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Positioning of the Z ring at the midcell site in Escherichia coli is assured
by the min system, which masks polar sites through topological
regulation of MinC, an inhibitor of division. To study how MinC
inhibits division, we have generated a MalE-MinC fusion that retains
full biological activity. We find that MalE-MinC interacts with FtsZ and
prevents polymerization without inhibiting FtsZ’s GTPase activity.
MalE-MinC19 has reduced ability to inhibit division, reduced affinity
for FtsZ, and reduced ability to inhibit FtsZ polymerization. These
results, along with MinC localization, suggest that MinC rapidly
oscillates between the poles of the cell to destabilize FtsZ filaments
that have formed before they mature into polar Z rings.

cell division u Z ring

Spatial regulation of cytokinesis is essential for the faithful
distribution of the replicated chromosomes to daughter cells.

This regulation positions a cytoskeletal element, which in bac-
teria is the Z ring, that defines the division plane (1, 2). The
behavior of the Z ring has been documented by immunoelectron
and fluorescence microscopy (2–4). The Z ring assembles at the
future division site before cytokinesis and is at the leading edge
of the invaginating septum throughout cytokinesis. The Z ring
functions in part as a scaffold to assemble the machinery
necessary for cytokinesis (1, 5, 6).

FtsZ is a structural and functional homologue of tubulin
capable of undergoing dynamic assembly in vitro in the presence
of GTP (7–10). FtsZ assembles into protofilaments that are
structural homologues of the protofilaments present in micro-
tubules (7, 11, 12). Further assembly of these protofilaments into
sheets and bundles has been observed with various multivalent
cations (7, 8, 12, 13) and ZipA (14). In vivo, the Z ring is likely
to consist of 10–20 protofilaments of FtsZ wrapped around the
cell. One model suggests that Z ring formation occurs in
response to the activation of a nucleation site at midcell leading
to bi-directional growth of the structure to eventually form the
ring (15, 16).

The positioning of the Z ring at midcell is disturbed in min
mutants (17). In such mutants, the Z ring can form at midcell or
near the pole of the cell leading to formation of a minicell that
lacks a chromosome (18). This phenotype suggests that the poles
of cells contain nucleation sites for FtsZ assembly that are
normally masked by the min system (19). Interestingly, overpro-
duction of FtsZ also leads to minicell formation, suggesting
competition between FtsZ and the min system for these polar
sites (20).

In Escherichia coli, the min system encodes three proteins:
MinC, MinD, and MinE (21). Genetic and expression studies
indicate that MinC and MinD cooperate to form an inhibitor of
cell division that lacks topological specificity. MinC alone,
however, can inhibit division if the level is increased 25- to
50-fold above the physiological concentration (22). This suggests
that MinC contacts the division machinery and that MinD
activates MinC (22). Interaction between MinC and MinD has
been observed in the yeast two-hybrid system, suggesting that the
activation may involve direct association between these proteins

(23). Recently, it has been shown that MinD is required to recruit
MinC to the membrane (24–26).

The inhibitory activity of MinCD is topologically regulated by
MinE in E. coli (21) and DivIVA in Bacillus subtilis (27, 28).
These proteins protect the midcell site from the MinCD inhibitor
but do this in different ways. MinE forms a ring near the cell
center independent of FtsZ that induces MinC and MinD to
rapidly oscillate between the halves of the cell without occupying
midcell (25, 26, 29). In contrast, DivIVA is recruited to the
nascent division site in an FtsZ-dependent manner (30). It then
recruits MinC and MinD and restricts them to the cell poles after
division (24, 28).

Although MinCD is a known inhibitor of division, the mecha-
nism is unknown (18, 31). Genetic evidence suggests interaction
with FtsZ because overexpression of FtsZ suppresses the inhibition
by MinC (and MinCD), and certain alleles of ftsZ show increased
resistance to inhibition by MinCD (31, 32). It is possible that
MinCD blocks Z ring formation by masking nucleation sites or
decreasing the stability of FtsZ polymers. To assess how MinC
functions, we have purified a functional MalE-MinC fusion and
have assessed its ability to interact with FtsZ.

Materials and Methods
Strains and Plasmids. The E. coli K12 strain JS964 (MC1061
malP::lacIq Dmin::kan) was used in this study (33). The plasmid
pJC90 was constructed by cloning malE into the polylinker of the
expression plasmid pBAD18 downstream of the PBAD promoter
(34). The malE fragment flanked by NheI and HindIII sites was
obtained by PCR using pMalc-2 (New England Biolabs) as a
template. The primers for the PCR step were 59-AGCTAGCAG-
GTGTTTTCACGAGCA-39 (NheI site italicized) and 59-
CTTATCTCATCCGCCAA-39 (complementary to a region
downstream of the HindIII site at the 39end of malE). Various
fusions to malE were constructed by inserting PCR fragments at
the 39end of malE in pJC90. pZH101 (malE-minC) was con-
structed by inserting a PCR fragment digested with EcoRI and
SalI. The primers containing these restriction sites were 59-TA-
GCATGAATTCAGCAACACGCCAATCGAGCTTAAA-39
and 59-TAGCATGTCGACTCAATTTAACGGTTGAACGG-
TC-39. The template was pJPB210 (minCDE). pZH102 (malE-
minC19) was constructed as pZH101 except that pCL45
(minC19) was used as a template (35). pZH103, containing
minD, was obtained by cloning the PstI fragment from pJB210
into the PstI site of pGB2 (36). The minC gene in pJPB210 (33)
was inactivated by filling in the NsiI site located within the minC
gene. The resultant plasmid pZH104 expressed minD and minE.
pBS58 contains ftsQ, ftsA, and ftsZ cloned in pGB2 (37).
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Protein Purification. FtsZ was purified as described (9). MalE,
MalE-MinC, and MalE-MinC19 were purified from cultures of
JS964 containing pJC90, pZH101, or pZH102, respectively.
Overnight cultures were diluted 1:100 in LB medium containing
100 mgyml ampicillin. When the OD600 reached 0.3, arabinose
was added to 0.1% and, induction continued for 3 hr. Cells were
harvested and lysed with a French press. Cell debris and
membranes were removed by centrifugation at 12,000 rpm for 10
min and 38,000 rpm for 90 min (Beckman Ti50.2 rotor), respec-
tively. The MalE fusions were purified from the high speed
supernatant by amylose column chromatography as described by
New England Biolabs except that 25 mM TriszHCl (pH 7.4) was
used instead of phosphate buffer. The fusion proteins were
further purified by DEAE column chromatography.

Polymerization of FtsZ and Determination of GTPase Activity. FtsZ at
the concentration indicated was incubated in polymerization
buffer (50 mM MeszNaOH, pH 6.5y10 mM MgCl2yand 50 mM
KCl). Any additions, such as the MalE fusions, were made at
room temperature, with GTP added last to give a volume of 100
ml. Polymerization was monitored by electron microscopy or
sedimentation as described (9). For sedimentation assays, the
amount of FtsZ in the pellet was determined by solubilizing the
pellet in 100 ml of SDS sample buffer and running 20 ml on
SDSyPAGE. After staining with Coomassie brilliant blue, the
bands were quantitated with digital imaging equipment from
Alpha Innotech (San Leandro, CA). The GTPase activity of
FtsZ was measured as described (9).

Yeast Two-Hybrid Assay. pJC41 (AD-MinD), pJC41-2 (BD-
MinD), pJC22 (BD-MinC), and pJC22-1 (AD-MinC) and the
parental vectors pGAD424 and pGBT9 were described previ-
ously (23). Additional plasmid constructs carried the minC19
mutation and included pJC22-2 (BD-MinC19) and pJC22-3
(AD-MinC19). They were constructed by cloning restriction
fragments obtained by PCR using pCL45 as a template. The

primers used were the same as previously used in cloning
wild-type minC (23). The plasmids were transformed into the
SFY526 in various combinations and were analyzed for b-ga-
lactosidase production by the colony lift assay as described in the
CLONTECH manual. The intensity of color development was
compared with knowns.

Phenotypic Analysis of the MalE Fusions. The effect of MalE fusions
on cell morphology was determined on plates or in liquid
medium. JS964 containing pJC90, pZH101, or pZH102 was
grown in LB containing ampicillin and was induced with 0.01%
for 1 hr, and samples were taken for immunofluorescence
microscopy (3). To test for the response of minC or minC19 to
minD or minDE, JS964 containing pZH101 or pZH102 was
transformed with compatible plasmids containing minD
(pZH103), minDE (pZH104), or the vector (pGB2). Transfor-
mants were selected on LB agar plates containing ampicillin and
spectinomycin and were streaked on these plates containing the
indicated concentrations of arabinose. Cell morphology was
determined by phase contrast microscopy.

Biosenor Assay of Interaction Between FtsZ and MinC. Protein–
protein interactions were examined at 25°C by using a biosensor-
based analytical system (38). We used an IAsys Plus instrument
and biotin cuvettes from Affinity Sensors (Cambridge, U.K.).
FtsZ was biotinylated by using Sulfo-NHS-LC-biotin following
the protocol provided by the manufacturer (Pierce, catalog no.
21335). The biotinylated FtsZ was immobilized via binding to
streptavidin that had been bound to a biotin cuvette following
the protocol provided by Affinity Sensors. The cuvette was
washed with PBS, and then streptavidin was added to a final
concentration of 10 mgyml in a final volume of 60 ml of PBS.
After 10 min the unbound streptavidin was removed with a PBS
wash, and biotinylated FtsZ was added to a final concentration
of 160 mgyml for 10 min. The cuvette was washed with PBS and
equilibrated with Pol buffer. In a typical experiment, the cuvette
contained 1,000 arc seconds of streptavidin and 500 arc seconds
of FtsZ. The MalE-MinC and MalE-MinC19 were added at
different concentrations in a volume of 60 ml of Pol buffer, and
the increase in arc seconds was measured versus time. The bound
MinC protein was removed by incubation for 3 min in 4 M urea.
Repeated washes with 4 M urea did not affect the binding
capacity of FtsZ for MalE-MinC.

Results
A MalE-MinC Fusion Has Biological Activity: It Inhibits Division and
Responds to MinD. Our strategy to investigate the mechanism of
MinCD inhibition of cell division was to focus on MinC because
overproduction studies suggest that MinC is the component of
this bipartite inhibitor that contacts the division machinery (22).

Fig. 1. Effect of MalE-MinC fusions on cell division. (A and B) The MalE-MinC
fusion blocks cell division and Z ring formation. A culture of JS964 (Dmin)
pZH101 (PBAD::malE-minC) was processed for immunofluorescence microscopy
before (A) and 1 hr after (B) addition of 0.01% arabinose. The cells were
immunostained with antibodies to FtsZ, and a secondary antibody was con-
jugated to the fluorophore Cy3. The panels to the left are phase contrast
micrographs, and those to the right are fluorescence micrographs. (C) A
MalE-MinC19 fusion is attenuated for inhibition of cell division. JS964 (Dmin)
pZH102 (PBAD::malE-minC19) was induced with 0.01% arabinose for 1 hr, and
a sample was taken and immunostained for FtsZ.

Table 1. Phenotype of JS964 (Dmin) expressing various
MalE-MinC fusions in the presence and absence of MinD*

Arabinose, %

MalE-MinC MalE-MinC19

2MinD† 1MinD 2MinD 1MinD

None, glucose Min Fil Min Min
None Min Fil Min Min
0.0001 Min Fil Min Min
0.001 Het Fil Min Fil
0.01 Fil Fil Het Fil

*Phenotypes: Min indicates typical minicell phenotype; Fil indicates that cells
were filamentous; Het indicates that the cell population was a mixture of
filaments and smaller cells.

†Strain JS964 containing pZH101 (malE-minC) or pZH102 (malE-minC19) was
transformed with pGB2 (vector) or pZH103 (minD).
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A malE-minC fusion was constructed under arabinose promoter
control on a multicopy plasmid pZH101 and was introduced into
JS964 (Dmin) to determine whether it retained ability to inhibit
division. In the absence of arabinose, this strain, JS964
(pZH101), had a typical min phenotype, and Z rings were
present (Fig. 1A; Table 1). These rings were present at the poles
and at internal division sites typical of a Dmin mutant (18, 39).
Induction of MalE-MinC with 0.01% arabinose led to rapid
inhibition of cell division as cell length was noticeably increased
by 1 hr (Fig. 1B) and Z ring formation was completely blocked.
By 30 min, division was inhibited and the level of MalE-MinC
was 50,000 molecules per cell (data not shown). This inhibition
was suppressed by introduction of pBS58, a low copy plasmid
that increases FtsZ 4- to 5-fold (data not shown).

The ability of the MalE-MinC fusion to cooperate with MinD
to inhibit division was determined by introducing a compatible
plasmid expressing minD (pZH103) into JS964 (Dmin) contain-
ing pZH101 (malE-minC). All transformants obtained were
extremely filamentous, even those obtained in the presence of
glucose (Table 1). In contrast, transformants of JS964 (Dmin)
lacking the minD plasmid had a classical min phenotype on
glucose and only displayed extensive filamentation when the
arabinose concentration was 0.01% or greater (Table 1). This
result indicated that MalE-MinC retains the ability to be acti-
vated by MinD to produce a more potent inhibitor of cell
division. Finally, we introduced a compatible plasmid expressing
minDE (pZH104) into JS964 (Dmin) containing pZH101. In-
troduction of this plasmid restored the wild-type division phe-
notype, indicating that MalE-MinC, like the GFP-MinC fusion
studied previously (25), is fully functional (data not shown).
Because the fusion retained these biological activities, JS964
(Dmin) containing pZH101 (malE-minC) was induced with 0.1%
arabinose and the fusion protein was purified by affinity chro-
matography.

The minC19 Mutation Affects the Interaction of MinC with the Division
Machinery but Not with MinD. Many mutations have been isolated
in minC that reduce its ability to inhibit cell division. Most of these
mutations were isolated as refractory to activation by MinD andyor
DicB (40). Although most of these mutations produce unstable
proteins (41) the MinC19 mutant is stable and therefore appears
resistant to activation by MinD and DicB. Although MinC19 might
not interact with these activators, another possibility is that it does
not interact with the division apparatus. One test of these two
possibilities is to express MalE-MinC19 in the absence of MinD.
Inability to inhibit division in the absence of MinD would suggest
that MinC19 does not interact with the division apparatus.

A malE-minC19 fusion was constructed under arabinose
promoter control (pZH102) and was transformed into JS964
(Dmin). One hour after induction of an exponential culture with
0.01% arabinose, cell division was largely unaffected and Z rings
were present (Fig. 1C). Thus, this fusion did not inhibit division
or block Z ring formation as efficiently as MalE-MinC. Quan-
titative immunoblotting demonstrated that MalE-MinC19 was
stable and induced to the same level as MalE-MinC (data not
shown). On plates containing 0.01% arabinose, cell division was
only slightly affected (Table 1). Importantly, these results dem-
onstrate that the minC19 mutation alters MinC such that it has
a reduced interaction with the division apparatus.

Interestingly, introduction of a compatible plasmid expressing
minD (pZH103) into JS964 (Dmin) containing pZH102 could
still bring about filamentation, but only at high arabinose
concentrations (Table 1). This is in contrast to the same strain
expressing the wild-type MalE-MinC fusion, where filamenta-
tion was observed even in the absence of arabinose. Together,

Fig. 2. Monitoring interactions between FtsZ and MalE-MinC fusions by
using an optical biosensor. Biotinylated FtsZ was immobilized in a biotin
cuvette as described in Materials and Methods. MalE-MinC or MalE-MinC19
was added at the concentrations indicated in a final volume of 60 ml, and the
response in arc seconds was measured versus time (Upper). The data obtained
from these experiments were analyzed with IASYS FASTFIT software by using
single phase association to obtain the equilibrium binding plots and Kd values
(Lower).

Table 2. Min protein interactions observed by the yeast
two-hybrid system

DNA binding
domain

Activaiton
domain Interaction*

MinC 2 2

MinD 2 2

MinC MinD 1111

MinD MinC 11

MinC19 2 2

MinC19 MinD 1111

MinD MinC19 11

*Represents the strength of interaction based on the color development by
using X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactoside). 1111, strong in-
teraction and was previously measured at 160 units of b-galactosidase ac-
tivity (23); 111, intermediate strength; 11, moderate strength and was
previously measured at 48 units of b-galactosidase activity (23); 1 weak
activity; 2, no interaction because no color development was observed after
24 hr.
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these results suggest that MalE-MinC19 is attenuated in its
ability to interact with the division apparatus, but, at high levels,
and especially in the presence of MinD, it is still able to inhibit
division. This latter result suggests that MinC19 still interacts
with MinD. This possibility was examined by using the yeast
two-hybrid system. We previously found that MinC and MinD
interact strongly in this test system (23). Substituting MinC19 for
MinC did not affect the interaction with MinD (Table 2). JS964
(Dmin) containing pZH102 (malE-minC19) was induced with
0.1% arabinose, and the fusion protein was purified by affinity
chromatography.

Interaction of MinC and MinC19 with FtsZ Tested with a Biosensor. To
look for an interaction between MinC and FtsZ, we exploited
biosensor technology. In these experiments, FtsZ was biotin-
ylated and immobilized through binding to streptavidin, which
was bound to a biotin cuvette. The immobilization was done at
4 mM FtsZ (160 mgyml). MalE-MinC or MalE-MinC19 was then
introduced into the cuvette at various concentrations, and the
response was measured (Fig. 2 Upper). At each concentration of
the fusions, the magnitude of the response was always greater
with the MalE-MinC fusion than with the MalE-MinC19 fusion.
The calculated Kd from this data is 0.9 mM for MalE-MinC and
7.3 mM for MalE-MinC19 (Fig. 2 Lower). These experiments
demonstrate that MinC binds to FtsZ and that the minC19
mutation reduces the affinity.

MinC Inhibits Polymerization of FtsZ but Not FtsZ’s GTPase. FtsZ
undergoes dynamic assembly in the presence of GTP (9, 42). As
a first step in assessing the effect of MinC on the activity of FtsZ,
we examined the effect of MalE-MinC on FtsZ’s GTPase
activity. As shown in Fig. 3, MalE-MinC did not inhibit FtsZ’s
GTPase activity. Even at a molar excess, MalE-MinC (12 mM
MalE-MinC to 5 mM FtsZ) did not have a significant effect on
FtsZ’s GTPase activity. Because the GTPase activity of FtsZ

displays a dramatic dependence on the FtsZ concentration, it
suggests that an interaction between FtsZ molecules is required
(43, 44). Our results argue that MalE-MinC does not inhibit this
association.

To assess the effect of MalE-MinC on polymerization, we used
a sedimentation assay. Increasing amounts of MalE-MinC were
incubated with FtsZ (5.0 mM), the reactions were centrifuged,
and the pellet was analyzed by SDSyPAGE. The results (Fig. 4A)
show that MalE-MinC, in a concentration-dependent manner,
reduced the amount of FtsZ recovered in the pellet. At approx-
imately a 1:1 ratio of MalE-MinC to FtsZ, the amount of FtsZ
in the pellet was reduced to the control level (Fig. 4A, compare
lanes 6 and 1). This suggests that FtsZ polymerization was
completely inhibited. As a control, we performed the polymer-
ization assay using the same concentration of MalE and found
no inhibition of polymerization (Fig. 4B).

In the sedimentation assay, the samples were centrifuged and
aspirated, and the pellets were solubilized and analyzed by
SDSyPAGE. Although some MalE is present in the pellets, it
was no more than observed in control reactions lacking FtsZ
(data not shown). With MalE-MinC, however, there were sig-
nificant levels in the pellet, especially at low concentrations of
MalE-MinC (Fig. 4A). Quantitation of the reaction containing
50 mgyml of MalE-MinC revealed that 36% of the MalE-MinC

Fig. 3. MalE-MinC does not inhibit FtsZ’s GTPase activity. The GTPase activity
of FtsZ (5 mM) was measured in polymerization buffer containing increasing
amounts of MalE-MinC. The reaction was initiated with the addition of GTP
and was incubated at 30°C. At various times, samples were removed, and the
amount of Pi hydrolyzed was determined. Shown is FtsZ alone (open circles)
and FtsZ with the addition of MalE-MinC at 0.75 mM (filled circles), 3 mM (filled
squares), and 12 mM (filled triangles). As a control, the GTPase activity of
MalE-MinC (12 mM) was determined in the absence of FtsZ (open squares).

Fig. 4. The effect of MalE-MinC on FtsZ polymerization. (A and B) Polymer-
ization reactions (100 ml) were carried out with FtsZ (5 mM) in polymerization
buffer and increasing concentrations of MalE-MinC (A) or MalE (B). Polymer-
ization was initiated with the addition of 1 mM GTP, samples were centri-
fuged, and the pellets were analyzed by SDSyPAGE. A shows the effect of
MalE-MinC: lane 1, GDP added; lane 2, GTP added served as controls. The
concentrations of MalE-MinC were, by lanes: 3, 50 mgyml (0.75 mM); 4, 100
mgyml (1.5 mM); 5, 200 mgyml (3 mM); 6, 400 mgyml (6 mM); 7, 800 mgyml (12
mM); 8, 1200 mgyml (18 mM); (B) As A except that MalE was added instead of
MalE-MinC. The concentrations (in mgyml) were the same as in A. (C–E)
Samples were also taken 10 min after GTP addition and were examined by
electron microscopy. C contained FtsZ alone (5 mM); D contained FtsZ (5 mM)
with 3 mM (200 mgyml) of MalE-MinC; E contained FtsZ (5 mM) and MalE at 200
mgyml; and F contained FtsZ (5 mM) and MalE-MinC19 at 200 mgyml).
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was in the pellet compared with 12% in the absence of FtsZ. This
result indicates that MalE-MinC binds to FtsZ filaments.

To confirm the results obtained with the sedimentation assay,
the effect of MalE-MinC on FtsZ polymerization was also
examined by electron microscopy. Abundant FtsZ polymers
were observed in the control reaction shown in Fig. 4C. The
addition of increasing concentrations of MalE-MinC led to a
progressive decrease in the length and number of polymers. For
example, the reaction containing MalE-MinC at 200 mgyml (3.0
mM) produced shorter and fewer filaments (Fig. 4D), consistent
with the sedimentation results at this concentration (Fig. 4A,
lane 5). In contrast, the addition of MalE at 200 mgyml did not
have a detectable effect on the quantity of polymers (Fig. 4E),
again consistent with the sedimentation results (Fig. 4B, lane 5).

MinC19 Is a Less Effective Inhibitor of FtsZ. To further examine the
effect of the minC19 mutation on the interaction of MinC with
FtsZ, we examined the effect of MalE-MinC19 on the polymer-
ization of FtsZ. Electron microscopy of a polymerization reac-
tion containing 200 mgyml MalE-MinC19 revealed no effect on
FtsZ polymerization (Fig. 4F). This result was consistent with the
sedimentation assay that indicated that MalE-MinC19 did not
inhibit FtsZ polymerization nearly as efficiently as the wild-type
fusion (Fig. 5). MalE-MinC19 did, however, inhibit polymeriza-
tion more than MalE, suggesting it has residual activity. This is
consistent with MalE-MinC19 having residual inhibitory activity
in vivo when expressed at high levels. Thus, MinC19 has de-
creased ability to interact with FtsZ and is attenuated for the
inhibitory activity on FtsZ polymerization.

Comparison of the Effects of MinC and SulA on FtsZ. SulA, an
inducible component of the SOS system, has previously been
shown to block FtsZ polymerization (45, 46). The effects of

MalE-MinC and SulA on polymerization and GTPase activity
are compared in Fig. 6A. This plot (data for SulA is from ref. 45)
shows that MinC is as effective as SulA in blocking polymer
formation (assayed by sedimentation). However, SulA blocks
FtsZ’s GTPase activity whereas MalE-MinC has no effect. Our
results suggest that MalE-MinC acts at a step in polymerization,
after the interaction of FtsZ subunits that results in GTPase
activity, presumably destabilizing the filaments. This difference
in mode of action of MinC and SulA on inhibiting FtsZ
polymerization is diagrammed in Fig. 6B.

Discussion
The min system prevents minicell formation through topological
regulation of the MinCD inhibitor. In this study, we focused on
the MinC component of this bipartite inhibitor because it was
thought to contact the division machinery. The major finding in
this study is that MinC interacts directly with FtsZ and prevents
polymerization. These results, along with the localization results
of MinC (25, 26), suggest a model for how minicell formation is
prevented. In this model, MinC oscillates between the cell poles
where it destabilizes nascent FtsZ polymers before they mature
into a functional Z ring.

To study the activity of MinC, we used a MalE-MinC fusion that
was fully functional; it inhibited division and was activated by MinD.

Fig. 5. MalE-MinC19 has reduced inhibitory activity in the FtsZ assembly
assay. FtsZ was incubated with increasing amounts of MalE-MinC19 in poly-
merization buffer. Assembly was initiated with 1 mM GTP, and samples were
centrifuged and were analyzed by SDSyPAGE. The amount of FtsZ in the pellet
was quantitated and plotted along with the results obtained with MalE and
MalE-MinC additions (data from Fig. 4). The amount of FtsZ in the pellet in the
absence of MalE or the fusions was set at 100%. This represents '50% of the
FtsZ in the reaction (9, 42).

Fig. 6. Comparison of the effects of MinC and SulA on FtsZ. (A) The data
obtained previously for SulA’s effect on FtsZ (45) are plotted along with the
results of MinC obtained in this study. The GTPase activity and amount of
polymer obtained in the absence of inhibitor was set at 100%. The fractional
values obtained in the presence of the inhibitors are plotted versus the molar
ratio of inhibitor to FtsZ. For the purposes of comparison we have assumed the
inhibitor is a monomer. The open symbols are GTPase activity, and the filled
symbols are for polymerization. (B) This diagram contrasts the different steps
affected by the two inhibitors. SulA blocks the GTPase activity and polymer-
ization. In contrast, MinC prevents net assembly of FtsZ without inhibiting the
GTPase activity, arguing that it promotes disassembly.
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Using both sedimentation and electron microscopy, we found that
MalE-MinC decreased the length and amount of FtsZ polymers in
a concentration-dependent manner. The near stoichiometry of the
inhibition in vitro is in line with level of MalE-MinC reached in vivo,
which is in excess of the FtsZ level [20,000 molecules per cell (2)].
On a molar basis, the inhibitory activity of MalE-MinC is compa-
rable to the activity of MalE-SulA (Fig. 6A). The action of these two
inhibitors must be quite different, however, because MalE-SulA
blocks the GTPase activity of FtsZ whereas MalE-MinC does not.
We interpret this difference as MalE-SulA blocking productive
interaction between FtsZ subunits that triggers GTP hydrolysis
whereas MalE-MinC acts at a step after interaction of FtsZ
subunits. Because MinC binds to FtsZ polymers, it may increase the
off rate of FtsZ subunits or cause severing of the filaments. This
mode of action would be similar to the ADFycofilin family of
proteins that bind to actin filaments and cause disassembly (47, 48).
However, the precise mechanism by which MinC functions to limit
polymer mass is unknown and is the subject of future study.

Our studies of MalE-MinC indicate that it is a fairly effective
inhibitor of FtsZ polymerization, even in the absence of MinD.
In vivo, the activity of MinC is augmented '25- to 50-fold by the
presence of MinD (22). How does MinD augment MinC’s
activity? One possibility is that association between MinD and
MinC could affect the affinity of MinC for FtsZ or the MinCD
complex could be more active in dissociating FtsZ polymers.
However, in recent experiments, we observed no enhancement
of MinC’s inhibitory activity by MinD, suggesting another mech-
anism (data not shown). As shown earlier, MinD recruits MinC
to the membrane (24–26), and restricting a cytoplasmic protein
to the surface of the membrane would result in a 20- to 50-fold
increase in the concentration at the membrane. This partitioning
of MinC to the membrane by MinD could fully account for the
magnitude of this activation, as we have suggested earlier (25).

In these studies, we have also analyzed MinC19, which has Asp
substituted for Gly at position 10 in the mutant protein. Our
initial characterization of MinC19 took advantage of MinC’s
ability to inhibit division in the absence of MinD. Revealingly,
MinC19 was attenuated in its ability to inhibit division, suggest-

ing that it was deficient in contacting the division machinery.
High levels of MalE-MinC19, however, especially in the presence
of MinD, resulted in division inhibition. This result argued that
MinC19 had residual inhibitory activity and suggested that the
interaction between MinC and MinD was not altered by the
minC19 mutation. Consistent with this, MinC19 interacted with
MinD in the yeast two-hybrid system. Thus, MinD and MinC19
are able to cooperate in vivo, but the decreased ability of MinC19
to inhibit division makes the complex a less efficient inhibitor.

The primary effect of the minC19 mutation is to decrease the
interaction of MinC with the division apparatus. We determined
that the Kd for the interaction between MinC and FtsZ was 0.94
mM. Furthermore, we determined that the Kd for FtsZ was in-
creased '8-fold by the minC19 mutation. The magnitude of this
decrease in affinity correlates with a 6-fold reduction in MinC19’s
ability to inhibit FtsZ polymerization (Fig. 5). Importantly, MalE-
MinC19’s reduced ability to interact with FtsZ correlates with its
reduced ability to inhibit division. These results argue strongly that
MinC contacts the division machinery through FtsZ.

The studies of the min system in E. coli and B. subtilis reveal two
alternative mechanisms for localizing MinC. In E. coli, MinC and
MinD are found at the poles, but, rather than being retained at the
pole, they flip-flop between the two poles (25, 26, 29). This
oscillation depends on MinE, which forms a ring at the cell center
independent of FtsZ (49). In B. subtilis, MinC is retained at the old
pole by interaction with MinD, which in turn is anchored by
DivIVA (24, 27, 28). These proteins are recruited to the septum by
the Z ring after progression past a MinCD-sensitive step. A major
difference between the localization of the Min proteins in these two
systems is that the B. subtilis system is FtsZ-dependent whereas the
E. coli system is FtsZ-independent. In both cases, though, the MinC
inhibitor is placed on the membrane by interaction with MinD.
Through this interaction, it is in position to destabilize FtsZ
filaments that may form near the pole.
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