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ABSTRACT The Min system in Escherichia coli, consisting of MinC, MinD, and MinE
proteins, regulates division site selection by preventing assembly of the FtsZ-ring (Z-
ring) and exhibits polar oscillation in vivo. MinC antagonizes FtsZ polymerization,
and in vivo, the cellular location of MinC is controlled by a direct association with
MinD at the membrane. To further understand the interactions of MinC with FtsZ
and MinD, we performed a mutagenesis screen to identify substitutions in minC that
are associated with defects in cell division. We identified amino acids in both the N-
and C-domains of MinC that are important for direct interactions with FtsZ and
MinD in vitro, as well as mutations that modify the observed in vivo oscillation of
green fluorescent protein (GFP)-MinC. Our results indicate that there are two distinct
surface-exposed sites on MinC that are important for direct interactions with FtsZ,
one at a cleft on the surface of the N-domain and a second on the C-domain that is
adjacent to the MinD interaction site. Mutation of either of these sites leads to
slower oscillation of GFP-MinC in vivo, although the MinC mutant proteins are still
capable of a direct interaction with MinD in phospholipid recruitment assays. Fur-
thermore, we demonstrate that interactions between FtsZ and both sites of MinC
identified here are important for assembly of FtsZ-MinC-MinD complexes and that
the conserved C-terminal end of FtsZ is not required for MinC-MinD complex forma-
tion with GTP-dependent FtsZ polymers.

IMPORTANCE Bacterial cell division proceeds through the coordinated assembly of
the FtsZ-ring, or Z-ring, at the site of division. Assembly of the Z-ring requires po-
lymerization of FtsZ, which is regulated by several proteins in the cell. In Escherichia
coli, the Min system, which contains MinC, MinD, and MinE proteins, exhibits polar
oscillation and inhibits the assembly of FtsZ at nonseptal locations. Here, we identify
regions on the surface of MinC that are important for contacting FtsZ and destabiliz-
ing FtsZ polymers.
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The cell division pathway in prokaryotes a widely conserved and highly organized
cellular process, whereby multiple cell division proteins cooperate to divide a single

bacterial cell into two daughter cells (1). In Escherichia coli, cell division initiates with the
assembly of the Z-ring, which is composed of the tubulin-like protein FtsZ and several
FtsZ-interacting proteins, including FtsA and ZipA, at the site of septation (2, 3). After
Z-ring assembly, additional proteins are sequentially recruited to the division site to
insert and remodel the peptidoglycan leading to septation (4, 5). Normal cell growth
and development in bacteria rely on protein-based mechanisms to regulate the loca-
tion of the division machinery and restrict Z-ring position to the longitudinal center of
the cell (6). Mislocalization of the division machinery promotes asymmetric cell division,
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generates daughter cells lacking a copy of the bacterial chromosome, and may lead to
chromosomal severing and impaired chromosome segregation (7–10).

Division site selection in E. coli predominantly depends on two mechanisms: (i)
nucleoid occlusion mediated by SlmA, which blocks Z-ring assembly over the bacterial
chromosome by binding to DNA and FtsZ, and (ii) the Min system, which prevents
Z-ring formation at the cell poles (3, 8, 11–18). E. coli lacking both the Min system and
nucleoid occlusion is not viable in rich media, and min mutants of Neisseria gonorrhoeae
and Escherichia coli O157:H7 are less virulent (8, 19, 20). E. coli min mutants display
filamentation in liquid culture and produce anucleate minicells that arise from polar
divisions (7). N. gonorrhoeae min mutants are enlarged compared to wild-type cells and
undergo cell lysis (21, 22).

The Min system of E. coli is composed of three proteins, MinC, MinD, and MinE, that
exhibit coordinated polar oscillation in vivo. MinC destabilizes GTP-dependent FtsZ
polymers in vitro (23–25). In the current model, the MinC N-domain binds to the
FtsZ-FtsZ subunit interface, preventing the head-to-tail assembly of FtsZ protomers (26,
27). Overexpression of the MinC C-domain, which is also the dimerization domain,
inhibits cell division in vivo and has been suggested to inhibit lateral associations
between FtsZ filaments, and the C-domain also contains the MinD binding site (25,
28–30). An amino acid on the MinC N-domain, G10, was previously reported to be
important for FtsZ disassembly (23). In a recent study by the Lutkenhaus group, several
additional N-domain residues (K9, F42, K35, and A39) on MinC were implicated in the
FtsZ interaction (31).

MinD is a member of the Walker A cytoskeletal ATPase (WACA) protein family and
contains a deviant Walker A motif (32, 33). MinD controls the cellular distribution of
MinC through a direct interaction (34). MinD associates with the inner face of the
cytoplasmic membrane in its ATP-bound dimer conformation (35). MinE promotes the
dissociation of MinD from the membrane by stimulating ATP hydrolysis and release
from the membrane surface (36, 37). Following MinD membrane displacement, MinE
has been observed to remain at the membrane via an N-terminal membrane-targeting
helix (38, 39), possibly serving to prevent rebinding of MinD at the same position.
Indeed, reconstitution of MinCDE patterning in vitro reveals that MinD propagates at
the leading edge of MinE waves (40).

It was previously demonstrated by our group and the Lowe group that MinC and
MinD form copolymers in vitro in the presence of ATP (41, 42), likely containing
alternating MinC and MinD dimers, as observed in a crystal structure of Aquifex aeolicus
MinD in complex with the MinC dimerization domain (41). In addition to E. coli and A.
aoelicus, MinCD copolymerization has been detected for Pseudomonas aeruginosa (43).
After ATP-dependent assembly, MinCD copolymers remain stable but rapidly disassem-
ble in the presence of MinE, suggesting that nucleotide hydrolysis and/or displacement
of MinC with MinE mediates disassembly (41, 42). Although copolymers assemble
robustly in vitro, oscillation of MinD in vivo is dependent on MinE and does not require
MinC (34, 44). Moreover, cells expressing MinD heterodimers that bind to MinC but fail
to form copolymers display wild-type morphology (45). Therefore, MinCD copolymer
formation is not required for polar oscillation of MinD in vivo, and it is unclear if MinCD
copolymers assemble in vivo.

To gain further mechanistic insight into the functional interactions of MinC, FtsZ,
and MinD, we performed random mutagenesis on minC and constructed a library of
strains expressing the randomly mutagenized genes from the chromosomal minC locus.
By screening recombinants for morphological defects in vivo and testing purified MinC
mutant proteins for protein-protein interactions with FtsZ and MinD in vitro, we
mapped two distinct FtsZ binding sites on the surface of MinC, one at the cleft in the
MinC N-domain and an additional region on the surface of the MinC C-domain. We
show that FtsZ directly interacts with complexes of MinC and MinD in the absence and
presence of GTP, the condition that stimulates FtsZ polymerization. Finally, we moni-
tored the rate of MinC oscillation in vivo using green fluorescent protein (GFP)-MinC
fusion proteins and observed impaired oscillation for both N- and C-domain mutant
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proteins. These results show that site-specific determinants on the MinC N- and
C-domains contribute to FtsZ-MinC-MinD complex formation in the presence and
absence of GTP, and that complex formation may modulate Min oscillation in vivo.

RESULTS
Identification and mapping of MinC regions important for cell division in vivo.

Cells deleted for minC fail to effectively regulate division site selection, leading to
aberrant Z-ring placement and the production of minicells and short filamentous cells
(7, 12, 46, 47). To identify residues on MinC important for regulating Z-ring placement
in vivo, we generated a library of strains containing substitutions in the chromosomal
copy of minC by PCR-based random mutagenesis. Mutagenized minC gene products
were then inserted into a minC deletion strain (CL0030) containing a kanamycin
resistance gene adjacent to parE, which encodes a DNA gyrase inhibitor and is under
the control of a rhamnose-inducible promoter (Table 1); in this strain, the kan-Prha-parE
functional cassette is located at the minC chromosomal locus. When expressed, ParE
prevents cell growth, thereby providing selection for recombinants. Mutagenized minC
from the library was inserted at the chromosomal minC locus. Successful recombinants
were selected by growth on rhamnose and confirmed by sequencing.

During exponential growth in liquid culture, cells deleted for minC are filamentous,
with a mean length of 5.28 � 0.2 �m (n � 250), and produce minicells (23.7%) (Fig. 1a
and Table 2). In contrast, wild-type cells containing functional minC have a mean length
of 2.47 � 0.05 �m (n � 250) and do not generate minicells (Fig. 1a and Table 2). We
screened the library of minC mutants by microscopy for cell length defects and
minicells and sequenced chromosomal minC from selected recombinants to identify
amino acid substitutions that confer a functional defect. To confirm that this system can
be used to successfully restore wild-type morphology to a minC deletion strain, we
replaced the kan-Prha-parE cassette at the minC locus with a wild-type minC gene
(ΔminC::minC�) and measured average cell length and expression of MinC by immu-
noblotting (Fig. 1). Overall cell morphology, cell length distribution, and MinC expres-
sion levels were similar between the wild-type MG1655 strain (minC�) and the restored
minC recombinant strain (�minC::minC�), whereas the strain deleted for minC (ΔminC::
kan-Prha-parE) contained many longer cells, minicells, and no detectable MinC (Fig. 1
and Table 2).

Using the mutant library, we identified amino acid substitutions associated with
defects in MinC function (see Table S1 in the supplemental material). Nearby surface-
exposed amino acid residues were also targeted by site-directed mutagenesis. In
addition, we constructed two mutations reported in the literature, G10D and R172A (23,
30, 48) (Table S1). Altogether, we characterized nine single-amino-acid substitutions in
MinC associated with cell division defects, as indicated by length and/or minicell
production in vivo (G10D, S12D, S16D, R172A, V18D, S134F, E193K, L194N, and Y201A)
(Fig. 2a and b and Table 2); MinC mutant proteins characterized were reactive to MinC
antisera (Fig. 2c). Several targeted mutations, including S11D, M93K, E156A, L203N,
L174N, and G199D, did not produce a cell division defect and were not examined
further (Fig. S1 and Table S1).

Residues on the MinC N- and C-domains mediate direct binding to FtsZ.
Residues identified in the screen map to both the MinC N- and C-terminal domains (Fig.
3a) and are depicted as Corey-Pauling-Koltun (CPK) spheres, based on the structural
model of E. coli MinC generated by modeling the amino acid sequence onto the crystal
structure available for Thermotoga maritima MinC (49, 50, 51). This is consistent with
previous findings that the MinC N-domain prevents the sedimentation of FtsZ poly-
mers, while the MinC C-domain abrogates lateral interactions between polymers (25,
29). Overexpression of either the MinC N-terminal domain (NTD) or the C-terminal
dimerization domain (CTD) in vivo blocks cell division (24, 29).

To determine if the minC mutations identified in the screen disrupt the interaction
with FtsZ, we purified and assayed each MinC mutant protein for FtsZ destabilization
in vitro. Purified FtsZ (6 �M) was polymerized with GTP (2 mM) under steady-state
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TABLE 1 E. coli strains and plasmids

Strain or plasmid Genotype
Source, reference,
or construction

Strains
MG1655 LAM-rph-1 76
BL21 (�DE3) F– ompT gal dcm lon hsdSB(rB

� mB
�)

�(DE3[lacI lacUV5-T7 gene 1
ind1 sam7 nin5])

EMD Millipore, USA

CL0030 MG1655 ΔminC::kan-Prha-parE pKD267; �red
CL0048 MG1655 ΔminC::minC� CL0030; �red
CL0062 MG1655 minC(G10D) CL0030; �red
CL0064 MG1655 minC(S12A) CL0030; �red
CL0068 MG1655 minC(S16D) CL0030; �red
CL0070 MG1655 minC(S12D) CL0030; �red
CL0085 MG1655 minC(S11A) CL0030; �red
CL0093 MG1655 minC(L194P) CL0030; �red
CL0100 MG1655 minC(S11D) CL0030; �red
CL0156 MG1655 minC(S134F) CL0030; �red
CL0272 MG1655 minC(L218Q) CL0030; �red
CL0343 MG1655 minC(I197T) CL0030; �red
CL0369 MG1655 minC(V147D) CL0030; �red
CL0386 MG1655 minC(A70P) CL0030; �red
CL0389 MG1655 minC(A155P) CL0030; �red
CL0396 MG1655 minC(V18D) CL0030; �red
CL0397 MG1655 minC(S69P) CL0030; �red
CL0401 MG1655 minC(E193V) CL0030; �red
CL0403 MG1655 minC(L203N) CL0030; �red
CL0405 MG1655 minC(A84T) CL0030; �red
CL0406 MG1655 minC(R172A) CL0030; �red
CL0408 MG1655 minC(Y201A) CL0030; �red
CL0410 MG1655 minC(M93K) CL0030; �red
CL0413 MG1655 minC(E193K) CL0030; �red
CL0414 MG1655 minC(E156A) CL0030; �red
CL0416 MG1655 minC(L174N) CL0030; �red
CL0418 MG1655 minC(G199D) CL0030; �red
CL0428 MG1655 pBAD-gfp-minC CL0030; �red
CL0450 MG1655 pBAD-gfp-minC(S16D) CL0030; �red
CL0468 MG1655 pBAD-gfp-minC(L194N) CL0030; �red

Plasmids
pET-MinC kan 42
pET-MinD kan 42
pET-MinC(G10D) kan This study
pET-MinC(S11A) kan This study
pET-MinC(S11D) kan This study
pET-MinC(S12D) kan This study
pET-MinC(S16D) kan This study
pET-MinC(V18D) kan This study
pET-MinC(S69P) kan This study
pET-MinC(S134F) kan This study
pET-MinC(A155P) kan This study
pET-MinC(V165D) kan This study
pET-MinC(R172A) kan This study
pET-MinC(E193K) kan This study
pET-MinC(L194N) kan This study
pET-MinC(L194P) kan This study
pET-MinC(I197T) kan This study
pET-MinC(Y201A) kan This study
pKD46 amp 73
pKD267 kan B. Wannera

pBAD33-gfp cat This study
pBAD33-gfp-minC cat This study
pBAD33-gfp-minC(S16D) cat This study
pBAD33-gfp-minC(L194N) cat This study

aJ. Teramoto, K. A. Datsenko, and B. L. Wanner, unpublished.
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conditions in the presence of a GTP-regenerating system, and then increasing amounts
of MinC (0 to 4 �M) were added. FtsZ polymers were collected by ultracentrifugation,
and the amount of FtsZ in the pellet was quantified. MinC is a potent destabilizer of
FtsZ polymers, and we detected that substoichiometric amounts of purified MinC (0.5
to 4 �M dimer) were sufficient to inhibit sedimentation of FtsZ (6 �M) polymers by 87%
(Fig. 3b and c and Fig. S2). We next tested MinC mutant proteins for destabilization of
FtsZ polymers in sedimentation assays. All mutant proteins purified similarly to wild-
type MinC and eluted as a dimer by size exclusion chromatography, except for
MinC(V18D), which was insoluble (data not shown). Our results show that all three MinC

FIG 1 Cell morphology of strains deleted for minC and restored with minC PCR products. (a) Log-phase
cultures of MG1655 (minC�), ΔminC::kan-Prha-parE, and �minC::minC� were added to poly-L-lysine-coated
coverslips and examined by DIC microscopy. Size bar, 2 �m. Arrowheads denote minicells. (b) Box-and-
whisker plot of cell lengths for wild-type MG1655 (minC�), ΔminC::kan-Prha-parE, and �minC::minC�

strains (n � 250 cells for each). The box represents the interquartile range. The line in the middle of the
box is plotted at the median (***, P � 0.0001). (c) Protein extracts (75 �g) from MG1655 (minC�),
ΔminC::kan-Prha-parE, �minC::minC�, and purified MinC (10 ng) were immunoblotted with anti-MinC
antisera as described in Materials and Methods.

TABLE 2 Minicell percentages and cell lengths of E. coli strains

Strain Minicell percentagea Mean cell lengtha (�m) P valueb

MG1655 (minC�) 0.0 2.47 � 0.05
MG1655 ΔminC::minC� 0.0 2.78 � 0.05
MG1655 ΔminC::gfp-minC �0.5 2.41 � 0.04
MG1655 ΔminC::kan-Prha-parE 23.7 5.28 � 0.20 �0.01
MG1655 minC(G10D) 10.8 5.85 � 0.18 �0.01
MG1655 minC(S12D) 3.6 3.42 � 0.11 �0.01
MG1655 minC(S16D) 8.6 5.59 � 0.20 �0.01
MG1655 minC(V18D) 23.5 3.05 � 0.12 �0.01
MG1655 minC(S134F) 12.7 3.15 � 0.10 �0.01
MG1655 minC(R172A) 11.0 3.73 � 0.16 �0.01
MG1655 minC(E193K) 8.0 2.73 � 0.12 �0.02
MG1655 minC(L194N) 3.9 2.76 � 0.17 �0.05
MG1655 minC(Y201A) 4.8 2.51 � 0.09 NS
aMinicell percentage generated by analyzing images containing at least 215 cells for minicells. Mean cell
length was calculated by measuring at least 215 cells; minicells were omitted from length measurements.
Error values are reported as SEM.

bP values for each data set are from comparisons to the wild-type strain and were calculated by Welch’s
t test. NS, not significant.
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N-domain mutant proteins tested (G10D, S12D, and S16D) were defective for prevent-
ing sedimentation of dynamic FtsZ polymers and resulted in less than 5% inhibition at
1 �M (Fig. 3b).

We next tested if MinC proteins containing C-domain mutations prevented FtsZ
polymer sedimentation. Compared to wild-type MinC, MinC(L194N) and MinC(R172A)
were poor inhibitors of FtsZ sedimentation, resulting in 90% and 80% loss of function
at 1 �M, respectively (Fig. 3c and Fig. S2), similar to MinC N-domain mutants (Fig. 3b
and Fig. S2). MinC(Y201A) and MinC(E193K) were partially defective compared to
wild-type MinC (55% and 35% loss of function, respectively) (Fig. 3c and Fig. S2).
MinC(S134F), which contains a mutation in the known MinD binding site (S134) (30),
was a potent inhibitor of FtsZ polymerization, similar to wild-type MinC (Fig. 3c and Fig.
S2). Together, these results indicate that the two regions of MinC mapped in this study
are largely responsible for destabilizing FtsZ dynamic polymers; one is located as a cleft
on the MinC N-domain, and a second maps to the surface of the C-terminal dimeriza-
tion domain outside the MinD interaction site (Fig. 3a and Fig. S3).

Mutations in the MinC CTD differentially impair recruitment to MinD-
containing vesicles and copolymer formation with MinD. MinD recruits MinC to
small unilamellar vesicles (SUVs) in the presence of ATP in vitro (52, 53). To investigate
if MinC mutant proteins are capable of binding to MinD, we tested them for recruitment
to MinD-associated SUVs. MinC and MinC mutant proteins (4 �M) were added to
reaction mixtures containing MinD (4 �M), SUVs (0.25 mg ml�1), and ATP (4 mM). The
reaction mixtures were centrifuged at low speed to collect membrane-associated

FIG 2 Cell morphology and cell length distribution of strains expressing chromosomal minC mutants. (a) MG1655 (minC�) and ΔminC::kan-Prha-
parE strains, and strains containing chromosomal minC mutant genes, were grown as described in Materials and Methods and examined by DIC
microscopy. Size bar, 2 �m. (b) Box-and-whisker plots of cell lengths were plotted for wild-type and minC mutant strains. At least 215 cells were
measured for each strain. The box represents the interquartile range. The line in the middle of the box is plotted at the median; all measured
values were plotted. (c) Protein extracts (75 �g) from MG1655 (minC�) and ΔminC::kan-Prha-parE strains and strains containing chromosomal minC
mutant genes were immunoblotted with anti-MinC antisera as described in Materials and Methods.
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complexes, and the amount of MinC, wild-type or mutant protein, fractionating with
the SUV pellet was quantified. Mutations in the MinC N-domain only modestly impaired
binding of purified MinC to SUV-associated MinD (Fig. 3d). This is expected, since
binding of MinC to MinD is mediated by the MinC C-terminal domain outside the
dimerization interface and includes a conserved motif (133-RSGQ-136) (30). Accord-
ingly, MinC(S134F) failed to fractionate with MinD (Fig. 3d), since S134 is present at the
MinD interaction site (30, 41). MinC(E193K) and MinC(R172A) are located outside the
MinD interaction site, based on the structural model (30, 41) (Fig. S3a and b); however,
surprisingly they are defective for recruitment to SUVs via MinD by 97% and 63%,

FIG 3 MinC mutant proteins are impaired for destabilizing FtsZ polymers, MinC-MinD copolymer formation, and recruit-
ment to SUVs by MinD. (a) E. coli MinC modeled onto T. maritima MinC PDB entry 1HF2 (49); the dashed line represents
the dimerization interface. MinC residues that were mutagenized are indicated as CPK spheres on one protomer. N- and
C-terminal domains are labeled on the opposing protomer as NTD and CTD, respectively. (b and c) Inhibition of FtsZ
polymerization by MinC and MinC mutant proteins was monitored by sedimentation of FtsZ polymers. FtsZ polymerization
assays were performed as described in Materials and Methods in reaction mixtures containing FtsZ (6 �M) or the MinC or
MinC mutant (0 to 4 �M), where indicated, and GTP (1 mM) with a GTP-regenerating system. Pellet-associated FtsZ was
quantified by SDS-PAGE and densitometry. (d) MinC recruitment to SUVs by MinD was monitored by sedimentation assays
as described in Materials and Methods in reaction mixtures containing MinD (4 �M), MinC (4 �M), or MinC mutant protein
(4 �M), where indicated, SUVs (0.25 mg ml�1), and ATP (4 mM). SUV-associated MinC was quantified by SDS-PAGE and
densitometry. Data from at least three replicates are shown as means � standard errors of the means (*, P � 0.01; **,
P � 0.001; ***, P � 0.0001). (e) MinC-MinD copolymer formation was visualized by transmission electron microscopy.
Reaction mixtures containing MinD (8 �M), ATP (4 mM), and MinC (4 �M) or MinC mutant proteins (4 �M), where indicated,
were applied to carbon-Formvar-coated grids, stained with uranyl acetate, and visualized by EM as described in Materials
and Methods. Scale bar, 100 nm.
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respectively (Fig. 3d). In a previous study, a MalE-MinC C-terminal domain fusion
protein containing the R172A substitution also showed reduced phospholipid associ-
ation with MinD, which is consistent with these observations (30). MinC(L194N) and
MinC(Y201A) were only partially defective for recruitment to SUV-associated MinD (Fig.
3d). Together, our results confirm that mutations in the reported MinD interaction site,
which includes S134, prevent recruitment of MinC to SUV-associated MinD and muta-
tions in the MinC N-domain do not impair binding to MinD in the presence of SUVs.
Furthermore, a large functional defect was observed for MinC(E193K), which failed to be
recruited to MinD-SUV complexes but is outside the putative MinD interaction site (30,
41) (Fig. 3d and Fig. S3a and b).

Recently, our group and the Lowe group demonstrated that MinC and MinD form
copolymers in the presence of ATP (41, 42). The crystal structure of an A. aeolicus
copolymer containing alternating dimers of the MinC C-terminal domain and MinD has
been reported, but the MinC N-domain is not present in the structure (Fig. S3a and b)
(41). Therefore, we tested if MinC mutant proteins are capable of copolymer formation
with MinD in the presence of ATP by negative staining and transmission electron
microscopy (TEM), 90° angle light scatter, and sedimentation assays. MinC wild-type
and mutant proteins (4 �M) were incubated with MinD (8 �M) and ATP (4 mM), and
then reactions were applied to copper grids and analyzed by negative-staining TEM. We
detected robust copolymer formation by wild-type MinC, MinD, and ATP, and we
detected no copolymers when MinC was omitted (Fig. 3e). As expected, copolymers
with MinD were observed for MinC(G10D), MinC(S12D), and MinC(S16D), which map to
the MinC NTD (Fig. 3a and e). However, we did not detect copolymers by any of the
MinC C-domain mutant proteins tested by TEM (Fig. S4a). MinC S134 is present at the
MinC-MinD copolymer interface, based on the A. aeolicus crystal structure (41). Accord-
ingly, we did not detect copolymers in reaction mixtures containing MinC(S134F) and
MinD with ATP (Fig. S4a). Surprisingly, MinC C-terminal domain mutations, including
R172A, E193K, L194N, and Y201A, which are located on the surface but are not present
at the putative MinC-MinD copolymer interface or the dimerization interface, did not
exhibit copolymers by TEM (Fig. 3a, Fig. S3a and b, and Fig. S4a) (41).

To confirm that MinC CTD mutant proteins do not copolymerize with MinD, we
monitored 90° angle light scatter associated with reaction mixtures containing MinC
mutant proteins, MinD, and ATP. The addition of ATP stimulated light scatter in reaction
mixtures containing wild-type MinC and MinC NTD mutant proteins, but very little
scatter was detected for MinC CTD mutant proteins (Fig. S4b). We next monitored
copolymer formation using sedimentation assays. Copolymer assembly was stimulated
by addition of ATP, and polymers were collected by ultracentrifugation. The amount of
MinD present in copolymers with MinC wild-type or mutant protein was determined by
SDS-PAGE and densitometry. As expected, we observed that the amount of MinD in
pellet fractions was reduced by 68 to 86% in reaction mixtures containing MinC CTD
mutant proteins (Fig. S4c). All MinC proteins tested here form stable dimers by size
exclusion chromatography, indicating that the CTD is properly folded (data not shown).
Finally, we also observed changes in the amounts of copolymers stimulated to form by
addition of ATP in reaction mixtures containing MinD and MinC NTD mutant proteins.
In light-scattering assays, MinC(G10D) and MinC(S12D) showed a larger amplitude
increase by light scattering than wild-type MinC, suggesting that the mutant proteins
are slightly more efficient at copolymer assembly with MinD than wild-type MinC (Fig.
S4b). In contrast, MinC(S16D) showed a smaller amplitude increase with ATP and MinD
by light scattering, suggesting that it is less efficient than wild-type MinC for copolymer
formation; however, we observed copolymers of MinD and MinC(S16D) by TEM (Fig. 3e
and Fig. S4b). All three MinC NTD mutant proteins were partially defective for assembly
of large complexes collected by ultracentrifugation, although to a lesser extent than all
of the MinC CTD mutant proteins. However, both light-scattering and ultracentrifuga-
tion assays may underreport small polymers. Together, these results suggest that there
are additional residues in the MinC CTD, located outside of the putative MinD copo-
lymer interface, that are important for assembly of MinC-MinD copolymers from E. coli.
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The MinC-FtsZ interaction modulates MinC oscillation in vivo. MinC fused to GFP
(GFP-MinC) exhibits rapid pole-to-pole oscillation regulated by MinD and MinE (34, 54).
To determine if MinC mutant proteins are capable of polar oscillation in vivo, we
constructed gfp-minC and performed site-directed mutagenesis to incorporate two
substitution mutations identified in the screen, gfp-minC(S16D) and gfp-minC(L194N).
The gfp-minC wild-type and mutant genes then were reinserted into the ΔminC::kan-
Prha-parE deletion strain at the native locus by lambda Red recombination. Cells were
grown to early log phase, and GFP-MinC localization was examined by confocal
fluorescence microscopy.

To detect GFP-MinC oscillation, we monitored fluorescence in live, dividing cells at
5-s intervals and measured the fluorescence amplitude across the long axis of the cell
for each time series (Fig. 4a). We observed that GFP-MinC accumulates at one cell pole,
redistributes to the opposing pole, and then returns, completing one oscillation cycle,
in an average of 42.0 � 8 s (n � 20) (Fig. 4b), with a minimum observed time of 35 s and
a maximum observed time of 55 s, which is consistent with previous reports (34, 54). We
plotted the amplitude of fluorescence as a function of cell length (in nanometers) at

FIG 4 Oscillation of GFP-MinC and GFP-MinC mutant proteins. (a) Live cells expressing GFP-MinC from the
chromosome were grown to log phase and imaged by confocal fluorescence microscopy as described in Materials
and Methods. Frames were captured in 5-s increments, and the fluorescence intensity across the long axis of the
cell for each frame was plotted for a representative cell. The cell image used for quantification is shown within each
inset. Scale bar, 1 �m; A.U., arbitrary units. (b) Live cells containing chromosomal gfp-minC (top), gfp-minC(S16D)
(middle), and gfp-minC(L194N) (bottom) were grown and imaged by confocal fluorescence microscopy as de-
scribed in Materials and Methods. Panels showing one complete oscillation of GFP fluorescence are shown adjacent
to a DIC image of each cell. Scale bar, 1 �m. (c) Box-and-whisker plot showing the rate of fluorescent focus tracking
in live cells expressing chromosomal gfp-minC mutations. Live cells expressing chromosomal gfp-minC, gfp-
minC(S16D), and gfp-minC(L194N) were grown and imaged by confocal fluorescence microscopy, and the rate of
GFP movement (nm s�1) was determined as described in Materials and Methods. The box represents the
interquartile range. The median rate of GFP movement is represented by a line within each box, and the mean is
represented by a plus symbol. Twenty replicate cells that exhibited oscillation were analyzed for each strain (**,
P � 0. 001; ***, P � 0.0001). (d) Live cells expressing chromosomal gfp-minC(S16D) were grown and imaged by
confocal fluorescence microscopy as described in Materials and Methods. GFP-MinC(S16D) fluorescence localized
at the septum is indicated by an arrow in the fluorescence panel. Scale bar, 1 �m.
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each interval and calculated the rate for directional movement of fluorescence foci
along the longitudinal axis of the cell. In cells expressing GFP-MinC, this rate is
169.5 � 5.4 nm s�1 (Fig. 4c).

It was previously reported that a chimera containing GFP and the MinC C-domain
oscillated similarly to full-length MinC, suggesting that the MinD interaction only
requires the C-domain of MinC (55); however, this fusion protein also transiently
associated with the division septum, which was not observed by wild-type GFP-MinC.
We next tested if GFP-MinC(S16D), which is competent for interacting with SUV-
associated MinD but defective for destabilizing FtsZ polymers in vitro, oscillates in vivo.
The rate of oscillation of GFP-MinC(S16D) is 26.6% lower (124.4 � 9.6 nm min�1) than
that of GFP-MinC (Fig. 4c). We also observed septal localization, or pausing, of GFP-
MinC(S16D) in approximately 10% of cells (Fig. 4d) (n � 20 cells exhibiting oscillation).

We next tested if GFP-MinC(L194N) also exhibits impaired oscillation in vivo. In vitro,
MinC(L194N) is also defective for destabilizing FtsZ polymers (Fig. 3c). Interestingly, we
observed that 68% of cells expressing GFP-MinC(L194N) contained diffuse cytoplasmic
fluorescence and failed to oscillate (data not shown), in contrast to GFP-MinC and
GFP-MinC(S16D), where none or 12%, respectively, failed to oscillate. In the cells
exhibiting GFP-MinC(L194N) oscillation, the rate was 37.7% lower (105.6 � 7.4 nm
min�1) than that of wild-type GFP-MinC (Fig. 4b and c). Interestingly, MinC(L194N) is
recruited to SUVs by MinD, although slightly less so than wild-type MinC; however, it
is defective for copolymer formation with MinD (Fig. 3d and Fig. S4). Together, these
results show that mutations in the MinC N- and C-domains known to disrupt the FtsZ
interaction described above also impair oscillation in vivo.

Recruitment of FtsZ to phospholipid vesicles by MinC and MinD. Finally, we
tested if FtsZ can be recruited to SUV-associated complexes of MinC and MinD using
purified proteins in vitro. To detect complex formation between MinC, MinD, and FtsZ
with SUVs, we used active, fluorescent FtsZ, labeled with Alexa Fluor 488 (FL-FtsZ). The
current model suggests that FtsZ polymers first bind to the MinC C-domain via the FtsZ
C-terminal end (CTE) (26, 27, 56). The Z-ring contains dynamic FtsZ polymers (57, 58);
therefore, we monitored dynamic FtsZ polymers assembled with GTP, which we know
are sensitive to disassembly by MinC (25, 26), for recruitment to SUV-associated
complexes of MinC and MinD. Increasing amounts of FtsZ (0 to 250 pmol), polymerized
with GTP and including a GTP-regenerating system, were added to reaction mixtures
containing preassembled complexes of MinC (4 �M), MinD (4 �M), SUVs (0.25 mg
ml�1), and ATP (4 mM). Complexes were collected by low-speed centrifugation, and the
amount of FtsZ recruited was quantified by fluorescence intensity. Without MinC or
MinD, few FtsZ polymers were detected in the pellet (Fig. 5a). We observed that
MinC-MinD-SUV complexes recruit FtsZ in the presence of GTP, and that the
recruitment was dependent on FtsZ concentration, with approximately 70 pmol, or
28% of the total FtsZ in the reaction mixture, recruited to SUVs (Fig. 5a). We next
monitored SUV recruitment of stable FtsZ polymers in the presence of guanylyl
5’-�,�-methylenediphosphonate (GMPCPP). FtsZ-GMPCPP was not detected in pel-
lets without MinC or MinD (Fig. 5b). As expected, we also observed concentration-
dependent association of stable FtsZ polymers with Min complexes (Fig. 5b); however,
the amount of FtsZ recruited to SUVs in the presence of GMPCPP was reduced by 70%
compared to that in the presence of GTP (Fig. 5a and b). Previous reports suggested
that the MinC N-domain interacts with an open FtsZ protofilament interface, and
therefore this region should be also accessible in FtsZ monomers and dimers (27). To
determine if MinC recruits FtsZ to SUV-associated complexes containing MinD via this
site, we repeated the SUV recruitment assay in the presence of GDP to promote FtsZ
dimer formation and also detected a concentration-dependent increase in the amount
of FtsZ localizing to SUV-associated complexes containing MinD and wild-type MinC
(Fig. 5c). Our results indicate that complexes of FtsZ-MinC-MinD can be assembled with
both polymerized and nonpolymerized FtsZ, in contrast to previous reports (25, 26). A
subsequent study also showed that FtsZ-GDP binds to MinC (59). To confirm that SUV
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recruitment is dependent on the MinC-MinD interaction and does not result from
nonspecific trapping in SUVs, we repeated the SUV recruitment assay with GFP in the
presence of MinC (4 �M), MinD (4 �M), ATP (4 mM), and, where indicated, GDP (2 mM),
GMPCPP (0.2 mM), or GTP (1 mM) and a GTP-regenerating system. As expected, we
detected no SUV-associated GFP in the pellet (Fig. S5). A recent report also indicated
that MinD binds to FtsZ directly; however, we detected no recruitment of FtsZ to
MinD-SUV complexes without MinC (data not shown), indicating that under these
conditions, MinC is required for interaction with FtsZ (60).

To determine if the sites that we identified on the MinC N- and C-domains are
important for recruitment of FtsZ under the conditions tested, we compared

FIG 5 FtsZ complex formation with MinC, MinD, and SUVs. (a to c) FtsZ-MinC-MinD SUV sedimentation assays were
assembled in reaction mixtures containing FtsZ (0 to 10 �M), SUVs (0.25 mg ml�1), MinC (4 �M), MinD (4 �M), GTP (1 mM)
and a GTP-generating system, GMPCPP (0.2 mM), GDP (2 mM), and/or ATP (4 mM), where indicated, as described in
Materials and Methods. SUV-associated FtsZ (pmol) in the presence or absence of MinC-MinD was collected by centrifu-
gation as described in Materials and Methods and quantified by measuring the fluorescence associated with pellet
fractions. (d to f) FtsZ-MinC-MinD SUV sedimentation assays were performed as described in Materials and Methods in
reaction mixtures containing FtsZ (10 �M), SUVs (0.25 mg ml�1), MinD (4 �M), MinC (4 �M), MinC(S16D) (4 �M),
MinC(L194N) (4 �M), GTP (1 mM) and a GTP-regenerating system, GMPCPP (0.2 mM), GDP (2 mM), and/or ATP (4 mM),
where indicated. SUV-associated FtsZ (pmol) was collected by centrifugation as described in Materials and Methods and
quantified by measuring the fluorescence associated with pellet fractions. The amount of FtsZ (pmol) shown is corrected
for background. (g to i) FtsZ-MinC-MinD SUV sedimentation assays were performed as described in Materials and Methods
in reaction mixtures containing FtsZ (10 �M) or FtsZ(ΔC4) (10 �M), FtsZ(ΔC9) (10 �M), FtsZ(ΔC18) (10 �M), FtsZ(I374V)
(10 �M), SUVs (0.25 mg ml�1), MinD (4 �M), MinC (4 �M), ATP (4 mM), GTP (1 mM) and a GTP-regenerating system, GMPCPP
(0.2 mM), and/or GDP (2 mM), where indicated. SUV-associated FtsZ was collected by centrifugation as described in
Materials and Methods, quantified by measuring fluorescence, and corrected for background. Data from at least three
replicates are shown as means � SEM (*, P � 0.01; **, P � 0.001; ***, P � 0.0001).
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MinC(S16D) and MinC(L194N) to wild-type MinC in SUV sedimentation assays. In the
presence of GTP and a regenerating system, we detected 40% less FtsZ associated
with SUVs and MinD complexes with MinC(S16D) than with wild-type MinC and a
modest but insignificant reduction with MinC(L194N) (Fig. 5d). In the presence of
GMPCPP, we detected 82% less FtsZ in SUV-associated complexes containing MinD and
MinC(L194N) (Fig. 5e) than with wild-type MinC but a small reduction associated with
MinC(S16D)-containing complexes that was not significant (Fig. 5e). We next tested if
MinC(S16D) and MinC(L194N) recruit nonpolymerized FtsZ to SUV-associated com-
plexes with MinD. We detected 68% less FtsZ present in complexes with MinC(L194N)
and 94% less FtsZ in complexes with MinC(S16D) than with wild-type MinC (Fig. 5f).
Interestingly, these results show that in the presence of GDP, FtsZ interacts with both
domains of MinC bound to MinD and SUVs. To confirm that MinC secondary structure
was not perturbed by either of these substitutions, circular dichroism (CD) spectra of
MinC(S16D) and MinC(L194N) were measured and shown to be similar to those of
wild-type MinC (Fig. S6). Together, our results suggest that while stable FtsZ polymers
require only the FtsZ-MinC CTD interaction to form a complex with MinC and MinD,
nonpolymerized FtsZ requires contacts with each domain of MinC for complex assem-
bly. Additionally, dynamic FtsZ polymers assembled with GTP are recruited to MinC
much more efficiently than either FtsZ-GMPCPP or FtsZ-GDP, and mutations in either
the MinC NTD or CTD only modestly impair recruitment of dynamic FtsZ polymers
assembled with GTP. Notably, although MinC(S16D) and MinC(L194N) are able to
efficiently recruit dynamic FtsZ polymers to MinD-associated SUVs, they are defective
for disassembly of FtsZ polymers in vitro (Fig. 3b and c and 5d).

The FtsZ CTE is required for FtsZ-MinC-MinD complex formation with phos-
pholipids. The FtsZ CTE, consisting of residues 370 through 383, directly interacts with
FtsA, ZipA, MinC, SlmA, ClpXP, and ZapD (18, 27, 58, 61–66). Several reports implicate
the FtsZ CTE in mediating interactions with MinC (26, 64). In vivo, inhibition of cell
division by the MinC CTD requires the FtsZ CTE (26), suggesting that FtsZ engages the
MinC C-domain. Additionally, a GFP-MinC C-domain fusion protein is recruited to the
Z-ring in vivo, and recruitment requires isoleucine 374 of the FtsZ CTE and R172 of MinC
(26, 29, 30, 55, 67). Based on these observations, we investigated if recruitment of FtsZ
to SUV-associated complexes containing MinC and MinD requires the FtsZ CTE in
reaction mixtures containing fluorescent, truncated FtsZ [FL-FtsZ(ΔC18)], FtsZ [FL-
FtsZ(ΔC9)], and FtsZ [FL-FtsZ(ΔC4)]. Surprisingly, all FtsZ C-terminal mutant proteins
were efficiently recruited to SUV complexes containing MinC and MinD in the presence
of GTP and a regenerating system, including FL-FtsZ(ΔC18) (Fig. 5g). However, FL-
FtsZ(ΔC18) was not recruited to SUV complexes containing MinC and MinD in the
presence of GMPCPP or GDP (Fig. 5h and i). Additionally, recruitment of both FtsZ(ΔC9)
and FtsZ(ΔC4) mutant proteins in the presence of GTP, GMPCPP, or GDP was similar to
that of FtsZ (Fig. 5g to i). Since residue I374 is present in both the FtsZ(ΔC9) and
FtsZ(ΔC4) truncations but not in the FtsZ(ΔC18) mutant, we purified and tested
FtsZ(I374V) for the interaction with MinCD. Interestingly, the I374V mutation alone did
not impair recruitment of FtsZ to MinC-MinD-SUV complexes in the presence of GDP or
GMPCPP in vitro, and we observed only a minor reduction with GTP (Fig. 5g to i). These
results suggest that amino acids 366 through 374 of FtsZ are important for binding of
MinC-MinD-SUV complexes to FtsZ dimers and GMPCPP-stabilized polymers but are not
essential to FtsZ polymers assembled with GTP.

DISCUSSION
Mapping the FtsZ interaction sites on MinC. We mapped two regions on the

surface of MinC important for controlling septal localization using mutagenesis and
site-specific recombination, followed by functional analyses in vivo and in vitro. Several
purified MinC mutant proteins, with mutations in both the N-domain and the C-domain
of MinC, failed to effectively prevent the GTP-dependent sedimentation of FtsZ in vitro
but were recruited to SUVs by MinD (Fig. 3a to d), suggesting that cell division defects
associated with chromosomal minC mutants are due to an impaired FtsZ interaction.
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Moreover, MinC mutant proteins with substitutions in the N-domain (S16D) or the
C-domain (L194N) bind to dynamic FtsZ polymers but are defective for promoting
polymer disassembly, in contrast to wild-type MinC. MinC is a potent inhibitor of FtsZ
polymerization; disassembly of dynamic FtsZ polymers, assembled with GTP and a
regenerating system, occurred with substoichiometric (1:12) amounts of MinC (0.5 �M
MinC dimer and 6 �M FtsZ) (Fig. 3b and c; see also Fig. S2 in the supplemental material).
This ratio is inconsistent with MinC promoting polymer disassembly via an FtsZ
sequestration mechanism. Together, there are two distinct sites of FtsZ interaction on
the surface of a single MinC protomer, with four total sites accessible on a dimer (Fig.
6a). Both interaction sites are important for destabilizing FtsZ polymers: one site is at
an N-domain cleft (G10, S12, and S16) of a protomer, and another site is on the outer
surface of the C-terminal dimerization domain (R172, E193, L194N, and Y201), as
modeled here (Fig. 3a) and identified on a recent structure of the CTD of E. coli MinC

FIG 6 Model for MinC engaging FtsZ assemblies. (a) Relative position of the FtsZ subunit interface and the
MinC-FtsZ interaction sites. The distance between adjacent FtsZ protofilament interfaces (42 Å) and between MinC
N-domain protomer clefts (76 Å) is shown. Although there is likely considerable flexibility in the position of the
MinC NTD relative to the CTD, distances suggest that both MinC NTD clefts in a dimer would be unable to engage
adjacent FtsZ protomers in a single polymer. E. coli FtsZ is modeled on the Methanococcus jannaschii FtsZ dimer
(PDB entry 1W59) (75), and E. coli MinC is modeled on T. maritima MinC (PDB entry 1HF2) (49). GTP is indicated by
light brown CPK spheres, and FtsZ(N280) and FtsZ(E276) are indicated by light blue and dark blue CPK spheres,
respectively. MinC G10, S12, S16, R172, E193, L194, and Y201 are shown as yellow CPK spheres. (b) The MinC
C-domain site recruits the FtsZ CTE of stable GMPCPP-FtsZ polymers. (c) Both the MinC N- and C-domain sites
mediate binding to free GDP-FtsZ. (d) FtsZ polymers assembled with GTP are recruited by MinC. Recruitment does
not require the CTE of FtsZ, although it may stabilize the interaction. Although neither the MinC NTD nor CTD site
identified here is essential for recruitment, both are important for robust severing of FtsZ polymers.
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(68). Importantly, MinC accommodates interactions simultaneously with MinD and FtsZ,
and the regions do not appear to overlap based on FtsZ recruitment assays and
structural modeling of the MinC-MinD interface from A. aeolicus (Fig. 5 and Fig. S3) (41).
Our results are in agreement with a recent study of the MinC N-domain, which
implicated nearby residues K9, F42, K35, and A39 in contacting FtsZ and are adjacent
to the N-domain cleft described here (31). The phenotypic defects associated with MinC
N- and C-domain mutations in this study do not result from overexpression, since MinC
mutant proteins were expressed to nearly wild-type levels from the chromosome.

Conservation of the MinC-MinD interface. MinC and MinD assemble into copo-
lymers in the presence of ATP in vitro (41, 42). The Lowe group reported a crystal
structure for the A. aeolicus MinC CTD-MinD complex as alternating dimers arranged as
a copolymer, revealing two MinC-MinD interaction sites (41). The first site contains a
conserved RSGQ motif in MinC and helix 7 of MinD, while a secondary site is mediated
by contacts between MinD helix 8 and MinC helix 3, although this helix does not appear
to be present in E. coli MinC (41). To determine if the mutations identified here in MinC
also impair copolymerization with MinD, we purified MinC mutant proteins and mea-
sured copolymer formation by EM, light scattering, and sedimentation assays.
MinC(S134F) contains a mutation in the first predicted MinC-MinD interaction site (i.e.,
RSGQ) and is severely impaired for copolymer formation with MinD (Fig. S4). We
mapped MinC R172, E193, L194, and Y201 onto a structural model of the E. coli MinC
C-domain and observed that they are absent from both predicted MinC-MinD interfaces
(Fig. S3a and b). Surprisingly, the purified C-domain mutant proteins were all impaired
for copolymer formation; however, they form dimers (data not shown), suggesting that
the C-domains are folded correctly, and they are recruited to SUVs by MinD, with the
exception of MinC(E193K) (Fig. 3d and Fig. S4). This suggests that the interaction
between MinC and MinD in the copolymer is different from the interaction with MinD
at the membrane. The role of the copolymer during oscillation of the Min system or cell
division is not yet understood, and a recent report suggests that copolymer formation
is not required for division (45).

Slow oscillation by GFP-MinC mutant proteins. Oscillation of GFP-MinD in vivo

and, by extension, GFP-MinC requires MinE to promote ATP hydrolysis by MinD but
does not require FtsZ (34, 44). Remarkably, we found that GFP-MinC mutant proteins
impaired for disassembly of dynamic FtsZ polymers (S16D and L194N) oscillate 27% and
38% slower, respectively, in vivo than GFP-MinC (Fig. 3b and c and 4c). This is likely not
due to a perturbed interaction with membrane-associated MinD, since purified
MinC(S16D) and MinC(L194N) were recruited to MinD-bound SUVs (Fig. 3d). Both of
these mutants are impaired for destabilizing dynamic FtsZ polymers, yet both recruit
FtsZ polymers assembled with GTP to MinC-MinD-SUV complexes (Fig. 3b and c and
5d). In vivo, how could FtsZ binding modulate MinC oscillations? Pausing at the division
septum could account for the slow oscillation of GFP-MinC(S16D). Consistent with this,
we observed transient localization of GFP-MinC(S16D) at the Z-ring in 10% of cells (Fig.
4d), suggesting productive recruitment to dynamic FtsZ polymers in vivo. Failure to
destabilize polymers at the Z-ring may lead to the prolonged localization observed.
Accordingly, the MinC C-domain tagged with GFP also pauses at the septum, consistent
with failure to disassemble the ring (55, 64). MinC(L194N) is also able to recruit FtsZ
polymers assembled with GTP to MinD-associated SUVs (Fig. 5d), raising the possibility
that MinC(L194N) also is recruited to FtsZ polymers in vivo, although we did not detect
septal localization or pausing of GFP-MinC(L194N).

A recent report showed that the stoichiometry of MinE and MinD on the membrane
may modulate MinE-stimulated stabilization and release of MinD (69). MinD oscillation
in vivo and wave propagation in vitro occurs in the total absence of MinC (34, 38, 40,
44, 69). The Lutkenhaus group showed that expression of MinD heterodimers impaired
for MinC copolymerization, but not MinC binding, restores wild-type morphology to a
min deletion strain (45), suggesting that copolymer formation is not required to
effectively regulate Z-ring formation in vivo under the conditions tested. However,
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engagement of MinD by MinC could serve to constrain the accessible population of
MinD, through sequestration on the membrane surface or in the cytoplasmic pool, and
therefore modulate the propagation of MinD across the phospholipid surface. If
copolymers modulate the availability and membrane concentration of MinD, then the
slow oscillation observed for MinC(L194N) could result from impaired copolymer
formation with MinD (Fig. 4b and c and Fig. S4).

Destabilization of FtsZ polymers by MinC. FtsZ assembles into dynamic polymers
in the presence of GTP, with more than half of the FtsZ within filaments suggested to
exist in a GDP-bound state (70, 71). MinC substoichiometrically destabilizes FtsZ
polymers, without MinD, in a concentration-dependent manner, and destabilization
requires active GTP hydrolysis (Fig. 3b and c). MinC does not lower the rate of GTP
hydrolysis by FtsZ (23), which is consistent with MinC rapidly releasing FtsZ. In a model
for how MinC destabilizes FtsZ polymers, the Lutkenhaus group proposed that the FtsZ
CTEs in FtsZ filaments recruit the MinC CTD, thereby positioning the MinC NTD at the
FtsZ helix 10 (H10) within the FtsZ subunit-subunit interface and promoting the
breakage of polymers (27). More recently, it was suggested that potent disassembly
activity by MinC in the presence of MinD occurs through a severing mechanism (31).
Our results extend this model by revealing that nucleotide occupancy of FtsZ differ-
entially affects engagement by MinC at each site mapped in this study. We further
demonstrate that recruitment of FtsZ assembled with GTP to MinC does not require the
CTE of FtsZ. Pausing of GFP-MinC(S16D) at the septum is consistent with a model in
which a MinC NTD interaction with FtsZ in a filament promotes release of the FtsZ
subunit from the filament by a severing mechanism. Recently, the Schwille group also
demonstrated that MinC enhances the detachment rate of GDP-bound FtsZ from
polymers (70).

FtsZ subunit turnover due to GTP hydrolysis occurs stochastically within filaments,
resulting in exposed minus ends containing the H10 helix (70). The FtsZ H10 helix being
exposed in GDP-bound FtsZ suggests that MinC should interact with GDP-FtsZ. A
previous study from the Rivas group reported that MinC strongly binds GDP-FtsZ (59).
Consistent with this, we detected complex formation between free GDP-FtsZ and
SUV-associated MinC-MinD, which required both MinC NTD and CTD sites (Fig. 5c and
f), but recruitment of GDP-FtsZ was much less efficient than recruitment of dynamic
FtsZ polymers, consistent with a weaker interaction. Together, these findings suggest
that a GDP-bound FtsZ subunit is conformationally distinct in the polymer compared to
that in the dimer.

In the model of MinC engaging FtsZ, the MinC-FtsZ interaction is promoted by FtsZ GTP
binding and hydrolysis, and although the interaction between the FtsZ CTE and MinC is not
essential for recruitment of dynamic FtsZ polymers to MinC-MinD-SUV complexes, the CTE
is important for binding of MinC to GMPCPP-stabilized FtsZ polymers and FtsZ-GDP dimers
(Fig. 5g to i and 6). In the model, MinC residues R172, E193, L194, and Y201, which are
clustered on the MinC C-domain, mediate an interaction with residues 366 to 374 of FtsZ.
The cleft at the MinC N-domain, containing residues G10, S12, and S16, is important for
binding to the FtsZ polymerization domain, likely at the protofilament interface (Fig. 6a).
Both MinC NTD and CTD sites mapped in this study are important for promoting efficient
FtsZ polymer disassembly or severing (Fig. 6d). Spatially, the distance between two MinC
N-domain clefts in a dimer is approximately 80% larger than the distance between adjacent
subunit interfaces in an FtsZ protofilament (76 Å and 42 Å, respectively) (Fig. 6a). Although
the MinC N-domain is likely considerably more flexible in position than the C-domain due
to a long tethering region between them, given this distance, it may be more likely that a
MinC dimer would interact with, and subsequently destabilize, two separate FtsZ proto-
filaments, which is consistent with MinC acting as a potent inhibitor of FtsZ polymerization.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Lennox medium (LB) was inoculated with

stationary-phase cultures of wild-type E. coli MG1655 or mutant strains, and cultures were grown at 30°C
to an optical density at 600 nm (OD600) of approximately 0.5. Strains containing chromosomal gfp-minC
were grown in the presence of L-arabinose (100 �M) to induce expression of gfp-minC (72).
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Mutagenesis and screening. Plasmids containing minC were mutagenized by amplification with the
Mutazyme II error-prone polymerase (Agilent) and by site-directed mutagenesis (Agilent). Mutagenized
minC gene products were introduced into the chromosomal copy of minC using �-red recombination (73)
(J. Teramoto, K. A. Datsenko, and B. L. Wanner, unpublished results). The MG1655 ΔminC::kan-Prha-parE
strain containing pKD46 was grown as described in “Bacterial strains, plasmids, and growth conditions,”
above, to an OD600 of approximately 0.4 in the presence of ampicillin (100 �g ml�1) and L-arabinose
(20 mM). Cells were electroporated with mutagenized minC gene products, and recombinants containing
chromosomal minC mutants were selected by growth on M9 minimal medium agar plates with 1%
L-rhamnose. Subsequently, all recombinants were confirmed by sequencing. Recombinant strains con-
taining mutagenized minC (1,020 strains) were isolated and screened for cell length by microscopy. Of
the 240 isolates exhibiting a filamentous phenotype, 190 contained premature stop codons or missense
mutations, 8 had single-nucleotide substitutions, and 42 contained two or three nucleotide substitutions,
which were reconstructed as single substitutions.

Microscopy. Wild-type and mutant cells were grown as described in “Bacterial strains, plasmids, and
growth conditions,” above. Cells were collected by centrifugation at 5,000 � g, washed in Tris-buffered
saline with EDTA (1 mM), and fixed to glass slides with poly-L-lysine-coated coverslips. Cells were imaged
by differential interference contrast (DIC) microscopy with a Zeiss AxioCam HRc high-resolution camera.
Images were prepared using Adobe Photoshop CS3, and cell lengths were measured using NIH ImageJ
software. To monitor the oscillation of GFP-MinC mutant proteins, strains containing gfp-minC were
grown as described above and applied to glass slides with agarose gel pads (5%, wt/vol) containing M9
minimal medium supplemented with 0.2% glucose. Live cells were visualized by confocal fluorescence
microscopy with a Zeiss AxioImager M2 imaging system equipped with an LSM 700 confocal module
with excitation and emission set to 488 and 525 nm, respectively. To determine the rate of fluorescence
movement across the longitudinal cell axis (in nanometers per minute), images of live cells were
captured in 5-s intervals for 20 frames. The peak fluorescence was determined for each image using NIH
ImageJ software and plotted as a function of distance traveled from the originating pole.

Protein extraction and immunoblotting. Wild-type and mutant strains were grown as described in
“Bacterial strains, plasmids, and growth conditions,” above. Cells were collected by centrifugation at
5,000 � g and resuspended into 1 ml of LB (Lennox medium). Protein was extracted by the addition of
15% (vol/vol) trichloroacetic acid, and protein concentration was determined by the bicinchoninic acid
assay (BCA). Protein extracts (75 �g) were analyzed by SDS-PAGE and immunoblotted with antibodies
directed against MinC. Anti-MinC antiserum was generated in rabbits using purified wild-type MinC
(Noble Life Sciences, Inc.).

Expression and purification of proteins. Native MinC, MinD, and FtsZ wild-type and mutant
proteins were overexpressed in E. coli BL21 (�DE3) and purified as described previously (42, 61, 74). Size
exclusion chromatography performed as part of the purification confirmed dimerization of MinC and
MinC mutant proteins. Protein concentrations are reported as FtsZ monomers, MinC dimers, and MinD
dimers. Where indicated, circular dichroism spectra were obtained for reaction mixtures containing MinC
(1 �M) or MinC mutant proteins (1 �M) in assembly buffer on a Jasco J-1100 CD spectrophotometer at
room temperature using a 0.1-mm quartz cuvette. Data were collected from 200 to 250 nm and averaged
over 5 scans.

FtsZ polymerization assays with MinC. Purified FtsZ was incubated with GTP (2 mM) and a
GTP-regenerating system containing acetyl phosphate (15 mM) and acetate kinase (25 �g ml�1) in the
presence of increasing MinC or MinC mutant protein concentrations (0 to 4 �M). Reactions were
performed in assembly buffer containing 2-(N-morpholino)ethanesulfonic acid (MES) (50 mM, pH 6.5), KCl
(100 mM), MgCl2 (10 mM), and polymers were collected by centrifugation at 129,000 � g for 30 min at
23°C in a Beckman TLA 120.1 rotor. Pellets containing polymers were resuspended in boiling lithium
dodecyl sulfate (LDS) loading buffer and analyzed by SDS-PAGE and densitometry using NIH ImageJ.

Phospholipid recruitment assays with MinD and MinC. MinD (4 �M) was added to reaction
mixtures containing SUVs (0.25 mg ml�1), MinC (4 �M), or MinC mutants (4 �M), where indicated, and
ATP (4 mM) in assembly buffer. Small unilamellar vesicles from E. coli extracts (Avanti Polar lipids) were
prepared as described by Conti et al. (42). Reaction mixtures were incubated at 30°C for 10 min, and
phospholipids were collected by centrifugation at 14,000 � g for 15 min at 23°C. SUV-containing pellets
were resuspended in LDS loading buffer and analyzed by SDS-PAGE and densitometry.

Where indicated, purified FtsZ or FtsZ mutant proteins labeled with Alexa Fluor 488 or GFP were
premixed with GMPCPP (0.2 mM), GDP (2 mM), or GTP (1 mM) and a GTP-regenerating system containing
acetyl phosphate (15 mM) and acetate kinase (25 �g ml�1), where indicated, and increasing amounts of
FtsZ or GFP with nucleotide were added to reaction mixtures containing MinCD complexes (4 �M each)
preassembled onto SUVs as described above. Active, fluorescent FtsZ wild-type and mutant proteins
were generated by labeling with Alexa Fluor 488 succinimidyl ester and cycling through GTP-dependent
polymerization as described previously (61). Reaction mixtures containing GMPCPP or GTP were incu-
bated for 5 min at 23°C, and SUVs were collected by centrifugation at 10,000 � g for 2 min 23°C. Reaction
mixtures containing GDP were incubated for 10 min at 30°C, and SUVs were collected by centrifugation
at 14,000 � g for 15 min at 23°C. SUV-containing pellets were resuspended in assembly buffer, and
pellet-associated fluorescence was measured with excitation and emission wavelengths set for 490 nm
and 525 nm, respectively (Alexa Fluor 488), or 395 nm and 510 nm, respectively (GFP).

Copolymer assays with MinC and MinD. MinD (8 �M) was added to reaction mixtures containing
MinC (4 �M) or MinC mutant proteins (4 �M), where indicated, in assembly buffer. ATP (4 mM) was added
to initiate copolymer formation, and reaction mixtures were incubated for 5 min at 23°C. Polymers were
collected by centrifugation at 129,000 � g for 30 min at 23°C in a Beckman TLA 120.1 rotor. Pellets were
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resuspended in LDS loading buffer (1�), and the amount of pellet-associated MinD was determined by
SDS-PAGE and densitometry.

To monitor MinCD copolymer formation by light scatter, MinC (4 �M) or MinC mutant proteins
(4 �M), where indicated, were added to reaction mixtures containing MinD (8 �M) in assembly buffer.
Angle light scatter at 90° was monitored with excitation and emission wavelengths set to 450 nm. After
5 min, ATP (4 mM) was added and light scatter was monitored for an additional 30 min.

Electron microscopy. Reaction mixtures containing MinD (8 �M), MinC (4 �M), and MinC mutant
proteins (4 �M), where indicated, and ATP (4 mM) in assembly buffer were applied to 300-mesh
carbon-Formvar-coated grids, fixed with glutaraldehyde (1%), and stained with uranyl acetate (2%).
Samples were imaged by transmission electron microscopy using an FEI Tecnai G2 Spirit BioTWIN 80-kV
instrument equipped with an SIS Morada 11-megapixel camera.
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