC) conden-
sin complex adjacent to the origin in B. subtilis and
Streptococcus pneumoniae (Gruber and Errington 2009;
Sullivan et al. 2009; Minnen et al. 2011). Bacterial SMC is
thought to constrain the chromosome by bridging differ-
ent segments of DNA (Hirano 2006). Spreading by ParB is
necessary for SMC enrichment at parS sites, but the
mechanism by which ParB recruits SMC is not known
(Sullivan et al. 2009).

Here we used a combination of in vitro single-molecule
experiments and in vivo imaging to investigate the
molecular basis of spreading. We report a novel DNA-
bridging activity for B. subtilis Spo0J and identify point
mutants that are defective in both DNA bridging in vitro
and spreading in vivo. Quantitative analysis of SpoOJ
stoichiometry at parS sites in vivo supports a role for
long-range DNA bridging in complex assembly. Finally,
the ability to bridge DNA is found to be conserved among
chromosomal and plasmid-encoded ParB proteins from
several different bacterial species. Our data are consistent
with a model in which cooperative DNA bridging and
nearest-neighbor interactions allow a modest number of
ParB dimers (~20) to form a nucleoprotein complex
spanning thousands of base pairs. The formation of
long-distance DNA loops may help condense the origin-
proximal region of the chromosome and facilitate SMC
loading.

Results

Spo0] cannot spread by filament formation alone

It was previously proposed that ParB spreads by forming
continuous nucleoprotein filaments that span thousands
of base pairs (Rodionov et al. 1999; Bingle et al. 2005;
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Murray et al. 2006). Given that Spo0OJ occupies 10-20 kb
of DNA flanking each parS site and has a footprint of ~30
base pairs (bp), this would imply that there are at least
several hundreds of Spo0J molecules per parsS site (Murray
et al. 2006). To determine the number of Spo0OJ molecules
per cell, we performed quantitative immunoblots using
anti-Spo0J antibodies and purified SpoQJ protein as a stan-
dard (Fig. 1A). Our analysis revealed that there are ~1400
Spo0] molecules (700 dimers) per colony-forming unit
(cfu). Because B. subtilis normally forms long chains, we
used a strain that was engineered to express the cell
separase LytF under inducible control (Chen et al. 2009).
Under these conditions, the majority of cells were sin-
glets and doublets with an average of 1.6 cells per cfu (n =
1542) (Fig. 1B; Supplemental Table 1). To determine the
number of origins per cell, we used a matched control
strain that expressed TetR-CFP and harbored an array of
tetO operators adjacent to the origin (at —7°) (Fig. 1B).
Under the growth conditions used for the quantitative
immunoblot, there were, on average, 3.1 origins per cell
(n = 2530) (Supplemental Table 1). These results indicate
that, on average, each cell contained 440 SpoOJ dimers
and 24 par§ sites.

Assuming that all SpoOJ dimers are in nucleoprotein
complexes, this implies that ~140 SpoOJ dimers are
present at each origin. If these molecules are distributed
among all eight origin-proximal parS sites, then nucleo-
protein filament formation alone would allow for only
~500 bp of spreading per parS site, much less than the
observed 10-20 kb (Murray et al. 2006; Breier and Grossman
2007). However, since ChIP is a population-based assay, it
is possible that Spo0J/parS complex formation is stochas-
tic, and only one or two parS sites are occupied at each
origin. To evaluate this possibility, we visualized foci of
GFP-tagged SpoOJ expressed from its native promoter in
cells harboring all eight endogenous parsS sites or in cells
that contained four, two, or zero sites (Fig. 1C). As
previously reported, GFP-Spo0J formed bright foci that
colocalized with the origin region in exponentially grow-
ing cells (Fig. 1C; Lewis and Errington 1997; Lin et al.
1997; Sullivan et al. 2009). As parS sites were deleted,
GFP-Spo0] foci at remaining parS loci separated into
distinct spots. Double-labeling experiments in which
we visualized GFP-Spo0J foci and an origin tag indicate
that most if not all parS$ sites are occupied in all cells in
these strains (Fig. 1C).

Together, these data indicate that in vegetatively grow-
ing B. subtilis cells, ~20 Spo0J dimers are associated with
each parS site. These data are inconsistent with the model
in which Spo0J spreads over vast stretches of nonspecific
DNA by forming a continuous filament and suggest
longer-range interactions between SpoOJ molecules bound
to DNA.

Single-molecule experiments reveal a new DNA
bridging activity of SpoOJ

To investigate how SpoQJ interacts with DNA, we turned
to single-molecule imaging. Individual 48.5-kb-long mol-
ecules of bacteriophage A genomic DNA were tethered at

GENES & DEVELOPMENT 1229



Graham et al.

A purified protein (ng) cell lysate (pl)

S ‘O@’fa(f’o% Q
6 ? NP TP S

e — — —— ——

SpO0) we —

Figure 1. Measurement of the number of Spo0OJ dimers per parS
site. (A) Quantitative immunoblot to determine the intracellu-
lar concentration of Spo0J. Serial dilutions of a B. subtilis lysate
and purified Spo0] were separated by SDS-PAGE and probed
with anti-SpoQJ antiserum. Samples were diluted with a Aspo0J
lysate such that all lanes had the same amount of whole-cell
lysate (see the Materials and Methods). A cross-reacting protein
in the lysate (asterisk) served as a loading control. To accurately
assess the number of colony-forming units (cfus) in the culture
used to generate the lysate, the strain expressed the cell separase
LytF. Under these conditions, cells were predominantly singlets
and doublets (see Supplemental Table 1) rather than septated
chains. (B) Analysis of number of origins per cell. Representative
micrograph of matched control cells grown under the same
conditions used for the quantitative immunoblot. In addition to
expressing the cell separase LytF, these cells expressed cytoplas-
mic mCherry (grayscale) to define cell outlines and contained an
origin-proximal tetO48 array labeled with TetR-CFP (green) for
counting origins (see Supplemental Table 1). (C) Localization of
GFP-Spo0QJ and replication origins in strains containing eight
(wild-type), four, two, or zero parS sites. (Left panel) GFP-Spo0].
(Middle panel) Replication origins marked with tetO48 and
TetR-mCherry. (Right panel) Overlay of GFP-Spo0OJ (green),
origins (red), and phase contrast (blue). Fluorescence intensity
for each channel was adjusted to the same scale for all strains.
Bar, 2 pm.

one end to a functionalized glass coverslip, extended by
buffer flow through a microfluidic flow cell, and imaged
by total internal reflection fluorescence (TIRF) micros-
copy in the presence of the intercalating dye SYTOX
Orange. Strikingly, flowing purified Spo0J protein into the
flow cell caused displacement of the SYTOX dye and
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compaction of A DNA into a tight focus (Fig. 2A). DNA
compaction occurred rapidly at modest protein concen-
trations (=100 nM) and could be reversed by washing
with buffer (Supplemental Fig. 1a,b). Similar results were
obtained for A DNA engineered with a single internal
parS site (Fig. 2E), indicating that the interactions that we
studied in this assay are not strictly parS-dependent.
Similar parS-independent association of ParB/Spo0J with
DNA had been observed in previous in vitro studies and
likely reflects the fact that ParB proteins must engage in
extensive interactions with nonspecific DNA in order to
spread in vivo (Murray et al. 2006; Havey et al. 2012).

To resolve DNA motions in more detail, we labeled the
five EcoRI sites in X DNA using quantum dots (QDs)
conjugated to catalytically inactive EcoRI*'M? (Wright
et al. 1989; Finkelstein et al. 2010). Because this approach
allows us to track specific positions on a moving strand of
DNA, we called it “DNA motion capture” by analogy to
motion capture techniques used in computer animation.
DNA motion capture revealed that DNA compaction by
Spo0] was dramatically biased toward the free end of DNA,
with QDs close to the end moving toward the tether first
(Fig. 2C; Supplemental Movie 1). Similar end-biased com-
paction was also observed for the known Escherichia coli
DNA-bridging protein H-NS (Supplemental Fig. 1f). In
contrast, HBsu, the B. subtilis homolog of the well-studied
E. coli nucleoid protein HU (van Noort et al. 2004), caused
compaction uniformly along the DNA molecule (Fig. 2D;
Supplemental Movie 2). In accord with previous single-
molecule studies, appropriate buffer conditions and protein
concentrations caused extension of the DNA molecule,
consistent with a second filamentous mode of HBsu and
H-NS binding (Supplemental Fig. 1c,g van Noort et al.
2004; Liu et al. 2010).

The distinct behaviors of Spo0J, H-NS, and HBsu can be
explained by a simple physical model: The tension at any
point along a flow-stretched piece of DNA is approxi-
mately equal to the net drag force on DNA beyond that
point. Thus, tension will be highest at the tether and will
drop to zero at the free end. HU proteins condense DNA
by introducing flexible local bends, each of which causes
only a small change in the end-to-end length of DNA
(Swinger and Rice 2004). As a result, condensation of
DNA by B. subtilis HBsu is not predicted to be strongly
suppressed by the <1 pN forces exerted on DNA in our
assay, and compaction by HBsu therefore occurs along the
entire DNA molecule (Xiao et al. 2010, 2011; Wagner
et al. 2011; TGW Graham and JJ Loparo, unpubl.). In
contrast, the end bias in compaction by SpoOJ and H-NS
suggests that each compaction step involves trapping
a much larger loop of DNA. Such loops will form
preferentially at the free end of the flow-stretched
DNA, where the drag force is lowest, while loop forma-
tion will be strongly suppressed by even subpiconewton
forces in the interior of the molecule, leading to end-
biased compaction (Blumberg et al. 2005; Sankararaman
and Marko 2005; Skoko et al. 2005, 2009). Consistent
with this model, the end bias of compaction by Spo0J was
substantially reduced by precoating the DNA with HBsu,
which is expected to lower the energetic barrier to loop
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Figure 2. Spo0OJ and HBsu compact flow-stretched DNA by different mechanisms. (A) Montage showing compaction of SYTOX
Orange-stained A DNA by 100 nM Spo0J protein (1.1 sec/frame). Binding of protein leads to partial displacement of the intercalating
dye followed by compaction of DNA into a tight focus at the tether point (indicated by the small black arrow on the Ieft). (B) Cross-
linking of adjacent DNAs by Cy3-labeled SpoOJ. DNAs coated by Spo0J-Cy3 stick together upon collision and are “zipped up” by the
DNA-bridging activity of SpoOJ (15 sec/frame). (C,D) A DNA was labeled at EcoRI sites with EcoRIF!!1?-conjugated QDs, extended
by buffer flow, and exposed to 100 nM Spo0J protein (C) or 144 nM HBsu protein (D). Montages of frames from compaction movies
(2 sec/frame) are shown in the top panels, while tracking of individual QDs by Gaussian fitting is shown in the bottom panels.
Compaction of flow-stretched DNA by Spo0J occurred from the free end of the molecule and proceeded to the tether point, while
compaction by HBsu occurred along the length of the molecule and did not proceed to the tether point. The asterisk in C indicates a QD
that is nonspecifically bound to the surface at the edge of the field of view. (E) Compaction of of A***S DNA by 100 nM Spo0J protein
(2 sec/frame). Note that the EcoRlI site closest to the tether is deleted in A*#S by insertion of the cassette containing parS, leaving four
labeled EcoRlI sites.

ing of Spo0J-Cy3 and spectrally distinct EcoRIE!'2.QDs
revealed that Spo0J-Cy3 bound nonspecifically along

formation in the interior of the DNA molecule (Supple-
mental Fig. 1d,e; Becker et al. 2007).

To directly observe Spo0J binding to DNA, we intro-
duced a three-amino-acid tag containing a unique cyste-
ine at the C terminus of Spo0J and fluorescently labeled it
with Cy3-maleimide (Garner et al. 2007). Introduction
of the same tag at the C terminus of Spo0J in vivo had no
effect on the formation of either GFP-Spo0J foci or SMC
complexes (Supplemental Fig. 2g,h). Simultaneous imag-

N DNA and caused end-biased compaction in the same
manner as unlabeled Spo0J. We could detect no specific
enrichment of Cy3-labeled SpoOJ near the parS site on
NS DNA (data not shown), which is consistent with
the rapid nonspecific binding of Spo0J to DNA and parS-
independent DNA compaction observed under these con-
ditions (Fig. 2E). In support of the idea that SpoOJ can bridge
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segments of DNA, adjacent A DNAs bound by Spo0J-Cy3
often stuck together when they collided (Fig. 2B). Bridging of
adjacent SYTOX- or QD-labeled DNAs was also seen with
unlabeled Spo0J. Similar to other DNA-binding proteins
that have been examined in single-molecule experiments,
Spo0J dimers were seen to diffuse one-dimensionally along
DNA at very low (<1 nM) concentrations (Supplemental
Fig. 2a-f).

It appeared that compaction began only after a sufficient
amount of fluorescently labeled protein had accumulated on
the DNA. To study this more quantitatively, we imaged
Spo0J-Cy3 binding to A DNA with a single spectrally distinct
QD at the free end to clearly define the start of compaction.
The relative amount of Spo0J bound to DNA over time was
measured by summing the fluorescence intensity along
each DNA in the Cy3 channel (Fig. 3A). Binding of SpoQ]J
to DNA coincided with its arrival in the flow cell, as
measured by the increase in background fluorescence.
Compaction began significantly after the arrival of SpoQJ
but before binding had reached saturation (Figs. 3A, 5C
[below]). To measure the lag time between SpoQJ arrival and
DNA compaction, we used unlabeled SpoOJ mixed with
a small amount of tracer dye to indicate when the protein
reached the flow cell. The lag time between protein arrival
and the start of compaction decreased significantly with
increasing protein concentration (Fig. 3B). These data are
consistent with the idea that Spo0J first binds nonspecifi-
cally to flow-stretched DNA and induces compaction when
DNA-bound proteins are brought together by random
collisions between DNA segments. In contrast, HBsu
initiated DNA compaction almost immediately upon ar-
rival of the protein, with the slight delay likely reflecting
the finite mixing time within the flow cell (Fig. 3B). As
expected for an elementary compaction step that involves
a single HBsu dimer binding and distorting DNA, the rate
of compaction by HBsu varied linearly with the protein
concentration (Fig. 3D). However, the rate of compaction
by Spo0] scaled approximately with the square of the
protein concentration, consistent with a model in which
protein-protein interactions on opposite sides of a DNA
loop are required for each compaction step (Fig. 3C).

Collectively, these single-molecule results reveal a new
DNA-bridging activity of Spo0QJ that allows it to trap loops
between distal segments of DNA. DNA looping could
explain how a mere ~20 SpoOJ dimers per parS site can
occupy 10-20 kb of adjacent DNA in vivo.

Bridging-deficient mutants fail to spread in vivo

If DNA bridging is required for spreading of Spo0J in vivo,
then Spo0J mutants that are impaired in DNA bridging in
our single-molecule assay should also fail to spread in vivo.
To test this prediction, we examined various mutants
identified from earlier screens and also introduced muta-
tions in other highly conserved residues (see Supplemental
Table 2). As a proxy for in vivo spreading, we used the
ability of GFP-tagged Spo0J to form fluorescent foci in cells
(Breier and Grossman 2007). We generated a new fusion
protein with the GFP variant mGFPmut3, which has re-
cently been shown to have a lower propensity to aggregate
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nonspecifically than other fluorescent proteins (Landgraf
et al. 2012). mGFPmut3-Spo0] was expressed in a spoOJ
deletion strain under the control of its native promoter.
Consistent with previous reports that dimerization is
important for specific and nonspecific interactions with
DNA (Leonard et al. 2004; Murray et al. 2006), truncation
of the C-terminal dimerization domain by 20 or 60 amino
acids eliminated fluorescent foci in vivo and abolished
DNA binding and compaction in vitro (Fig. 4C; data not
shown). Previous genetic screens identified the SpoQJ loss-
of-function mutants G77S and R80A within the highly
conserved N-terminal ParB Box II (Fig. 4A). Consistent
with reported results, we found that GFP fusions to
these mutants were impaired in focus formation (Fig. 4C;
Supplemental Fig. 3; Autret et al. 2001; Breier and Grossman
2007). GFP-Spo0JR894 1ocalization was diffuse and nucle-
oid-associated, while GFP-Spo0J<””% showed mostly dif-
fuse localization with occasional faint foci. Substitution
of the adjacent highly conserved R79 residue to alanine
resulted in diffuse nucleoid-associated localization, while
mutation of R82 to alanine reduced the intensity of GFP-
Spo0J foci and increased diffuse localization. Mutation of
R80 to lysine partially restored focus formation compared
with R80A, suggesting that the positive charge of this
residue is important for complex formation. Combining
the partial loss-of-foci mutations R80K and R82A led to
a complete loss of foci (Fig. 4C; Supplemental Fig. 3).
Immunoblot analysis revealed that all of our GFP-Spo0J
mutants were full length and accumulated to levels
similar to wild type (Fig. 4B).

Using ChIP combined with deep sequencing (ChIP-seq),
we investigated whether the R79A and R80A mutants
associate with parS and spread on adjacent DNA. As
observed in previous ChIP-chip experiments, wild-type
Spo0J was highly enriched at all eight origin-proximal par$
sites and spread for 5-10 kb on either side of each parsS site,
while G77S associated with parS sites but failed to spread
to adjacent DNA (Fig. 4D). Consistent with their inability
to form foci, the R79A and R80A mutants also failed to
spread despite associating with parS sites (Fig. 4D). To-
gether with in vitro binding assays (see below), these results
indicate that these mutant proteins have retained their
ability to bind parS DNA and are specifically defective in
spreading.

We also tested these nonspreading mutants in our single-
molecule DNA-bridging assay. Spo0J] R79A and R80A
mutant proteins failed to compact DNA under buffer
conditions that result in rapid compaction by wild-type
Spo0J] (Fig. 5A). These two mutants likewise failed to
compact DNA in a reduced-salt buffer (Supplemental Fig.
4a). Consistent with its intermediate loss-of-foci pheno-
type in cells, R82A failed to compact DNA in our standard
compaction buffer (Fig. 5A) but compacted DNA at a re-
duced salt concentration (Supplemental Fig. 4a). Impor-
tantly, electrophoretic mobility shift assays (EMSA)
revealed that R79A, R80A, and R82A bound short parS
DNA duplexes in a manner indistinguishable from wild
type (Fig. 5D). To determine whether the R80OA mutant
accumulates to the same level as wild-type Spo0OJ on
N DNA, we calibrated the intensity of Cy3-labeled protein
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on DNA to that of individual Cy3 molecules to estimate
the absolute density of proteins bound to DNA (see the
Materials and Methods). Based on our measurements,
compaction by wild-type Spo0J initiated at a protein den-
sity of 10 plus or minus two dimers per kilobase of DNA
(Fig. 5C, gray dashed line). Cy3-labeled SpoOJR®4 associ-
ated with A DNA with identical kinetics and reached
a similar final density (Fig. 5C) yet failed to compact
N DNA or cross-link adjacent DNA molecules (Fig. 5B;
Supplemental Movie 3). Together with the phenotypes of
the R79A, R80A, and R82A mutants in vivo, these results
support the model in which Spo0QJ spreading requires DNA
bridging and implicate an “arginine patch” in the ParB Box
II that is essential for bridging interactions.

Interestingly, the spreading-deficient G77S mutant com-
pacted N DNA and bridged adjacent DNAs (Fig. 5A; data
not shown). In fact, G77S compacted DNA at a higher salt
concentration than the wild-type protein (Supplemental
Fig. 4a). Likewise, the R149A mutant was impaired in
complex formation in vivo yet showed only a mild defect
in DNA compaction in vitro (Fig. 5A; Supplemental Fig.
4a). These results imply that the DNA-bridging activity of
Spo0J, while necessary for spreading, is not sufficient. The
fact that G77S and R149A are unimpaired (or only mildly
impaired) in loop formation suggests that they are de-
fective in some other step in the spreading process. In
EMSA experiments with a short parS-containing DNA
duplex, G77S and R149A produced an anomalous pattern
of shifted complexes compared with wild-type SpoOJ (Fig.
5E; Supplemental Fig. 4e), a result that was previously
observed for G77S (Breier and Grossman 2007). This
suggests that defective spreading by G77S and R149A in
vivo may result from a defect in parS-dependent interac-
tions that were not probed by our single-molecule assay
(see the Discussion). The fact that G778 is proficient (and

3

" and 0.987, respectively.

HBsu (M)

perhaps even hyperactive) in DNA bridging might also
explain the occurrence of weak residual GFP-Spo0J©’’S
foci (Fig. 4C; Supplemental Fig. 3) and an elevated ChIP
signal at parS sites compared with the bridging-deficient
R79A and R80A mutants (Fig. 4D).

DNA bridging-deficient mutants of Spo0] exhibit
abnormal nucleoid morphology and fail to recruit
the SMC complex

We investigated whether SpoOJ mutants that are impaired
in DNA bridging in vitro are defective in chromosome
morphology and SMC enrichment (Ireton et al. 1994; Lee
and Grossman 2006; Gruber and Errington 2009; Sullivan
et al. 2009). We grew cells harboring wild-type or mutant
spo0J in rich medium and imaged the nucleoids using
DAPI (4',6-diamidino-2-phenylindole) or an mCherry-
HBsu fusion. More than 500 nucleoids for each strain
were analyzed quantitatively. Similar to the null mutant,
cells harboring bridging-deficient SpoOJ mutants had
elongated nucleoids (Supplemental Fig. 5). To investigate
the impact of these mutants on condensin complexes, we
used a YFP fusion to the SMC accessory subunit ScpB. In
wild-type cells, ScpB-YFP (and GFP-SMC) forms fluores-
cent foci that colocalize with the origin of replication
(Gruber and Errington 2009; Sullivan et al. 2009). Con-
sistent with previous findings, ScpB-YFP localization was
significantly reduced in cells lacking SpoOJ and in cells
expressing the bridging-deficient Spo0J*"*# and SpoQJR&°A
mutants (Fig. 6A). Importantly, the loss of localization
was not a consequence of ScpB-YFP proteolysis, as ScpB-
YFP remained intact in all mutants analyzed (Fig. 6B).
Furthermore, the levels of Spo0OJ mutant proteins were all
similar to wild type. Thus, bridging-deficient Spo0J mu-
tants have abnormal nucleoid morphologies and are
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Figure 4. In vivo characterization of SpoOJ spread-
ing-deficient mutants. (A) Alignment of the ParB Box
II of different species showing key mutated residues
(red boxes). (B) Western blot of mGFPmut3-tagged
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and mutant SpoQJ association with a region of the B.
subtilis chromosome from 354° to 359° (4140-4215
kb) encompassing four parS sites (asterisks). Fold
enrichment (Y-axis) was normalized to input DNA
and total number of reads per sample (see the
Materials and Methods). Whereas wild-type SpoOJ

spreads several kilobases from parsS sites, association
of the G77S, R79A, and R80A mutants is restricted
to the immediate vicinity of each parS site.
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impaired in the recruitment of SMC complexes to the
replication origin.

ParB homologs are capable of DNA bridging

Given the high degree of conservation among parABS
systems, we asked whether the ability to trap DNA loops
is a conserved feature of ParB proteins. Consistent with
previous reports of pairing of plasmids by P1 plasmid ParB
in vivo and formation of large cross-linked complexes
between P1 ParA, ParB, and DNA in solution (Edgar et al.
2001; Havey et al. 2012), we found that P1 ParB com-
pacted and bridged DNA in single-molecule experiments
(Fig. 6C). Other chromosomally encoded ParBs from
S. pneumoniae, Pseudomonas aeruginosa, and chromo-
some 1 of Vibrio cholerae behaved similarly (Fig. 6C).
Thus, DNA bridging is likely to be a broadly conserved
property of ParB proteins.

Discussion

DNA bridging is required for SpoO] spreading

ParB proteins, including B. subtilis Spo0J, have a remark-
able ability to “spread” from high-affinity parS sites to
adjacent nonspecific DNA. However, the molecular basis
of spreading has remained unclear. Previous studies have
concluded that ParB proteins form continuous one-
dimensional filaments along DNA (Rodionov et al. 1999;
Murray et al. 2006; Breier and Grossman 2007; Sullivan
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et al. 2009), yet a filament-only model is inconsistent with
our quantitative immunoblots, which indicate that ~20
Spo0J dimers are associated with each parS site. Based on
our single-molecule experiments, we propose an alterna-
tive mechanism in which long-range DNA-bridging in-
teractions cooperate with short-range nearest-neighbor
interactions to assemble Spo0J complexes spanning many
kilobases of DNA (Fig. 7). Such a model accounts for both
long-distance spreading and the ability of protein road-
blocks to bias spreading unidirectionally by impeding
local nearest-neighbor interactions (Broedersz et al. 2014).
In contrast to a filament-only model, which would pre-
dict repression of genes coated by a Spo0J filament, the
bridging model also explains why genes within regions of
Spo0J spreading are not silenced (Breier and Grossman
2007). Combining long-distance DNA-bridging interac-
tions (Fig. 7B) with short-distance nearest-neighbor in-
teractions (Fig. 7C) would result in a highly cooperative
assembly of nucleoprotein complexes (Fig. 7D). Forma-
tion of short filaments could stabilize loops through an
avidity effect and enable interactions between multiple
loops (Fig. 7E). Our observation that ParB homologs
from various species can also bridge DNA (Fig. 6C)
suggests that this mechanism of spreading is evolutionarily
conserved.

In support of the role of DNA bridging in SpoOJ
spreading, we identified a patch of arginine residues in
the ParB Box II that are essential for both DNA loop
formation in vitro and SpoOJ complex formation in vivo.
These adjacent residues could form a positively charged
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Figure 5. In vitro characterization of SpoOJ non-
spreading mutants. (A) A\ DNA compaction by differ-
ent purified Spo0J mutant proteins in buffer containing
100 mM NaCl. Bar, 5 sec. (B) Cy3-Spo0J*8°* binds to
DNA without inducing compaction or cross-linking.
(1.5 sec/frame). (C) Absolute density of Cy3-labeled
wild-type Spo0J and Spo0J*8°A bound to A DNA over
time expressed as number of dimers per kilobase.
Labeled protein was combined with unlabeled protein
and diluted such that the total protein concentration
was 100 nM, and 5% of the protein was labeled. Under
these conditions, compaction by wild-type Spo0J ini-
tiated at ~10 plus or minus two dimers per kilobase
(dashed gray line). (D,E) EMSA of wild-type and
mutant SpoQ] proteins. Protein concentrations were
1,0.5, and 0.2 uM for D and 1, 0.8, 0.6, 0.4, 0.2, 0.1,

and 0 pM for E.
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surface that interacts with a negatively charged region on
another SpoOJ molecule or with the backbone of another
segment of DNA. We favor the former explanation
because the nonlinear scaling of the DNA compaction
rate with Spo0J concentration is consistent with dimer—
dimer interactions. Negatively charged residues that
form salt bridges with the ParB Box II arginines in the
crystal structure of Thermus thermophilus SpoQJ are not
conserved in B. subtilis Spo0J, and mutation of nearby
negatively charged residues had no effect on focus forma-
tion in vivo and compaction in vitro (data not shown), and
so the location of the putative ParB Box II-interacting
surface remains to be determined.

Consistent with the idea that bridging interactions are
necessary but not sufficient for Spo0J spreading, some
mutants with defects in spreading or focus formation in
vivo nonetheless compacted DNA in single-molecule
experiments (Fig. 5A; Supplemental Table 2). We hypoth-
esize that these spreading-deficient but bridging-proficient
mutants are impaired in nearest-neighbor interactions
or some other parS-dependent interaction that was not
probed by our assay. Two mutants in this class, G77S and
R149A, showed unusual behavior in EMSAs compared
with wild-type SpoOJ, suggesting that they adopt an
abnormal conformation when bound to parS (Fig. 5E;
Supplemental Fig. 4¢; Breier and Grossman 2007). Consis-
tent with this interpretation, the SpoOJ crystal structure
from T. thermophilus places G77 at the crux of a sharp
turn, with dihedral angles that suggest that replacement
with serine would cause a large structural distortion in the
protein. R149 is located in a predicted helix—turn-helix

domain of the protein that is thought to make sequence-
specific contacts with DNA, consistent with the idea that
mutation of this residue distorts the parS-bound confor-
mation of the protein. Determining the structure of SpoOJ
bound to par$ and identifying how the G77S and R149A
mutants distort this structure will be important areas for
future work.

Implications for chromosome structure
and segregation

The ability of Spo0J to trap DNA loops has important
implications for how it might organize the origin region
of the chromosome. Our results indicate that the exten-
sive spreading of SpoOJ from parS is accomplished by
a modest number of dimers (~20 per parS site) that are
capable of trapping DNA loops (Fig. 7E). These loops
could help to constrain the origin region and participate
in defining topological domains in the same way that the
E. coli H-NS and MatP proteins are thought to organize
H-NS-regulated operons and chromosome termini, re-
spectively (Wang et al. 2011; Dupaigne et al. 2012).
Furthermore, our finding that reducing the number of
parS$ sites in vivo leads to a loss of ParB/parS clustering
(Fig. 1C) suggests that specific parS sites or the number or
positions of these sites play an important role in gener-
ating a larger chromosomal domain.

ParB proteins are critical for enriching SMC complexes
near the origin in B. subtilis and S. pneumoniae, yet it is
unclear how they accomplish this (Gruber and Errington
2009; Sullivan et al. 2009; Minnen et al. 2011). Previous
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Figure 6. SMC complex localization is disrupted by nonspread-
ing mutants of Spo0J. (A) ScpB-YFP localization in wild-type (WT)
and SpoO] mutants. (Green) YFP; (red) phase contrast. The
fluorescence signal in different images is adjusted to the same
scale. Bar, 2 pm. (B) Western blots (with o as a loading control)
showing comparable levels of ScpB-YFP and Spo0J in the different
strains imaged in A. The size of free GFP is indicated (arrowhead).
(C) Compaction of flow-stretched EcoRI-QD-labeled DNA by
ParB homologs from different bacterial species. Protein concen-
trations were 100 nM (P1, S. pneumoniae, and P. aeruginosa ParB)
and 140 nM (V. cholerae ParB1). Time per frame was 250 msec for
P1, 2 sec for V. cholerae, 1.1 sec for S. pneumoniae, and 110 msec
for P. aeruginosa.

work demonstrated that SMC can be chemically cross-
linked to Spo0J in vivo, suggesting a direct physical
interaction between the two proteins (Gruber and
Errington 2009). Given that SMC complexes are also
proposed to bridge DNA, our model of Spo0J complex
formation suggests a mechanism by which Spo0OJ could
facilitate SMC loading by recruiting SMC to trapped
DNA loops (Fig. 7E).

Materials and methods

Protein purification

Wild-type and mutant SpoOJ proteins, ParB homologs, HBsu,
H-NS, and H6-EcoRIF!1Q were expressed and purified as described
in the Supplemental Material.

DNA compaction and Spo0J sliding experiments

Details of flow cell construction and single-molecule imaging are
described in the Supplemental Material. Bacteriophage A genomic
DNA (New England Biolabs) was biotinylated on one end by
annealing and ligating phosphorylated oligonucleotide BL1 (Sup-
plemental Material) to one cos site overhang. Carboxyl-coated
605-nm QDs (Life Technologies) were conjugated to mouse anti-
His6 antibody (AbD Serotec, MCA1396) following the manufac-
turer’s instructions. Bacteriophage \ genomic DNA (70 pM) was
preincubated for at least 30 min at room temperature in EcoRI-
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binding buffer (20 mM Tris at pH 7.5, 150 mM KCI, 100 ng/mL
BSA) with 50 nM anti-His6 QDs and 50 nM (dimer concentration)
His6-EcoRIFM !9 in a 20-pL reaction volume. The volume of the
mixture was then increased with 1 mL of additional EcoRI-
binding buffer. The coverslip surface of 2-mm-wide flow cells
was coated with streptavidin, washed, and incubated with pre-
incubated EcoRIEMQ.QD-labeled A DNA for ~10 min or until
a suitable density of tethered DNAs was seen. Flow cells were
washed with reaction buffer (20 mM Tris at pH 7.5, 100 ng/mL
BSA, the indicated concentrations of NaCl), and protein in the
same buffer was introduced into the flow cell at a flow rate of 50
pL/min. For salt dependence experiments, 100 nM protein was
introduced in buffers of decreasing salt concentration for 3 min
each with 30-sec pauses in between steps. For compaction rate
determination, the free end of biotinylated A DNA was ligated to
a short digoxygenin-modified oligonucleotide (0TG227). After
tethering, free oligonucleotide was removed from the flow cell
by extensive washing, and N\ DNA free ends were labeled by
flowing in anti-digoxygenin QDs. Protein sliding was observed at
a labeled protein concentration of ~0.2 nM in 20 mM Tris (pH
7.5), 100 mM NaCl, and 100 pg/mL BSA.

General bacterial methods

All B. subtilis strains were derived from the prototrophic strain
PY79 (Youngman et al. 1983). Unless otherwise indicated,

A Spo0J
parS
R79A / \ e
RSOA ¢
B R149A C RDIRA?
DNA bridging ~ Nearest-neighbor interactions

Q SMC
@ Spo0J
- parS

Figure 7. Model of Spo0J nucleoprotein complex formation. (A)
Spo0] dimers bind strongly to parS sites and more weakly to
nonspecific DNA. The N-terminal DNA-binding domain (N) and
C-terminal dimerization binding domain (C) are shown as circles.
DNA bridging by Spo0J (B) traps DNA loops and could cooperate
with nearest-neighbor interactions (C) to form larger higher-order
complexes (D). (E) The resulting cluster of loops could serve as
a platform for SMC loading. For clarity, C-terminal domains are
not shown in E. The DNA-bridging activity represented in B is
what drove compaction of nonspecific DNA in our single-mole-
cule experiments. The R79A, R80A, and R82A mutants are
impaired in DNA bridging (shown in B), which explains why they
fail to form complexes in cells. The fact that G77S and R149A
mutants are not impaired in DNA bridging implies that they must
be impaired in some other way; for instance, in nearest-neighbor
interactions (C).



cells were grown in CH medium at 37°C. Tables of strains,
plasmids, and oligonucleotide primers and a description of
strain and plasmid construction can be found in the Supplemen-
tal Material.

Fluorescence microscopy of bacterial cells

Fluorescence microscopy was performed on a Nikon Ti micro-
scope equipped with a Plan Apo 100%/1.4 NA phase contrast oil
objective and a CoolSnapHQ? cooled CCD camera. DNA was
stained with DAPI (Molecular Probes) at 2 pg/mL. Cells were
immobilized using 2% agarose pads containing growth medium.
Images were cropped and adjusted using MetaMorph software
(Molecular Devices). The final figure preparation was performed
in Adobe Hlustrator.
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