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Summary

Chromosome segregation during sporulation in Ba-
cillus subtilis involves the anchoring of sister chro-
mosomes to opposite ends of the cell. Anchoring is
mediated by RacA, which acts as a bridge between a
centromere-like element in the vicinity of the origin of
replication and the cell pole. To define this element
we mapped RacA binding sites by performing chro-
matin immunoprecipitation in conjunction with gene
microarray analysis. RacA preferentially bound to 25
regions spread over 612 kb across the origin portion
of the chromosome. Computational and biochemical
analysis identified a GC-rich, inverted 14 bp repeat
as the recognition sequence. Experiments with single
molecules of DNA demonstrated that RacA can con-
dense nonspecific DNA dramatically against appre-
ciable forces to form a highly stable protein-DNA
complex. We propose that interactions between DNA
bound RacA molecules cause the centromere-like ele-
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ment to fold up into a higher order complex that fas-
tens the chromosome to the cell pole.

Introduction

Dividing cells face the challenge of segregating newly
duplicated chromosomes with high fidelity to ensure
that progeny are genetically identical. This challenge
is particularly acute in cells that divide asymmetrically,
which must faithfully segregate sister chromosomes to
progeny that are often decidedly unequal in size. Asym-
metric cell division occurs in eukaryotes and prokary-
otes as a basic mechanism for generating cellular di-
versity (Horvitz and Herskowitz, 1992; Gonczy and
Hyman, 1996). For example, asymmetric division of zy-
gotes decides cell fates at the early stages of develop-
ment in the soil nematode Caenorhabditis elegans and
in the flowering plant Arabidopsis thaliana (Gonczy and
Hyman, 1996; Scheres and Benfey, 1999). Likewise,
asymmetric division by the budding yeast Saccharo-
myces cerevisiae and the dimorphic bacterium Caul-
obacter crescentus helps maintain polarity and dictates
the dissimilar fates of the products of cytokinesis (Mad-
den and Snyder, 1998; Jensen et al., 2002; Ausmees
and Jacobs-Wagner, 2003; Nelson, 2003).

Here, we are concerned with chromosome segrega-
tion during asymmetric division by Bacillus subtilis.
This spore-forming bacterium, which has a single, cir-
cular chromosome, exhibits alternative modes of cell
division. Under conditions of growth it divides by binary
fission, segregating sister chromosomes to equal-sized
progeny. During sporulation, however, the bacterium di-
vides asymmetrically, forming a septum near a pole of
the developing cell (sporangium). Formation of this po-
lar septum divides the sporangium into two compart-
ments called the forespore and the approximately
eight-times larger mother cell (Stragier and Losick,
1996; Piggot and Losick, 2001). By what mechanisms
does the sporangium ensure that the forespore and the
mother cell each receive a chromosome and how does
it do so with high efficiency? Chromosome segregation
during sporulation takes place in three stages. First, the
sister chromosomes are remodeled into a single elon-
gated, serpentine-like DNA mass (nucleoid) called the
axial filament (Ryter et al., 1966). The axial filament ex-
tends from pole to pole, with the replication origin re-
gion of each chromosome anchored at extreme oppo-
site ends of the sporangium (Glaser et al., 1997; Lin et
al., 1997; Webb et al., 1997). Next, the polar septum
forms and traps the origin-proximal portion of one
chromosome (representing about one-third of the ge-
nome) in the newly formed forespore. The remaining
two-thirds of the chromosome extends across the sep-
tum and is initially left behind in the mother cell to-
gether with the other sister chromosome (Wu and Err-
ington, 1994). Finally, a DNA translocase assembles
around the chromosome at the point at which it
transverses the septum and pumps the origin-distal
two-thirds of the chromosome across the septum and
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into the forespore (Wu and Errington, 1997; Ben- I
cYehuda et al., 2003b).

We identified a developmentally regulated gene, racA t
d(for remodeling and anchoring of the chromosome),

that is required for the formation of the axial filament b
iand for anchoring the origin regions at the cell poles

(Ben-Yehuda et al., 2003a). Sporulating cells harboring p
Ba racA mutation do not produce an axial filament and

frequently fail to trap DNA inside the forespore (Ben- t
mYehuda et al., 2003a; Wu and Errington, 2003). Cytologi-

cal experiments show that the product of racA (RacA) t
Sis concentrated at the extreme poles of the sporangium

and also exhibits a general, nonspecific association b
ewith the entire axial filament. Polar localization depends

on the cell division protein DivIVA, which itself localizes t
tat the poles (Marston et al., 1998; Thomaides et al.,

2001). In the absence of DivIVA, RacA is concentrated t
tat the outer edges of the nucleoid, where the origins of

replication are located, but is not anchored at the ex- f
2treme poles (Ben-Yehuda et al., 2003a; Wu and Err-

ington, 2003). These findings suggest that RacA binds o
pto sites clustered in the origin portion of the chromo-

some, which represents a centromere-like element. In b
1this model, the centromere bound RacA molecules

form an adhesive structure that directly or indirectly in- r
eteracts with DivIVA, thereby causing the chromosomes

to adhere at the poles. In partial support for this model, b
schromatin immunoprecipitation (ChIP) experiments re-

vealed that RacA associates not only nonspecifically t
cwith the entire chromosome but also with strong prefer-

ence to regions located close to the origin of replication s
t(Ben-Yehuda et al., 2003a).

To understand the nature of this centromere-like ele- r
1ment, we attempted to map the binding sites for RacA

on a genome-wide basis and to identify the DNA se- a
lquence motif that RacA (or an unknown protein with

which it interacts) recognizes. Here, we show that RacA b
tbinds with high selectivity to 25 distinct regions distrib-

uted over 612 kb across the origin proximal portion of
the chromosome (the portion that is trapped in the fore- U
spore by the polar septum). We further show that spe- B
cific binding is achieved by the direct interaction of P
RacA with a 14 bp long, inverted repeat DNA sequence r
herein named ram (for RacA binding motif). Finally, evi- t
dence is presented that RacA molecules are able to s
condense non-ram-containing DNA into an extremely T
stable DNA-protein complex. Based on these observa- s
tions we propose that RacA is responsible for collaps- [
ing much or all of the centromere-like element into a 2
higher order complex. o

r
cResults
c
sGenome-Wide Identification of Chromosomal

Regions at Which RacA Binds Preferentially t
oTo identify RacA binding regions comprehensively, we

performed chromatin immunoprecipitation in conjunc- w
qtion with gene microarray analysis (ChIP-on-chip) (Ren

et al., 2000; Iyer et al., 2001; Laub et al., 2002; Molle r
cet al., 2003). In these ChIP-on-chip experiments, DNA

fragments recovered from the immunoprecipitation 5
qwith anti-RacA antibodies were amplified by polymer-

ase chain reaction (PCR) in the presence of Cy5-dUTP. o
n parallel, total DNA from the formaldehyde-treated
ells that had not been subjected to immunoprecipita-
ion was similarly amplified in the presence of Cy3-
UTP. The differentially labeled DNAs were then com-
ined and hybridized to a microarray that had been

mprinted with DNAs corresponding to an almost com-
lete set of the open reading frames (ORFs) in the
. subtilis genome (Britton et al., 2002; see Experimen-

al Procedures). Figure 1A shows the calculated enrich-
ent factor of the hybridization signal for each gene on

he microarray for a representative experiment. (See the
upplemental Data available with this article online. Ta-
le S1 shows the full data set from two independent
xperiments.) The enrichment factor was the ratio of
he hybridization signal from the Cy5-labeled DNA from
he immunoprecipitation to that from the Cy3-labeled,
otal DNA. The results were striking, revealing 25 dis-
inct regions of preferential binding with enrichment
actors at the peaks ranging from 9-fold to greater than
7-fold. Importantly, all 25 regions were located in the
rigin-proximal portion of the chromosome, within the
ortion that is trapped in the forespore compartment
y polar septation (shown in the enlargement of Figure
B and indicated in red in Table S1). Some of the 25
egions were so close to each other that they are not
asily distinguishable in Figure 1B but can be seen as
eing distinct in Table S1. These 25 regions were
pread out over a large stretch of the chromosome, ex-
ending from position −412 to position +200 kb and
overing a 612 kb segment of DNA. Interestingly, this
egment is asymmetric with respect to the origin, with
wice as much of the DNA and 21 out of the 25 binding
egions being located to the left of the origin (Figure
B, Table S1). Thus, our analysis revealed that RacA
nchors the chromosome to the cell pole through a

arge, centromere-like element composed of multiple
inding sites spread out over, and asymmetrically dis-

ributed around, the replication origin.

sing Bioinformatics to Identify the RacA
inding Motif
referential binding to 25 regions in the origin-proximal

egion of the chromosome indicates that RacA or a pro-
ein with which it associates recognizes a nucleotide
equence motif that is present in each of these regions.
o identify this motif computationally, we used a two-
tep strategy based on Motif Discovery Scan (MDscan,
Liu et al., 2002] and Motif Regressor [Conlon et al.,
003]). MDscan is designed to identify common motifs
f specified motif widths in sequences that have been
anked according to their enrichment factor in ChIP-on-
hip experiments. We reasoned that RacA binding sites
ould be inside or outside of the ORFs used in the con-
truction of the microarray. Also, the sonication step of
he ChIP procedure would have generated a spectrum
f hybridization probes that would have overlapped
ith ORFs whether or not the specific binding se-
uences were within the DNA segments on the microar-
ay. Accordingly, for each DNA that exhibited a signifi-
ant enrichment factor (greater than five), we included
00 bp of upstream and 500 bp of downstream se-
uences as well as the sequence of the ORF itself in
ur analysis (see Supplemental Data). In this way, a to-
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Figure 1. Genome-Wide Mapping of Chro-
mosomal Regions at Which RacA Binds pref-
erentially

(A) Anti-RacA immunoprecipitated DNA and
total chromosomal DNA (the DNA prior to the
immunoprecipitation) were labeled and hy-
bridized to a microarray chip (ChIP-on-chip
analysis) containing almost the entire set of
B. subtilis ORFs (see the text for details). The
enrichment factor for a given ORF was cal-
culated as the ratio of hybridized immuno-
precipitated DNA to hybridized total DNA for
a representative experiment. Twenty-five
distinct binding regions were identified all lo-
cated at the origin-proximal region. Posi-
tions to the left of the origin are identified
with a minus symbol and to the right of the
origin are identified with no symbol. The full
data set is shown in Table S1.
(B) Enlargement of the origin-proximal region
(−500 kb – +500 kb) from (A). The arrow indi-
cates a previously identified binding region
(Ben-Yehuda et al., 2003a).
tal of 262 candidate motifs were identified by MDscan
with widths ranging from 6 to 17 bp. Next, each candi-
date motif, represented as a position-specific prob-
ability matrix, was used to scan each ORF on the array
plus flanking sequences and to assign to it a motif-
matching score based on the number of sites within the
DNA segment that matched the motif (i.e., the number
of putative binding sites) and the extent to which each
such site matched the motif (i.e., strength of the puta-
tive binding site). Then, for each candidate motif, Motif
Regressor was used to perform a simple linear regres-
sion between the logarithm of the motif matching
scores and the logarithm of the enrichment factors ob-
served in the ChIP-on-chip analysis. In principle, a cor-
rect motif should exhibit a strong correlation between
the motif matching scores and the enrichment factors,
whereas incorrect motifs would not. Motif Regressor re-
ports candidate motifs by ascending regression p
value, and the best motif reported (Figure 2A) had a p
value of <<e-300, an R square of 0.13, and had been
ranked the best motif by the MDscan at motif width 14.
Linear regression of the motif using only 618 ORFs near
the replication origin (200 to the right and 418 to the
left) gave an R square of 0.41, which means that con-
sidering the presence of this motif alone explains 41%
of ChIP-on-chip enrichment variations in the experi-
ment (Figure 2B).

The binding motif predicted by MDscan and Motif
Regressor is presented in Figure 2A as a position-spe-
cific weight matrix (sequence logo) of 14 bp in length.
The logo, which is strikingly rich in GC base pairs, is an
inverted repeat, with the most conserved positions at
the outer edges. Scanning the peaks of the 25 regions
of preferential binding with the sequence logo revealed
that all except one (yxjF, which had an enrichment
factor of 13.5) contained at least one sequence with
a significant match to the predicted binding sequence
(Table S2). Interestingly, all of the putative binding sites
in the peak regions of RacA binding were exclusively
located inside ORFs, in contrast to the recognition se-
quences for transcriptional regulatory proteins, which
are generally located in intergenic regions. Also note-
worthy was that 20 of the RacA binding regions exhib-
ited multiple copies of the sequence motif clustered
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Figure 2. Prediction of a Potential RacA Binding Motif by Use of
MDscan and Motif Regressor

(A) Position-specific weight matrix (sequence logo) of the predicted
inverted repeat, 14 bp binding motif for RacA as predicted by
MDscan and Motif Regressor.
(B) Correlation between ChIP-on-chip enrichment factors and se-
quence motif matching scores (to the motif in Figure 1) for the 618
ORFs near the replication-origin region in the B. subtilis genome.
For details see the Supplemental Data.
near each other (that is, either the ORF with the peak
enrichment factor or its nearest neighbor contained
more than one putative binding site; Table S2). For ex-
ample, the peak corresponding to adjacent genes spsC
and spsD, which exhibited an enrichment factor of ap- F
proximately 30, contained four potential binding se- P
quences, two of which had a high motif matching (
score. Moreover, two additional sites were located t

awithin neighboring ORFs, indicating that the peak was
rgenerated from as many as six binding sites (five of
lthem being in ORFs with an enrichment factor >9).
a
t

The 14 bp Sequence Motif Is Sufficient (
for RacA Binding In Vivo b

DAs a test of the functional significance of the 14 bp
sconsensus sequence, we performed ChIP experiments
Pin which we translocated a small segment of the chro-
M

mosome containing the putative recognition sequence l
for RacA to a site at which preferential binding by RacA 1
is not normally observed. As a donor site we used ywjI, s

Pa region at which RacA binds with high preference (hav-
Ting an enrichment factor of 20.7, Table S1) and that
ncontained three putative binding sequences, two of
m

which were closely spaced (being separated by 25 bp) s
and had high motif scores (Table S2). The ywjI gene, s
which is located at position −409.5 kb on the chromo- a

nsome, encodes a protein of unknown function and is
Inot essential for growth or sporulation (data not shown),
omaking it possible to delete the gene in experiments to

follow without adverse consequences. To confirm the
results that had been obtained by the ChIP-on-chip r

Ranalysis, we performed a ChIP experiment with wild-
type cells undergoing sporulation in which ywjI DNA y

was amplified quantitatively by radioactive PCR. The
esults showed that immunoprecipitation with anti-
acA antibodies had caused a 10-fold enrichment of
wjI (Figure 3B, lanes 1 and 2). As a control and as
igure 3. DNA Containing the 14 bp Sequence Motif Is Sufficient to
romote RacA Binding In Vivo

A) A schematic representation of the relative chromosomal loca-
ions of the sites tested by ChIP analysis. Dashed arrow indicates
translocation of a segment of ywjI into ctpA. The box (upper left)

epresents the two consensus sequences for RacA binding that are
ocated in ywjI region (L, left; R, right). Below, segments (14, 53,
nd 105 bp) that were used for the translocation experiments (see
ext for more details).
B–E) Electropherograms of the products of representative radiola-
eled PCR products. PCR amplifications from “total chromosomal
NA” and from DNA precipitated with anti-RacA antibodies (IP) are
hown. Samples were prepared from sporulating cells of strains:
Y79 (wt; lanes 1 and 2), MF1949 (L + R, 105 bp; lanes 3 and 4),
F1950 (control, 105 bp; lanes 5 and 6), MF2019 (L + R, 53 bp;

anes 7 and 8), MF2017 (L, 14 bp; lanes 9 and 10), and MF2018 (R,
4 bp; lanes 11 and 12). Insertion of the ywjI segment into the ctpA
ite is indicated as ctpAUywjI. DNA samples of each strain were
CR amplified from ywjI (B), ctpA (C), rocF (D), and dnaA (E) loci.
he dnaA gene was used as an internal amplification control for
ormalizing the variations between the different strains. PCR frag-
ents were resolved in a polyacrylamide gel and then band inten-

ities on the autoradiograms were quantitated by using NIH Image
oftware. To account for differences in loading or the variations in
mplification with different primer sets, enrichment factors were
ormalized as: (band intensity of test IP) / (band intensity of dnaA

P) and are indicated below each panel. The representative results
f three independent experiments are shown.
reported previously (Ben-Yehuda et al., 2003a), little
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signal was detected when the ChIP procedure was per-
formed with sporulating cells that were mutant for RacA
(data not shown). In contrast, amplification by radiola-
beled PCR of ctpA, which lacks a potential RacA bind-
ing site as judged by bioinformatics analysis, revealed
little or no enrichment with RacA antibodies (enrich-
ment factor of 0.4; Figure 3C, lanes 1 and 2), which is in
keeping with the findings of the ChIP-on-chip analysis
(enrichment factor of 0.6; Table S1). The ctpA gene,
which is located in the origin-distal region of the chro-
mosome (−2082 kb), is also dispensable both for growth
and sporulation and, hence, represented an ideal loca-
tion for insertion of the putative RacA binding se-
quences from ywjI. As controls, we performed radiola-
beled PCR with rocF (position −73 kb; representing a
positive control; Figure 3D, lanes 1 and 2), which we
knew from previous work was enriched by immuno-
precipitation with RacA antibodies, and dnaA (+0.2 kb;
representing a negative control; Figure 3E, lanes 1 and
2), which we knew was not enriched. The enrichment
values were in agreement with our previous findings
(Ben-Yehuda et al., 2003a), and we used rocF and dnaA
in all of our subsequent experiments as standards for
normalizing the results (as explained in the legend to
Figure 3).

Next, we deleted ywjI and inserted a 105 bp DNA
segment from ywjI (nucleotide positions 499–603 of its
coding sequence) that contained the two adjacent con-
sensus sequences into ctpA (Figure 3A). Strikingly, the
results show that the presence of the 105 bp insertion
was sufficient to increase the enrichment factor for
ctpA (11.8, Figure 3B, lanes 3 and 4) to a similar level
to what had been observed for ywjI at its normal posi-
tion (10.4, Figure 3B, lanes 1 and 2). The presence of
the 105 bp insert also caused an increase in the enrich-
ment factor (from 0.4 to 5.5) for sequences flanking the
insertion site in ctpA (Figure 3C, compare lanes 1 and
2 with lanes 3 and 4). Similar results to those obtained
with the 105 bp DNA were obtained when a “minimal”
53 bp segment of ywjI (nucleotide positions 525–577)
that simply contained the two 14 bp consensus se-
quences and the 25 bp spacer was inserted into ctpA
(Figures 3A and 3C, lanes 7 and 8). In contrast, insertion
of a 105 bp segment from a region of ywjI (nucleotide
positions 319–423) that lacked the putative consensus
sequences failed to cause a measurable increase in the
enrichment factor for ctpA (Figures 3B and 3C, lanes 5
and 6). Taken together, these results are consistent with
the idea that one or both of the 14 bp consensus se-
quences in ywjI are necessary and sufficient for prefer-
ential binding by RacA in vivo.

To investigate whether both consensus sequences
are required for binding, we constructed two additional
strains in which the ywjI consensus sequence on the
left (L, nucleotide positions 525–538) and on the right
(R, nucleotide positions 564–577 of ywjI) were sepa-
rately inserted at the ctpA locus (Figure 3A). Only a
small enrichment factor was detected for each of the
single consensus-containing constructs (Figures 3B
and 3C, lanes 9–12). Thus, neither 14 bp sequence
alone was sufficient for tight binding by RacA in vivo.

Purified RacA Interacts with the 14 bp
Consensus Sequence
To determine whether RacA recognizes the 14 bp motif

directly, we asked whether purified RacA would protect
the sequence from the action of DNase I in footprinting
experiments. Increasing concentrations of RacA were
allowed to bind to 32P-end-labeled DNAs containing at
least one putative binding site (Figures 4A–4D). The
end-labeled DNAs were treated with DNase I, and the
resulting fragments were subjected to electrophoresis.
Footprinting was initially performed by using the 105
bp DNA segment from ywjI, which contained sufficient
sequence information to promote selective binding by
RacA in vivo, as demonstrated by the chromosome
translocation experiment. The results of Figure 4A de-
monstrate that RacA protected both the L and the R
sites from DNase I digestion and that the regions of
protection corresponded closely to the two 14 bp se-
quences. Next, we asked whether RacA would bind to
the L or R sites alone. Figures 3B and 3C (lanes 9–12)
showed that neither site alone was sufficient for strong
binding by RacA in vivo, but we were able to detect
selective binding of RacA to DNAs containing one or
the other site in vitro when tested by footprint analysis.
Similar results were obtained with ywhG (Figure 4D) and
yycJ (data not shown), which exhibited a high enrich-
ment factor for RacA binding in vivo. Taken together,
these results reinforce the view that the 14 bp motif,
which we named ram for RacA binding motif, is the
recognition sequence for RacA, and RacA recognizes
this sequence directly.

RacA Causes DNA Condensation
RacA binds in a preferential manner to ram sites clus-
tered in the origin region of the chromosome and in a
nonspecific manner throughout the chromosome (Ben-
Yehuda et al., 2003a). We speculated that interactions
between RacA molecules bound to ram sites could pro-
mote the compaction of the centromere-like element
into a higher order complex and that interactions be-
tween RacA molecules bound nonspecifically through-
out the chromosome could be responsible for remodel-
ing the chromosomes into the elongated axial filament
(Ben-Yehuda et al., 2003a). To determine whether RacA
causes DNA compaction and, if so, whether this com-
paction involves RacA-RacA interactions, we investi-
gated how RacA acts on non-ram-containing DNA in
vitro. Our strategy was to measure the effect of RacA
on the degree of compaction of individual tethered DNA
molecules of phage λ (48.5 kb) as a function of force
applied to the DNA. Controlled forces were applied
using the “magnetic tweezer” technique in which a
magnetic field was used to apply force to a paramag-
netic particle attached to the free end of the DNA (Fig-
ure 5A) (Skoko et al., 2004). Phage λ (which is not native
to B. subtilis) lacks specific binding sites for RacA, and
hence our experiments involved nonspecific binding of
RacA to the DNA.

Figure 5A shows the result of a λ DNA compaction
experiment. First, extension of a λ DNA was measured
in protein-free buffer as a function of applied force (Fig-
ure 5A, open circles); a high force (10 pN) fully extended
the DNA to its total 16.5 �m contour length, whereas a
low force (0.1 pN) extended the DNA to about half of
its total length. Naked DNA displays a reversible force
response: at each force there is a certain known exten-

sion (Bustamante et al., 2000). After these measure-
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Figure 4. DNase I Footprint Analysis of DNA Regions Containing the Putative 14 bp Sequence Motif for RacA Binding

Each panel represents a set of footprint reactions performed on four end-labeled templates with purified RacA
(A) A 105 bp ywjI fragment containing two RacA consensus sites, labeled L (left) and R (right).
(B) A ywjI (Left) fragment containing only the 14 bp left consensus site.
(C) A ywjI (Right) fragment containing only the 14 bp right consensus site.
(D) A ywhG fragment containing a single RacA consensus site. At the bottom of each panel, the asterisk (*) denotes the [γ-32P]ATP end label.
The boxes represent the consensus RacA binding sequence, and its position represents its location relative to the end label. The right-angle
triangle at the top of each panel represents an increase in RacA protein concentration in the following order: 0.5, 1, 5, 10, and 50 nM, and
the dash (–) represents the lane where no RacA was incubated with the labeled template. The unfilled equilateral triangle at the bottom of (A)
and (B) represents the lowest concentration where RacA binding is detected to the left consensus site in each template. The filled-in equilat-
eral triangle in (A) and (C) represents the lowest concentration in which RacA binding is detected to the right consensus site of each template.
The number below each triangle represents the lowest concentration of RacA (nM) at which binding was detected.
ments, we increased the force to 10 pN, fully extending e
fthe molecule. Then, we introduced buffer containing 80

nM of RacA into the sample and made extension mea- d
Rsurements at a series of gradually lowered forces (Fig-

ure 5A, solid circles, a to b). At the initial high force (10 a
(pN), the length of the DNA was unchanged: RacA was

unable to compact the DNA against this force. How-
aever, when force was reduced to about 6 pN, we ob-

served that the molecule began to be compacted. As (
fforce was reduced further, progressively more compac-

tion occurred. Finally, when force was reduced to 0.6 a
mpN, the length of the molecule had been reduced to

about 4.5 �m, about one-third of the full extension for s
anaked DNA in buffer at that force. Thus, RacA by itself

is able to condense a single, nonspecific DNA against o
eforces of up to 6 ± 1 pN (error was obtained from three

experiments; see Figure S1). The condensation data in f
bFigure 5A were stable extensions obtained at each pro-

gressively lower force. The degree of compaction of the
cRacA-DNA complex relative to bare DNA varied with

force; at 0.6 pN the RacA-DNA complex was reduced n
bto only about one-third the length of bare DNA.

Next, we began to increase force in an attempt to s
copen the compacted structure (Figure 5A, solid circles,

b to c). Strikingly, even 10 pN forces were unable to d
lrestore the DNA to near its full 16.5 �m length, indicat-

ing that RacA forms a highly stable, folded complex a
aeven with nonspecific DNA. When we allowed RacA to
act at low force (w0.1 pN), the DNA was folded into an
ven more highly condensed structure that required a
orce of 25 pN to open (data not shown). The con-
ensed structure is likely held together by strong RacA-
acA interactions, as inferred from its extreme stability
gainst force and even exposure to protein-free buffer

data not shown).
We also performed time course experiments in which
RacA-DNA complex was allowed to form at 4.5 pN

Figure 5B) and then was opened by increasing the
orce to 7 pN (Figure 5C). During folding (Figure 5B),

rather smooth contraction occurred with occasional
ore rapid runs of compaction of up to 200 nm. When

ubsequently opened, a pattern of interspersed slow
nd rapid decompaction was observed (Figure 5C). The
verall smooth compaction and decompaction in our
xperiments at high forces indicate that DNA is being
olded tightly into a condensed complex, rather than
eing loosely looped or crosslinked.
The capacity for RacA to compact λ DNA was highly

oncentration dependent. In experiments that used 40
M of RacA, only mild compaction occurred for forces
elow 1 pN; for 20 nM RacA, no compaction was ob-
erved (see Figure S2). We caution that although these
oncentrations are far below the RacA concentration
uring sporulation (w3000 molecules per cell, equiva-

ent to w3 �M), the RacA to DNA ratio in vivo is only
bout one molecule per 3 kb, whereas in single DNA
ssay experiments of this type, the protein is in vast
excess.
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Figure 5. Single DNA Study of RacA Nonsequence-Specific Interac-
tions

(A) DNA end-to-end extension as a function of force. Open circles
show measurements for naked DNA in buffer (containing 40 mM
NaCl) before addition of RacA protein. Filled circles show DNA ex-
tension after RacA is introduced into the flow cell; initially force is
at 10 pN (a) and then is gradually reduced (arrows leading to b).
Below 6 pN the DNA becomes compacted relative to the naked
DNA. When force is increased again (b to c), the DNA remains com-
pacted by RacA.
(B) Extension as a function of time during folding of DNA by RacA
against a force of 4.5 pN. The molecule is progressively folded at
an overall smooth rate, with occasional jumps down of roughly 100
nm visible.
(C) Extension as a function of time during the subsequent opening
of the RacA-DNA complex when using a force of 7 pN. Unfolding
takes place more irregularly than folding via a series of jump events
distributed over a wide range of lengths from 100–500 nm.
Discussion

The structure of chromosomes in bacteria and eukary-
otic cells is dynamic. Chromosomes undergo rapid

changes in condensation and architecture during the
cell cycle and at various stages of development (Haer-
ing and Nasmyth, 2003; Sherratt, 2003). Chromosome
segregation upon entry into sporulation in B. subtilis
involves a specialized system for remodeling and
anchoring the chromosomes to the cell poles and
therefore provides a unique opportunity to study chro-
mosome organization in a bacterium. Here, we investi-
gated the mechanism by which RacA acts to remodel
chromosomes and to anchor them to the cell poles. We
identified 25 regions of preferential binding by RacA
that define a centromere-like element that extends for
612 kb across the origin-proximal portion of the chro-
mosome, representing 15% of the genome. Interest-
ingly, racA is located at the left border of the centro-
mere-like element. Complementary lines of evidence
identified a GC-rich, inverted repeat sequence motif of
14 bp, ram, as the recognition sequence for RacA.
RacA contains a putative helix-turn-helix in its N-ter-
minal region that is required for DNA binding (Ben-
Yehuda et al., 2003a), and it seems likely that this do-
main is responsible for interacting with ram. Evidence
from experiments in which we monitored the effects of
RacA on single DNA molecules revealed that RacA
causes DNA to compact dramatically and does so
through strong RacA-RacA interactions. The RacA
amino acid sequence exhibits two putative coiled-coil
structures in its C-terminal region, and it is possible
that these domains are responsible for the ability of
RacA molecules to interact with each other.

We speculate that RacA molecules bound at the cen-
tromere-like element interact with each other to form a
single, highly condensed, higher order structure. The
formation of this structure could create an adhesive
patch that sticks to DivIVA molecules located at the cell
pole (Marston et al., 1998; Thomaides et al., 2001). The
ability of RacA also to remodel the sister chromosomes
of the sporangium into a single elongated filament is
most likely mediated by nonspecific RacA-DNA interac-
tions throughout the chromosome. Again, and based
on the striking ability of RacA to cause DNA compac-
tion, we propose that the formation of the axial filament
is driven in part by the ability of RacA to condense
DNA. Differences in the local concentration of RacA be-
tween the centromere-like element and the rest of the
chromosome may affect the level of DNA compaction.
That is, clustering of preferential binding sites for RacA
may cause a particularly high degree of compaction in
the origin-proximal portion of the chromosome whereas
nonspecific interactions of RacA may cause a more
modest level of compaction in the remainder of the
chromosome.

Wu and Errington (2002) constructed chromosome
inversions that led them to identify a portion of the
chromosome referred to as the polar localization region
(PLR) that is responsible for the polar positioning of the
chromosome during sporulation. The PLR is located
upstream and to the left of the origin, extending ap-
proximately from position −300 kb to position −150 kb
(Wu and Errington, 2002). For comparison, the centro-
mere-like element identified here extends from position
−412 kb to position +200 kb, straddling (but with a bias
to the left of) the origin. Thus, PLR is entirely contained
within the centromere-like element. We therefore be-
lieve that the PLR represents part of the centromeric

region that is recognized by RacA. Perhaps the 150 kb



Molecular Cell
780
region defined by the chromosomal inversion analysis e
represents a minimal portion of the centromere-like ele- c
ment that is required for efficient chromosomal an- (
choring. t

The centromeric element revealed in this study re- a
sembles the centromeres of many eukaryotic cells in o
its large size and diffuse structure. However, eukaryotic t
centromeres often contain highly repetitive sequences c
and are highly methylated, inactive heterochromatic re- i
gions, which are typically silent for transcription and c
recombination (Eichler and Sankoff, 2003). In contrast, d
the B. subtilis centromere is unlikely to be silent. It con- a
tains early sporulation genes that are activated concur- R
rently with the induction of racA, some of which are d
found at peak regions for RacA binding. Moreover, all t
of the ram sites were located inside protein-coding se- i
quences. We therefore believe that RacA condenses m
the origin region into a highly compact structure, but it d
evidently does so without blocking gene expression. o

Other than ram, few cis-acting elements that play a D
role in chromosome segregation are known in bacteria. c
Kadoya et al. (2002) reported two elements in the origin h
region of B. subtilis that are involved in chromosome f
segregation, and Yamaichi and Niki (2004) have de- 2
scribed a 25 bp cis-acting site in E. coli called migS c
that affects bipolar positioning of the origin region. Un- l
like ram, migS is present only once in the E. coli chro- c
mosome, and its function in chromosome segregation
is unknown. b

Reminiscent of RacA is Spo0J, a B. subtilis protein t
that binds to multiple sites in the origin portion of the S
chromosome. Spo0J belongs to the ParB family of par- c
titioning proteins, which are involved in both plasmid f
and chromosome segregation (Gerdes et al., 2004). l
Spo0J binds to eight 16 bp, inverted repeat sequences t
(known as parS), which are located in the origin-proxi- a
mal portion of the chromosome where they are distrib-
uted over a distance of 800 kb (Lin and Grossman,

E1998). Lin and Grossman (1998) proposed that Spo0J
causes this 800 kb stretch of DNA to fold into a higher S
order complex. Mutants of Spo0J have a mild chromo- B
some segregation defect (Sharpe and Errington, 1996), a

tand it is possible that formation of this complex facili-
tates the separation of newly duplicated origin regions.
Nevertheless, no evidence exists to suggest that Spo0J G
anchors the origin region to a cellular structure involved S

din chromosome segregation. Hence, it is unlikely that
lparS sites function as a centromere-like element. Wu
aand Errington (2003) have suggested that Spo0J and
mits ParA-like partners Soj and RacA have partially re-
C

dundant functions in capturing the origin region in the a
forespore compartment, as a triple soj spo0J racA mu-
tant exhibited a higher level of chromosome misorien-

C
tation than the racA mutant alone. However, unlike C
RacA, the absence of Soj-Spo0J is known not to affect p
chromosome anchoring to the cell poles (Wu and Err- f
ington, 2002). We therefore believe that the synthetic r

(phenotype observed in the triple mutant is an indirect
sconsequence of the effects of the absence of Soj-
BSpo0J on cell length and chromosome copy number
t

(Webb et al., 1997; Lee et al., 2003) rather than a direct b
effect on capturing the origin region. l

The capacity of RacA to compact DNA can be com- t
Spared to that of condensins, which are bacterial and
ukaryotic protein complexes that cause chromosome
ondensation. Condensins typically consist of two SMC
structural maintenance of chromosomes) subunits and
wo or three non-SMC proteins (Hirano, 2002; Haering
nd Nasmyth, 2003). SMC polypeptide chains fold back
n themselves to form an ATP binding globular domain
hat has a tail consisting of an extended, antiparallel
oiled coil. Deletion of the smc gene or its counterparts

n bacteria causes temperature-sensitive growth, nu-
leoid decondensation, and chromosomal partitioning
efects (Niki et al., 1991; Britton et al., 1998; Moriya et
l., 1998; Jensen and Shapiro, 1999). Interestingly,
acA resembles SMC in having a putative coil-coiled
omain (with the potential of forming two such struc-
ures), but RacA contains a putative helix-turn-helix at
ts N terminus in place of the ATP binding, globular do-

ain of SMC proteins. Thus RacA-mediated DNA con-
ensation does not consume energy. Instead, it relies
n strong protein-protein interactions to bring about
NA compaction. The high stability of the RacA-DNA
omplex is quite distinct among bacterial proteins that
ave been studied micromechanically: the complexes
ormed by the DNA-bending proteins IHF (Ali et al.,
001) and HU (van Noort et al., 2004; Skoko et al., 2004)
an be extended to nearly the full original DNA contour

ength by force in a few seconds, unlike RacA-DNA
omplexes.
In summary, RacA resembles the ParB family mem-

er Spo0J in that it binds to multiple sites clustered in
he origin region of the chromosome, and it resembles
MC in its structure and in its capacity to cause DNA
ompaction. Unlike Spo0J and SMC, however, RacA
unctions as a kinetichore in that it interacts with a
arge, defined, centromeric-like DNA element to anchor
he chromosome to a conspicuous cellular structure
nd thereby ensures proper chromosome segregation.

xperimental Procedures

trains and Plasmids
. subtilis strains were derivatives of PY79 (Youngman et al., 1984)
nd are listed in Table S3. Plasmid constructions are described in
he Supplemental Data.

eneral Methods
porulation was induced by transferring cells growing in hy-
rolyzed casein (CH) medium to the resuspension medium of Ster-

ini and Mandelstam (1969; Harwood and Cutting, 1990). Growth
nd sporulation were carried out at 30°C. Time of sporulation was
easured from the time of suspension in sporulation medium.
ompetent cells were prepared as described previously (Dubnau
nd Davidoff-Abelson, 1971; Sambrook et al., 1989).

hIP and ChIP-on-Chip Experiments
hIP experiments and quantitative radioactive PCR analyses were
erformed as described previously (Ben-Yehuda et al., 2003a). Dif-

erential fluorescent labeling, hybridization to microarrays, and ar-
ay scanning (ChIP-on-chip) were done as described elsewhere
Britton et al., 2002; Molle et al., 2003). The arrays used for this
tudy were spotted with 4074 PCR products corresponding to
. subtilis ORFs as well as with four E. coli genes as negative con-

rols (Britton et al., 2002). The hybridization results were scanned
y using a GenePix 4000B scanner (Axon Instruments) and ana-

yzed with Genepix 3.0 software (Axon Instruments). For details on
he bioinformatics analyses of RacA ChIP-on-chip data see the
upplemental Data.
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DNase I Footprinting
All DNA fragments used for footprinting were generated by PCR
amplification in which one of the two paired oligonucleotide prim-
ers (100 pmol) was end labeled with 80 �Ci of [γ-32P]ATP (NEG002A,
New England Nuclear) by T4 Polynucleotide Kinase (New England
Biolabs) (for details see the Supplemental Data). The PCR product
was run out on a 1% agarose gel and gel purified (QIAquick Gel
Extraction Kit, Qiagen Inc.). A portion of the gel-purified product
was subjected to scintillation counting, and a normalized volume
of end-labeled DNA (to 30,000 cpm) was used per footprinting re-
action. Purified RacA-his6 (see the Supplemental Data) was added
to the end-labeled DNA at the described concentrations in Foot-
printing Buffer (20 mM Tris-HCl [pH 8.0], 5 mM MgCl2, 5 mM CaCl2,
0.1 mM DTT, 0.1 mM EDTA, 50 �g/ml BSA) and allowed to bind at
RT for 10 min. 2 �l of DNaseI (1:50 dilution of 1 U/�l; Invitrogen Life
Sciences) was added to the reaction mixture for 30 s, and the reac-
tion was stopped by the addition of 25 �l STOP solution (1.5 M
sodium acetate [pH 5.3], 20 mM EDTA, 400 �g/ml glycogen). The
DNA was precipitated in ice-cold ethanol, washed in 70% Ethanol,
and resuspended in Formamide DNA loading buffer. The resus-
pended DNA was boiled, run on an 8% sequencing gel (SequaGel
Sequencing System, National Diagnostics Inc.), and exposed to
phosphorimaging (VersaDoc) and/or autoradiography. Primer pairs
used for this study are listed in Table S3.

Single DNA Protein Binding Assay
Labeled λ DNA molecules (Promega, Madison, WI) were prepared
by ligation of biotin- and digoxygenin-labeled oligomers (Proligo,
San Diego, CA) onto the cos ends (Smith et al., 1992; Skoko et al.,
2004). Cover glasses were prepared for DNA binding first by oxy-
gen plasma cleaning, binding of aminosilane (Sigma), then glutaral-
dehyde (Sigma), and finally antidigoxigenin (Roche) as previously
described (Skoko et al. 2004). This prepared glass was used as one
surface of a flow cell for experiments.

Labeled DNAs were incubated with streptavidin-labeled, 2.8 �m
paramagnetic particles (Dynal), injected into the flow cell, and al-
lowed to settle onto the antidig-labeled surface. After a 5 min incu-
bation, the flow cell was inverted and placed onto a custom-built
microscope, which was set up to allow observation of the beads
near the treated surface and to position permanent magnets so as
to adjust forces applied to the beads. Details of this setup and
force calibration procedures are discussed in Skoko et al. (2004)
and follow the methods of Strick et al. (1998). All experiments used
buffer containing 20 mM HEPES and 40 mM NaCl, adjusted to
pH 7.5.

Supplemental Data
Supplemental Data including two figures, four tables, and Supple-
mental Experimental Procedures are available online with this arti-
cle at http://www.molecule.org/cgi/content/full/17/6/773/DC1/.
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