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Commentary

Bacterial cell division: A moveable feast
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Recent advances in fluorescence microscopy technologies
have revolutionized our views on bacterial cell organization. A
prolific area of this revolution in tiny cell visualization has been
cell division. Most bacteria divide in their middle, implying that
they are aware of at least one particular site of themselves, the
midcell division site. This raises the fundamental question:
How do bacterial cells identify midcell? It all started with the
immunolocalization studies of the FtsZ division protein, which
showed that FtsZ assembles at midcell in a ring-like structure
(1). Since then, additional cell division proteins have been
shown to localize to midcell (2). In a recent issue of the
Proceedings, Raskin and de Boer (3) extend this concept of
site-specific protein targeting by describing the unique dy-
namic properties of the localization of the MinD division
inhibitor. This discovery adds a new dimension to our explo-
ration of the unexpected complexity in the spatial organization
of bacterial cells.

One cannot talk about bacterial cell division without con-
sidering the FtsZ protein, which shares properties with cy-
toskeletal molecules. FtsZ, which binds GTP and has a GT-
Pase activity (4–6), plays a central role in cytokinesis as a
major component of a contractile ring (1). The assembly of the
FtsZ ring at midcell occurs well before the constriction is
initiated (1). In addition to ftsZ (7), many more genes are
specifically involved in cell division (2, 8). The other cell
division proteins are later recruited to the FtsZ ring to form
the membrane-associated septal ring that mediates septation.
The answer to the problem of midsite selection is still largely
unknown, but important insights have come from studies on
minicell-producing (min) mutants (9). These mutants often
divide at the poles (1⁄4 and 3⁄4 sites on the cell), generating small,
chromosomeless minicells. Here, we discuss the roles of the
Min proteins in cell division and assess the different strategies
used by two rod-shaped bacteria, the Gram-negative Esche-
richia coli and the Gram-positive Bacillus subtilis, to solve the
problem of positioning the midcell site.

In E. coli, the minicell genetic locus has three genes: minC,
minD, and minE (10). By analyzing the effect of expressing
various combinations of the min genes, it was found that MinC
is a division inhibitor and that MinD stimulates MinC activity
(10, 11). Deletions of minC, minD, or all three min genes give
rise to a minicell phenotype, whereas inactivation of the minE
gene alone results in the formation of long filamentous cells.
MinD has an ATPase activity that is required for MinC
function (12). MinCD acts either directly or indirectly to
interfere with the function of the FtsZ protein (13, 14).
Overexpression of MinCD prevents formation of the FtsZ ring
at midcell. Conversely, MinCD inhibitory function can be
overcome by increasing FtsZ concentration, leading to mini-
cell production (15, 16). These observations led to the hypoth-
esis that in the absence of MinE, the inhibitory MinCD
complex blocks division at all potential division sites (PDSs)
(10, 17). When the ratio of MinD to MinE is normal, the
division inhibitory activity of MinCD is restricted to the polar
PDSs, leaving the midcell PDS free for septum formation.
MinE therefore would impart the topological specificity, en-

suring medial cell division. Experiments using the yeast two-
hybrid system confirmed the MinC-MinD interaction and its
inhibition by MinE (18).

If MinE confers topological activity, does it localize to a
particular site in the cell? By using a biologically active MinE
derivative that was fused to green fluorescent protein (GFP),
it was shown that MinE-GFP accumulates at or near midcell
in a ring-like structure that appears to depend on a functional
MinD protein, but is independent of FtsZ ring assembly (19).
MinE rings were found in very young cells but not in deeply
constricting cells, suggesting that the MinE ring disassembles
before the completion of cytokinesis. Thus, MinE appears to
localize and delocalize as a function of the cell cycle. An
astonishing result came from studies of MinD localization (3).
Visualization of a functional GFP-MinD fusion protein in
living cells revealed that the protein rapidly oscillates from one
pole to the other. Time-lapse experiments showed that GFP-
MinD resides for 10–30 sec in only one of the cell halves (along
one polar cap up to approximately the middle of the cell) then
moves to the opposite cell half, only to shift back to its original
cell half 10–30 sec later. In between polar shifts, the protein
appears to dissociate from the membrane periphery to accu-
mulate in the cytoplasm. The GFP-MinD oscillatory pattern
was observed in newborn cells as well as in constricting cells,
suggesting that this dynamic behavior lasts for most, if not all,
of the cell cycle. GFP-MinD oscillation was independent of
FtsZ. However, the polar localization of GFP-MinD was lost
in a minE mutant, as visualized by a diffuse static f luorescence
in the cytoplasm (3). These results predict a model in which the
localization of the Min proteins directs the division machinery
to midcell (Fig. 1, Left). Early in the division cycle, MinE
localizes to a ring-like structure at or near the middle of the
cell. MinD accumulates alternately at the membrane periphery
on either side of the MinE ring. The rapid relocation of MinD
ensures that no FtsZ ring is assembled at either the 1⁄4 or 3⁄4 sites
in the cell halves. The presence of MinE at midcell prevents the
MinCD inhibitory activity at this site, allowing assembly of the
FtsZ ring. Additional division proteins then are recruited to
the FtsZ ring (not shown in the Fig. 1, Left), resulting in septal
ring formation.

B. subtilis has homologues of MinC and MinD. The function
of the MinD homologue has been conserved, as minD mutants
of B. subtilis have the typical minicell phenotype (20–22).
However, the B. subtilis genome lacks a minE homologue. The
topological specificity of the MinCD division inhibitor in B.
subtilis appears to be mediated by the product of the unrelated
divIVA gene (23, 24). Mutations in divIVA lead both to minicell
production and the formation of long nonseptate filaments
(25). Depletion of DivIVA proteins results in disruption of
FtsZ ring assembly, indicating that the control of division
inhibition by MinCD-DivIVA of B. subtilis, like the Min system
in E. coli, acts at the level of FtsZ. However, the mechanism
of DivIVA action appears to be fundamentally different from
that of MinE. DivIVA-GFP localizes to both cell poles as well
as the midcell site (24). Measurements of DivIVA location as
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a function of cell length suggests that DivIVA is targeted to
midcell late in the cell cycle, before septal constriction begins,
and remains at the new poles that arise from midcell division,
and forever after (26). That contrasts with E. coli MinE that
arrives at midcell relatively early and disappears before con-
striction is complete. Furthermore, DivIVA localization at
midcell does not require MinD but depends on the formation
of the FtsZ ring and on later assembling components of the
division apparatus (26). The topological target for DivIVA
may be a component of the division apparatus. Thus, the
requirements for targeting DivIVA to midcell are different
from those of the E. coli MinE. The B. subtilis MinD accu-
mulates at both the septal ring and the polar caps with a cell
cycle-dependent pattern that is similar to DivIVA (26). No
oscillation of MinD was observed. These results favor a
mechanism for the division site selection in B. subtilis (Fig. 1,
Right) in which DivIVA and MinD are localized to the cell
poles in a newborn cell both, and therefore the presence of the
MinD inhibitor prevents the formation of the FtsZ ring at these
sites. After completion of DNA replication, a new potential
division site is created at midcell. The sequestration of the
MinD inhibitor to the poles allows assembly of the FtsZ ring
at midcell and recruitment of other cell division proteins. At
this point, the division machinery presumably becomes resis-
tant to the MinCD inhibition, perhaps because the presence of
other cell division proteins stabilizes the FtsZ ring. DivIVA
then is recruited to the midcell, possibly by a later-assembling
division protein. Assembly of DivIVA promotes the targeting
of some MinD proteins to midcell. Constriction then is initi-
ated. When constriction is completed, the division apparatus
disassembles, but DivIVA and MinD remain at the newly
formed poles. Thus, both daughter cells have the MinD

inhibitor at their poles, preventing further divisions from
taking place in these polar sites.

Although the actual biochemical mechanisms of Miny
DivIVA-mediated site selection in E. coli and B. subtilis have
yet to be resolved, the localization of these proteins provides
a valuable lesson; the importance of the spatial cellular coor-
dinates of the molecules involved in the selection of the
division site. It is noteworthy that protein localization in
bacteria is not a phenomenon restricted to cell division. The
transmembrane chemoreceptors in E. coli accumulate at the
cell poles, recruiting the cytoplasmic proteins CheA and CheW
to these sites (27). The virulence factor ActA, which is required
for nucleating actin polymerization, localizes at one pole of
Listeria monocytogenes (28). Several B. subtilis proteins that are
involved in sporulation provide further examples of subcellular
localization (29). Recently, the histidine kinase CckA that is
involved in the cell cycle control of Caulobacter crescentus was
found to exhibit a dynamic pattern of polar localization that is
cell cycle dependent (30). In light of the accumulating evidence
of proteins with specific addresses in the cell, the concept of
bacteria as amorphous bags of enzymes is most definitively
passé.
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FIG. 1. Models for division-site selection in E. coli (Left) and B. subtilis (Right). MinD is in blue, MinE in yellow, FtsZ in green and DivIV in
red. Shown are different stages of the cell cycle, beginning with a newborn cell and finishing with cell division that produces two daughter cells.
(Left) In E. coli, MinE localizes to a ring-like structure at or near the middle of the cell early in the division cycle. MinD accumulates alternately
at the membrane periphery on either side of the MinE ring (3). The alternation of MinD localization from one pole to the other occurs at a frequency
of the order of tens of seconds. The rapid relocation of MinD ensures that no FtsZ ring is assembled at either the 1⁄4 or 3⁄4 sites in the cell halves.
The presence of MinE at midcell prevents the MinD inhibitory activity at this site, allowing assembly of the FtsZ ring at this site. The MinE ring
disassembles before completion of constriction. (Right) In B. subtilis, DivIVA and MinD are localized to the cell poles in a newborn cell, and
therefore the presence of the MinD inhibitor prevents the formation of the FtsZ ring at these sites. Later, presumably after completion of DNA
replication, a new potential division site is created at midcell. The sequestration of the MinD inhibitor to the poles allows assembly of the FtsZ
ring at midcell and recruitment of other cell division proteins. At this point, the division machinery presumably becomes resistant to the MinD
inhibition. DivIVA and MinD proteins then are recruited to the midcell. Constriction then is initiated. When constriction is completed, the FtsZ
ring disassembles, but DivIVA and MinD remain at the newly formed poles, preventing further divisions from taking place in these polar sites.
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