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ABSTRACT Like many bacteria, Bacillus subtilis possesses two DNA translocases that
affect chromosome segregation at different steps. Prior to septum closure, nonsegre-
gated DNA is moved into opposite cell halves by SftA, while septum-entrapped DNA
is rescued by SpoIIIE. We have used single-molecule fluorescence microscopy and
tracking (SMT) experiments to describe the dynamics of the two different DNA trans-
locases, the cell division protein FtsA and the glycolytic enzyme phosphofructoki-
nase (PfkA), in real time. SMT revealed that about 30% of SftA molecules move
through the cytosol, while a fraction of 70% is septum bound and static. In contrast,
only 35% of FtsA molecules are static at midcell, while SpoIIIE molecules diffuse
within the membrane and show no enrichment at the septum. Several lines of evi-
dence suggest that FtsA plays a role in septal recruitment of SftA: an ftsA deletion
results in a significant reduction in septal SftA recruitment and a decrease in the av-
erage dwell time of SftA molecules. FtsA can recruit SftA to the membrane in a het-
erologous eukaryotic system, suggesting that SftA may be partially recruited via
FtsA. Therefore, SftA is a component of the division machinery, while SpoIIIE is not,
and it is otherwise a freely diffusive cytosolic enzyme in vivo. Our developed SMT
script is a powerful technique to determine if low-abundance proteins are mem-
brane bound or cytosolic, to detect differences in populations of complex-bound
and unbound/diffusive proteins, and to visualize the subcellular localization of slow-
and fast-moving molecules in live cells.

IMPORTANCE DNA translocases couple the late events of chromosome segregation
to cell division and thereby play an important role in the bacterial cell cycle. The
proteins fall into one of two categories, integral membrane translocases or noninte-
gral translocases. We show that the membrane-bound translocase SpoIIIE moves
slowly throughout the cell membrane in B. subtilis and does not show a clear associ-
ation with the division septum, in agreement with the idea that it binds membrane-
bound DNA, which can occur through cell division across nonsegregated chromo-
somes. In contrast, SftA behaves like a soluble protein and is recruited to the
division septum as a component of the division machinery. We show that FtsA con-
tributes to the recruitment of SftA, revealing a dual role of FtsA at the division ma-
chinery, but it is not the only factor that binds SftA. Our work represents a detailed
in vivo study of DNA translocases at the single-molecule level.
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Stable transmission of genetic information means that cells must ensure that their
DNA is accurately replicated and that each daughter cell receives a completely

segregated chromosome. One threat to segregation is that replication of circular
chromosomes can lead to the formation of a chromosome dimer, which results from an
odd number of recombination events during replication and which needs to be
properly resolved. Moreover, a delay in segregation can be detrimental if division
occurs prior to complete DNA partitioning. Certain types of stress can damage DNA and
disrupt the normal progression of the replication fork. Therefore, cells have evolved
pathways to ensure that cell division occurs reliably even when segregation is per-
turbed (1, 2).

In eukaryotic cells, several checkpoints prevent premature cytokinesis during mitosis
(3). In bacteria, however, no such checkpoints separating chromosome segregation and
cell division in the absence of DNA damage have been identified. These processes
therefore frequently overlap, and cell division can occur even when chromosome
segregation is not complete. As a consequence, incompletely segregated chromo-
somes can be trapped by the invaginating division septum and must be actively
transported into the daughter cells to prevent a block in the cell cycle. DNA translo-
cases act in a spatially and temporally defined manner to move DNA away from the
closing septum.

In Escherichia coli, FtsK is recruited to transport the trapped DNA into the correct cell
in cases when cytokinesis occurs prior to complete chromosome segregation (4). FtsK
also recruits DNA recombinases that resolve dimeric and concatenated chromosomes
(5). SpoIIIE, a homologue of FtsK in Bacillus subtilis, is primarily involved in chro-
mosome segregation during sporulation. It efficiently transports 70 to 75% of one
chromosome during asymmetric septation from the mother cell to the forespore (6,
7). SpoIIIE assembles a coaxially paired channel for each chromosome arm com-
posed of one hexamer in each cell compartment to allow DNA translocation in spite
of complete membrane fission (8). SpoIIIE also segregates chromosomes trapped
during symmetric cell division (1).

It was recently shown that spherical bacteria also have SpoIIIE/FtsK homologues. In
Staphylococcus aureus, for example, SpoIIIE and FtsK operate in independent pathways
to ensure correct chromosome management during cell division (9).

The SpoIIIE/FtsK translocases of rod-shaped bacteria have an N terminus containing
transmembrane domains, followed by a linker and two domains that make up the
motor (� and �). The motor forms a homohexamer around DNA (10, 11). Three-
dimensional (3D)-structured illumination microscopy coupled with scanning number
and brightness analysis in B. subtilis have shown that SpoIIIE clusters in sporulation and
division septa contain 47 � 20 molecules, 70% of which are in hexameric state (12). The
�-domain of SpoIIIE/FtsK confers directional DNA translocation by preferentially inter-
acting with 8-nucleotide recognition sequences (SpoIIIE recognition sequences [SRS]
and FtsK orienting/polarizing sequences [KOPS]) (13, 14).

In B. subtilis, strains harboring spoIIIE alleles that lack the �-domain exhibit a
considerable decrease in sporulation efficiency. The sporulation defect of spoIIIE Δ�

cells can be partly or fully rescued by any of a variety of missense mutations in the
linker and motor domains of SpoIIIE Δ�. However, the suppressors do not rescue
chromosome translocation defects during vegetative growth (15). This argues for the
importance of the �-subunit during vegetative growth.

SpoIIIE/FtsK pumps chromosomes toward the chromosome dimer resolution site (dif
site) located near the terminus region using the polarity of SRS/KOPS sequences, which
are recognized by the SpoIIIE/FtsK� domain and permit the loading of the translocase
onto the DNA in one specific orientation (16). SRS/KOPS are distributed over the
chromosome and oriented toward the terminus region, where they are found at a high
frequency (17). In E. coli, recombination at the dif site happens through the action of the
site-specific recombinases XerD and XerC (18, 19), which catalyze the formation and
resolution of a Holliday junction intermediate at dif, where each recombinase mediates
a strand exchange reaction (20). FtsK arranges the dif sites in close proximity at the
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division septum and directly activates XerD (21). In Bacillus subtilis, RipX and CodV are
the homologues of XerD and XerC, respectively (22, 23). Both RipX and CodV bind to
the B. subtilis dif sites and catalyze strand exchange in vitro (5).

B. subtilis has another DNA translocase that acts synergistically with SpoIIIE in the
rescue of DNA that might become trapped by the division septum during vegetative
growth: the soluble protein SftA. Both SftA and SpoIIIE display strong similarity with the
C-terminal domain of FtsK (2). SftA appears to be a component of the divisome. It
facilitates dimer resolution by bringing the dif sites into close proximity, most likely
using a KOPS-like mode for translocation directionality. SftA translocates DNA during
septation, while SpoIIIE is only recruited to rescue septum-entrapped DNA after division
is completed (1, 2). SpoIIIE is essential for sporulation but not during vegetative growth.
However, SpoIIIE becomes indispensable under conditions where chromosome segre-
gation is impaired (24). In vivo studies revealed that neither SpoIIIE nor SftA is essential
for RipX-dependent recombination at a dif site, but they contribute additively to dimer
resolution (25). RipX and CodV form a preassembled complex on the chromosome
during the cell cycle, probably to allow an immediate initiation of dimer resolution. The
sftA spoIIIE double-mutant strain has a more severe phenotype than either of the single
mutants, suggesting considerable overlap in their roles (25).

In this work, we analyze the dynamics of SftA and SpoIIIE at the single-molecule level
in real time. We find that most SftA molecules are present at the septum, while SpoIIIE
molecules are generally mobile within the membrane. We also show evidence for a
potential role of FtsA in the recruitment of SftA to the midcell using a heterologous
eukaryotic system and an in vivo deletion assay.

RESULTS
The localization pattern of SftA is affected by the absence of FtsA. Kaimer et al.

(2) showed that SftA was recruited as an early component to the cell division machinery
before DivIB, DivIC, FtsL, or penicillin-binding 2B (Pbp2B). SftA no longer localized to
midcell in an FtsZ depletion strain but to distinct foci on the lateral membrane, which
suggests that SftA has an intrinsic membrane affinity, binds to a membrane-associated
protein that is recruited to midcell by FtsZ, or binds to FtsZ directly. To identify
additional recruitment factors, we localized SftA-YFP (YFP, yellow fluorescent protein) in
mutants lacking early accessory division proteins EzrA, ZapA, and SepF or in a strain in
which FtsA is deleted. The results are shown in Fig. 1. In an ezrA deletion background,
SftA was still recruited to aberrantly formed division septa: 21.6% of the cells (n � 166)
formed double septa, and 7% of cells had an additional septum close to the old pole.
The cells were also longer than the wild type by 20%, as was previously published (26).
Seventy-eight percent of ezrA-null cells (n � 210) contained midcell SftA-YFP signals,
compared with 76% of wild-type cells (n � 240). In a zapA deletion mutant, which does
not have any observable phenotype under laboratory growth conditions, SftA-YFP also
localized at midcell in 86% of the cells indistinguishable from wild-type cells (n � 150).
The same findings apply to a ΔsepF mutant strain where SftA localized at midcell in 79%
of the 120 cells counted. Cells were slightly elongated, which is in accordance with
previously published data (27). SepF becomes essential in cells where FtsA is deleted,
suggesting that SepF can complement the function of FtsA in cell division (26). We also
tested DivIVA as potential interaction partner for SftA but did not find a pronounced
lack of formation of SftA rings or foci in divIVA mutant cells (Fig. 1E). In fact, SftA
localized normally in 75% of the cells (n � 125). Deletion of divIVA leads to filamenta-
tion and polar divisions that in turn cause a minicell phenotype (28).

An ftsA-null mutant has problems dividing and forms long filamentous cells. How-
ever, when cloned into a ΔezrA background, the resulting double mutant grows well
and does not show a strong cell division defect (26). Therefore, a strain was created
which expresses SftA-YFP from the original locus and harbors ΔezrA ΔftsA-null muta-
tions. The strain formed notably elongated cells, but a cell length closer to that of
wild-type cells was restored when cells were grown in 0.01 mM isopropyl-�-D-
thiogalactopyranoside (IPTG; driving the expression of the ftsZ gene lying downstream
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of ftsA). Interestingly, SftA-YFP localized in this strain in only 42% of the cells (n � 200),
i.e., in considerably fewer cells than in the wild type (Fig. 1E), although the cells were
slightly longer than wild-type cells.

In order to assess the role of FtsH in SftA localization, SftA-YFP was cloned into a
ΔftsH mutant strain. The deletion had no effect on the midcell localization of SftA (Fig.
1F), which excludes FtsH as a recruiting factor for SftA. However, SftA-YFP midcell
bands/foci were much fainter in the absence of FtsH than in wild-type cells (Fig. 1F).

Because SftA shows a localization defect in the absence of FtsA, we decided to focus
our efforts on FtsA and FtsZ given the fact that they are the earliest division proteins
and the core behind the recruitment of the rest of the septal proteins to the division
site. It could very well be that several factors contribute together to the septal
recruitment of SftA, and shedding light on at least one of them could help our future
understanding of the interplay between the division proteins.

Coexpression of SftA and FtsA in S2 Schneider cells. To study the putative
interaction of SftA and FtsA, we employed a heterologous expression system. S2
Schneider cells are derived from Drosophila flies and are unlikely to contain specific
binding partners that interact with bacterial proteins. In order to investigate a possible
interaction with FtsA or FtsZ, S2 Schneider cells were cotransfected with SftA-YFP and
untagged FtsA or FtsZ. As a control, cells were transfected either with SftA-YFP alone
or with FtsA-YFP or FtsZ-YFP alone. Expression of all recombinant YFP-tagged proteins
in this experiment was verified by Western blot with anti-green fluorescent protein
(anti-GFP) antibodies (Fig. 2G).

Expression of SftA-YFP alone in S2 Schneider cells resulted in a diffuse fluorescence
pattern, arguing against the ability of SftA to target the general phospholipids within
the membrane, which are similar between bacteria and eukaryotes (Fig. 2A). While
FtsZ-YFP formed multiple assemblies across the cell (Fig. 2B), FtsA-YFP largely assem-
bled at the membrane (Fig. 2D), in agreement with its possession of an amphipathic
helix (29). This localization pattern of FtsA is similar to the localization of YFP-MreB or

FIG 1 Localization of SftA-YFP in strains that carry mutations of cell division proteins. White arrowheads show the septal
localization of SftA. (A) SftA-YFP in ΔezrA mutant; white lines show double-division septa. (B) SftA-YFP in ΔdivIVA mutant;
white line shows aberrantly formed septum close to the cell pole. (C) SftA-YFP in ΔzapA mutant. (D) SftA-YFP in ΔsepF;
white line points at a septum formed near the pole. (E) SftA-YFP in ΔezrA ΔftsA mutant; white lines show abnormal septa.
(F) SftA-YFP in ΔftsH mutant. Images are overlays of SftA-YFP signals (green) and membranes stained with FM 4-64 (red).
White bars � 2 �m.
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of B. subtilis bactofilins, which were shown to be recruited to the membrane by an
amphipathic helix and intrinsic membrane affinity, respectively (30). Interestingly, when
coexpressed, FtsA caused the recruitment of SftA-YFP to the membrane, where clear
assemblies were observed, hinting toward a direct interaction between the two pro-
teins (Fig. 2E).

However, when SftA-YFP was coexpressed with FtsZ, we observed diffuse localiza-
tion that is reminiscent of SftA localization but no indication of a specific interaction of
SftA and FtsZ (Fig. 2C). Cotransfection of FtsZ-YFP and of FtsA resulted in the recruit-
ment of FtsZ to the membrane, as can be seen in Fig. 2F.

Single-molecule microscopy of SftA, SpoIIIE, and PfkA reveals different local-
ization patterns. SftA can be purified as a soluble enzyme (2). However, inspection of
its N-terminal sequence has suggested the presence of a membrane-targeting helix
(31). During the depletion of FtsZ, SftA signals can still be observed at the membrane
(2). We wished to gain insight into the question of whether SftA is a membrane-
associated protein or if it is a truly cytosolic enzyme that becomes recruited to the
division site. SftA is not highly abundant, so a possible freely diffusing fraction in the
membrane or in the cytosol is not detectable by conventional epifluorescence or by
total internal-reflection fluorescence (TIRF) microscopy. Nevertheless, using highly sen-

FIG 2 (A to F) S2 Schneider cell cotransfection experiments. Cell were transfected with plasmids expressing the corresponding proteins as shown
in the panels. White arrowheads point to membrane assemblies of SftA. Images were taken through the middle of the cells in panels A to C, and
circles with bars indicate the focal plane in panels D to F. (G) Western blot analysis with anti-GFP antibodies of the expressed recombinant
proteins in the S2 Schneider cell experiment. The letters in parentheses correspond to cells harvested from the respective experiments in
images. White bars � 5 �m.
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sitive single-molecule fluorescence microscopy and tracking (SMT), we are able to
observe diffusive molecules. By illuminating an area of about 10 �m in diameter with
parallel light from the center of a laser beam, which results in an even and intense
illumination, we can follow the real-time movement of single molecules (see Fig. S1A
and C in the supplemental material) using fast stream acquisitions, once all except for
the last few molecules have been bleached by the laser. Single molecules can be
identified from single-step bleaching (Fig. S1B and C). We are using the U-track software
(32) for automated spot detection and tracking, which is based on Gaussian fitting of
fluorescent spots, resulting in a subpixel resolution, and MicrobeTracker (33) for auto-
mated cell detection. Our custom-developed single-molecule analysis software (Matlab
based) integrates the positional coordinates of the molecules into the coordinate
system of the cell and quantitatively analyzes its diffusive behavior and localization.

Besides SftA, we imaged and tracked SpoIIIE and phosphofructokinase (PfkA) during
exponential growth in minimal medium, both expressed from their respective original
promoters and each fused to monomeric YFP. PfkA is a glycolytic enzyme, which we
used as a control for a freely diffusive enzyme, and SpoIIIE served as an indicator of a
membrane-associated DNA translocase. Examples of movies for SftA are Movies S1 (real
time), S2 (dynamic molecule, slow motion), and S3 (static molecule, slow motion), for
SpoIIIE in Movies S4 (real time) and S5 (mobile molecule, slow motion), and for PfkA in
Movies S6 (real time) and S7 (single dynamic molecule, slow motion), all in the
supplemental material. The three proteins showed a characteristic localization pattern
when we summed up all the pixel intensities from consecutive images of an acquired
stream (Fig. 3A). Additionally, we projected the positions of the molecules from all cells
and all movies into a normalized bacterial cell (dimensions, 3 by 1 �m) and plotted
these positions in a density plot (Fig. 3B). The density of PfkA-YFP shows a clear
localization in the cytosol, consistent with it being a freely diffusive enzyme (Fig. 3B). On
the other hand, the normalized localization of SftA-YFP showed that there is a higher
density of SftA-YFP spots in positions corresponding to midcell and the cell poles. This
was not observed for PfkA-YFP, where localization was more equally distributed to the
center of the cell (Fig. 3B). In contrast to SftA and PfkA, SpoIIIE preferentially localized
at the membrane, where it showed a homogeneous distribution. Note that during
stream acquisition, the focal plane is not always exactly at the central plane of the cell;
if the focus moves up or down, molecules that travel along the y axis are also observed.
Therefore, tracks that appear to be in the cytosol are also observed for SpoIIIE.

SftA divides into two fractions, a static (likely septum bound) and a mobile
fraction. As a next step in our evaluation of SMT data, we analyzed the diffusive
properties of individual molecules, which yields information on the diffusion rates and
on the percentage of molecules in an immobile (or very slowly moving) and mobile
state. To this end, we focused on the distribution of distances that molecules move
between consecutive image acquisitions. For a molecule following simple Brownian

FIG 3 (A) Z-projection of all frames from a selected movie of SftA-YFP, SpoIIIE-YFP, and PfkA-YFP. (B) Heat
map of single-molecule localizations of SftA-YFP, SpoIIIE-YFP, and PfkA-YFP plotted into a standardized
cell. High abundance is indicated in yellow and low abundance in dark blue.
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diffusion, this probability density function (PDF) takes the form of a Gaussian, for which
the variance is proportional to the diffusion constant D (see Materials and Methods).
The experimentally determined PDF of SftA shows, however, that it cannot be ex-
plained by a single Gaussian fit (Fig. 4A, black dotted line). Instead, it is more likely the
superposition of two Gaussians (Fig. 4A, green solid line), corresponding to one fraction
of mobile and another fraction of immobile molecules. From fitting the variances and
respective areas under the two Gaussians, we then determined the diffusion constants
and relative fractions of molecules in the mobile and immobile states (Table 1). Our
results show that the majority (73%) of SftA displacement steps correspond to a static
state of the molecule with a diffusion constant of 0.046 �m2/s, which is close to what
we expect from the localization error of our system (20 nm). The remaining 27% of the
SftA displacement steps were mobile, with D � 0.46 �m2/s (Fig. 4A). These data suggest
that about two-thirds of SftA molecules are septum bound, and one-third of the
molecules diffuse through the cytosol. Compared with determined diffusion rates of

FIG 4 Single-molecule microscopy of SftA-YFP and SpoIIIE-YFP. (A) Probability density function (PDF) of displace-
ments obtained from SftA-YFP tracked in wild-type and ftsA ezrA double-mutant cells. Histograms were simulta-
neously fitted to a Gaussian mixture model assuming 2 different types of diffusive behavior (green line). Indeed,
the multivariate fit matched the data better than assuming a single Gaussian distribution (outer dotted line). The
dashed line and the inner dotted line correspond to the distributions of the larger and smaller frame-to-frame
displacements representing fast and slowly diffusing molecules, respectively. (B) PDF of SpoIIIE-YFP in untreated
cells and cells treated with 50 ng/ml mitomycin C (MMC). (C) PDF of PfkA-YFP. (D) Bubble plot showing diffusion
coefficients of the diffusive subfractions seen for SftA-YFP, SpoIIIE-YFP, FtsA-YFP, and PfkA-YFP.
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membrane proteins (34), the mobile fraction of SftA moves at a much higher rate, in
agreement with SftA being a cytosolic protein. Indeed, for the freely diffusing enzyme
PfkA-YFP, we found that 95% move with a diffusion constant of 1.2 �m2/s (Fig. 4C and
Table 1), which is 2.5 times faster than the mobile fraction of StfA. It is possible that the
mobile fraction and the diffusion constants for PfkA-YFP are underestimated because of
the long exposure time of about 30 ms. In other words, some very fast PfkA
molecules may only be detectable with faster acquisition times. However, given that
the same acquisition settings were used, PfkA serves as a good control for the diffusive
behavior of SftA, whose PDF curve is much narrower than that of PfkA (Fig. 4A and 3C).

Tracking analysis of SftA-YFP in an ftsA mutant strain. In order to assess the
influence of FtsA on the localization of SftA and its behavior at the single-molecule
level, SftA-YFP was tracked in strain NEJ14 in which FtsA is absent. This is possible when
also EzrA is absent, a protein that destabilizes FtsZ rings (35). Note that by itself, the
absence of EzrA has no effect on SftA localization (Fig. 1). Midcell SftA-YFP assemblies
were observed but much less frequently than in wild-type cells (Fig. 1A). FtsA therefore
has an influence on SftA localization. At the single-molecule level, the simultaneous fit
of SftA molecules tracked in the wild type and in the ftsA deletion strain showed that
in the absence of FtsA, 54% of the steps were static, as opposed to 73% of the steps
in wild-type cells (P � 0.005) (Fig. 4A and Table 1). Thus, the percentage of static
molecules dropped in a statistically significant manner, revealing that SftA becomes
more dynamic in the absence of FtsA. The loss of static molecules and the increase in
dynamic ones are best seen in Fig. 4A by the broader distribution of displacements in
the FtsA deletion strain.

We also scored the number of SftA molecules in wild-type and ftsA-null cells that are
immobile for a certain number of consecutive acquisition times. In wild-type cells, SftA
molecules dwelled on average for 106 ms in a radius of 120 nm (which is considered
a static event), while in ftsA-null cells, the molecules dwelled on average for 60 ms
(Fig. 5A, left, and Table 2), which is significantly shorter, as tested by a two-sample
Kolmogorov-Smirnov test. Please note that the y axis is on a log scale. Therefore, the
higher number of stopping SftA molecules for shorter times (on the left of the x axis)
in wild-type cells has a much larger weight than the higher number of stopping events
for longer time intervals in the mutant cells (for which we have no good explanation
at the moment). Also note that due to molecule bleaching, these data are an under-
estimate of the true dwell times. However, the average lifetime (bleaching time) for
SftA-YFP was 325 ms (Table 1), which is much higher than the determined average
dwell time, showing that our numbers are a good estimate of actual dwell times in vivo.
Note that the y axis is on a log scale, such that the weight of the short times is much
greater than that of the longer dwell times. Even though the molecules showed shorter
stop times in cells lacking FtsA, the effect was lower than we expected if FtsA were the
sole factor recruiting SftA to the septum.

TABLE 1 Diffusion constants and percentages of static and mobile molecule fractions

Protein or strain
No. of
cells

No. of
tracks

Cell length
(mean � SD) (�m)

Avg life
time (s) D (�m2 · s�1)a D1 (�m2 · s�1)b F1 (%)c D2 (�m2 · s�1)d F2 (%)e

SftA-YFP
WTf 87 881 2.95 � 0.91 0.325 0.086 0.046g 73 0.41g 27
ΔftsA ΔezrA mutant 98 789 3.11 � 1.17 0.341 0.11 54 46

SpoIIIE-YFP 65 833 3.09 � 0.69 0.349 0.14 0.096 68 0.34 32
PfkA-YFP 43 4,093 3.04 � 0.74 0.361 0.99 0.16 9 1.2 91
FtsA-YFP 60 3,031 3.43 � 1.0 0.246 0.5 0.084 35 1.2 65
aD, average diffusion constant of all molecules.
bD1, diffusion constant of static fraction.
cF1, percentage of static molecules.
dD2, diffusion constant of mobile fraction.
eF2, percentage of mobile molecules.
fWT, wild type.
gThe same diffusion rate was used to be able to compare fractions F1 and F2 between wild-type and ftsA ezrA deletion strains.
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A majority of FtsA molecules are freely diffusing. In contrast to the predomi-
nantly septum-bound SftA, 65% of FtsA-YFP molecules were mobile and 35% were
static (Table 1). Therefore, a majority of FtsA molecules are not septum bound, in
contrast to SftA. Like PfkA, mobile FtsA-YFP had a diffusion coefficient of 1.2 �m2/s,
showing that our acquisition settings are not limited in determining diffusion rates for
SftA or for SpoIIIE. The static fraction of FtsA-YFP had a diffusion coefficient of 0.08
�m2/s, somewhat faster than that of SftA but in a similar range, indicating that
immobile SftA and FtsA fractions behave similarly when bound to the Z-ring. Note that
the static fractions move faster than deduced from our localization error (about 20 nm),
indicating that septum-bound FtsA and SftA move on a long time scale, i.e., are not
entirely static. The “static” PfkA fraction moved with a speed of 0.16 �m2/s (Table 1),
showing that these are not truly bound molecules but rather slow-diffusing events
(note that even freely diffusing molecules will stochastically stop for short periods of
time).

Tracking analysis of SpoIIIE in cells treated and not treated with MMC. Since
SftA and SpoIIIE act synergistically in B. subtilis, we were interested in observing the
behavior of SpoIIIE-YFP at the single-molecule level. SpoIIIE-YFP was imaged under
normal conditions and under conditions where double-strand breaks were induced by
the use of 50 ng/�l mitomycin C (MMC). The microscopy setup used and the exposure
time were exactly the same as in the experiments described for SftA.

SpoIIIE assembles at the division (or sporulation) septum to rescue (or pump into the
forespore) septum-entrapped DNA after division is completed and is only indispensable
for viability under conditions in which chromosome segregation is impaired (1, 2).
There has been considerable discussion about the localization of SpoIIIE during vege-
tative growth, whether it is monomeric and randomly distributed throughout the
membrane, with its assembly being triggered upon DNA binding at the sporulation
septum (36), or whether it is part of the division machinery. Through photoactivation
localization microscopy (PALM) imaging, it has been shown that SpoIIIE is present in
division septa in more than 30% of exponentially growing cells, localized to the FtsZ
ring, and in 55% of cells during membrane invagination, partially assembled into
hexameric motors (12). SpoIIIE either formed dynamic clusters with no defined local-

FIG 5 Dwell time density distributions of SftA-YFP and SpoIIIE-YFP. The dwell time represents the time
that a molecule stays within a radius of defined size (here, 120 nm). (A) PDF and cumulative density
function (CDF) of dwell times determined for SftA in wild-type and in FtsA-depleted cells. (B) PDF and
CDF of dwell times calculated for SpoIIIE-YFP in presence and absence of MMC.

TABLE 2 Trapping times

Protein Description Trapping time (ms)

SftA WT 106 � 2.8
ΔftsA ΔezrA mutant 60 � 1

SpoIIIE Untreated 166 � 1.7
Treated with MMC 154 � 2.1
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ization or static clusters that localized to the future septation sites. The dynamic clusters
were large, around 100 nm in size, and contained highly dynamic SpoIIIE molecules
(12). This study only investigated SpoIIIE inside these clusters and not the single SpoIIIE
molecules in the membrane. On the other hand, Kaimer et al. (2) stated that SpoIIIE
forms foci in only 1.6% of the cells under normal conditions, which increases to 5.6%
after MMC addition. Biller and Burkholder (1) found SpoIIIE-YFP foci in just 4% of
growing bacteria. None of the previous studies investigated the dynamics of all, mobile
and static, SpoIIIE molecules.

Under our experimental conditions, a majority of SpoIIIE molecules were slowly
moving with and without MMC treatment. Under both conditions, two populations of
steps were detected: a large slowly diffusing population (68%, 0.1 �m2/s, twice as fast
as the static SftA fraction) and a small more quickly moving population (32% with 0.34
�m2/s, Table 1 and Fig. 4B). We interpret these data as indicative of a majority of SpoIIIE
molecules moving as hexamers and a minority as monomers. After the addition of
MMC, our analysis revealed no change in the dynamic behavior of SpoIIIE (Fig. 3B and
D). Interestingly, although the number of SpoIIIE molecules at the septum increases
after the induction of DNA damage (MMC) in a subset of cells, this is not reflected in
longer dwell times of SpoIIIE. A comparison of the cumulative density functions (CDF)
shows very little difference between nontreated (Fig. 5B, bottom, blue curve) and
MMC-treated cells (Fig. 5B, bottom, red curve). Therefore, even though SpoIIIE visibly
accumulates at the division septum in 5% of the cells upon MMC treatment (Kaimer et
al. [2]), there is not a significant change in the (low) diffusion rates of the protein. The
finding that SpoIIIE is largely diffusive (with a slow and a faster population) and not
enriched at midcell reinforces the idea that it is not a static component of the cell
division machinery.

Visualization of the subcellular position of slow- and fast-moving molecules.
We wished to not only determine the most likely position of the proteins (Fig. 3) or the
relative fractions of mobile and immobile molecules (Fig. 4) but to determine the
localization of the immobile/slow-moving and the mobile fractions. The expectation
was to find many immobile proteins at the division septum for SftA and possibly a
mildly increased fraction of SpoIIIE molecules at the cell center upon the addition of
MMC. We defined immobile/slow moving as molecules that do not leave an area of 3
by 3 pixels for 5 frames, and we used 30-ms stream acquisition. It must be kept in mind
that any freely diffusing molecule alternates between periods of rapid and slow
movement and can pause for some time. We therefore set the threshold to 5 frames,
because freely diffusing molecules are unlikely to arrest their movement for such an
extended period of time. Figure 6 shows slow-moving molecules in red and fast-
moving molecules in blue. For SftA, midcell and cell poles represent positions of
frequent arrests/slow movement (Fig. 6C), as expected, and also for FtsA, static mole-
cules are localized to the midcell position (Fig. 6B, note that for FtsA-YFP, midcell
localization was better seen using 15-ms stream acquisition, rather than 30 ms; see Fig.
S2), while PfkA shows very few static tracks throughout the cells (Fig. 6A). Midcell
localization for FtsA and for SftA can also be clearly seen in the x axis scans (Fig. 6G and
H). As predicted, there is a visible reduction in the number of septum-associated stops
in the ftsA deletion strain (Fig. 6D, 1,000 frames were used for comparison of the two
conditions) and an increase in stops throughout the cells. For SpoIIIE, no septum
enrichment can be seen during exponential growth (Fig. 6E and J). Using epifluores-
cence, it was reported that 5% of cells contain visible fluorescent spots after the
addition of MMC, due to the assembly of SpoIIIE double hexamers at the division site
where DNA is entrapped (2); this is reflected by a moderate visual increase in static
tracks in MMC-treated cells (Fig. S3, middle panels). This enrichment is most easily seen
when slow and fast tracks are sorted along the long axis (x) of the cells (Fig. S4, middle
panels). As described above, SpoIIIE-YFP tracks are detected away from the membrane
because the focal plane is not always perfectly in the middle plane of cells, and because
due to focal depth, molecules are visible that are several hundred microns away from
the actual focal plane. This caveat notwithstanding, there is a clear difference in the
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spatial distribution of PfkA, FtsA, SftA, and SpoIIIE as viewed along the y (short) axis of
cells: while SpoIIIE-YFP localization is enriched at the outer edges (i.e., the membrane,
Fig. 6J), soluble PfkA-YFP is mostly present at the cell center of the tube-like cell (Fig.
6A). FtsA and SftA are somewhat in between these patterns (Fig. 6B and C), indicative
of peripheral membrane association. This makes sense, because the Z-ring that carries
many FtsA and SftA molecules is at the membrane for a prolonged time during the cell
cycle, before it constricts.

These experiments verify the idea that FtsA contributes to the recruitment of SftA to
the division machinery and that only few of the total number of SpoIIIE molecules are
recruited to the division site upon induction of DNA damage, while a majority continue
to move throughout the cell membrane.

FIG 6 (A to E) Determination of the subcellular localization of slow- and of fast-moving molecules. Tracks were randomly sampled from
PfkA-YFP (A), FtsA-YFP (B), and SftA-YFP (C) in wild-type cells or in cells deleted for ezrA and ftsA (D), and from cells expressing SpoIIIE-YFP
(E). Tracks were projected into a standardized cell of 3 by 1 �m and were sorted into slow-moving (not leaving an area of 3 by 3 pixels)
molecules, indicated by red lines, and fast-moving molecules, indicated by blue lines. Note that stream rate was 30 ms, except for 15 ms
for FtsA-YFP. (F to J) Superimposition of slow-moving (red line) and fast-moving (blue line) molecules sorted in x- and y-orientation (long
and short axis of the cell). Shown are the mean and the standard deviation of a bootstrap analysis sampling 50 times tracks with
replacement from PfkA-YFP (F), FtsA-YFP (G), or SftA-YFP (H) in wild-type cells or in cells deleted for ezrA and ftsA (I), as well as from cells
expressing SpoIIIE-YFP (J). Except for SftA-YFP and SpoIIIE-YFP, for which only 750 tracks were sampled, bootstrapping was performed with
1,000 tracks.
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DISCUSSION

Our data strongly support the idea of SftA being a soluble component of the
division machinery, which is recruited to the cell center in B. subtilis via protein-protein
interactions (37), while SpoIIIE is not. We show that SftA is a cytosolic protein when it
is expressed in a eukaryotic cell line and shows no sign of membrane recruitment, in
spite of the fact that it contains a predicted transmembrane helix within its N terminus
(31). We also visualized SftA molecules using single-molecule microscopy. A major
fraction of the molecules (more than two-thirds) was statically positioned at midcell,
while a minor fraction of molecules moved freely within the cytoplasm, consistent with
the idea that non-septum-bound SftA molecules are soluble. In contrast, a majority
of FtsA molecules are freely diffusing through the cell, and only a minority are
statically located at midcell. Compared with the cytosolic enzyme PfkA, mobile SftA
molecules moved more slowly, suggesting that SftA migrates as a hexamer within
the cell, in agreement with the finding that purified SftA forms stable hexamers in
vitro (2).

SftA fails to localize to midcell in the absence of FtsZ (2). Here, we show that SftA is
still recruited to midcell in the absence of early division proteins EzrA, ZapA, and SepF
but showed reduced recruitment when FtsA was absent (in an otherwise ezrA mutant
background). In single-molecule experiments, the dynamic fraction of SftA was in-
creased in the ftsA mutant strain. This indicates that FtsA acts as an important element
that helps recruit SftA to the septum. In S2 Schneider cells, SftA interacted with FtsA,
but no interaction was detected between SftA and FtsZ, while FtsA was able to recruit
FtsZ to the cell membrane, as well as SftA. These findings reinforce the idea that SftA
is part of the divisome and suggest that it may be recruited via interactions with several
proteins, including FtsA. The function of FtsA as one of the recruitment factors shows
that FtsA plays an additional role in B. subtilis besides tethering FtsZ to the membrane
(38), by recruiting the DNA translocase SftA and other proteins.

In contrast to SftA, SpoIIIE molecules showed movement within the membrane.
Under the conditions used, SpoIIIE moved largely as a slow-moving population, most
likely hexamers, and a more rapid-moving population, and the fraction of mobile
molecules did not change markedly upon the induction of DNA double-strand breaks.
We did not observe a specific localization pattern of SpoIIIE at the division septum or
any other site within the membrane; however, we observed a noticeable increase in the
number of static SpoIIIE molecules at midcell after the induction of DNA damage,
reflecting the 5% of cells that show visible assembly of SpoIIIE double hexamers under
this condition (2). SpoIIIE tracks were distributed throughout the cell membrane and
did not show displacement over a large distance. SpoIIIE moved very slowly, suggesting
that it also moves as a hexamer. It will be interesting to investigate how a divisome-
associated or membrane-diffusing hexamer opens up to bind to DNA, or if the
faster-diffusing SpoIIIE monomers observed in this study play an important role in DNA
binding.

SMT can reveal the binding kinetics of proteins at a single-molecule level and often
reveals striking differences between in vitro and in vivo behaviors of proteins (39). Our
analysis shows that SMT is also a powerful method to determine if low-abundance
proteins are soluble, membrane attached, or membrane integral, and to reveal areas of
preferred localization, even for very fast-moving molecules. From the integration of
1,000 or more tracks into a standard-sized cell, scans along the x axis can show
quantitative differences in recruitment to the Z-ring at midcell and along the y axis
membrane localization (SpoIIIE), membrane enrichment (FtsA and SftA), or free cyto-
solic movement (PfkA). Further, SMT is able to quantify the number of static (target-
bound) and mobile molecules and to pick up even small changes in the dynamic
behavior of proteins. Our analysis is also able to visualize subcellular areas of slow-
moving and of fast-moving proteins and should therefore be highly relevant for a
multitude of other cell biological experiments.
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MATERIALS AND METHODS
Growth conditions. The bacterial strains and plasmids used in this study are listed in Table 3, and the

nucleotides are listed in Table S1. Escherichia coli strain XL1-Blue (Stratagene) was used for the construction
and propagation of plasmids and E. coli strain BL21 Star DE3 (Invitrogen) for the heterologous overexpression
of proteins. All B. subtilis strains were derived from the prototrophic wild-type strain PY79. Cells were grown
in lysogeny broth (LB)-rich medium at 37°C or 30°C or in minimal medium containing S750 salts (40) at 25°C.
Media were supplemented with antibiotics where appropriate (100 mg · ml�1 ampicillin, 5 mg · ml�1

chloramphenicol, 100 mg · ml�1 spectinomycin, 10 mg · ml�1 kanamycin, and/or 10 mg · ml�1 tetracycline).
Strain construction. A strain with YFP-tagged SftA in an ftsH deletion background (ftsH::mls sftA-yfp)

was generated by transformation of CK70 (2) competent cells with chromosomal DNA from strain WW01
(41). For the S2 Schneider cell experiment, the pFD1 plasmid was used for all clonings (42). The 5= region
of sftA encoding the N terminus (residues 1 to 439) of the protein was cloned between ApaI and ClaI.
Full-length sftA was cloned between ApaI and EcoRV. Full-length ftsA was cloned between ApaI and XhoI,
cleaving out the yfp gene. To create a vector with ftsA-yfp, ftsA was cloned upstream of the yfp gene
between ApaI and PstI. Full-length ftsZ was cloned between ApaI and XhoI; in this construct, the yfp gene
was cleaved out. For ftsZ-yfp, ftsZ was cloned between ApaI and PstI.

Strains CK100, CK185, CK186, and CK187 were constructed by transformation of CK70 (sftA-yfp)
competent cells with chromosomal DNA of strains carrying the corresponding mutation of cell division
proteins (listed in Table 3). Strain NEJ14 was created by transforming the strain CK185 with the genomic
DNA of the strain MD137. The subsequent strain expressing SftA-YFP from the original locus and
harboring an ezrA ftsA double deletion was selected for growth on the antibiotics chloramphenicol,
erythromycin, and spectinomycin. The growth of the strain was supplemented with 0.01 mM IPTG. The
pfkA-yfp fusion was generated through PCR amplification of 500 bp of the 3= end of the pfkA gene
(lacking the stop codon) into pSG1164yfp (43) using the ApaI and EcoRI enzymes.

Schneider cell culture and transient transfection. Drosophila melanogaster S2 Schneider cells (30)
were grown in Schneider’s Drosophila medium (Lonza Group Ltd.) supplemented with 5 to 10% (vol/vol) fetal
calf serum (FCS) at 25°C. Cells were transferred every 48 h and transfected with the above-described pFD1
plasmids using the X-tremeGENE HP DNA transfection reagent (Roche), as described in detail by El Andari et
al. (30). Protein expression was induced with a final concentration of 1 mM CuSO4, and cells were analyzed
after 19 h.

TABLE 3 Strains and plasmids used in this study

Strain or plasmid Relevant genotype Resistancea Reference or source

Strains
E. coli

XL1-Blue endA1 gyrA96(nalr) thi-1 recA1 relA1 lac glnV44 F=[::Tn10 proAB� lacIq

Δ(lacZ)M15] hsdR17(rK
� mK

�)
Tet Stratagene

BL21 Star (DE3) BF� ompT gal dcm lon hsdSB(rB
� mB

�) �(DE3 [lacI lacUV5-T7 gene 1
ind1 sam7 nin5]) [malB�]K-12(�s)

None Invitrogen

B. subtilis
PY79 Wild type None 46
CK70 sftA-yfp Cm 2
CK83 sftA-yfp Tet This study
WW01 ftsH::mls Mls 41
NEJ13 ftsH::mls sftA-yfp Mls, Cm This study
pFG1 divIVA::spc Spec 47
CK100 sftA-yfp divIVA::spc Cm, Spec This study
FG375 ezrA::spc Spec 47
CK185 sftA-yfp ezrA::spc Cm, Spec This study
BFA 2863 sepF::mls Mls 27
CK187 sftA-yfp sepF::mls Mls, Cm This study
FG343 zapA-yshB::tet Tet 47
CK186 sftA-yfp zapA-yshB::tet Cm, Tet This study
FG718 ΔftsA amyE::Pxyl ftsA Cm 48
PG2664 pfkA-yfp Cm This study
CK55 spoIIIE-yfp Cm 2
MD137 ΔezrA::spc ΔftsA::erm (Pspac-ftsZ) Spec, Ery 26
NEJ14 sftA-yfp ΔezrA::spc ΔftsA::erm (Pspac-ftsZ) Spec, Ery, Cm This study

Plasmids for S2 cells
pFD1 yfp, ampr (E. coli) 42
pFD1-SftA1-439-YFP sftA1-439-yfp, ampr (E. coli) This study
pFD1-SftA-YFP sftA-yfp, ampr (E. coli) This study
pFD1-FtsA-YFP ftsA-yfp, ampr (E. coli) This study
pFD1-FtsA ftsA, ampr (E. coli) This study
pFD1-FtsZ-YFP ftsZ-yfp, ampr (E. coli) This study
pFD1-FtsZ ftsZ, ampr (E. coli) This study

aTet, tetracycline; Cm, chloramphenicol; Spec, spectinomycin; Ery, erythromycin.
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Fluorescence microscopy. For fluorescence microscopy analysis of strains CK100, CK185, CK186,
CK187, CK188, and NEJ14, B. subtilis cells were grown in S750 minimal medium at 25°C under shaking
conditions until exponential growth. Three microliters of cells was transferred on a glass slide (micro-
scope slides standard; Roth) coated with an agarose layer (S750 minimal medium, 10 mg/ml agarose) and
covered with a coverslip (Roth). Wide-field fluorescence microscopy was performed using a Zeiss
Observer A1 microscope (Carl Zeiss) with an oil immersion objective (�100 magnification, 1.45 numerical
aperture, alpha Plan-FLUAR; Carl Zeiss) a charge-coupled-device (CCD) camera (CoolSNAP EZ; Photomet-
rics) and an HXP 120 metal halide fluorescence illumination with intensity control. Cells were treated with
red fluorescent membrane stain FM 4-64 (excitation, 560 nm; emission, 640 nm; final concentration, 1
nM) and the DNA-intercalating blue fluorescent dye DAPI (4=,6-diamidino-2-phenylindole) (excitation,
358 nm; emission, 461 nm; final concentration, 0.72 nM) and incubated for 2 min at room temperature.
Microscopy was done with an exposure time of 1 s under the excitation wavelength for YFP (excitation,
514 nm; emission, 527 nm) and 200 ms for excitation of each of the dyes. Data were processed using the
MetaMorph 7.5.5.0 software (Molecular Devices, Sunnyvale, CA, USA), which also allows the calibration
of fluorescence intensity and of pixel size to determine cell length.

Single-molecule microscopy and tracking. In contrast to the wide-field illumination used in
conventional epifluorescence microscopy, the excitation laser beam used in our setup is directed to
underfill the back aperture of the objective lens. The effect of this light path is to generate a
concentrated parallel illumination profile at the level of the sample, leading to a strong excitation
followed by rapid bleaching of the fluorophores. When only a few unbleached molecules are
present, their movement can be tracked. In addition, freshly synthesized and folded fluorophores
become visible when the sample is excited again. When an observed molecule is bleached in a single
step during the imaging, it is assumed to be a single molecule (44, 45). Image acquisition was done
continuously during laser excitation with the electron-multiplying CCD (EMCCD) camera iXon Ultra
(Andor Technology, Belfast, UK). A total of 1,500 images were taken per field, with an exposure time
of 0.03 s, or 0.015 s for FtsA-YFP.

The exposed chip size corresponded to 256 by 256 pixels down to 128 by 128 pixels. The settings of
recording conditions were made with the camera’s program AndorSolis 4.2. The microscope used in the
process was an Olympus IX71, with a �100 objective (UAPON 100�OTIRF; numerical aperture [NA], 1.49;
oil immersion). A 514-nm laser diode was used as excitation source, and the band corresponding to the
fluorophore was filtered out. All imaged proteins are tagged with monomeric YFP, expressed from
original gene locus, and the exposure time and laser intensity were the same in all experiments, at 30
ms (33 frames per second [fps]) or 15 ms (66 fps) and 10 mW, respectively.

Single-molecule data analyses. The tracking analysis was done with U-track-2.3.1, which was
specifically written for Matlab (MathWorks, Natick, MA, USA). The generated data were analyzed with an
MSD analyzer in Matlab. The acquired movies were first cropped, and their format was converted from
RAW to TIFF with ImageJ. Only trajectories consisting of a minimum of 5 frames were considered tracks
and included for further analysis. Generation of heat maps, analyses of molecule dwell times, and
visualization of slow and fast tracks in a standardized cell are based on a custom-written Matlab script
that is available on request.

Calculation of diffusion constants. A widely accepted method to analyze the diffusive behavior of
molecules is by using the mean squared displacement (MSD)-versus-time-lag curve. This provides an
estimate of the diffusion coefficient as well as of the kind of motion, e.g., diffusive, subdiffusive, or
directed. However, the method requires that within a complete trajectory there be only one type of
homogeneous motion and that the trajectory is preferably of infinite length. Currently used fluorophores
show rather short lifetimes, limiting the time of observation to short time intervals, which in turn limit
the statistical significance of the results. Additionally, this method provides information on whether
different kinds of diffusive molecules are present within one population. To distinguish immobile and
mobile molecules from each other, we compare the frame-to-frame displacement of all molecules in x
and the y directions. Using a Gaussian mixture model to fit the probability density distribution function
of all frame-to-frame displacements, determine the standard deviations �1 and �2, as well as the
percentages F1 and F2 of the slow and the fast subfractions of molecules, respectively. Finally, the
diffusion constants were calculated according to Di � �i

2/4Δt (i � 1,2), where Δt is the time interval
between subsequent imaging frames.
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