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The bacterial divisome: more than a ring?

Bill Soderstrom' - Daniel O. Daley?

Received: 21 June 2016 / Revised: 29 June 2016 / Accepted: 1 July 2016 / Published online: 8 July 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Bacterial cells are critically dependent on their
ability to divide. The process of division is carried out by
a large and highly dynamic molecular machine, known as
the divisome. An understanding of the divisomes’ archi-
tecture is highly sought after, as it is essential for under-
standing molecular mechanisms and potentially designing
antibiotic molecules that curb bacterial growth. Our current
view, which is mainly based on high-resolution imaging of
Escherichia coli, is that it is a patchy ring or toroid struc-
ture. However, recent super-resolution imaging has shown
that the toroid structure contains at least three concentric
rings, each containing a different set of proteins. Thus, the
emerging picture is that the divisome has different func-
tional modules that are spatially separated in concentric
rings.
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In the model Gram-negative bacterium Escherichia coli,
the divisome is assembled from more than 30 different
proteins (Adams and Errington 2009; Egan and Vollmer
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2013; Haeusser and Margolin 2016; Lutkenhaus et al.
2012; Meier and Goley 2014). A third of these proteins
(FtsZ, FtsA, ZipA, FtsK, FtsQ, FtsL, FtsB, FtsW, Ftsl, and
FtsN) are generally counted as the core of the divisome, as
they are essential for division, and as a consequence, for
cell viability (Haeusser and Margolin 2016). The essential
division proteins are either cytoplasmic or inner membrane
proteins, and their assembly at the division site has been
well studied (see Goehring and Beckwith 2005). It is ini-
tiated by the arrival of thousands of copies of FtsZ, FtsA,
and ZipA, which form a dynamic ring structure that is com-
monly referred to as the proto-ring (Erickson et al. 2010;
Rico et al. 2013). This ring then acts as an assembly plat-
form for the remaining division proteins, and most likely,
also provides some of the force required to constrict the cell
envelope (Ortiz et al. 2016). In a second step of assembly,
FtsK, FtsQ, FtsL, FtsB, FtsW, Ftsl, and FtsN are recruited
(Aarsman et al. 2005). These proteins are involved in chro-
mosome segregation and remodelling of the peptidoglycan
layer. The latter is important for constriction of the cell
envelope and scission of the daughter cells.

Structural information on the architecture of the divi-
some has been a long-standing goal of the cell division
community. Unfortunately, the size, complexity, mem-
brane location, and highly dynamic nature of the divisome
make it extremely challenging to purify as a whole, and,
therefore, to study by the traditional structural approaches,
such as X-ray crystallography or cryo-electron micros-
copy. Our current understanding of the divisome struc-
ture is based on super-resolution imaging of fluorescently
labelled FtsZ, FtsA, and ZipA, which indicates a patchy
ring or toroid structure (Coltharp et al. 2016; Fu et al. 2010;
Holden et al. 2014; Jacq et al. 2015; Rowlett and Margo-
lin 2014, 2015; Strauss et al. 2012). It has been largely
assumed that most other divisome proteins are in the toroid,
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Fig.1 The E. coli divisome can be visualized as concentric rings. a
Time-lapse SIM images of the division septum in a cell co-express-
ing FtsZ-mCherry (red) and GFP-FtsN (green). The images clearly
show that the signal from FtsZ-mCherry is inside that of GFP-FtsN
throughout constriction. ‘7" indicates the time in minutes lapsed
since the first image. Scale bar 0.2 wm and dotted lines roughly rep-
resent the cell outline. Beneath each image are line scans through a
cross section of the divisome (drawn as dashed line at T = 0). Image
reprinted with permission from (Soderstrom et al. 2016). b Schematic

because protein—protein interaction studies have indicated
a high level of interconnectivity between divisome proteins
(reviewed in Egan and Vollmer 2013). However, new super-
resolution fluorescence microscopy data have provided
some thought provoking insight: is the toroid composed of
more than a single ring?

The first indication that the toroid structure may be
more complex than a single ring came from studies
done by Galli and Gerdes, who co-expressed FtsZ-GFP
together with the non-essential divisome protein ZapB-
mCherry in E. coli. Their subsequent high-resolution 3D
reconstruction images showed that the signal from ZapB
was inside of the signal from FtsZ, indicating that ZapB
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representation of concentric divisome rings observed in E. coli. Left
panel pairwise imaging of fluorescently labelled divisome proteins,
carried out in three different studies (Buss et al. 2015; Galli and Ger-
des 2010; Soderstrom et al. 2016), has indicated that some pairs of
divisome proteins are spatially separated at the septum. Right panel
the pairwise images represent concentric rings containing differ-
ent sets of proteins. Note that only divisome proteins that have been
assigned to a particular ring are shown

formed a concentric ring inside the ring containing FtsZ
(Galli and Gerdes 2010). This conclusion was supported
by two-colour PhotoActivated Localization Microscopy
(PALM) imaging of E. coli cells co-expressing FtsZ-
PAmCherry and ZapB-Dronpa (Buss et al. 2015). The
latter study also showed that MatP, another non-essential
divisome protein, was inside of ZapB, thus, indicating
that there might be two rings (or layers) inside of the ring
containing FtsZ.

Additional support for the concept that the divisome
could be more that a single ring was obtained when we
co-expressed pairs of the core divisome proteins in E. coli,
with either a GFP or mCherry tag, then used dual-colour
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super-resolution Structured Illumination Microscopy (SIM)
to image these proteins at the division site (Soderstrom
et al. 2016). The resulting images crisply showed that the
fluorescence signal from FtsZ, FtsA, and ZipA always over-
lapped, consistent with their assembly in a single ring (see
also Rowlett and Margolin 2014). However, the fluores-
cence signals from FtsQ, FtsL, Ftsl, and FtsN were approxi-
mately 100 nm wider (Fig. 1a). The interpretation of these
2D images is that the enzymes involved in peptidoglycan
biosynthesis form a concentric ring that is located outside of
the ring containing FtsZ.

Taken together, the available data suggest that the
structure of the divisome is a toroid made up of concen-
tric rings (Fig. 1b). Intriguingly each ring layer appears to
have a specific complement of proteins, indicating that it
has a specific functional role; the inner layer(s) appears to
have a regulatory role, since it contains ZapB and MatP.
The middle proto-ring is the assembly scaffold; this ring
may also provide some of the force necessary for con-
striction, as it contains FtsZ, FtsA, and ZipA. And finally,
there is the outer ring, containing FtsQ, FtsL, Ftsl, and
FtsN, which are involved in peptidoglycan synthesis and
ingrowth.

The reason(s) why the modular organisation of the divi-
some has eluded detection for so long can be attributed
to two major factors: (1) it requires dual-colour label-
ling of divisome proteins, and (2) super-resolution imag-
ing to unambiguously resolve them. With this knowledge
in hand, it should now be possible to refine the existing
low-resolution map, and, importantly, to validate key find-
ings using approaches that probe the native divisome, such
as Immuno-Fluorescence Microscopy (IFM). Outstand-
ing questions that spring to mind are related to whether
other divisome proteins, such as those in the periplasm
and outer membrane, are assembled into the known rings?
Or whether they form separate rings that are yet to be
observed? Can the various rings be reconstituted in vitro?
And how does the composition of each ring change dur-
ing constriction? Regarding the latter point, it is already
known that the proto-ring is a highly dynamic entity with
components like FtsZ and ZipA checking in and out every
10 s (Stricker et al. 2002), and FtsZ disassembling before
the cytoplasm has been sealed (Soderstrom et al. 2014). It
is, therefore, plausible that the internal structure and com-
position of the divisome might change as envelope con-
striction proceeds.
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