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In Escherichia coli the Z ring has the potential to assemble anywhere along the cell length but is restricted
to midcell by the action of negative regulatory systems, including Min. In the current model for the Min system,
the MinC/MinD division inhibitory complex is evenly distributed on the membrane and can disrupt Z rings
anywhere in the cell; however, MinE spatially regulates MinC/MinD by restricting it to the cell poles, thus
allowing Z ring formation at midcell. This model assumes that Z rings formed at different cellular locations
have equal sensitivity to MinC/MinD in the absence of MinE. However, here we report evidence that differences
in MinC/MinD sensitivity between polar and nonpolar Z rings exists even when there is no MinE. MinC/MinD
at proper levels is able to block minicell production in �min strains without increasing the cell length,
indicating that polar Z rings are preferentially blocked. In the FtsZ-I374V strain (which is resistant to
MinCC/MinD), wild-type morphology can be easily achieved with MinC/MinD in the absence of MinE. We also
show that MinC/MinD at proper levels can rescue the lethal phenotype of a min slmA double deletion mutant,
which we think is due to the elimination of polar Z rings (or FtsZ structures), which frees up FtsZ molecules
for assembly of Z rings at internal sites to rescue division and growth. Taken together, these data indicate that
polar Z rings are more susceptible to MinC/MinD than internal Z rings, even when MinE is absent.

Rod-shaped bacteria, such as Escherichia coli, divide pre-
cisely at midcell through the action of the divisome to produce
two daughter cells. Formation of the divisome is initiated with
Z ring assembly, which consists of FtsZ polymers attached to
the inner membrane through interaction with membrane-asso-
ciated division proteins, such as FtsA and ZipA (5, 13, 31). Z
ring formation is a critical step in cytokinesis and is subject to
tight spatial and temporal controls to ensure it occurs at the
right time and place (1, 27). In E. coli, two negative regulatory
systems, Min and NO (for nucleoid occlusion), are involved in
positioning the Z ring to midcell. The Min system blocks Z ring
assembly at cell poles, which prevents polar divisions and the
generation of chromosome-free minicells and nucleoid-con-
taining cells that are heterogeneous in length (7, 9, 27). The
NO system prevents Z ring formation over the nucleoid, al-
though inactivation of the known NO factor (SlmA) does not
have any obvious phenotype during balanced growth (3, 41).
Although neither system is essential for cell growth, knocking
out both systems is lethal, because cell division fails to occur
due to the inability to assemble a mature Z ring (3).

The Min system is found in a variety of bacteria and has
been extensively studied in the Gram-negative bacterium E.
coli and the Gram-positive bacterium Bacillus subtilis. In E.
coli, the Min system consists of three proteins: MinC, MinD,
and MinE (9). MinC is a division inhibitor that antagonizes Z
ring assembly (19). MinD is a membrane-associated ATPase
that recruits MinC to the membrane and activates MinC (15,
20). Together, MinC and MinD form a potent division inhib-

itory complex on the membrane that is able to prevent Z ring
formation. MinE confers topological specificity to this system
by restricting MinC/MinD to the cell poles, which allows a Z
ring to form at midcell. MinE does so by imposing a periodic
pole-to-pole oscillation on MinC/MinD through stimulation of
the ATPase activity of MinD, which releases MinC/MinD from
the membrane (11, 14, 15, 17, 18, 32, 33). The detailed molec-
ular mechanism for the Min oscillation is still under investiga-
tion (22, 26), but the net result of such a dynamic pattern is
that the time-averaged concentration of the MinC/MinD in-
hibitor is highest at cell poles and lowest at midcell (28).

As the effector of the Min system, MinC has two functional
domains (the N-terminal domain, MinCN, and the C-terminal
domain, MinCC), both of which interact with FtsZ to antago-
nize Z ring assembly (16, 37). MinCN interacts with the H-10
helix of FtsZ at the dimer interface to break FtsZ polymers
(36); MinCC, along with MinD, binds to the extreme C-termi-
nal tail of FtsZ to displace FtsA and/or ZipA from the Z ring
(35). The two domains work synergistically and both domains
of MinC are essential for the proper function of the Min
system, because mutations inactivating either domain of MinC
(MinC-G10D and MinC-R172A) disrupt Min function, as ev-
idenced by minicell production (44).

Recently, we isolated mutations in FtsZ that specifically
disrupt the interaction between FtsZ and each of the domains
of MinC (35, 36). Although these FtsZ mutants behave very
similarly to the MinC mutants (MinC-G10D and MinC-
R172A, which inactivate MinCN and MinCC, respectively) in
affecting the responsiveness of FtsZ to MinC in many aspects,
there is one difference. As mentioned above, MinC-G10D or
MinC-R172A reduces Min function significantly, as these mu-
tations fail to complement the �min strain. However, in the
two FtsZ mutant strains that were studied in detail, BSZ374
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(FtsZ-I374V, which disrupts the MinCC/MinD-FtsZ interac-
tion) and BSZ280D (FtsZ-N280D, which decreases the
MinCN-FtsZ interaction), the Min system appears to function
properly, since minicells were not produced. This is surprising,
because as we have shown before that both FtsZ mutants have
significant MinC/MinD resistance (36) and would be expected
to produce minicells. Why do MinC mutants make minicells
but the FtsZ mutants do not, even though they affect the
MinC-FtsZ interaction similarly? This is puzzling, and no suit-
able explanation is apparent. This is particularly true for the
BSZ374 strain, whereas for the BSZ280D strain, as we have
discussed previously (36), the reduced activity of the mutant
FtsZ protein may partially counteract its MinC/MinD resis-
tance and therefore limit minicell production. However, it is
very hard to believe that this is the only reason for the non-
minicelling phenotype, because the vast majority of the
BSZ280D cells appear to be wild type.

In investigating the nonminicelling phenotype of the two
FtsZ mutant strains, we found that Z rings that form at differ-
ent cellular locations display different sensitivities to MinC/
MinD, even in the absence of MinE. This observation is con-
tradictory to the current view of the Min system, for which it is
generally assumed that all Z rings are equivalent and have the
same sensitivity to MinC/MinD in the absence of MinE. Here,
we provide evidence showing that polar and internal Z rings
(midcell ones and nonpolar ones between nucleoids in long
cells) display different sensitivities to MinC/MinD in a variety
of strain backgrounds, and we discuss how this may be linked
to the nonminicelling phenotype of the two FtsZ mutants.

MATERIALS AND METHODS

Strains and plasmids. The �min �slmA double mutant strains were made by P1
phage-mediated transduction. P1 phage grown on W3110 slmA::cat was used to
transduce slmA::cat into the min::kan strains S4, BSM374, BSM280, and BSM23 to
give the double mutants S14, S16, S19, and S20, respectively. All other strains were
described previously (36). The �min �slmA double mutants were constructed and
maintained at 42°C in LB medium; all other strains were grown at 37°C on LB plates
or in LB medium unless otherwise indicated. The plasmid pBANG84 was con-
structed by replacing the tac promoter on the plasmid pBANG59 (35) with the trc
promoter from pDSW210. The Ptrc�lacIq region from pDSW210 (40) was PCR
amplified (using the primers 5�-lacIq-BglII, GCAGATCTACGATGTCGCAGAG
TATGCC, and 3�-LacIq-MCS, GAATTGGGACAACTCCAGTG) and cloned into
pBANG59 digested with BglII and EcoRI. The plasmid pBS31 was constructed by
cloning the sulA fragment obtained by SstI and HindIII digestion of pA3 (8) into
pDSW208 (40). To make the plasmid pBANG55, which expresses the fusion (MinC-
MTS) of MinC and membrane-targeting sequence (MTS) of B. subtilis MinD
(BsMinD248–268), a PCR product containing minC-MTS obtained by amplification of
E. coli minC with primers 5�-MinC-SstI (GGAGCTCGCTAATTGAGTAAGGCC
AGGATG) and 3�-MinC-BsMTS-HindIII (CGAAGCTTTTAAGATCTTACTCC
GAAAAATGACTTAATCTTAGCCATCATTCCTTTGTTTTGCTCTTCAAGC
ACCCCGCCTCCATTTAACGGTTGAACGGTC) was digested with SstI and
HindIII and cloned into similarly digested pDSW208. pBANG77 was the same as
pBANG55 except that the residues F263F264 in the MTS were mutated to
D263D264 to disrupt the membrane targeting.

Cell morphology analysis. Overnight cultures were diluted 1,000-fold in LB
medium (supplemented with proper antibiotics) and grown at 37°C to an optical
density at 600 nm (OD600) of �0.4. These exponentially growing cultures were
diluted 100-fold again into fresh LB medium with the indicated concentrations of
isopropyl-�-D-thiogalactopyranoside (IPTG) and grown for another 2 to 3 h to
reach an OD600 of 0.4. The cells were then fixed with 0.2% glutaraldehyde for
subsequent determination of polar divisions and cell length analysis based on
phase-contrast microscopy.

Immunofluorescence microscopy examining the cellular localization of FtsZ.
To check FtsZ localization in strain BSM374/pBANG59 cultured with or without
1 mM IPTG, an overnight culture was diluted 1,000-fold into LB medium
containing spectinomycin (Spc) and cells were grown to an OD600 of �0.4 at

37°C. This culture was diluted 100-fold again into LB-Spc medium with or
without 1 mM IPTG and grown to an OD600 of 0.4. The cells were then fixed and
immunostained using FtsZ antiserum as previously described (35). To examine
the effect of MinC/MinD on FtsZ localization in the �min �slmA double mutant
strain S16 grown at low temperature, a colony of S16/pBANAG59 cells grown at
42°C was streaked on an LB plate (supplemented with kanamycin [Kan], chlor-
amphenicol [Cam], and Spc) containing 50 �M IPTG and then incubated at 30°C
for 6 h. Cells were then scraped off the plate and fixed for subsequent immuno-
staining. As a control, the same colony was also streaked onto a plate without
IPTG and incubated at 42°C for 3 h, and then shifted to 30°C and grown for
another 2.5 h. Cells were then collected and stained in the same way as above. In
the latter case, cells from plates instead of from liquid culture were used, because
S16/pBANAG59 cells cultured in LB medium (at 30°C) had a mild filamentation
phenotype even under the optimal IPTG induction conditions. The same cells
grown on plates with 50 �M IPTG are shorter without significant filamentation.

RESULTS

Bypass of MinE for spatial regulation of cytokinesis by
MinC/MinD in the FtsZ-I374V strain. Microscopic examina-
tion of BSM374/pBANG59 (ftsZ-I374V min::kan/Plac::minCD)
cells growing under different IPTG concentrations revealed an
IPTG-dependent change in cellular morphology. With no or
very low levels of IPTG (�10 �M) this strain, as expected,
displayed a typical �min morphology, with minicells and nu-
cleoid-containing cells that were heterogeneous in length (Fig.
1A, B, and E). At IPTG concentrations in the �50 to 100 �M
range, this strain still displayed the characteristic heteroge-
neous cell length distribution of a typical �min strain, but
minicell production was dramatically decreased (Fig. 1A and
B). At this IPTG concentration the average cell length and the
cell length distribution were similar to the same strain without
IPTG (Fig. 1A and data not shown). Thus, the level of MinC/
MinD produced by this concentration of IPTG almost com-
pletely blocked polar divisions as evidenced by the decreased
minicell production, even though nonpolar (internal) divisions
must not have been affected. A further increase in the IPTG
concentration to 1 mM to induce a higher level of MinC/MinD
produced a wild-type morphology (compare Fig. 1C and D);
there were no minicells, and the average cell length (3.9 �m for
BSM374/pBANG59 grown with 1 mM IPTG and 3.7 �m for
cells of the Min� strain BSZ374) and cell length distribution
were very close to that of Min� cells (Fig. 1A to E). In this
population, cell division occurs at midcell, and immunostaining
revealed that these cells did not have detectable polar Z rings.
Most Z rings were at midcell, although occasionally an off-
center ring was observed in rare long cells (Fig. 1H). These
results were very surprising, because these cells lack MinE for
directing MinC/MinD to the cell poles. The evidence, however,
clearly indicates that MinC/MinD eliminates polar Z rings
without inhibiting midcell ones. Thus, in the FtsZ-I374V strain,
the appropriate level of MinC/MinD was as effective as the
fully intact Min system in spatially regulating Z ring formation.
This change in morphology was truly dependent upon MinC/
MinD, since it did not occur if the plasmid contained the minC
mutation G10D (Fig. 1A), which reduces the inhibitory activity
of the N-terminal domain of MinC (16, 19).

To further investigate this phenomenon we used another
plasmid, pBANG78 (35), which can produce higher levels
of MinC/MinD than pBANG59. Induction of BSM374/
pBANG78 with IPTG produces even more extensive changes
in cell morphology than observed with BSM374/pBANG59. In
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the absence of IPTG, BSM374/pBANG78 cells behaved like a
typical �min strain, even though fewer minicells were pro-
duced (data not shown), probably because of a higher basal
level of MinC/MinD from this plasmid (this basal level is suf-
ficient to prevent introduction of this plasmid into an FtsZ–
wild-type (WT) �min strain, such as S4 [35]). In the presence
of 5 to 10 �M IPTG, the cell morphology approached that of
a WT strain; cells divided in the middle and the cell length
distribution was more homogeneous, with the majority of cells
falling within the WT cell length distribution range. When
MinC/MinD was induced to an even higher level with IPTG
concentrations above 20 �M, cells became filamentous and
died (data not shown) (35). Together, these data clearly dem-
onstrate that in the BSM374 strain polar Z rings are more
susceptible to MinC/MinD than are internal (nonpolar) Z
rings, and the requirement of MinE for the spatial regulation
of MinC/MinD can be completely bypassed. The observed

filamentation also emphasizes that although FtsZI374V is re-
sistant to MinCC/MinD, it is still susceptible to MinCN when it
is produced at high levels.

To see whether blocking minicell production without caus-
ing the filamentation observed with MinC/MinD is a general
property shared by all division inhibitors, another division in-
hibitor (SulA) was expressed in the BSM374 strain, and the
change in cell morphology was monitored at various levels of
induction. SulA is a cytoplasmic protein induced as part of the
SOS response and is a well-characterized inhibitor of cell di-
vision that acts by sequestering FtsZ (4, 8, 21). In contrast to
the Min system, in which the division-inhibitory activity is to-
pologically regulated, SulA does not display topological spec-
ificity in blocking division. As shown in Fig. 1A and F, induc-
tion of SulA at a level that causes partial inhibition of division
and mild filamentation did not block polar divisions. This in-
dicates that unlike MinC/MinD, SulA does not preferentially

FIG. 1. The effects of MinC/MinD induction on minicell production and cell length distribution of the BSM374 strain. (A) Percentages of polar
divisions and average cell length of the BSM374 strain (ftsZ-I374V min::kan) under the indicated conditions: BSM374/pBANG59 (Plac::minCD)
with IPTG at 0 �M; BSM374/pBANG59 with IPTG at 10 �M; BSM374/pBANG59 with IPTG at 50 �M; BSM374/pBANG59 with IPTG at 1,000
�M; BSM374/pBANG59-G10D with IPTG at 1,000 �M; BSM374/pBS31 (Ptrc::sulA) with IPTG at 5 �M. The percentage indicates the number
of visible polar divisions compared to the the number of total divisions for each strain. (B) Cell length distributions of the strains in panel A. (C
to F) Phase-contrast microscopic images of select strains to demonstrate the morphology. (C) BSZ374 (min�); (D) BSM374/pBANG59 in the
presence of 1 mM IPTG; (E) BSM374/pBANG59 without IPTG; (F) BSM374/pBS31with 5 �M IPTG. (G and H) Immunostaining to examine FtsZ
localization in BSM374/pBANG59 cells with IPTG at 0 �M (G and G�) and BSM374/pBANG59 cells with IPTG at 1 mM (H and H�). Images
in panels G and H are phase-contrast images of the corresponding fluorescent images shown in panels G� and H�. Arrows in panels E to G� indicate
polar divisions (E and F) or polar Z rings (G�), and the star in panel H� indicates an off-center but nonpolar Z ring.
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inhibit polar divisions and therefore does not distinguish be-
tween Z rings present at different cellular locations.

Membrane association but not MinD is required for MinC
to differentially affect polar and internal divisions. The above
tests showed that MinC/MinD, but not SulA, can block mini-
cell formation in the �min strain BSM374 without causing
filamentation. One difference between these two division in-
hibitors is that MinC/MinD is at the membrane, where Z rings
are attached, whereas SulA is in the cytoplasm. To explore the
requirements for MinC to differentially affect polar and inter-
nal Z rings, we constructed a membrane-associated version of
MinC (MinC-MTS) by fusing it to the membrane-targeting
sequence of B. subtilis MinD, BsMinD248–268(pBANG55) (38).
For a control we introduced two point mutations in the MTS
(F263F264 to D263D264), which completely prevented the mem-
brane association of MinC-MTS as revealed by green fluores-
cent protein (GFP) tagging to the N terminus of MinC-MTS
(data not shown), to yield pBANG77. These two plasmids were
introduced into the BSM374 strain, and the cell morphology
was examined following induction with IPTG.

As shown in Fig. 2, induction of MinC-MTS with about 60 to
100 �M IPTG reduced minicell production in the BSM374
strain significantly without increasing the cell length. Actually,
the average cell length decreased and the cell length distribu-
tion became more homogeneous, even though a completely
wild-type morphology was not achieved. When MinC-MTS was
induced to a higher level, it blocked all divisions and caused
filamentation (data not shown). In contrast to the effects of
MinC-MTS, the membrane binding mutant of MinC-MTS
never blocks minicell production without causing filamenta-
tion. The effect is very similar to SulA in that minicells are still
produced at the level that causes mild filamentation (Fig. 2).
These results indicate that MinD is not absolutely required for
MinC to distinguish internal Z rings from polar Z rings but
that MinC has to be on the membrane to achieve this effect.
On the other hand, a wild-type morphology can be readily
achieved with MinC/MinD but not with MinC-MTS, suggest-
ing that MinD plays other roles in addition to recruiting MinC
to the membrane.

Differential MinC/MinD sensitivity between polar and in-
ternal Z rings in other strains. When we first observed the
above morphology changes with the BSM374 strain upon
MinC/MinD or MinC-MTS induction, we assumed that it was
a unique property of the FtsZ-I374V mutant. To check this,
similar tests were done in other strains with different genetic
backgrounds. First, we tested two FtsZ-WT strains, S4
(W3110; leu::Tn10, min::kan) and S22 (MG1655; min::kan).
Both strains contained the plasmid pBANG59 (Plac::minCD)
and displayed similar morphological changes upon MinC/
MinD induction. Induction with low or no IPTG (�10 �M)
caused a typical Min� phenotype (the results for the S4 strain
are shown in Fig. 3). As the MinC/MinD level was increased,
minicell production was gradually reduced without the cells
getting any longer. In contrast to the BSM374 strain results,
however, this elimination of minicell production without an
increase in cell length only occurred over a very narrow range
of MinC/MinD induction (for example, IPTG at 20 to 25 �M
for S4/pBANG59). In this narrow range, minicell formation
was almost completely blocked, but the average cell length and
cell length distribution were similar to a typical �min strain
(Fig. 3A and B). If the induction of MinC/MinD is above this
window, filamentation starts to occur.

These results indicate that MinC/MinD can stop minicell
formation in these two FtsZ-WT strains without causing fila-
mentation. However, the range of MinC/MinD induction that
produces this is very narrow. In addition, no MinC/MinD in-
duction conditions were found that produced a WT morphol-
ogy in these �min cells. These differences between the results
with FtsZ-WT strains and the BSM374 strain are probably due
to the fact that FtsZ-WT is more sensitive to MinC/MinD than
FtsZ-I374V. The broader MinC/MinD induction range that
blocks minicell formation without inducing filamentation in
the FtsZ-I374V mutant suggests that the difference in MinC/
MinD sensitivity between polar and internal Z rings is much
greater in this mutant than in FtsZ-WT strains (discussed be-
low).

We also examined two other FtsZ mutant strains, BSM280D
(ftsZ-N280D min::kan) and BSM23 (ftsZ-23 min::kan), for

FIG. 2. The effects of MinC-MTS and MinC induction on minicell production and cell length distribution in the BSM374 strain. (A) Minicell
production and average cell length of BSM374 (ftsZ-I374V min::kan) cells following MinC or MinC-MTS induction. Strains and conditions:
BSM374/pBANG55 (Ptrc::minC-MTS) with IPTG at 0 �M; BSM374/pBANG55 (Ptrc::minC-MTS) with IPTG at 60 �M; BSM374/pBANG77
(Ptrc::minC-MTS with an F263F264-to-DD mutation in the MTS to disrupt membrane localization) with IPTG at 1 mM. (B) Cell length distributions
of the three strains shown in panel A.
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their response to MinC/MinD. BSM280D/pBANG59 responds
to MinC/MinD induction similarly to S4/pBANG59 (data not
shown), but the minimal IPTG concentration required to stop
minicell formation in this strain was higher (about 100 �M). In
addition, there was only a small concentration range for MinC/
MinD induction (IPTG, �100 to 200 �M) that blocked mini-
cell formation without causing significant filamentation in
the BSM280 strain. However, such tests in this strain are
more difficult to interpret. A key point of these tests is the
existence of a MinC/MinD induction level that stops mini-
cell production without causing any filamentation. Unfortu-
nately, the BSM280D strain without any plasmid displays a
mild filamentation phenotype and broader cell length dis-
tribution compared to a typical �min strain, such as S4 (36).
Nevertheless, our results indicate that the different MinC/
MinD sensitivities between polar and internal Z rings also
exist in the BSM280D strain.

In contrast to the strains tested so far, BSM23/pBANG59
was not affected by MinC/MinD induction. Minicells were pro-
duced at all IPTG concentrations, and there was no significant
change in morphology at different levels of MinC/MinD induc-
tion (data not shown). This is consistent with this strain being
insensitive to MinC/MinD due to the presence of the ftsZ23
allele, which is resistant to both domains of MinC (36). The
results also support our conclusion that the prevention of mini-
cell production observed in the other strains is indeed due to
the action of MinC/MinD.

We also tested MinC-MTS, the membrane binding mutant
form of MinC-MTS, and SulA in the S4 strain. As shown in
Fig. 3, similar to MinC/MinD, expression of MinC-MTS in this
strain at the appropriate level (IPTG concentrations of 50 to
100 �M) was also able to block minicell production without
significantly changing the cell length. Whereas for SulA and
the membrane binding mutant version of MinC-MTS, just as in
the BSM374 strain, neither of these constructs was able to
differentially affect polar and internal Z rings, because polar
divisions were still robust at induction levels that caused mild
filamentation (Fig. 3 and data not shown). These results again
suggest that MinD is not absolutely required for MinC to
differentially affect polar and internal Z rings but that MinC
must be on the membrane.

Taken together, these data indicate that the different MinC/
MinD (and MinC-MTS) sensitivities between polar and inter-
nal Z rings are not unique to the FtsZ-I374V mutant but exist
in a variety of strain backgrounds as long as the strain is not
completely resistant (such as FtsZ-23) to MinC/MinD.

MinC/MinD is able to rescue the growth defect of min slmA
double mutants. As mentioned earlier, neither min nor slmA is
essential. However, inactivation of both is lethal at low tem-
peratures (�30°C), because the cells fail to assemble func-
tional Z rings and therefore cannot divide. The synthetic lethal
phenotype of the min slmA double mutant can be rescued
under several conditions: increased FtsZ, growth in minimal
medium, and growth at high temperature (3; S. Du and J.
Lutkenhaus, unpublished data). If the double mutant is grown
in minimal medium, such as M9, or in rich medium at a high
temperature, such as 42°C, the cells are able to divide and form
regular-sized colonies. In rich medium at low temperatures,
such as 30°C, a 1- to 2-fold increase in FtsZ can also rescue the
growth of the cells. In all cases a minicelling phenotype is
observed under suppression conditions. It seems, therefore,
that the problem of the �min �slmA double mutant at low
temperature is that FtsZ molecules in the cell are distributed
among many FtsZ structures (3) but none of them are able to
mature into a functional Z ring. Therefore, increasing the FtsZ
level in the cell allows complete Z rings to form and can rescue
the growth of this double mutant. In addition, it is likely that
growing the double mutant at high temperature or in minimal
medium also increases the FtsZ protein level or activity and
therefore restores growth (in support of this, the viability of the
�RodZ mutant, which normally requires extra FtsZ to grow in
rich medium at low temperatures, is also improved by growth
on minimal medium or at 42°C on LB plates [2]).

We wanted to test whether MinC/MinD at some level can
rescue the growth of the �min �slmA mutant. The hypothesis
was that if MinC/MinD can distinguish polar Z rings from
internal Z rings and selectively disrupt the polar ones, it may
free up sufficient FtsZ molecules so that enough FtsZ is avail-
able to assemble complete Z rings at internal sites. If so,
MinC/MinD should rescue the growth of the double mutant.
To test this possibility, we introduced the plasmid expressing
MinC/MinD (pBANG84/Ptrc::minCD) into four different min

FIG. 3. MinC/MinD and MinC-MTS block minicell production in the ftsZ-WT strain. (A) Percentages of polar divisions and average cell lengths
of the S4 (min::kan) strain containing plasmids expressing MinC/MinD, SulA, or MinC-MTS at different induction levels. The strains and growth
conditions were as follows: 1 to 4, S4/pBANG59 (Plac::minCD) with IPTG at 0, 10, 20, and 50 �M, respectively; 5, S4/pBS31 (Ptrc::sulA) with IPTG
at 10 �M; 6, S4/pBANG59-G10D with IPTG at 1,000 �M; 7 to 9, S4/pBANG55 (Ptrc::minC-MTS) with IPTG at 10, 50, and 100 �M, respectively.
(B) Cell length distributions of the indicated strains.

VOL. 193, 2011 MinC/MinD SENSITIVITIES OF E. COLI Z RINGS 371



slmA mutants and examined their growth at different levels of
MinC/MinD induction. As shown in Fig. 4A, low induction
levels of MinC/MinD rescued the growth of S14 (W3110;
min::kan slmA::cat) at 30°C, but high inductions levels did not.
In the case of S16 (BSZ374; min::kan slmA::cat), high levels
(IPTG at �50 �M) of MinC/MinD rescued growth but low
levels did not, consistent with the fact that FtsZ-I374V is more

resistant to MinC/MinD than FtsZ-WT. For S19 (BSZ280D;
min::kan slmA::cat), it seems like a broad range of MinC/MinD
levels improve growth somewhat, but complete rescue is never
achieved. As for S20 (BSZ23; min::kan slmA::cat), no condi-
tion was found to efficiently rescue colony formation; even
though MinC/MinD induction helped growth somewhat, it was
never to the point at which isolated colonies were formed.

FIG. 4. Rescue of the �min �slmA double mutant by MinC/MinD at low temperature. (A) Rescue of the double mutant containing the
indicated ftsZ alleles by MinC/MinD. Strains harboring the plasmid pBANG84 (Ptrc::minCD) were serially diluted 10-fold and spotted on LB plates
supplemented with Spc, Kan, Cam, and the indicated concentration of IPTG at 30°C. A control panel contained cells grown at 42°C with the
antibiotics but without IPTG. (B) The abilities of MinC/MinD and its derivatives to rescue the �min �slmA double mutant containing ftsZ-WT or
ftsZ-I374V. The test was performed as for that in panel A, and the strains were as follows: first row, S14 (ftsZ-WT min::kan slmA::cat)/pBANG59
(Plac::minCD); second row, S14/pBANG59-G10D (Plac::minCG10DD); third row, S14/pBANG59-R172A (Plac::minCR172AD); fourth row, S16
(ftsZ-I374V min::kan slmA::cat)/pBANG59; fifth row, S16/pBANG59-G10D; sixth row, S16/pBANG59-R172A. (C) Western blot showing the levels
of MinC and its derivatives from the plasmid pBANG59 in strain S16. Cells with the indicated constructs were grown with the indicated
concentrations of IPTG at 42°C to an OD600 of �0.1, and the cultures were then shifted to 30°C and grown to and OD600 of 0.4 for subsequent
immunoblot analysis. The S16 strain grown at 42°C without the plasmid was used as a Min� control. (D and E) Immunofluorescence microscopy
to examine the localization of FtsZ in strain S16/pBANG59 grown with (E) or without (D) IPTG at 30°C. A colony grown at 42°C was streaked
on a plate containing 50 �M IPTG (E) and incubated at 30°C for 6 h. Cells were then scraped off the plate and fixed for subsequent
immunostaining. As a control, the same colony was also streaked onto a plate without IPTG (D) and incubated at 42°C for 3 h, then shifted to
30°C and grown for another 2.5 h. Cells were then collected and stained in the same way as described above. Panels D� and E� are the fluorescent
images showing the localization of FtsZ in cells with the above treatments; panels D and E are the corresponding phase-contrast images.
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To investigate this rescue assay further, we used two MinC
mutants (G10D and R172A) to check their abilities to rescue
the double mutants S14 and S16. To this end, the plasmid
pBANG59 (Plac::minCD) was used, since it can induce MinC/
MinD to a slightly higher level than the plasmid pBANG84.
Consistent with the higher level of MinC/MinD from this plas-
mid, the basal expression of MinC/MinD was above the upper
limit to rescue the S14 strain (Fig. 4B, first row). However, the
S16 strain was efficiently rescued by this plasmid at IPTG
concentrations above 20 �M (Fig. 4B, fourth row). When the
MinC-G10D mutation was present on plasmid pBANG59, it
no longer rescued the double mutants under all conditions
tested (Fig. 4B, second and fifth rows), and its inability to
rescue was not due to reduced expression or stability of this
mutant, as revealed by Western blot analysis (Fig. 4C). This
suggests that MinCN plays a critical role in rescuing these
mutants and is consistent with the above observation that the
S19 strain (ftsZ-N280D min::kan slmA::cat) cannot be effi-
ciently rescued by MinC/MinD, since the activity of MinCN is
dramatically reduced in this strain. pBANG59 harboring the
MinC-R172A mutation was able to rescue both strains (S14
and S16) (Fig. 4B, third and sixth rows), further confirming
that MinCN plays a more important role than MinCC. Inter-
estingly, these strains were only rescued within a limited range
of MinCR172A/MinD induction levels. For example, S14 was
rescued at IPTG concentrations between 10 and 50 �M (Fig. 4,
third row). Below this level S14 was not rescued, and it was
killed by MinCR172A/MinD above this range.

Microscopic examination revealed that when growth of the
double mutant was efficiently rescued by MinC/MinD, the cells
were close to (if not less heterogeneous than) typical �min
cells in cell length distribution (Fig. 4E), but they did not make
minicells. This is consistent with the hypothesis that MinC/
MinD eliminates polar Z rings/FtsZ structures to increase the
FtsZ supply for making internal Z rings. This result is also
consistent with the notion that extra FtsZ is the key for rescu-
ing the growth of these cells, although in this case, the increase
in FtsZ is due to local redistribution rather than an overall
increase in the level of FtsZ. Interestingly, rescue of the double
mutant by an actual increase in the level of FtsZ correlates
with minicell production (about 10 to 15% of the total divisions
are polar when the S16 strain is rescued by FtsZ-I374V with
the plasmid pBANG112 at 30°C), which is very different than
rescue by MinC/MinD. These findings add further support to
the idea that the rescue by MinC/MinD is due to the elimina-
tion of polar Z rings/FtsZ structures.

Lastly, we used immunostaining to examine FtsZ localiza-
tion in the double mutant under conditions in which it was or
was not rescued by MinC/MinD. One example is shown in Fig.
4. When the cells were grown under conditions at which they
were not rescued (S16/pBANG59 with IPTG at 0 �M), they
failed to divide and formed very long filaments (Fig. 4D). FtsZ
staining showed that many Z rings and FtsZ structures with
different staining densities were present throughout the fila-
ments (Fig. 4D�), but apparently none of these matured into
functional Z rings that could support division. In contrast,
when the cells were grown under conditions that rescued
growth (S16/pBANG59 with IPTG at 50 �M), they became
shorter and had the typical morphology of a �min mutant (Fig.
4E) but without minicell production. Immunostaining indi-

cated that most cells have only one or two Z rings at internal
positions (Fig. 4E�). The different FtsZ localization patterns in
these two situations (before and after rescue) support our
hypothesis that the rescue of the double mutant by MinC/
MinD is due to the redistribution of FtsZ molecules in the cell
that allow assembly of functional Z rings at internal sites.

DISCUSSION

The current view on the action of the Min system suggests
that Z rings formed at any position in the cell have equal
sensitivity to MinC/MinD in the absence of the topological
regulator MinE. However, in this study, we provided evidence
that in E. coli polar divisions are more susceptible to MinC/
MinD, even in the absence of MinE. First, a level of MinC/
MinD could be found to completely block minicell formation
in several �min strains without causing any filamentation, in-
dicating that polar divisions are efficiently blocked under these
situations although internal divisions are not affected. Immu-
nostaining analyses confirmed that MinC/MinD works at the
level of Z ring formation to differentially affect divisions at
different positions. Second, a level of MinC/MinD induction
was found to rescue the growth of the min slmA double mutant
at low temperature. This was an unexpected result if we did not
consider the different MinC/MinD sensitivities of polar and
internal Z rings. The lethality of this double mutant appears to
be the inability to assemble functional Z rings due to FtsZ
being spread among multiple nonfunctional FtsZ structures in
the absence of these Z ring regulators. Consistent with this
explanation, additional FtsZ can rescue this double mutant (3).
If additional FtsZ is needed to help these cells grow, how can
MinC/MinD, a potent inhibitor of Z ring assembly, rescue the
growth of these mutants? We suggest that rescue is due to a
proper level of MinC/MinD selectively disrupting polar Z rings
(or FtsZ polymer structures near cell poles before a polar Z
ring is made), therefore making sufficient FtsZ available for
internal Z ring assembly as though FtsZ molecules released
from the polar Z rings/FtsZ structures are squeezed into in-
ternal spaces.

Among all of the strains tested, BSM374 displayed the great-
est difference in MinC/MinD sensitivities between polar and
internal Z rings. A broad range of MinC/MinD induction levels
can stop minicell production in this strain without causing
filamentation, and at relatively high levels, MinC/MinD can
completely revert the morphology of this strain to a WT mor-
phology. Thus, the function of MinE can be totally bypassed in
achieving spatial regulation of Z ring assembly in this strain
(Fig. 1). This raises the question of why such a complex oscil-
lation arose through evolution when a single mutation in FtsZ
can achieve the same result without Min oscillation. The chlo-
roplast MinD from Arabidopsis thaliana (AtMinD) is able to
interact with E. coli MinC and reduce minicell production in a
min mutant in the absence of MinE, producing a near-wild-
type morphology (42). In this case, AtMinD displays dramatic
polar localization, whereas in our case, MinC/MinD was not
concentrated at poles (see below).

Surprisingly, the minimal MinC/MinD level required to stop
minicell production in the BSM374 strain was not much higher
than for the FtsZ-WT strain S4 (with plasmid pBANG59, 50
�M IPTG was required to stop minicell formation in BSM374
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and 20 �M was required for S4) (Fig. 1A and 3A), which
means that polar Z rings in BSM374 do not have much more
resistance to MinC/MinD than those in the S4 strain. Again,
this was something unexpected, because the BSM374 strain
displayed significant MinC/MinD resistance compared to the
S4 strain in a killing assay performed previously (36). These
seemingly contradictory observations actually support our find-
ing that polar and internal Z rings have different sensitivities to
MinC/MinD, although the extent of the differences can vary
between strains. The killing assay actually measures the sensi-
tivity of internal Z rings to MinC/MinD, since this determines
the viability of the strain. The BSM374 strain survives high
levels of MinC/MinD induction, indicating that internal Z rings
in this strain have significant resistance to MinC/MinD. But, as
evidenced by the ability of a low level of MinC/MinD to block
minicell formation, the polar Z rings in this strain (BSM374)
do not have much more MinC/MinD resistance than the polar
Z rings in the S4 strain. These comparisons clearly demon-
strate that the differences in MinC/MinD sensitivities between
polar and internal Z rings are amplified in the BSM374 strain.
However, it is not clear why the difference is much greater in
the BSM374 strain than in other strains.

MinC-MTS, like MinC/MinD, is able to selectively block
polar divisions, but MinC by itself does not. Within a limited
range, MinC-MTS, but not MinC, is also able to rescue the
double mutant S16 (ftsZ-I374V min::kan slmA::cat) (data not
shown). These results imply that MinD is not absolutely re-
quired but that MinC has to be on the membrane to differen-
tiate polar and internal Z rings. However, two pieces of infor-
mation suggest that MinD is doing something else to aid MinC
in distinguishing polar and internal Z rings. First, as mentioned
above, although MinC-MTS is able to stop minicell formation
in the BSM374 strain (Fig. 2), it can never convert this strain to
a WT-like morphology as MinC/MinD does. Second, the res-
cue of S16 (ftsZ-I374V min::kan slmA::cat) by MinC-MTS is
not as efficient as by MinC/MinD, because some of the cells are
still filamentous even under the best rescue conditions. The
failure of MinC by itself, or SulA, to preferentially disrupt
polar Z rings and rescue the min slmA double mutant may be
because MinC and SulA are in the cytoplasm, where they
target cytoplasmic FtsZ forms (monomer and/or polymer
forms) that are the precursors of Z rings. These precursors are
unlikely to be presorted and differentially directed to specific
locations in the cell but are probably shared by all potential Z
rings. Therefore, when MinC or SulA is induced to decrease
the supply of Z ring precursors, polar and internal Z rings are
equally affected.

MinC has two functional domains, and both domains are
required for the proper function of the Min system (16, 35, 44).
However, in the context of our tests, MinCN seems to play a
more important role than MinCC in disrupting polar Z rings.
First, the plasmid pBANG59 containing the MinC-R172A mu-
tation (which abolishes the FtsZ-MinCC/MinD interaction)
was able to reduce minicell production significantly in the S4
and BSM374 strains (data not shown); however, the same
plasmid harboring the MinC-G10D mutation (which reduces
the activity of MinCN) only mildly decreased minicell forma-
tion in those two strains, even at the maximal induction level
(Fig. 1 and 3). Second, in the double mutant rescue assay,
MinC/MinD and MinCR172A/MinD efficiently rescued the

strain S14 (ftsZ-WT min::kan slmA::cat) as well as S16 (ftsZ-
I374V min::kan slmA::cat), indicating that an active MinCN is
sufficient. In contrast, MinCG10D/MinD did not rescue these
mutants (Fig. 4B), and MinC/MinD did not rescue the S19
strain (ftsZ-N280D min::kan slmA::cat) efficiently (the N280D
mutation makes FtsZ resistant to MinCN) (Fig. 4A). These
data suggest that MinCN plays a critical role in the rescue of
these double mutant strains, because when the action of
MinCN is reduced (by mutations in MinC or FtsZ), the rescue
is never very efficient.

It would be interesting to know the molecular basis for the
different MinC/MinD sensitivities between polar and internal
Z rings. There are at least two possibilities: either MinC/MinD
works more efficiently at cell poles even in the absence of
MinE, or the midcell/internal location is the preferred place
for Z ring assembly and midcell/internal Z rings are better
protected against the attack of MinC/MinD. In support of the
first possibility, as mentioned above, the chloroplast MinD
localizes to and recruits E. coli MinC to the E. coli cell poles
efficiently, making polar but not midcell Z rings sensitive to
AtMinD/EcMinC in the absence of MinE (42). E. coli MinD
may have a similar preference (localizing to the pole) as
AtMinD. In support of this, cardiolipin (CL) was shown to be
enriched at E. coli cell poles (but also at septum [24, 29]), and
MinD seems to have a higher affinity for CL than other phos-
pholipids such as phosphatidylglycerol (PG). This implies that
MinC/MinD would localize to and be concentrated at cell
poles. However, fluorescence microscopy analysis of GFP-
MinD and GFP-MinC/MinD (or GFP-MinCC/MinD) in �min
cells revealed that the GFP signal was not enriched at cell
poles but was evenly distributed on the membrane (35, 43).
Additionally, as discussed above, MinD does not seem to be
absolutely required for MinC to selectively disrupt the polar Z
rings, because MinC-MTS can do it efficiently in the absence of
MinD. This MinC-MTS fusion seems to be evenly distributed
on the membrane too, as revealed by GFP tagging at the N
terminus. Deletion of the gene for cardiolipin synthesis, cls
(which is responsible for the majority of CL synthesis [34]), in
the S4 and BSM374 strains did not affect the localization pat-
tern of GFP-MinD or the changes in morphology these strains
undergo upon MinC/MinD induction (data not shown). Thus,
there is no evidence that MinC/MinD is significantly enriched
at cell poles, which might preferentially disrupt polar Z rings.
However, this does not completely rule out the possibility that
MinC/MinD works more efficiently at cell poles. There might
be a polarly localized factor(s) that activates or increases the
affinity of MinC/MinD for FtsZ without enriching MinC/MinD
at the poles. However, genes for such factors have not yet been
identified.

In �min strains, the Z rings are predicted to randomly form
at polar and internal positions between nucleoids, because the
frequency of polar divisions (about 30% of total divisions) in
these cells is consistent with such a “random formation”
model, based on calculations from the heterogeneous cell
length distribution of these cells (for example, a cell with one
length unit has one middle and two polar positions for poten-
tial Z ring formation, and a cell with two length units will have
three middle/internal and two polar positions, etc). In such a
model the midpoint of the cell is not preferred for Z ring
assembly in the absence of the Min system (39). However, this
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may or may not be the case; experimental data that fit a model
do not mean that the model is correct. For instance, when the
min slmA double mutant is grown at 42°C, not very many
minicells (less than with regular �min strains) are produced,
and the majority of the divisions (and Z rings too, as revealed
by immunostaining) are between nucleoids at internal posi-
tions (data not shown). This seems to suggest that middle/
internal spaces are preferred for Z ring assembly and subse-
quent division. As for the possibility that internal Z rings are
better protected against MinC/MinD, we think it’s possible,
even though there is no evidence indicating that this is the case.
If it is true, there must be factors (proteins, special biophysical
properties of the middle area of the cell, etc.) involved that
differentiate the midcell Z ring from polar Z rings. We exam-
ined ZapA, which is recruited to the Z ring by direct interac-
tion with FtsZ, but we found that deletion of zapA did not
affect the change in morphology of BSM374 upon MinC/MinD
induction (data not shown).

In B. subtilis, the negative Z ring regulators EzrA and MinC/
MinD also seem to have stronger effects on polar Z rings than
on midcell Z rings, but the mechanism is not very clear either
(10, 25). MinJ and DivIVA appear to block the action of
MinC/MinD on constricting Z rings/septa under physiological
conditions. MinC/MinD is localized to the Z ring/septum by
MinJ-DivIVA as constriction initiates, but it never disrupts the
Z ring (10). Instead, it prevents the disassembling Z ring from
reforming adjacent to the completed septum (12). However, in
the absence of MinJ or DivIVA, MinC/MinD is delocalized
and disrupts Z rings and therefore causes filamentation (6, 30).
So, during division, MinJ-DivIVA works to protect the con-
stricting Z rings from being disrupted by MinC/MinD. There is
a fundamental difference in the way MinC/MinD localization is
controlled between E. coli and B. subtilis. E. coli has MinE,
which restricts MinC/MinD to the poles through oscillation. It
does not have the MinJ-DivIVA system. However, similar fac-
tors may exist to better protect the midcell Z rings against
MinC/MinD in E. coli. In support of this, Juarez and Margolin
(23) reported that the oscillating MinC/MinD may pause at
midcell close to the septum during constriction. If so, a MinJ-
DivIVA-like function would be needed to protect the con-
stricting Z rings from being destroyed at midcell by the paused
MinC/MinD. It will be interesting to determine the identities
of these factors. Nevertheless, even if such factors exist, their
protection is limited, because the differences in MinC/MinD
sensitivity between polar and internal Z rings are not as great
in the FtsZ-WT strain as in the FtsZ-I374V strain.

Returning to the original question, we ask: why do the two
FtsZ mutants (BSZ280D and BSZ374) fail to produce mini-
cells, whereas the two MinC mutants (MinC-G10D and MinC-
R172A) do, even though they display significant resistance to
MinC/MinD? Information collected from this study indicates
that one contributing factor is that the Z rings formed at polar
and internal positions have different sensitivities to MinC/
MinD. For instance, in the FtsZ-I374V mutant, the polar Z
rings are not much more resistant to MinC/MinD than polar Z
rings in an FtsZ-WT strain, although the midcell ones are
significantly more resistant. Therefore, in the BSZ374 strain,
MinC/MinD concentrated at cell poles through the Min oscil-
lation eliminates polar Z rings efficiently, and minicells are not
produced. Because of the different MinC/MinD sensitivities

between polar and internal Z rings, the requirements for
MinC/MinD to disrupt Z rings formed at different cellular
locations may also be different. This may partially explain why
FtsZ mutants behave differently than MinC mutants in terms
of minicell production.
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