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The FtsK/SpollIE family of DNA transporters are responsible for translocating missegregated chromosomes
after the completion of cell division. An extreme example of this post-cytokinetic DNA segregation occurs
during spore formation in the bacterium Bacillus subtilis, where SpoIllE pumps three-quarters of the
chromosome (>3 megabases) into one of the two daughter cells. Here, we investigate the fate of the proteins
associated with the translocated DNA. Taking advantage of several unique features of Bacillus sporulation,
we demonstrate that RNA polymerase, transcription factors, and chromosome remodeling proteins are
stripped off the DNA during translocation of the chromosome into the forespore compartment. Furthermore,
we show that in vitro the soluble ATPase domain of SpolIIE can displace RNA polymerase bound to DNA,
suggesting that SpolIIE alone is capable of this wire-stripping activity. Our data suggest that the bulk of
the forespore chromosome is translocated naked into the forespore compartment. We propose that the
translocation-stripping activity of SpoIIIE plays a key role in reprogramming developmental gene expression

in the forespore.

[Keywords: Chromosome segregation; chromosome translocation; sporulation; FtsK; AAA+ ATPase]

Supplemental material is available at http://www.genesdev.org.

Received April 11, 2008; revised version accepted May 9, 2008.

Faithful chromosome segregation is a critical event in
the cell division cycle of all organisms. In bacteria, the
replicated chromosomes are not always completely seg-
regated prior to cytokinesis. In these situations, an
ATPase of the FtsK/SpolllE family is required to trans-
locate the unsegregated DNA into one of the two daugh-
ter cells (Errington et al. 2001). These DNA transporters
are polytopic membrane proteins with cytoplasmic
ATPase domains. In single molecule experiments, the
soluble ATPase domains (the motor domain) of these
proteins can translocate along double-stranded DNA at a
rate of ~4-7 kbp/sec (Saleh et al. 2004; Pease et al. 2005;
Ptacin et al. 2008). The crystal structure of the cytoplas-
mic motor domain of FtsK indicates that it assembles
into hexameric rings that are large enough to accommo-
date dsDNA (Massey et al. 2006). Visualization of the
soluble FtsK motor domain bound to DNA by electron mi-
croscopy supports the idea that dsDNA passes through
the central pore (Aussel et al. 2002; Massey et al. 2006).

Spore formation in Bacillus subtilis provides an ideal
system in which to investigate how this family of trans-
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porters functions in vivo. In B. subtilis, the DNA trans-
locase SpollIE is involved in transporting missegregated
DNA during vegetative growth (Sharpe and Errington
1995; Britton and Grossman 1999) and plays an essential
role in chromosome segregation during the process of
sporulation (Wu and Errington 1994). In response to nu-
trient starvation, B. subtilis enters a developmental
pathway that culminates in the formation of a stress-
resistant cell type known as a spore (Stragier and Losick
1996; Errington 2003; Hilbert and Piggot 2004). Upon
entry into sporulation, an asymmetrically positioned
septum divides the developing cell into a large cell (the
mother cell) and a small cell (the prospective spore or
forespore) (Fig. 1A). Initially, the two cells lie side by
side, but shortly after polar division the mother cell
membranes migrate around the forespore generating a
cell within a cell. At this stage, the mother nurtures the
forespore, packaging it in a protective protein coat while
the forespore prepares for dormancy. Once the spore is
fully mature, it is released into the environment through
lysis of the mother cell. Throughout this process, the
forespore and mother cell follow different developmental
programs of gene expression that are governed by a cas-
cade of transcription factors that are activated in a tem-
porally and spatially restricted fashion.
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Figure 1. Two models for the fate of DNA-binding proteins
during chromosome translocation. (A) In the first model DNA-
associated proteins (colored circles) are stripped off the forespore
chromosome during DNA transport. In the second model these
proteins are translocated into the forespore along with the
DNA. The SpollIE translocase (pink rectangle) is shown. The
origins of replication are located near the cell poles and the
termini are close to midcell. (B) RNA polymerase colocalizes
with the chromosome (nucleoid) inside the cell. Fluorescent
micrographs of vegetatively growing B. subtilis cells harboring
a functional B’-GFP fusion (strain BDR1499). 3'-GFP colocalizes
with the DAPI-stained nucleoid. For comparison, a strain
(BDR1778) producing free GFP localizes as a diffuse haze
throughout the cytoplasm. A similar nucleoid-associated local-
ization was observed for Hbsu-GFP (data not shown). Higher
resolution versions of the figures are available in Supplemental
Material.

Upon the initiation of sporulation, the replicated chro-
mosomes are remodeled into an elongated structure that
extends from one cell pole to the other. This serpentine
structure is called the axial filament (Ryter et al. 1966;
Ben-Yehuda et al. 2003b). The origin regions are located
at the extreme cell poles of the axial filament while the
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termini reside at midcell (Lin et al. 1997; Webb et al.
1997; Wu and Errington 1998). As a result of axial fila-
ment formation, the asymmetric division plane traps ap-
proximately one quarter of the forespore chromosome
(the origin-proximal region) in the small forespore com-
partment (Wu and Errington 1998; N. Sullivan and D.Z.
Rudner, unpubl.). After the completion of cytokinesis,
SpollIE assembles on the DNA trapped in the septum
(Sharp and Pogliano 1999; Ben-Yehuda et al. 2003a) and
is responsible for pumping the remaining three quarters
of the chromosome (>3 megabases) from the mother cell
into the forespore (Wu and Errington 1994). Thus, in this
unusual cell cycle cytokinesis precedes DNA segrega-
tion.

An outstanding question related to the FtsK/SpolllE
family of transporters is what happens to the proteins
associated with the DNA during chromosome transloca-
tion (Fig. 1A). Are these proteins transported along with
the DNA across the division septum? Or are they
stripped off during translocation? In the case of sporula-
tion, either answer could have profound implications for
developmental gene expression. Since DNA-binding pro-
teins are predominantly associated with the chromo-
some and not free in the cytoplasm (Fig. 1B), if these
proteins are translocated along with the DNA, their con-
centration in the small forespore compartment could in-
crease significantly. Conversely, if these proteins are
stripped off the DNA during translocation, this could
help direct developmental gene expression by resetting
epigenetic nucleoprotein structures and/or by excluding
vegetative transcription factors from the developing
spore.

No study has addressed what happens to proteins as-
sociated with the chromosome during DNA transport
across the division septum. The pore size of the FtsK
hexameric ring in the crystal structure is ~30 A. Double-
stranded DNA could easily be threaded through this an-
nulus, but proteins associated with the DNA might not
be accommodated. In vitro experiments with the cyto-
plasmic motor domains of FtsK and SpollIE indicate that
these enzymes can displace ssDNA when it encounters a
DNA triplex (Bigot et al. 2005; Levy et al. 2005; Ptacin et
al. 2008), suggesting that DNA-binding proteins might
also be stripped off. However, some DNA-binding pro-
teins have very high affinity for their cognate binding
sites. In fact, in some instances these interactions are
sufficient to impede the movement of a translocating
complex as strong as the replisome (Possoz et al. 2006).
The biophysical data presently available for either FtsK
or SpolllE do not allow us to estimate whether these
enzymes could displace proteins tightly bound to DNA.
On the other hand, studies of several other AAA+
ATPases have revealed surprisingly elastic substrate ac-
commodation. Hexamer to heptamer transitions result-
ing in larger pore sizes have been described for bacterio-
phage T7 primase (Crampton et al. 2006). Moreover, re-
cent experiments analyzing protein translocation into
the AAA+ CIpXP proteosome revealed that this caged
protease with an annular entry port can translocate and
degrade branched substrates (Bolon et al. 2004). Thus,
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the channels of these translocation machines might be
more flexible than their crystal structures suggest.

Taking advantage of unique features of B. subtilis
sporulation, we analyzed the fate of proteins associated
with the DNA during chromosome translocation in
vivo. We demonstrate that RNA polymerase, chromo-
some remodeling proteins, and transcription factors are
stripped off the chromosome during DNA transport. In
particular, we show that fluorescent repressor proteins
(TetR-GFP) bound to an array of operators (tetO) are ef-
ficiently removed from the forespore chromosome dur-
ing translocation. By contrast, TetR-GFP bound to a tetO
array is sufficient to block progression of the replisome
during chromosome replication. These results are con-
sistent with the observation that the FtsK/SpollIE trans-
locase is a more powerful motor than the replisome. In
vitro experiments using the soluble motor domain of
SpollIE indicate that SpollIE can displace RNA polymer-
ase from transcription initiation complexes and stalled
elongation complexes. Finally, we present evidence that
the “wire-stripping” activity of SpolllE plays a role in
reprogramming developmental gene expression in the
forespore during sporulation.

Results

Proteins are stripped off the chromosome
during translocation in a disporic mutant

To investigate the fate of DNA-binding proteins during
chromosome translocation, we took advantage of a
sporulation mutant that forms septa at both poles of the
cell. These abortively disporic cells generate two fore-
spores separated by a mother cell compartment (Fig. 2A;
Stragier and Losick 1996). SpollIE assembles at both po-
lar septa, and the replicated chromosomes are pumped
into the two forespores, leaving the mother cell devoid of
DNA (Wu and Errington 1994). Since DNA-binding pro-
teins are predominantly associated with the chromo-
some (Figs. 1B, 2B), if these proteins are translocated
along with the DNA, the mother cell should be depleted
of DNA-binding proteins. On the other hand, if proteins
associated with the DNA are stripped off, then the pro-
teins initially bound to the chromosome in the mother
cell should be released into the mother cell cytoplasm
during DNA transport.

For these experiments we used a functional fusion of
the B’ subunit of RNA polymerase to GFP (rpoC-gfp). As
we observed for vegetative cells (Fig. 1B), RNA polymer-
ase specifically colocalized with the replicated chromo-
somes during sporulation in wild-type cells (Fig. 2B). In
the disporic mutant, when DNA translocation was not
yet complete, RNA polymerase colocalized with the
DNA in both the mother cell and forespore compart-
ments (Fig. 2B, yellow caret). However, in those cells in
which chromosome translocation was complete, as
judged by loss of DAPI signal (Fig. 2B, white carets), RNA
polymerase was observed as a diffuse haze in the mother
cell. Comparison of total B’-GFP fluorescence intensity
in the mother cell before and after DNA translocation
indicates that 85%-90% of the RNA polymerase ini-
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Figure 2. RNA polymerase is stripped off the DNA during
chromosome translocation. (A) Schematic diagram of the ex-
periment in B with the two possible outcomes. An abortively
disporic mutant is shown with RNA polymerase (green balls)
associated with the replicated chromosomes. If RNA polymer-
ase is stripped off the DNA, the fluorescent fusion protein will
be present as a diffuse haze in the mother cell cytoplasm. If
RNA polymersase is translocated along with the DNA, the
mother cell will be devoid of fluorescent signal. The SpolllE
translocase (pink square) is shown. (B) B’-GFP is stripped off the
chromosome during translocation into the forespore. Fluores-
cent micrographs of sporulating B. subtilis cells harboring a
functional B’-GFP fusion. The top panels show the colocaliza-
tion of B’-GFP with the nucleoid in wild-type sporulating cells
(strain BDR1499). The bottom panels show B'-GFP in a disporic
mutant (strain BDR1522). An abortively disporic sporangium
that has not yet completed transport of the chromosomes into
the forespore compartments is shown (yellow caret). In this cell
B'-GFP colocalizes with the DNA that is still present in the
mother cell compartment. Two abortively disporic sporangia
that have finished DNA translocation are indicated (white car-
ets). In these cells there is no DAPI signal in the mother cell and
B'-GFP is visible as a diffuse haze in this compartment. The
signal appears weaker because the protein is no longer concen-
trated on the DNA. Quantitation of fluorescent intensity re-
vealed that 85%-90% of the mother cell signal remains after
DNA transport. Similar results were obtained with Hbsu-GFP
and RacA-GFP (data not shown). Bar, 1 um.

tially present in the mother cell was retained in the
mother cell compartment. Since proteins are unable to
diffuse between the two compartments (Wu and Erring-
ton 1997), we interpret these results to indicate that
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RNA polymerase was stripped off the chromosomes dur-
ing transport. The gene fusion was inserted at its endog-
enous locus (11° relative to the origin of replication), and
this region is trapped in the forespore compartment at
the time of polar septation. Thus, new transcription of
rpoC-gfp could only occur in the forespores during DNA
translocation. In fact, the signal in the forespores ap-
peared brighter at late time points (data not shown). We
also investigated the fate of two additional DNA-binding
proteins during chromosome translocation: the develop-
mentally regulated chromosome remodeling protein
RacA (RacA-GFP) (Ben-Yehuda et al. 2003b) and the
small histone-like protein Hbs (Hbs-GFP) (Kohler and
Marahiel 1997). In both cases a diffuse fluorescent signal
similar to B’-GFP was observed in the mother cell com-
partment when DNA transport was complete (data not
shown). Altogether, these data are consistent with the
idea that DNA-binding proteins are stripped off the DNA
during chromosome translocation.

TetR-GFP is stripped off tetO arrays
during translocation

In the experiments described above, we visualized DNA-
binding proteins bound specifically and nonspecifically
throughout the genome. To investigate the fate of a tran-
scription factor bound site specifically, we used the TetR
repressor protein fused to GFP (TetR-GFP) and an array
of tet operators (tetO) (Michaelis et al. 1997). This re-
pressor-operator system has been used extensively to vi-
sualize the subcellular location of specific regions of the
chromosome in bacteria and eukaryotic cells (Michaelis
etal. 1997; Webb et al. 1997; Viollier et al. 2004; Wang et
al. 2005). When the tetO array was placed near the origin
of replication and the TetR-GFP fusion was synthesized
prior to polar division, two foci (one for each chromo-
some) could be easily visualized (Supplemental Fig. S1B).
As was found previously (Webb et al. 1997), one of the
foci was present in the mother cell and the other in the
forespore (Supplemental Fig. S1B).

To investigate the fate of TetR-GFP bound to the tetO
array during chromosome translocation, we placed the
tetR-gfp fusion under the control of a mother cell-spe-
cific promoter (P,,;;5) such that the fluorescent repres-
sor protein would be synthesized exclusively in the
mother cell compartment (Fig. 3A). In addition, the tetO
array was inserted at a site (130°) that is present in the
mother cell at the time of polar septation and must be
translocated into the forespore (Fig. 3A). Accordingly, at
early time points after asymmetric division, two foci
(one for each chromosome) should be present in the
mother cell compartment. We could then assess the fate
of the TetR-GFP focus associated with the forespore
chromosome at late time points once DNA translocation
was complete (Fig. 3A). Unfortunately, using this experi-
mental setup we could only detect one fluorescent focus
in the mother cell (and none in the forespore) at early
time points (data not shown). Whereas the SpollIE ini-
tiates DNA transport immediately after division is com-
plete, the first mother cell-specific transcription factor

SpollIE strips proteins off DNA
(oF) is activated only after a short delay (Zhang et al.
1996; Zupancic et al. 2001). Thus, we suspect that the
terminus region of the chromosome (including the tetO
array) is transported into the forespore before TetR-GFP
accumulates (or folds or matures) to significant levels.
To circumvent this problem, we took advantage of a
newly discovered SpolllE mutant (SpollIEP*34#) whose
rate of DNA transport is reduced by 2.5-fold (Burton et
al. 2007). Using this mutant background, we could detect
two TetR-GFP foci in the mother cell in most (79%,
n = 297) of the sporulating cells at early time points (Fig.
3B). Consistent with the idea that TetR-GFP is stripped
off the DNA, at late time points, when chromosome trans-
port was complete, we could detect a single bright focus
in the mother cell and no focus in the forespore in vir-
tually all (98%, n = 324) of the cells (Fig. 3B). Similar
results were obtained when tetO arrays were placed at
100° or near the terminus at 162° (data not shown). As re-
ported previously, arrays close to the terminus are not
easily resolved prior to translocation (Bogush et al. 2007).
However, moments before translocation of the 162° re-
gion, we could detect two foci in the mother cell com-
partment of some cells (Supplemental Fig. S2). Impor-
tantly, we never observed foci in the forespores. Alto-
gether, these results indicate that DNA-binding proteins
are stripped off the DNA during chromosome translocation.

Similar results were obtained in a strain containing
wild-type SpolllE. In this strain TetR-GFP was synthe-
sized at the onset of sporulation in the predivisional cell
(using the P,,,;;; promoter), and upon polar septation its
synthesis was shut down in the forespore but persisted in
the mother cell compartment (Supplemental Fig. S1A;
Fujita and Losick 2003). In this background, when the
tetO array was present at -91°, two bright foci could be
seen in the mother cell upon polar division (Supplemen-
tal Fig. S1B). Once translocation was complete, a bright
focus was visible in the mother cell and a faint focus
could be detected in the forespore. We interpret these
results to mean that the mother cell TetR-GFP was
stripped off during DNA translocation and the low levels
of TetR-GFP present in the forespore bound these sites
upon their arrival in the forespore compartment. Consis-
tent with this idea, when the tetO array was placed near
the origin (~7°), such that at the time of polar division
the array was already present in the forespore compart-
ment, the mother cell and forespore foci remained at
equal intensity after DNA translocation (Supplemental
Fig. S1B).

Repressors bound to arrays of operators have been
found to block the progression of the replisome in Esch-
erichia coli (Possoz et al. 2006). We observed a similar
replication roadblock in B. subtilis (Supplemental Fig.
S4). In the experiments described above TetR-GFP was
synthesized after completion of DNA replication but
prior to DNA transport. We wondered whether TetR-
GFP bound to the tetO array might impede or slow down
DNA translocation and therefore cause a sporulation de-
fect. To test this, we analyzed sporulation efficiency in
the strains described above. In support of the idea that
SpollIE efficiently strips these proteins off the DNA, in
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all strains tested the sporulation efficiency was similar
to wild type (Supplemental Table S1). These results are
consistent with reports that FtsK/SpolllE translocases
are stronger motors than the replisome (Wuite et al.
2000; Pease et al. 2005) and altogether these experiments
support the view that the forespore chromosome arrives
naked in the developing spore.

A
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stripped

overexposed
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The ATPase domain of SpolllE can displace RNA
polymerase bound to DNA in vitro

To investigate whether SpollIE is responsible for clearing
proteins from the DNA during translocation, we ana-
lyzed the ability of SpollIE to displace RNA polymerase
bound to DNA in vitro. For these experiments we used
the soluble motor domain of SpolllE, which has been
shown to translocate along DNA in vitro (Bath et al.
2000; Ptacin et al. 2008). E. coli RNA polymerase con-
taining o’® was assembled on a fluorescently labeled
DNA substrate containing the Ap promoter. Complexes
were formed in the absence of ribonucleotides to gener-
ate an initiation complex or in the presence of three of
the four ribonucleotides to create a stalled elongation
complex (see the Materials and Methods). Both com-
plexes were stable in a gel mobility shift assay (Fig. 4;
Supplemental Fig. S3). When these complexes were in-
cubated with either the motor domain of SpollIE or high
concentrations of ATP, RNA polymerase remained sta-
bly associated with the DNA (Fig. 4A; Supplemental Fig.
S3). However, when both SpolllE and ATP were present,
RNA polymerase was displaced from the DNA substrate
(Fig. 4A; Supplemental Fig. S3). To confirm that the dis-
placed complex was a stalled elongation complex, we
followed the fate of the RNA transcript by generating
stalled complexes as described above but in the presence
of o®?P-GTP (see the Materials and Methods). This ter-
nary complex composed of RNA polymerase, a radioac-
tive transcript, and the substrate DNA was stable in a gel
mobility shift assay and remained intact in the presence
of either the motor domain of SpolIIE or high concentra-
tions of ATP (Fig. 4B). Addition of both SpolllE and ATP
efficiently dissociated the ternary complex (Fig. 4B). We
interpret this to mean that the ATP-dependent motor

Figure 3. Transcriptional regulators are stripped off the DNA
during translocation. (A) Schematic diagram of the experiment
in B with the two possible outcomes. An array of tetO operators
was inserted at a position near the teriminus (130°) that is al-
ways present in the mother cell at the time of polar septation. In
this strain, the tetR-gfp fusion was placed under the control of
a mother cell-specific (o®-dependent) promoter. Finally, this
strain has a mutant SpollIE translocase (pink square) that pumps
the chromosome 2.5-fold slower than wild type (Burton et al.
2007). Thus, at early time points after of becomes active in the
mother cell, two TetR-GFP foci should be visible in the mother
cell. If TetR-GFP is stripped off the DNA, one of these two foci
will be missing when chromosome translocation is complete. If
TetR-GFP is translocated with the chromosome, when DNA
transport is complete, one TetR-GFP focus will be visible in the
forespore and one in the mother cell. (B) TetR-GFP bound to the
tetO array is stripped off the chromosome during translocation.
Fluorescence micrographs of sporulating B. subtilis cells (strain
BKM1016) at early (hour 2) and late (hour 3) time points. At hour
2, prior to the completion of DNA translocation, two fluores-
cent foci are visible in the mother cell (yellow carets). At hour
3, when chromosome translocation is complete in most cells, a
single focus is visible in the mother cell (yellow caret) and no
detectable foci are seen in the forespore (white caret). No TetR-
GFP foci are visible in the forespore when the micrograph is
rescaled (overexposed) to reveal weak signals. Bar, 1 pm.
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Figure 4. The soluble motor domain of SpollIE can displace a
stalled transcription elongation complex in vitro. (A) E. coli
RNA polymerase was incubated with a fluorescently labeled
DNA substrate containing the A\pr promoter. The reaction con-
tained 25 uM UTP, GTP, and ATP but no CTP to generate a
stalled elongation complex (EC). The stalled complexes were
then incubated with 3 mM ATP, 420 nM SpolllE, and 3 mM
ATP, 420 nM SpollIE, or 5% SDS and analyzed by gel mobility
shift on a native polyacrylamide gel. The fraction of RNA poly-
merase present in the elongation complex is indicated below
the gel. (B) E. coli RNA polymerase was incubated with the Apg
promoter and 2.5 uM UTP, GTP, ATP and 0.7 uM «*?P-GTP but
no CTP to generate a stalled elongation complex with a short
radiolabeled transcript. The stalled complex was incubated with
3 mM ATP, 200 nM SpollIE, and 3 mM ATP, 200 nM SpolllE, or
5% SDS and the reactions were analzyed on a native polyacryl-
amide gel followed by autoradiography. Dissassembly of the
complex is evidenced by release of the labeled transcript. The
stalled complex was confirmed by the ability of Nspl to cut the
DNA substrate (+Nspl) within the promoter region, resulting in
a faster migrating complex.

activity of SpollIE stripped RNA polymerase from the
DNA, resulting in release of the labeled transcript (An-
drews and Richardson 1985). Taken together, these re-
sults indicate that the motor domain of SpollIE can dis-
place RNA polymerase during transcription initiation
and in the context of a stalled elongation complex. Dis-
sociation of transcription elongation complexes has been
described previously for the E. coli transcription repair
coupling factor (Mfd) (Selby and Sancar 1993). Although
it is possible that an analogous protein participates in
displacing RNA polymerase in vivo, our in vitro data
suggest that SpolllE on its own is capable of removing
these complexes during DNA transport.

Vegetative transcription is down-regulated
in the forespore

We wondered whether stripping of RNA polymerase and
its associated vegetative (housekeeping) o factor (o)
might result in lower transcription from ¢*-dependent
promoters in the forespore compared to the mother cell.
Attempts to monitor expression of vegetative promoters
fused to gfp during sporulation were not informative due
to the relative stability of GFP and its production during

SpolIIE strips proteins off DNA

vegetative growth prior to polar division (data not
shown). To circumvent these problems, we fused the
fluorescent reporter to a xylose-inducible o*-dependent
promoter (P, ;,) (Fig. 5A). Accordingly, we could induce
o®-dependent gene expression during chromosome
translocation and monitor GFP levels shortly after its
completion. The P, ,;,-gfp reporter was inserted at a po-
sition (28°) in the chromosome that is trapped in the
forespore at the time of polar division (Fig. 5A). There-
fore, at the time of induction, both the mother cell and
forespore contain a copy of the reporter. Synchronous
sporulation was induced and, when ~40% of the cells
had a polar septum (hour 1) (Fig. 5A) and were just be-
ginning DNA transport, xylose was added to the culture.
Thirty minutes later (hour 1.5) GFP was visualized by
fluorescence microscopy. In those cells that had just

xylose

A .
N

GFP membranes

merge

Figure 5. Vegetative gene expression is down-regulated in the
forespore after chromosome translocation. As a result of the
wire-stripping activity of SpoIllE, much of o*-associated RNA
polymerase will be stripped off the forespore chromosome dur-
ing translocation. One prediction of this model is that o”-di-
rected transcription will be reduced in the forespore compared
to the mother cell. (A) The xylose-inducible ¢* promoter P, ;,
was fused to gfp and placed at an original-proximal position of
the chromosome (strain BDR734), and synchronous sporulation
was induced in the absence of xylose. When ~40% of the sporu-
lating cells had generated a polar septum (hour 1) xylose was
added (20 mM final concentration) to induce transcription from
the P ;4 promoter. (B) GFP fluoresence was visualized 30 min
later (hour 1.5). In sporulating cells in which DNA translocation
had initiated or was complete, GFP fluorescence was reduced in
the forespore (white caret) compared to the mother cell (yellow
caret). In cells that had just assembled an asymmetric septum,
the signal in both compartments was similar (red caret). Cell-
to-cell variability in the intensity of the GFP signal is due to the
differences in stages of sporulation at the time of xylose addi-
tion. Bar, 1 pym.
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formed a polar septum, the GFP signal was similar in
both the mother cell and forespore compartments (red
caret in Fig. 5B). However, in cells that had been trans-
locating their DNA during the induction period, there
was less GFP signal in the forespore than the mother cell
(yellow and white carets in Fig. 5B). Li and Piggot (2001)
have shown previously that ¢ continues to be active in
the forespore both before and after completion of engulf-
ment. Consequently, some o® activity in the forespore
was expected. There was some cell-to-cell variability in
the intensity of GFP signal due to differences in the de-
velopmental stage of the sporulating cells at the time of
xylose addition (i.e., whether or not polar septation had
occurred). Accordingly, the relevant comparison is be-
tween mother cell and forespore in the same sporangia. It
is not known whether xylose continues to be transported
into the forespore once engulfment is complete. It is
therefore possible that the reduced expression from this
promoter could be due, in part, to lower concentrations
of the inducer in the spore compartment. However, clear
differences in the levels of GFP in the mother cell and
forespore could be observed at early stages of engulfment
when both cells were in direct contact with the medium
(Fig. 5B). These results suggest that o*-dependent tran-
scription is lower in the forespore than the mother cell
and are consistent with the idea that stripping ¢* from
the forespore chromosome facilitates the down-regula-
tion of housekeeping gene expression in the forespore
compartment.

Discussion

We show that RNA polymerase, a transcriptional regu-
lator, and chromosome packaging/remodeling proteins
are stripped off the chromosome during DNA transport.
Moreover, our in vitro analysis is consistent with the
idea that SpollIE alone is responsible for this wire-strip-
ping activity. If, as our data suggest, all proteins are
stripped off the forespore chromosome during DNA
transport, then ~75% of the forespore genome (>3 Mb of
DNA) arrives in the forespore compartment naked ready
to receive and carry out the dictates of the developing
spore. We hypothesize that stripping plays a key role in
reprogramming developmental gene expression by reset-
ting epigenetic nucleoprotein structures and reducing
the concentration of vegetative transcription factors in
the developing spore.

Our observation that o*-dependent gene expression is
reduced in the forespore compartment compared to the
mother cell is consistent with the idea that stripping
down-regulates vegetative gene expression in the fore-
spore. The down-regulation of housekeeping genes could
allow the developing spore to focus its attention on the
preparation for dormancy. We note that our experiments
cannot distinguish between reduced o*-dependent gene
expression due to stripping of o** and the possibility that
the activation of oF in the forespore results in competi-
tion for core RNA polymerase (Ju et al. 1999; Grigorova
et al. 2006) and therefore a reduced o** holoenzyme pool.
However, these models are not mutually exclusive. ¢F is
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made in the predivisional cell but is held inactive in the
cytoplasm by the anti-sigma factor SpolIAB (Stragier and
Losick 1996; Rudner and Losick 2001; Hilbert and Piggot
2004). When cytokinesis is complete, oF is released from
SpoIIAB in the forespore compartment where it associ-
ates with core RNA polymerase. Stripping o off the
forespore chromosome likely helps shift the balance in
favor of ¢F and thus helps lock the forespore into its
developmental program (Lord et al. 1999).

It is noteworthy that Fujita and Losick (2003) have
found that gene expression under the control of the tran-
scription factor SpoOA (the master regulator for entry
into the sporulation pathway) is similarly lower in the
forespore compared to the mother cell (Supplemental
Fig. S1A). Moreover, these researchers showed that inap-
propriate expression of SpoOA-controlled genes in the
forespore causes a 50-fold reduction in sporulation effi-
ciency. It is possible, and we think likely, that stripping
of SpoOA off the forespore chromosome during DNA
transport contributes to the down-regulation of SpoOA-
controlled genes in the forespore compartment. In sup-
port of this idea, localization of SpoOA by immuno-
fluorescence microscopy indicates that the levels of the
transcription factor are lower in the forespore than the
mother cell (Fujita and Losick 2003).

The removal of proteins from the forespore chromo-
some during transport likely plays an additional role in
maintaining compartment-specific gene expression. The
first mother cell-specific transcription factor o* becomes
active shortly after polar division and prior to the
completion of DNA transport (Zhang et al. 1996; Zupan-
cic et al. 2001). Thus, removal of ¢® associated with the
forespore chromosome would ensure that production of
mother cell proteins under the control of o® is restricted
to the mother cell compartment.

Another possible role for the stripping activity of
SpolllE is in chromosome remodeling. As part of the
preparation for dormancy, the forespore synthesizes a set
of small acid-soluble proteins that compacts the chro-
mosome into a doughnut-like structure (Pogliano et al.
1995) and confers resistance to DNA damaging agents
(Setlow 1995). The stripping of vegetative proteins off
the DNA could facilitate the remodeling of the chromo-
some into this dormant structure later in development.

Our data suggest that SpollIE can efficiently remove
RNA polymerase from the chromosome during DNA
transport. However, it is possible that head-on collisions
between SpolllE and RNA polymerase might affect the
rate of chromosome transport. Interestingly, the major-
ity (~75%) of the genes in the B. subtilis genome are
transcribed toward the terminus and this unusually high
bias is found in all endospore formers (Rocha 2004). It
has been proposed that this coorientation with replisome
movement has been selected to avoid collisions between
RNA and DNA polymerases (Brewer 1988; French 1992).
We wonder whether DNA translocation and the conse-
quence of multiple head-on collisions between the tran-
scription machinery and SpolIllE might serve as an added
selective pressure for coorientation.

In conclusion, we showed that DNA-binding proteins


http://www.genesdev.org
http://www.cshlpress.com

Downloaded from www.genesdev.org on July 1, 2008 - Published by Cold Spring Harbor Laboratory Press

are actively removed from the chromosome during DNA
translocation. Our in vitro studies suggest that SpollIE is
sufficient for this wire-stripping activity; however, we do
not exclude the possibility that other proteins also par-
ticipate in removing tightly bound proteins during the
translocation process. Finally, our data and those of oth-
ers are consistent with the idea that the removal of
DNA-binding proteins plays an important role in dictat-
ing developmental gene expression in the forespore. It
remains unclear what impact, if any, the additional
DNA-binding proteins removed from the forespore chro-
mosome have on gene expression and chromosome dy-
namics in the mother cell. During vegetative growth, we
suspect that SpolllE (and other FtsK/SpolllE family
members) also removes proteins during the transport of
missegregated DNA. In E. coli two recombination pro-
teins, XerC and XerD, bind sequence elements (dif sites)
near the replication terminus. These factors interact
with FtsK, and this interaction is required for resolution
of chromosome dimers (Aussel et al. 2002). The displace-
ment of these proteins from the DNA prior to recombi-
nation would prevent dimer resolution. Thus, we hy-
pothesize that interaction between XerC/D and FtsK pre-
vents translocation and stripping until recombination is
complete.

Materials and methods

General methods

All B. subtilis strains were derived from the prototrophic strain
PY79 (Youngman et al. 1983) and are listed in Supplemental
Table S2. E. coli strains were TG1 and DH5a. Sporulation was
induced by resuspension at 37°C according to the method of
Sterlini-Mandelstam (Harwood and Cutting 1990). Sporulation
efficiency was determined in 36 h cultures as the total number
of heat-resistant (80°C for 20 min) colony forming units (CFU)
compared with the number of wild-type heat-resistant CFU. To
prevent selection for shrunken tetO arrays, strains containing
(tetO),0 and tetR-gfp were maintained in the presence of 40
ng/mL anhydrotetracycline. The inducer was not present during
experiments. Plasmids and oligonucleotide primers used in this
study are listed in Supplemental Tables S3 and S4.

Fluorescence microscopy

Fluorescence microscopy was performed with an Olympus
BX61 microscope as described (Doan et al. 2005). Fluorescent
signals were visualized with a phase contrast objective Uplan-
FLN 100x and captured with a monochrome CoolSnapHQ digi-
tal camera (Photometrics) using Metamorph software version
6.1 (Universal Imaging). Exposure times were typically 500
msec for GFP fusions (excitation: 490-510 nm; emission: 520-
550 nm). Membranes were stained with either TMA-DPH (ex-
citation: 340-380 nm; emission: 435-485 nm) or FM4-64 (exci-
tation: 510-550 nm; emission: 590 nm longpass) with exposure
times of 200 msec. DNA was visualized with DAPI (excitation:
340-380 nm; emission: 435-485 nm) with exposure times of 200
msec. Images were analyzed, adjusted, and cropped using Meta-
morph software. Higher resolution images can be found in the
Supplemental Material.

SpollIE strips proteins off DNA

RNA polymerase stalled elongation complex displacement
assays

DNA substrates for RNA polymerase displacement reactions
contained the A\pg promoter followed by a 70-bp-long stretch
devoid of guanosines in the template strand. Omission of CTP
led to the stalling of RNA polymerase at the position of the first
template guanosine.

To create the fluorescently labeled DNA substrates, a 433-bp
DNA fragment containing the \pi promoter was PCR-amplified
from pJP101 wusing fluorescently labeled oligonucleotides
(0JP036 and oJP037). This PCR product was purified using the
Qiagen PCR-cleanup kit. Stalled complexes were prepared in
TBF Buffer (40 mM Tris-HCl at pH 7.5, 10 mM MgCl,, 0.01%
Triton X-100, and 1 mM DTT) by incubating 100 nM E.coli
RNA polymerase holoenzyme (Epicentre) and 20 nM fluores-
cent 433-bp Apr DNA fragment for 30 min at 37°C. The reaction
was further incubated for 10 min at 22°C in the presence of 100
nM nonfluorescent 433-bp A\pgx DNA to compete unbound and
nonspecifically bound RNA polymerase. To produce stalled
elongation complexes, a nucleotide mixture containing GTP,
UTP, and ATP at a final concentration of 25 pM was incubated
with the transcription reaction for 20 min at 22°C.

Displacement of stalled RNA polymerase by SpolllE was as-
sayed by incubating 10 nM stalled elongation complex with 420
nM of the SpolllE motor domain (SpollIE) (Ptacin et al. 2008)
and 3 mM ATP in SpolllE. reaction buffer (50 mM Tris-HCI at
pH 7.5, 10 mM MgCl,). All reactions were incubated for 10 min
at 37°C and then stopped by incubation with 0.2 mg/mL hepa-
rin for 5 min at 22°C. Reactions were analyzed in 4%-20%
precast polyacrylamide gels (Bio-Rad) and run in 1x TBE (45 mM
Tris-borate at pH 8.3, 1 mM EDTA) at 20 mA for 2 h at 22°C.
Gels were imaged using a Typhoon scanner (GE) and bands
quantified using ImageQuant.

To create nonfluorescent stalled elongation complexes with
radiolabeled RNA transcripts, a 278-bp DNA fragment contain-
ing A\pr was PCR-amplified from pJP101 (oligonucleotide prim-
ers oJP033 and oJP034) and purified using the Qiagen PCR-
cleanup kit. Stalled complexes were prepared in TBF Buffer by
incubating 50 nM RNA polymerase and 100 nM DNA template
for 30 min at 37°C. To produce stalled elongation complexes,
the mixture was incubated with GTP, UTP, and ATP at final
concentrations of 2.5 uM, and 0.17 uM o*2>P-GTP for 20 min at
22°C.

Displacement of radiolabeled complexes by SpolllE was as-
sayed by incubating 5 nM radioactive stalled elongation com-
plex with 200 nM SpolllE., 3 mM ATP, and 25 pM unlabeled
GTP in SpolllE. reaction buffer for 10 min at 37°C. Unlabeled
GTP was added to the reaction to prevent the formation of new
radiolabeled stalled complexes resulting from the reassociation
of RNA polymerase with \pzx DNA after displacement. Reac-
tions treated with Nspl were performed in 1x NEB2 buffer with
1 mg/mL BSA and 0.025 units of Nspl per microliter. All reac-
tions were incubated for 10 min at 37°C and then stopped by
incubation with 0.2 mg/mL heparin for 5 min at 22°C. Gels
were run as described above, exposed on phosphorimager
screens (Amersham Biosciences), and imaged using a Typhoon
scanner.

Plasmid construction

pKM193 [pelB:: P, ;;p-tetR-gfp (tet)] was generated in a three-
way ligation with a HindIII-BamHI PCR product containing
tetR-gfp and an optimized ribosome-binding site (Vellanoweth
and Rabinowitz 1992) (oligonucleotide primers oDR78 and
oDR188 with pBW3 [Dworkin and Losick 2002] as template)
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and an EcoRI-HindIII P,,;;, promoter fragment from pDR78
(Rudner and Losick 2002) and pKMO033 (pelB::tet) cut with
EcoRI and BamHI. pKMO033 is an ectopic integration vector for
double cross-over integrations at the nonessential pelB locus
(K.A. Marquis and D.Z. Rudner, unpubl.).

pKM219 [ykpAB (130°) (tetO),,, (spec)] was generated by in-
serting a PCR product containing the (tetO),,, array (oligonu-
cleotide primers 0DR458 and oDR459 with pLAU44 [Lau et al.
2003] as template) into pKM210 between HindIIl and Xhol.
pKM210 was generated by inserting a 600-bp PCR product con-
taining part of ykpA and ykpB (oligonucleotide primers oDR494
and 0DR495 with PY79 genomic DNA as template) into pUS19
(pUC19-spec) between EcoRI and BamHI. pKM210 is a single
cross-over integration vector for insertions at 130° (K.A. Mar-
quis and D.Z. Rudner, unpubl.).

pJP101 [\, promoter| was generated by inserting a PCR prod-
uct containing the \pr promoter (oligonucleotide primer oJP033
and oJP034 with pPIA2-6 as template [Davenport et al. 2000])
into the Sacll site of p/B103 (Bath et al. 2000).
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