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Summary

The rod-shaped bacterium Escherichia coli grows by
insertion of peptidoglycan into the lateral wall during
cell elongation and synthesis of new poles during cell
division. The monofunctional transpeptidases PBP2
and PBP3 are part of specialized protein complexes
called elongasome and divisome, respectively, which
catalyse peptidoglycan extension and maturation.
Endogenous immunolabelled PBP2 localized in the
cylindrical part of the cell as well as transiently at
midcell. Using the novel image analysis tool Coli-
Inspector to analyse protein localization as function of
the bacterial cell age, we compared PBP2 localization
with that of other E. coli cell elongation and division
proteins including PBP3. Interestingly, the midcell
localization of the two transpeptidases overlaps in
time during the early period of divisome maturation.
Försters Resonance Energy Transfer (FRET) experi-
ments revealed an interaction between PBP2 and

PBP3 when both are present at midcell. A decrease in
the midcell diameter is visible after 40% of the division
cycle indicating that the onset of new cell pole synthe-
sis starts much earlier than previously identified by
visual inspection. The data support a new model of the
division cycle in which the elongasome and divisome
interact to prepare for cell division.

Introduction

Cells of the rod-shaped Escherichia coli grow by length
growth, i.e. cell elongation, and cell constriction, i.e. new
cell pole synthesis. During cell elongation peptidoglycan
precursor (lipid II) is dispersedly incorporated into the
cylindrical part of the cell wall whereas the new cell poles
are synthesized from completely new peptidoglycan (de
Pedro et al., 1997). Peptidoglycan is a network of glycan
chains cross-linked by peptides and its well-regulated
enlargement during growth ensures the osmotic stability
and distinct morphology of the cell (Typas et al., 2011).
Penicillin-binding proteins (PBPs) catalyse peptidoglycan
growth and maturation. The E. coli class A (bi-functional)
PBPs PBP1A, PBP1B and PBP1C have glycosyltrans-
ferase and transpeptidase activities. The class B PBPs
are monofunctional transpeptidase proteins that cross-
link peptidoglycan subunits (Sauvage et al., 2008). Two of
these, PBP2 and PBP3, are present in E. coli and they
have different cellular functions (Spratt, 1975): inactiva-
tion or depletion of PBP2 leads to spherical cells due to
inhibition of cell elongation, whereas inactivation or deple-
tion of PBP3 results in filamentous cells due to a block in
new cell poles synthesis.

Lateral cell wall synthesis is accomplished by a protein
complex called elongasome (den Blaauwen et al., 2008)
that is assumed to be recruited by the actin-like MreB,
which is essential for length growth. MreB can form fila-
ments (Jones et al., 2001) and is attached to the inner
side of the cytoplasmic membrane with its N-terminal
amphiphatic helix (Salje et al., 2011). Recent evidence
supports dynamic segments of MreB driven by ongoing
peptidoglycan synthesis in Bacillus subtilis (Dominguez-
Escobar et al., 2011; Garner et al., 2011) and E. coli (van
Teeffelen et al., 2011; Swulius and Jensen, 2012; Wang
et al., 2012).
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MreB is associated with other essential cell elongation
proteins of unknown functions including the integral mem-
brane protein MreD, the bitopic membrane proteins MreC
and RodZ, which assists in the assemblage of MreB
(Kruse et al., 2005; Bendezu et al., 2009). Based on
bacterial two-hybrid assays, immunoprecipitation, affinity
chromatography and localization studies, the elongasome
contains other proteins that include the lipid II peptidogly-
can precursor synthesizing Mur enzymes and MraY
(Mohammadi et al., 2007; White et al., 2010), the hypo-
thetical lipid II translocase RodA (Mohammadi et al.,
2011) up to the peptidoglycan synthesizing Class A and B
PBPs (den Blaauwen et al., 2008; Sauvage et al., 2008;
Vollmer and Bertsche, 2008; Banzhaf et al., 2012).

The construction of new cell poles requires PBP3 at
midcell together with about 20 essential and non-essential
cell division proteins. Correct positioning of these proteins
for normal cell pole synthesis requires a period of prepa-
ration, which is part of the cell division process (Aarsman
et al., 2005; Goehring and Beckwith, 2005). Cell division
is therefore initiated well in advance of the cell pole syn-
thesis and starts with the polymerization of FtsZ in a
ring-like structure at midcell (Bi and Lutkenhaus, 1991; Fu
et al., 2010). FtsA and ZipA anchor FtsZ to the cytoplas-
mic membrane (Wang et al., 1997; Hale and de Boer,
2002). Subsequently, the Z-ring recruits a set of later
localizing proteins that synthesize the new cell poles. The
recruitment of the majority of the proteins involved in cell
division, or divisome maturation, takes about 20% of the
division cycle time after the localization of the Z-ring
(Aarsman et al., 2005; Goehring and Beckwith, 2005).
When the maturation of the divisome is prevented but not
the assemblage of the Z-ring, still a band of completely
new peptidoglycan (preseptal peptidolgycan) is synthe-
sized at midcell (Varma et al., 2007; Varma and Young,
2009; Olrichs et al., 2011; Potluri et al., 2012), despite the
fact that the Z-ring and the early localizing cell division
proteins are not known to synthesize peptidoglycan.

GFP–PBP2 localizes transiently at midcell and its activ-
ity is required to maintain the correct diameter of the new
cell poles (den Blaauwen et al., 2003). Also the essential
cell elongation proteins MreB, MreC and MreD localize
transiently at midcell when fused to fluorescent proteins
(Vats et al., 2009). Therefore, the elongasome seemed to
be the most likely candidate for the synthesis of this
preseptal peptidoglycan band in the absence of a func-
tional or mature divisome. Using antibodies directed
against the endogenous PBP2, we now confirm the locali-
zation pattern of GFP–PBP2 (den Blaauwen et al., 2003)
and extend these studies in much more detail. In addition,
the relation between the localization of the elongasome
proteins MurG, MreB and PBP2, the early localizing FtsZ
and the late localizing proteins PBP3 and FtsN are
explored in detail in thousands of cells as function of the

progression of the division cycle. Although the divisome
maturation still takes about 20% of the division cycle, the
FtsZ proteins positioning at midcell occurs at an earlier age
than was found in our previous studies based on visual
inspection of the localization patterns (Aarsman et al.,
2005). Remarkably, we observed a clear overlap between
the midcell localization of PBP2 and PBP3 during an early
phase in divisome maturation. This prompted us to inves-
tigate whether these proteins interact. By using an in vivo
Försters Resonance Energy Transfer (FRET) technique
(Alexeeva et al., 2010) we show that PBP2 homodimerizes
and that the colocalizing PBP2 and PBP3 proteins interact
only when they are both present at midcell. The time
window of this colocalization coincides with a preparative
phase in division that could match preseptal peptidoglycan
synthesis. We propose that the transient positioning of the
elongasome and divisome proteins at midcell assist in the
fine-tuning of the correct positioning of the synthesis of
the new cell poles. In addition, peptidoglycan synthesis in
the lateral wall decreases when elongasome complexes
move to midcell (Wientjes and Nanninga, 1989). As cell
pole synthesis contributes considerably to the length
growth of the bacterium, perhaps the recruitment of elon-
gasomes to the Z-ring keeps the overall length growth
exponential while the new cell poles are synthesized.

Results

PBP2 and PBP3 localization overlaps at midcell during
early divisome maturation

PBP2 is essential for length growth and consequently
GFP–PBP2 was observed to localize in the cylindrical part
of the cell (den Blaauwen et al., 2003). Surprisingly, GFP–
PBP2 was also found to accumulate transiently at midcell.
Inhibition of PBP2 in wild-type cells caused the new cell
poles to increase in width before any other part of the cells
changed in shape (den Blaauwen et al., 2003). This sug-
gested that PBP2 localization to midcell is important to
control the diameter of the new cell poles. At that time
GFP–PBP2 was expressed from a plasmid. Here PBP2-
specific antibodies were used to obtain a presentation of
the localization of the endogenous PBP2 protein (Figs 1A
and B and 2). The specificity of the antiserum is shown in
supplementary Fig. S1.

To be able to interpret the localization of PBP2 in the
framework of divisome maturation time, we analysed the
topography of immunolabelled well-known early and late
localizing cell division proteins. In previous work the locali-
zation of the divisome proteins FtsZ, FtsQ, FtsW, PBP3
and FtsN were studied by visually determining the posi-
tion of an immunolabelled or fluorescent fusion protein
(Aarsman et al., 2005). For each protein about 500 cells
were analysed for the presence of a fluorescent band at
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midcell. Labelling steady state grown cells enables calcu-
lation of the cell age at which a protein localizes at midcell
(Aarsman et al., 2005). These studies revealed localiza-
tion of FtsZ after 40% of the division cycle and for FtsQ,
FtsW, PBP3 and FtsN midcell presence was found to be
at a later stage (60% of the division cycle). The process
was described as divisome maturation in two steps
(Aarsman et al., 2005). We have now developed an auto-
mated cell counting and analysing macro called Coli-
Inspector that is used in combination with the image
analysis program ObjectJ to obtain more objective quan-
titative data. This program allows the analysis of thou-
sands of cells at a speed of 400 cells per min and greatly
improves the reliability by which the timing and topogra-
phy of proteins in the cells can be determined.

Wild-type LMC500 cells were grown to steady state in
minimal glucose medium at 28°C, fixed and immunola-

belled with antibodies directed against MurG, MreB,
PBP2, FtsZ, PBP3 and FtsN. Between 2000 and 5000
cells were analysed by Coli-Inspector/ObjectJ with
respect to cell shape and fluorescence distribution for
each protein. Besides quantitative data, the Coli-Inspector
macro also returns a qualitative but very direct visualiza-
tion of the analysis in the form of a sorted map of profiles
showing either the diameters derived from the phase-
contrast images or the fluorescence derived from the fluo-
rescence images of all the individual cells as function of
cell length (Fig. 2). In these maps, the appearance of a
constriction (map of diameter profiles) or the timing of the
localization at midcell of proteins (map of fluorescence
profiles) are immediately visible. In addition, cells were
stained with the general membrane stain Bodipy-12 to be
able to compare complete membrane fluorescence in
contrast to the specific localization of the membrane
embedded proteins.

Midcell localization of proteins was quantified in the
following way. The deviation of cellular fluorescence at
midcell (FCplus) was calculated. The mean FCplus of age
classes of cells in the population together with their cor-
responding 95% confidentiality interval were plotted
against the progression in division cycle time shown as
percentage of cell age (see supplementary Fig. S2 for
graphs of the raw data). The mean FCplus was normal-
ized between the minimal and maximal values of the
fluorescence to enable a concentration independent com-
parison between the various proteins (Fig. 3).

The addition of fixative to the shaking culture flask
caused an increase in the osmolarity of the medium. To
verify that this did not affect the localization pattern of PBP2
(Hocking et al., 2012) cells expressing GFP–PBP2 before
(living) and after addition of the fixative were compared. No
difference in localization pattern of GFP–PBP2 in the living
or fixed cells was observed (results not shown). Detected
by antibodies, the native PBP2 localized in the cylindrical
part of the cells and transiently at midcell, confirming the
earlier fluorescence localization of GFP–PBP2 (Fig. 1)
(den Blaauwen et al., 2003). Cells grown in TY at 28°C with
a mass doubling time of 40 min spend most of their division
cycle time dividing. Therefore, not surprisingly, the map of
fluorescence profiles from these cells shows midcell locali-
zation for PBP2 in the shortest cells, and PBP2 has already
moved to the midcell of the future daughter cells in the
longer cells (Fig. 1B). In cells grown in minimal medium
with a generation time of 85 min the PBP2 signal increased
simultaneously with the appearance of FtsZ at midcell after
20% of the division cycle (Fig. 3A and Table 1). It reached
a maximum at 30% and then slowly decreased to a con-
stant level at 60% of the division cycle when the constric-
tion process speeds up (Fig. 3A). Thus, PBP2 is enhanced
at midcell for a period of about 40% of the E. coli division
cycle (Fig. 3A).

Fig. 1. Immunolocalization of PBP2 in LMC500 wild-type E. coli
cells grown in TY at 28°C.
A. Examples of labelled cells. At the top a phase-contrast image
and at the bottom the corresponding fluorescence image are
shown. Arrows point at division sites with PBP2 localization. The
bar equals 5 mm.
B. The map of fluorescence profiles of 4389 cells sorted according
to their length. The total integrated fluorescence of each cell is
plotted as function of its cell length (x-axes) and all cells are plotted
with increasing cell length from top to bottom (y-axes).
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The general membrane strain Bodipy-12 (Fig. 3A) illus-
trates the FCplus signal for unspecific membrane binding.
It increases continuously because in newborn cells on
average the amount of membrane is higher due to the
presence of the cell poles than in the 0.8 mm midcell
cylindrical part that is used to calculate FCplus. When the
cells grow and start to constrict new membrane becomes
available for the Bodipy-12 staining, which causes the
FCplus to continue to increase. Due to the fluorescence
contribution of the old cell poles the Bodipy-12 stain is not
a good indication for the beginning of a constriction. In
sharp contrast to the membrane staining by Bodipy-12 the
cell poles do not contribute to the signal of PBP2, illus-
trating that PBP2 is absent in the old poles.

The maps of fluorescence profiles show that PBP3
and FtsN localize later than FtsZ (Fig. 2). Inspection of
the extra fluorescence at the cell centre of these pro-
teins revealed that the FCplus signal of FtsZ starts to
increase above the Bodipy-12 level at 20% whereas
PBP3 and FtsN increase above the Bodipy-12 level after
about 38% and 48% of the division cycle respectively
(Fig. 3B and Table 1). This is earlier than found upon
visual inspection (Aarsman et al., 2005). The fluores-
cence intensity of FtsZ at midcell starts to level just after
50%, which is 20% earlier than PBP3 that reached this
point at 70%. FtsN localization lags behind and reaches
its maximum midcell fluorescence very late at about
90% of the division cycle.

The time window of PBP2 midcell localization overlaps
with the accumulative phase of FtsZ, PBP3 and FtsN
localization at midcell. This suggests that the elongasome
and divisome transiently colocalize and are possibly
simultaneously active at midcell. Because MreB is part of
the elongasome and FP-MreB was reported to be at
midcell during a short period (Vats et al., 2009), we also
asked whether the endogenous MreB localized during this
period at midcell. In the map of fluorescence profiles of
these cells no obvious midcell localization of MreB could
be seen (Fig. 2). Interestingly, the FCplus plot did show
extra fluorescence at midcell that followed the increase
and decrease of PBP2 (Fig. 3D and Table 1). MreB is
present in 100-fold excess (Karczmarek et al., 2007) to
PBP2 (Dougherty et al., 1996). As the membrane is
overall more covered by MreB than by PBP2, it is possible
that a potential small increase in midcell localization of
MreB is obscured by the other MreB molecules and so
less noticeable than in PBP2 maps of fluorescence pro-
files (Fig. 2). In the map of fluorescence profiles of cells
that are grown in TY the extra MreB fluorescence at the
beginning of the division cycle is clearly visible and over-
laps with the period at which PBP2 localizes at midcell in
cells grown in TY (Fig. S3E). These localization data indi-
cate that the elongasome and the divisome are simulta-
neously but transiently present at midcell. If this transient
localization would also be accompanied by locally new
peptidoglycan synthesis one would expect MurG to be

Fig. 2. Map of fluorescence profiles of LMC500 wild-type cells grown to steady state in GB1 medium at 28°C. The membrane is visualized
with the general membrane stain Bodipy-12. MurG, MreB, PBP2, FtsZ, PBP3 and FtsN were immunolocalized. On the left of each profile the
division cycle time in percentages is given. The white bar indicates in the case of Bodipy-12 the region of double membranes at midcell. For
MurG, MreB, PBP2, FtsZ, PBP3 and FtsN the white bars present midcell localization judged by visual inspection. Each map was made from
2000 to 4000 cells. The integral fluorescence of each cell is plotted as function of cell length (x-axes) and all cells are plotted with increasing
age (y-axes).
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present as well. Because MurG is the enzyme responsible
for the last step in lipid II synthesis and it localizes in the
cyclindrical part in an MreCD-dependent fashion as well
as at midcell during division (Mohammadi et al., 2007;
White et al., 2010). Indeed, we observed a slightly higher
level of MurG compared with the Bodipy-12 staining

simultaneously with the appearance of FtsZ and PBP2 at
midcell (Fig. 3 and Table 1). In conclusion, PBP2, MreB
and MurG localize at midcell simultaneously with the posi-
tioning of FtsZ proteins.

To address whether this shared localization timing also
overlaps with cell pole synthesis we derived the relative

Fig. 3. The quantified signal (FCplus) of midcell fluorescence of immunolabelled or Bodipy 12-stained wild-type LMC500 cells. Cells were
grown to steady state in GB1 medium at 28°C. The total number of cells is divided in age classes of 5%, the error bars indicate the 95%
confidence interval. The difference in fluorescence between the 0.8 mm cell centre and the remainder of the cell (FCplus) is plotted as a
function of the division cycle time in percentages. For concentration independent comparison the data are normalized between their minimum
and maximum values. In all graphs the Bodipy-12 FCplus is shown and in addition.
A. PBP2 and FtsZ.
B. FtsZ and the later localizing proteins PBP3 and FtsN.
C. PBP2 and PBP3.
D. MreB and PBP2.
E. MurG and FtsZ.
The original data are presented in the supporting information (Fig. S2).
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midcell diameter from the phase-contrast images of the
cells (Fig. 4). To obtain an accurate timing of the constric-
tion period, LMC500 cells were grown to steady state in
GB1 medium at 28°C and fixed before imaging to maximize
the preservation of the cellular morphology. The relative
midcell diameter was calculated by taking the smallest
diameter at midcell and normalized it to the cylindrical
diameter, which is the average cell diameter excluding the
poles and constriction site, to remove small diameter vari-
ation in the cell population. The relative midcell diameter
was plotted as function of the division cycle time (Fig. 4).
Interestingly, the diameter of the cylindrical part appeared
to be constant during the division cycle. The relative
minimal midcell diameter started to deviate from a constant
value after 40% of the division cycle and a clear decrease
can be seen from 60% of the division cycle onward. The
diameter does not decrease to zero because of the limita-
tion of the resolution of the phase-contrast images.
However, when the data points are fitted with a simple
exponential decay, the diameter is reduced to zero at about
100% of the division cycle. The same constriction behav-
iour was observed in the immunolabelled cells and in the
Bodipy-12-stained cells (not shown). Indicating that the
early constriction onset at 40% is not an artefact or single
incident and fits with earlier published data where it was
found to start at about 50% (Reshes et al., 2008). The
constriction phase after 60% of the division cycle corre-
sponds most likely to the synthesis of the new cell poles as
it coincides with the localization of a mature divisome
(Fig. 3B). Interestingly, during this constriction phase the
PBP2 concentration at midcell decreased below the
Bodipy-12 signal. This suggests that PBP2 is not present in
the new poles that are synthesized (Fig. 3). Therefore, the

simultaneous but transient increase of both the elongas-
ome and the divisome proteins at midcell correlated with
the decrease in diameter in the period between 40% and
60% of the division cycle, which could be a preparative
phase in envelope constriction.

PBP2 interacts with divisome proteins

The resolution of a widefield or confocal microscope is
inadequate to determine whether PBP2 and PBP3 colocal-
ize or are just near each other. Therefore, we investigated
whether we could measure an interaction by FRET

Table 1. The maximal midcell fraction of immunolabelled proteins.

Immunolabelled
protein

Maximum
value (%)a

Initiation
(%)b

Moment
(%)c

FtsZ 31.4 � 1.4 20 72.5
PBP3 33.0 � 2.1 38 67.5
FtsN 42.0 � 2.2 48 87.5
MreB 8.3 � 1.1 18 27.5
PBP2 4.4 � 1.4 22 27.5
MurG n.a.d 20 n.a.d

a. Maximum value is the value at the time point corresponding to the
moment. The value is the mean midcell fraction, which is the mean of
100 � FCplus/Fluortotal per cell for all cells at a particular cell division
cycle time point.
b. Initiation is the time point in the division cycle where the FCplus
from that point onwards is higher than that of Bodipy-12. For MreB
and PBP2 it is the moment at which FCplus starts to increase rapidly
in comparison with the previous time points.
c. Moment is the time point in the cell division cycle that the midcell
fraction is highest.
d. After 20% of the division cycle MurG runs continuously above the
Bodipy-12 signal without a maximum.

Fig. 4. The diameters of LMC500 wild-type cells grown to steady
state in GB1 medium at 28°C with a mass doubling time of 85 min.
A. Graph of the average diameter along the cylindrical part of cells
from 20–30% and 70–80% of the cell length (excluding the old cell
poles and the newly emerging poles) plotted against the division
cycle (cell age). The diameter of the cylindrical part shows no
visible change during the cells lifetime.
B. The relative midcell diameter (i.e. the minimal diameter at the
centre of the cell divided by the diameter of the cylindrical part of
the cell) plotted against division cycle. The dots in the graphs are
the values for the individual cells and the line is drawn between the
markers that are the mean values with their 95% confidentially
interval.
C. The map gives a visual impression of lengths and diameters of
all 5000 cells, sorted on length. Each cell is shown as a line
representing the cell length, the darkness of the line represents the
diameter of the cell. After 60% a band with an increasing width and
decreasing intensity can be observed in the middle of the cells, it
shows the progress of cell constriction.
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between the elongasome and divisome proteins. PBP2
was chosen as representative of the elongasome and
FtsZ, ZapA, PBP3, FtsW, FtsQ and FtsN were chosen for
divisomal proteins. These proteins were expressed as
fusions with fluorescent mKO and mCherry to monitor their
localization as well as potential interactions. The mKO and
mCherry pair has a relative high Förster radius of 6.37 nm
and their excitation produces negligible autofluorescence,
which makes them very suitable for the measurement of
FRET in bacteria (Alexeeva et al., 2010). The constructed
N-terminal fusion proteins behaved like wild-type endog-
enous proteins with respect to their localization (Alexeeva
et al., 2010) and complemented temperature-sensitive
versions of the protein at the non-permissive temperature
(den Blaauwen et al., 2003; Pastoret et al., 2004; Piette
et al., 2004; Aarsman et al., 2005). The fusion proteins
were expressed in the wild-type LMC500 strain that was
grown to steady state in GB1 at 28°C. Protein expression
was induced with 10–15 mM IPTG from low-copy-number
plasmids for about 6 h while keeping the optical density
at 450 nm below 0.2. The cells were fixed and washed
in PBS. The FRET efficiency was calculated from the
mCherry and mKO spectra of each sample as previously
described (Alexeeva et al., 2010). FRET only occurs when
the fluorophores of mCherry and mKO are sufficiently
close together within a distance of less than 10 nm. With
this technique we have detected previously multiple divi-
sion protein interactions including homo-dimeric com-
plexes of PBP3 (Alexeeva et al., 2010; Fraipont et al.,
2011).

A FRET acceptor efficiency (EfA) of 1.2% found for
membrane-bound non-interacting pairs represents the
percentage of bystander FRET in the membrane (Alex-
eeva et al., 2010). Using this threshold we have identified
interactions of PBP2 with itself and between PBP2 and
FtsQ, FtsW, PBP3 and FtsN, but not with FtsZ or ZapA
(Fig. S4). A tandem fusion of mKO and mCherry was
included as positive control and the combination of
PBP1A and PBP3, that do not interact, was included as a
negative control in every experiment. Notably, the PBP1A
fusion protein is able complement and localize in the
EJ801 strain that lacks the mrcB and encodes a
temperature-sensitive mrcA gene. From these results it
can be concluded that PBP2 and PBP3 colocalize and
possibly interact.

PBP2 and PBP3 interact at the division site

Because the FRET is measured in the entire cell population
it does not provide spatial information. To establish if the
colocalization of PBP2 and PBP3 occurs only at the divi-
sion site and not in the cylindrical part of the cells, we have
used two mutants of PBP3 that fail to localize at midcell
during divisome maturation (Weiss et al., 1999; Wissel

et al., 2005); one with the amino acid change F24A and the
other with the transmembrane spanning segment (TSS)
replaced by that of MalF (IFI). Both proteins have an
unaltered catalytic domain but are not able to localize at
midcell in the presence of the endogenous PBP3 protein.
Their expression level is similar to that of the wild-type
protein and they are stable without degradation (Weiss
et al., 1999; Wissel et al., 2005). The F24A but not the IFI
mutant is able to complement some of the temperature-
sensitive PBP3 mutant strains (Weiss et al., 1999; Wissel
et al., 2005).

The FRET experiments with PBP2 and the two PBP3
mutant versions gave signals barely above that of the
negative control of PBP3 and PBP1A and significantly
below the signal for the interaction between PBP2 and
PBP3. Indicating that the mutants did not interact with
PBP2 (Fig. 5). As both mutants did not localize at midcell,
it can be concluded that PBP2 only interacts with PBP3
when it is part of the division machinery at midcell.

Fig. 5. Interaction between PBP2 with either PBP3 or PBP3
mutant proteins. The expression of donor and acceptor fusion
proteins was induced in exponential growing culture at 28°C for 6 h
by the addition of 10–15 mM IPTG keeping the OD450 below 0.2.
The FRET efficiency was calculated from donor and acceptor
fluorescence spectra of the cells (Alexeeva et al., 2010). In the
graph on the left the FRET efficiency of the mCherry–mKO tandem
positive control, next the negative control PBP3 with PBP1A and
continuing the FRET efficiency of PBP2 with PBP3 and the PBP3
mutants, F24A and IFI. The number of independent repetitions is
indicated after the sample name between parentheses. The error
bars indicate the 95% confidence interval for each sample. The
energy transfer is calculated to yield EfA and EfD representing the
apparent FRET efficiencies of the acceptor and donor respectively.
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PBP2 and PBP3 localization dependence

Are PBP2 and PBP3 mutually dependent on each other for
localization at midcell? The LMC582 strain expresses a
PBP2(P481S) version from the chromosome that is unsta-
ble at 42°C. After two mass doublings at the restrictive
temperature PBP2 is not detectable on immunoblot and in
immunolabelled cells a diffuse localization is observed
(Figs S1 and S5). The instability of PBP2(P481S) causes
spherical cell shape already at the permissive tempera-
ture. At both, the permissive and restricted temperatures,
MreB, FtsZ and PBP3 localize in these cells like in the
wild-type situation confirming that the divisome does not
need PBP2 for localization (Vinella et al., 1993). LMC510
expresses a labile PBP3(G191D, D266N) version (Fig. S1)
that causes already at the permissive temperature a delay
in division and that fails to support cell division at 42°C.
PBP2 localizes very faintly at 1⁄4 and 3⁄4 position in the
youngest cells at the restricted temperature whereas PBP3
localization is completely lost (not shown). The localization
of PBP2 at division sites is intrinsically weak, therefore
the localization in LMC512 cells expressing FtsA(ts) and
in JLB17 expressing the FtsW(G113D) temperature-
sensitive version (Pastoret et al., 2004) were analysed.
FtsW forms a complex with PBP3 and both are recruited to
midcell (Pastoret et al., 2004; Fraipont et al., 2011). In the
FtsA(ts) strain PBP2, PBP3 and FtsN localized weakly at
1⁄4 and 3⁄4 position in young cells, with the localization of
PBP2 barely visible, in contrast to the pronounced locali-
zation of FtsZ at these positions (Fig. S6). PBP2 and PBP3
failed to localize in the FtsW(ts) strain at the restrictive
temperature (data not shown). Hence, PBP3 or other late
localizing proteins are required for the localization of PBP2,
which becomes either very faint or absent when PBP3
does not localize at midcell. Clearly, divisome maturation is
important for PBP2 midcell localization but the exact factor
triggering PBP2 to midcell is as yet unidentified.

Inactivation of PBP2 or PBP3 stimulates
midcell localization

Some morphogenetic proteins such as PBP1B, LpoB and
PBP5 have been found to be attracted to the division site
by ongoing peptidoglycan synthesis (Bertsche et al.,
2006; Potluri et al., 2010; Typas et al., 2010) at that site.
Therefore, we investigated whether inhibition of PBP2 by
mecillinam and of PBP3 by aztreonam would affect their
localization. The inhibited PBP2 and PBP3 localized pro-
foundly at all possible division sites (Fig. S7). In case of
the spherical mecillinam-treated cells, both proteins local-
ized at the cell division plane with PBP2 also present in the
very short cylindrical part of the cells. In addition, the
localization of MreB was not disturbed in these cells (Karc-
zmarek et al., 2007). In the presence of aztreonam, the

division machinery including PBP3 is not able to synthe-
size new cell poles and stays in a frozen mature form for at
least one generation at midcell and to a much lesser
extend new localizations occur at 1⁄4 and 3⁄4 of the cell
length. PBP2 mimicked this localization pattern in that it
was present at midcell less pronounced and at future
division sites somewhat more pronounced than PBP3.
This is in correspondence with earlier observations that
the number of cell with GFP–PBP2 midcell localization
decreases when aztreonam is added to the growth
medium (den Blaauwen et al., 2003). At that time and
without the now available Coli-Inspector tool, the weak
signals of diffused localization of PBP2 or PBP3 at future
division sites were not detectable. This difference in inten-
sity at the various positions is consistent with the early
divisome localization of PBP2 and the later localization of
PBP3 in wild-type cells (Fig. 2). In addition, PBP2 and
PBP3 still interacted in the inhibited cell cultures when
assayed by FRET (results not shown). In conclusion, the
inhibition of either transpeptidase activity leads to a pro-
longed localization of PBP2 and PBP3 at division sites,
retarding the midcell turnover of these proteins.

Discussion

Cell division proteins orchestrate the synthesis of new cell
poles. They move to midcell in a particular order building
a complicated but delicate divisome complex in two steps.
These steps are called ‘early’ and ‘late’ based on a delay
in the localization of a subset of proteins that are required
for the actual synthesis of the new cell poles (Aarsman
et al., 2005). During the early stage of cell division the
Z-ring is formed. In the absence of further maturation of
the division machinery a small band of completely new
peptidoglycan is synthesized at the position of the Z-ring
(Varma et al., 2007; Varma and Young, 2009; Olrichs
et al., 2011; Potluri et al., 2012) that has been termed
preseptal peptidoglycan. In Caulobacter cresentus the
localization of FtsZ initiates a period of completely new
local peptidoglycan synthesis before septation occurs
(Aaron et al., 2007). This requires the recruitment of MurG
that synthesizes the last step in lipid II biosynthesis. As
the early localizing proteins that form the Z-ring do not
have peptidoglycan synthesizing activities other proteins
such as PBPs must be responsible for this preseptal
peptidoglycan synthesis. Previously, we showed that
GFP–PBP2 is not an integral part of the divisome
complex, but is only transiently located at midcell and that
its presence is important to maintain the correct diameter
of the new cell poles (den Blaauwen et al., 2003). In the
present study we quantitatively compared the cellular dis-
tribution of the elongasome proteins MurG, MreB and
PBP2 and the divisome proteins, FtsZ, PBP3 and FtsN as
a function of cell age of thousands of cells using immu-
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nolocalization of endogenous proteins. We show that the
elongasome proteins MreB and PBP2 arrive at midcell
simultaneously with FtsZ. Interestingly, both MreB and
PBP2 stay there temporarily from 20% to about 60% of
the division cycle. After 60% of the division cycle constric-
tion speeds up and the FCplus signal of MreB and PBP2
decreases and remains below the Bodipy-12 signal. This
suggests that they are not present in the new poles that
are synthesized. The period of midcell localization of
MreB and PBP2 overlaps with the maturation of the divi-
some as the late localizing proteins, including PBP3 and
FtsN, start to accumulate at midcell approximately 20% of
the division cycle later than FtsZ. Thus at about 40% of
the division cycle time elongasomes and divisome pro-
teins are simultaneously present at midcell (Fig. 3). In
addition, the glycosyltransferase MurG responsible for the
catalyses of Lipid I in Lipid II is present at midcell during
the entire cell division process. In conclusion, key com-
ponents for peptidoglycan synthesizes are present at
midcell before constriction becomes visible.

The diameter remained constant at midcell between 0%
and 40% of the division cycle. After 40% of the division
cycle the midcell diameter started to decrease. This
decline was unnoticeable by visual inspection. The cell
diameter decreased clearly after 60% of the division
cycle, which corresponds to the synthesis of the new cell
poles (Figs 3 and 4). The period during which the elon-
gasome proteins are present at midcell corresponds to
the period in which the diameter decreases slowly and
therefore this could be the phase of preseptal peptidogly-
can synthesis. Preseptal peptidoglycan synthesis does
not require any of the late localizing proteins (Varma et al.,
2007; Varma and Young, 2009; Olrichs et al., 2011).

In addition, an interaction between PBP2 and the divi-
some proteins FtsQ, FtsW, PBP3 and FtsN was measured
by FRET. FtsW and PBP3 from a precomplex (Fraipont
et al., 2011). FtsN directly interacts with the early midcell
localizing protein FtsA (Busiek et al., 2012) and from our
timed localization is present at midcell together with PBP2.
Therefore, it is not entirely surprising that these proteins
interact with PBP2. Interestingly, we also see an interaction
with FtsQ. This protein of which the function is unknown
was found to interact with many divisome proteins by
bacterial two-hybrid analyses and was therefore sug-
gested to be the centre of the division machinery (Di Lallo
et al., 2003). The most intriguing combination PBP2 and
PBP3 was therefore investigated in more detail. Although
the FRET efficiencies of the PBP2–PBP3 interaction were
low, the results were reproducible and consistently and
significantly higher than the background control that shows
no interaction between PBP1A and PBP3. Additionally, no
interaction between PBP2 and the PBP3 mutants could be
measured by FRET. The mutants are incorporated effi-
ciently in the cytoplasmic membrane but both lacked spe-

cific midcell localization. If the residue F24 would be
essential for the interaction with PBP2, we would also find
a loss of the FRET signal. Therefore, we cannot exclude
that the loss of interaction between the PBP3 mutants and
PBP2 is due to a decreased affinity for each other instead
of an absence of interaction when PBP3 is not localizing at
midcell.

However given the chance that one amino acid is
essential for the interaction, we think that the more likely
explanation is that the interaction between PBP2 and
PBP3 occurs only at midcell. Interestingly, PBP2 and
PBP3 are both required for cell division in chlamydia, an
intracellular bacterium that lacks detectable amounts of
peptidoglycan but whose cell division can be blocked with
b-lactams (Ouellette et al., 2012).

The rate of energy transfer between single donor and
acceptor molecules is proportional to 1/r6, where r is the
distance between the fluorophores. A fluorophore beta-
barrel has a diameter of roughly 2.4 nm thus the fluoro-
phores of mCherry and mKO are separated by at least
2.4 nm, which would yield 99% FRET efficiency (R0 mKO–
mCherry is 6.34 nm). At a distance of 12 nm between the
fluorophores, the FRET efficiency has decreased to 2.1%.
The EfA gives the apparent FRET efficiency of the acceptor,
where fA is the fraction of acceptors that participate in the
energy transfer. As we do not know what the actual fraction
of acceptor is that participate in the sensitized emission
spectrum, we cannot calculate the absolute FRET effi-
ciency. For the PBP2–PBP2 interaction the probability of
mCherry–mKO formation is 50% as mCherry–mCherry
and mKO–mKO combinations are also possible. In addi-
tion combinations between endogenous PBP2 and FP
versions are expected as well. Therefore in reality the
FRET efficiency is probably more than twice the level that
is measured. Consequently, a large part of the PBP2
population probably occurs as a dimer in the cell. The
FRET signal between PBP2 and PBP3 is diluted by the
endogenous protein of which the exact concentration is not
well established (Paradis-Bleau et al., 2010). In addition
only the proteins that are present at midcell during a time
window of 20% participate in the FRET signal. As the
number of PBP2 and PBP3 proteins that colocalize at
midcell is only a fraction of the total number of PBP2 and
PBP3 molecules their physical proximity could be very
close even with an EfA of approximately 5% for their inter-
action. PBP2 and PBP3 could form heterodimers or inter-
act with each other as two homodimers. Examples of
proteins that form homodimers as well as heterodimers can
be found in bacteria, for instance RscAand RscB of the Rcs
phosphorelay (Majdalani and Gottesman, 2005). Alterna-
tively, it is possible that other proteins mediate the interac-
tion between PBP2 and PBP3.

The loss of catalytic activity of either PBP2 or PBP3
does not prevent their midcell localization (Fig. S7) or their
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interaction as measure by FRET (data not shown). This
suggests that their presence at midcell is dependent on
other proteins such as MreB, MreC, MreD and RodA for
PBP2 (Vats and Rothfield, 2007; Vats et al., 2009) and
FtsZ and FtsW for PBP3 (Weiss et al., 1999; Mercer and
Weiss, 2002; Fraipont et al., 2011). We propose that the
formation of the Z-ring creates a barrier and positions the
elongasome recruited by the MreB filaments at the con-
striction site and causes synthesis of a band of new pep-
tidoglycan. It has been published that a GFP–MreB ring
can be seen on both sides adjacent to the Z-ring (Vats and
Rothfield, 2007). Unfortunately, the resolution of a wide
field fluorescence microscope is not sufficient to deter-
mine whether this is the case in our immunolabelling
experiments. Positioning of elongasomes on both sides of
the Z-ring would be in accordance with published models,
were the absence of MreB polymers are a prerequisite for
septation (Vats and Rothfield, 2007; Jiang et al., 2011;
Swulius and Jensen, 2012). Consequently, instead of a
dispersed lipid II insertion the elongasomes continue to
insert new material at midcell while PBP3 and the other,
later localizing divisome proteins arrive and start to
compete for the peptidoglycan building blocks available
for cross-linking into the peptidoglycan layer. While the
divisome matures and the number of PBP3 molecules
increases, the elongasome is more and more excluded
from the divisome until it does not participate anymore in
midcell peptidoglycan synthesis. From this point onwards

at about 60% of the division cycle rapid new cell pole
synthesis is accomplished (Fig. 6). The cell may benefit
from a slow start into cell pole synthesis in several ways:
(i) the midcell position may be defined with good preci-
sion, (ii) the cell division site becomes defined at the site
of cell wall synthesis preventing the simultaneous synthe-
sis of more than one cell pole, and (iii) the elongasome
may position the Mur enzymes for lipid II synthesis at the
future division site to be used later by the divisome. The
Mur enzymes have been shown to form a complex in
association with the elongasome and divisome (Moham-
madi et al., 2007; White et al., 2010) and they are the only
enzymes that are shared by both synthetic protein
machines. Finally, the growth and elongation of bacteria
occurs exponentially. Because cell poles contribute to cell
length the cell elongation at the side-wall has to slow
down during cell division (Wientjes and Nanninga, 1989).
A competition between elongasome and divisome pro-
teins at midcell would slow down length growth sufficiently
to maintain an overall exponential growth.

In conclusion, we have provided evidence for the colo-
calization of and interaction between PBP2 and PBP3 at
midcell during a preparative phase in cell division that
possibly coincides with preseptal peptidoglycan synthesis
(Fig. 6). What the exact purpose is for this interaction
remains to be elucidated as well as which of the elongas-
ome proteins is the driving force for the association with
the FtsZ ring.

Fig. 6. Model of midcell localization of PBP2 and PBP3 during cell division for cells that are grown with a mass doubling of 85 min. After
20% of the division cycle time FtsZ proteins start to accumulate at midcell. The Z-ring structure will be formed and stabilized to initiate
divisome maturation. Simultaneously some elongasome complexes (including at least MurG, MreB and PBP2) move to midcell and synthesize
preseptal peptidoglycan. After about 40% of the division cycle the late proteins of the divisome complex begin to increase in concentration at
midcell. More PBP3 proteins arrive and compete with PBP2 for peptidoglycan substrate. A mixed situation, in which elongasome and divisome
PG synthases are both active, results in the slow decrease in midcell diameter of the cells between 40% and 60% of the division cycle. At
60% of the division cycle the divisome is mature and new cell pole synthesis occurs at a much faster rate. PBP2 is not present in the new cell
poles and presumably does not contribute the new cell pole synthesis, although the presence of a minor amount of PBP2 at the leading edge
of constriction cannot be excluded.
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Experimental procedures

Bacterial strains and growth conditions

All E. coil strains and the plasmids used in this work are
listed in Table S1. For immunolabelling of wild-type cells for
the division cycle timing of the localization of proteins, cells
were grown to steady state in glucose minimal medium
(GB1) containing 6.33 g of K2HPO4·3H2O, 2.95 g of KH2PO4,
1.05 g of (NH4)2SO4, 0.10 g of MgSO4·7H2O, 0.28 mg of
FeSO4·7H2O, 7.1 mg of Ca(NO3)2·4H2O, 4 mg of thiamine,
4 g of glucose and 50 mg of required amino acids, per litre
pH 7.0 at 28°C as described (den Blaauwen et al., 1999).
For all other immunolabelling experiments cells were grown
in GB1 or in TY (10 g of trypton, 5 g of yeast extract, 5 g of
NaCl per litre, pH 7.0) as specified. Absorbance was meas-
ured at 450 nm (GB1) or 600 (TY) with a Biochrom Libra
S70. The generation times of the LMC500 strain grown in
TY and GB1 medium are 40 and 85 min respectively.

Construction of the plasmids

Plasmids pWA003 and pWA004 were constructed by digest-
ing pSAV047 and pSAV058 (Alexeeva et al., 2010) with
EcoRI and HindIII, the mrdA gene was subsequently intro-
duced by ligating after it was cut from pTB017 (den Blaau-
wen et al., 2003) using identical restriction enzymes. The
mutant ftsI genes F24A and IFI were multiplied by PCR from
plasmids pDSW643 and pDSW249 (Weiss et al., 1999)
using the primers listed in Table S2. After restricting both
PCR products and the pSAV047 plasmid with EcoRI and
HindIII the fragments were ligated to produce vectors
pRP004 and pRP005. The mKO–PBP1A ‘gamma’ fusion
protein was expressed from the pBB004 plasmid. The
plasmid was constructed in two steps; first a PCR was per-
formed to produce copies of the 5′ end of the mrcA gene.
The PCR product was cut with EcoRI and XhoI and ligated in
the corresponding sites of pWA001. Subsequently, the com-
plete mrcA was (as annotated EG10748) transferred to
pSA069 using restriction sites EcoRI and HindIII. In this was
the ftsW is removed from pSA069 and is replaced with mrcA
(Fraipont et al., 2011).

Immunolocalization experiments

Escherichia coli cells fixed while shaking in growth medium
as described (den Blaauwen et al., 2003). Cells were per-
meabilized and immunolabelled with antibodies as described
by den Blaauwen et al. (2003). Cy3-conjugated Fab against
MreB was purified against the MreB operon deletion strain
PA340-678 (Wachi et al., 1987), against MurG (Mohammadi
et al., 2007), PBP2 and PBP3 were affinity purified against
purified protein (as described for PBP3; Bertsche et al., 2006)
The affinity-purified serum against PBP3 was further purified
against LMC510 cells grown for two mass doublings at 42°C.
Antisera against FtsZ and FtsN were specific without further
purification. Examples showing the reproducibility of the
immunolabelling method are shown in Fig. S3A and B.
Figure 3C and D shows that the immunolabelling procedure
does not change the localization of membrane proteins.

Microscopy and image analysis

For immunolocalization imaging the cells were immobilized on
1% agarose (Koppelman et al., 2004), and photographed with
a CoolSnap fx (Photometrics) CCD camera mounted on an
Olympus BX-60 fluorescence microscope through a UPLANFl
100¥/1.3 oil objective (Japan). Images were acquired with
Micro-Manager (http://www.micro-manager.org/) with direct
output of the desired hyperstack structure for ImageJ by
Wayne Rasband (http://imagej.nih.gov/ij/). In all experiments
the cells were first photographed in phase-contrast mode, then
with the Cy3 filter (U-MNG, ex. 530–550 nm). In the first
channel (phase contrast), the length and diameter of the cells
were determined; the second channel was used to analyse the
fluorescence signal. Image analysis was performed with the
public domain program Coli-Inspector running under plugin
ObjectJ written by Norbert Vischer (University of Amsterdam,
http://simon.bio.uva.nl/objectj/), which runs in combination
with ImageJ. From a map that shows the fluorescence profiles
of each individual cell sorted to length [similar to demographs
(Hocking et al., 2012)] the average fluorescence profile of all
cells is plotted against the normalized length of the cells as
described (Potluri et al., 2010). Fluorescence Centre Plus
displays additional photons found in the cell centre. It is
calculated from: FCplus = (centreConc – offCentreConc) *
centreVol. Here the ‘offCentre concentration’ is regarded as
‘cell background’, and the total amount of extra photons in the
cell centre (midcell � 0.4 mm) is calculated. The value can be
negative if the centre has less intensity than the peripheral
parts of the cell. Age is expressed relative (0 to 100%), and is
derived from the cell length (‘Axis’). The cell lengths are sorted,
and to calculate the age of an individual cell, the rank of its
length is converted into a fractional value of 0 to 100%,
assuming a logarithmic growth of the cell length (Aarsman
et al., 2005). Indicating relative age does not require knowl-
edge about the doubling time.

FRET experiment

For the FRET experiment we use a red-shifted fluorescent
protein pair with mKO (Karasawa et al., 2004) as a donor
and mCherry (Shaner et al., 2004) as an acceptor. E. coli
LMC500 was co-transformed with two appropriate vectors.
When a single protein was to be expressed a none-coding
second plasmid was co-transformed. Each experiment
included the mKO–mCherry tandem fusion as a positive
control, mKO and mCherry expressed as two separate pro-
teins in the cell, mCherry–PBP3 expressed with mKO–PBP1A
as negative control. Transformants were grown and prepared
for FRET measurements as described (Alexeeva et al., 2010).
FRET efficiency was measured as described (Alexeeva et al.,
2010) apart from the use of different filters. The following filters
were used to obtain mCherry spectra: excitation filter 587/
25 nm in combination with a 600-long pass emission filter and
for mKO spectra a 541/12 nm excitation filter with a 550-long
pass filter. For each experiment reference spectra were
recorded from cells expressing only mKO, only mCherry pro-
teins, and reference background spectra were recorded from
cells bearing two none-coding plasmids. The reference
spectra were used to calculate contributions of donor, accep-
tor and background to the total spectrum of the experimental
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samples measured at lD using least square fitting. Sensitized
emission and apparent efficiency of energy transfer EfA were
derived as described (Clegg, 1992; Clegg et al., 1992;
Gadella, 2008; Alexeeva et al., 2010).

Data analysis

The FRET efficiency values have been estimated by the
method of spectral unmixing as described in Alexeeva et al.
(2010). From a set of multiple experiments a consensus
mean and standard error of the mean was calculated for each
construct using the Mandel–Paule algorithm (Paule and
Mandel, 1982). The standard errors of the estimated FRET
efficiency values that were obtained from the fit were used as
weighting factors. In order to account for small sample sizes,
the coverage factor used to calculate the 95% confidence
intervals were based on the Student’s t-distribution. Two-
tailed and one-tailed Welch t-tests (Welch, 1947) with
unequal variances and unequal sample size (the effective
degrees of freedom was approximated using the Welch–
Satterthwaite equation) were performed to test differences
between the mean values of different constructs for statistical
significance and to test whether mean values were higher
than zero FRET. The complete statistical analysis was imple-
mented in Matlab. All the statistical results can be found in the
supporting information file for the interactions between
PBP2–PBP3 and PBP2–divisome proteins, Tables S3, S4
and supplementary data respectively.
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