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The MinC division inhibitor is required for accurate placement of the septal ring at the middle of the
Escherichia coli cell. The N-terminal domain of MinC (“MinC) interferes with FtsZ assembly, while the
C-terminal domain (®MinC) mediates both dimerization and complex formation with either MinD or DicB.
Binding to either of these activators greatly enhances the division-inhibitory activity of MinC in the cell. The
MinD ATPase plays a crucial role in the rapid pole-to-pole oscillation of MinC that is proposed to force FtsZ
ring formation to midcell. DicB is encoded by one of the cryptic prophages on the E. coli chromosome (Qin)
and is normally not synthesized. Binding of MinD or DicB to "MinC produces complexes that have high
affinities for one or more septal ring-associated targets. Here we show that the FtsZ-binding protein ZipA is
required for both recruitment of the "MinC/DicB complex to FtsZ rings and the DicB-inducible division block
normally seen in MinC™ cells. In contrast, none of the known FtsZ-associated factors, including ZipA, FtsA,
and ZapA, appear to be specifically required for targeting of the "MinC/MinD complex to rings, implying that
the two MinC/activator complexes must recognize distinct features of FtsZ assemblies. MinD-dependent
targeting of MinC may occur in two steps of increasing topological specificity: (i) recruitment of MinC from
the cytoplasm to the membrane, and (ii) specific targeting of the MinC/MinD complex to nascent septal ring
assemblies on the membrane. Using membrane-tethered derivatives of MinC, we obtained evidence that both

of these steps contribute to the efficiency of MinC/MinD-mediated division inhibition.

In Escherichia coli, cell constriction is mediated by the septal
ring organelle and normally occurs at the midpoint of the long
axis of the mother cell. Formation of the septal ring involves
the ordered assembly of at least 10 essential division proteins.
Assembly is thought to initiate with polymerization of FtsZ on
the cytoplasmic face of the inner membrane. Polymeric FtsZ
recruits FtsA and ZipA through direct protein-protein inter-
actions, giving rise to a higher-order membrane-associated
structure (Z ring) to which the remaining components are
recruited until a mature septal ring is generated (1, 6, 16, 51,
60).

Equal partitioning of cell components to daughter cells re-
quires that septal ring placement be accurately restricted to the
middle of the mother cell. This specific placement appears to
be accomplished primarily by two negative regulatory mecha-
nisms that act independently, albeit in a partially redundant
manner, to prevent FtsZ assembly at off-center sites (50). The
first mechanism couples Z ring placement to positioning of the
nucleoid(s) via nucleoid occlusion, which causes Z rings to
preferentially form on membrane sites that do not directly
surround the nucleoid(s) (57, 73). The molecular basis for this
phenomenon is still unclear. The second mechanism is con-
trolled by the protein products of the minB operon (MinC, -D,
and -E), referred to collectively as the Min system. minB mu-
tants display either a minicell phenotype (Min ™), where cells
frequently divide close to either one of the cell poles (MinC™
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and/or MinD "), or a MinCD-dependent filamentation pheno-
type (Sep ), where cells fail to divide altogether (MinE ™) (13).

The MinC protein is a division inhibitor that negatively
regulates FtsZ ring formation (5, 12, 37, 39, 41, 46, 59). The
231-residue polypeptide folds into two domains of approxi-
mately equal size. The amino-terminal domain (or Z-domain,
henceforth “MinC) is necessary and sufficient to inhibit FtsZ
polymerization in vitro and Z ring assembly in vivo. The car-
boxy-terminal domain (D domain, ®MinC) is required both for
homodimerization of MinC and for binding to the so-called
activators MinD and DicB (8, 34, 41, 69).

In the absence of either activator, MinC blocks cell division
only when present at a concentration at least 25-fold greater
than normal. At the physiological concentration of the division
inhibitor, either MinD or DicB is required for efficient MinC-
mediated division inhibition (12, 15).

Whereas DicB is not an integral part of the Min system,
MinD plays several important roles in the proper functioning
of the system. The protein is well conserved and belongs to a
large family of ATPases of bacterial origin which also includes
the ParA/SopA-type proteins involved in chromosome and
plasmid segregation systems (9, 11, 19, 30, 48, 65). When
bound to ATP, MinD interacts with itself, MinC, and MinE, as
well as with phospholipid membrane (33, 35, 38, 45, 67). Bind-
ing of MinD-ATP to the membrane occurs in a cooperative
fashion (45, 53) and likely involves the formation of polymeric
filaments on the membrane surface (33, 66, 67). MinC and
MinE have little affinity for membrane themselves. However,
both MinC and MinE are recruited to membrane-associated
MinD-ATP (33, 36, 38, 45, 61, 62). MinE interferes with the
interaction between MinC and MinD-ATP, causing release of
MinC from the MinD-ATP membrane complex (38, 45). In
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addition, MinE stimulates hydrolysis of the nucleotide by
MinD (35), resulting in release of MinD-ADP, as well as MinE
itself, from the phospholipid surface (33, 45).

The interactions between MinC, MinD, MinE, nucleotide,
and membrane culminate in highly dynamic behaviors of all
three Min proteins in normally dividing cells, where they ac-
cumulate alternately on the membrane at either end of the cell,
oscillating back and forth in a rapid cycle that averages about
45 s (17, 26, 36, 61, 63, 66). These dynamics cause the time-
averaged concentration of MinC at the membrane to be high-
est at the cell poles and lowest at the cell center. In turn, this
concentration differential is proposed to define the center as
the site where membrane-associated FtsZ polymers are most
stable, as they are least subject to “MinC-induced disassembly
(26, 32, 42, 52). Although the proper dynamic positioning of
“MinC is the functionally relevant output of the Min system,
MinC’s role in generating the dynamics is passive (26, 63).
Rather, Min protein oscillation requires both MinD and MinE.
In the absence of MinD, both MinC and MinE are found
throughout the cytoplasm, and cells are Min~ (13, 36, 61, 62).
In the absence of MinE, both MinD and MinC accumulate
along the entire membrane without showing obvious bulk
movement, and cells are Sep™ (13, 36, 61, 63, 64).

The present study concerns the interaction(s) of MinC with
the division apparatus and, specifically, the roles of the activa-
tors MinD and DicB in stimulating MinC-mediated division
inhibition. The DicB protein is encoded on the cryptic pro-
phage Kim (Qin), and its production is actively repressed un-
der normal conditions (2, 7). When produced, however, DicB
causes a rapid MinC-mediated division block, which is inde-
pendent of MinD and insensitive to MinE (3, 12, 43, 44).

We showed previously that DicB competes with MinD for
binding to the C-terminal domain of MinC (PMinC) and that
DicB, like MinD, stimulates the disassembly of Z rings by
MinC in vivo (41).

The finding that MinD recruits MinC to the membrane
suggested a simple explanation for how MinD might stimulate
MinC-mediated division inhibition, namely, that the accumu-
lation of MinC on the membrane increases its local concen-
tration to an extent sufficiently high to efficiently counteract
FtsZ polymerization (36, 61). To assess if DicB acted in a
similar fashion, we previously studied the subcellular localiza-
tion of functional green fluorescent protein (GFP)-tagged ver-
sions of DicB and MinC (41). In contrast to the situation in
MinC/MinD-induced filaments, in which both MinC and MinD
are found distributed along the membrane, MinC and DicB
are primarily found throughout the cytoplasm in MinC/DicB-
induced filaments (41). This indicated that, unlike MinD, DicB
does not direct MinC to the membrane per se. Interestingly,
the distribution of proteins was strikingly different when either
MinD or DicB was coexpressed with mutants of MinC
(PMinC) that lack a functional Z-domain. In these cases,
PMinC together with MinD or DicB was found to decorate
septal rings, implying that the ®MinC/MinD and ®MinC/DicB
complexes bind to one or more septal ring components and
that these interactions are independent of that between “MinC
and its FtsZ substrate (41). These observations led us to pro-
pose that specific targeting of ®MinC/activator complexes to
septal ring assemblies is likely to contribute to the efficiency of
activator-dependent, “MinC-mediated division inhibition (41).
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Here, we describe experiments aimed at elucidating what
septal ring molecule(s) is recognized by the ®MinC/activator
complexes, as well as to what extent the specific targeting of the
PMinC/activator complexes to septal ring components contrib-
utes to the stimulation of MinC-mediated division inhibition by
the activators.

We present several lines of evidence that "MinC/DicB is
targeted specifically to ZipA-decorated FtsZ polymers, likely
involving a direct interaction between the ®MinC/DicB het-
eromer and ZipA, and that this interaction is crucial to DicB-
induced division inhibition. In contrast, PMinC/MinD target-
ing to FtsZ rings does not seem to specifically require any one
of the other known septal ring components, including ZipA,
FtsA, and ZapA. PMinC/MinD may interact with FtsZ poly-
mers directly or with some associated molecule that still needs
to be identified.

We further find that, even though a membrane-tethered
derivative of MinC localizes to the membrane in a MinD-
independent fashion, MinD still causes it to target to rings and
enhances its division-inhibitory activity. This result suggests
that, as in the case of DicB-dependent targeting, specific
MinD-dependent targeting of MinC to FtsZ polymeric struc-
tures on the membrane is likely to contribute to the efficacy of
“MinC action.

Although it is clear from this work that ®MinC/MinD and
PMinC/DicB recognize distinct targets on FtsZ assemblies,
both MinD and DicB appear capable of activating MinC by
serving as obligate coassembly factors, allowing the Z-domain
of MinC to be brought in close proximity to its substrate.

MATERIALS AND METHODS

E. coli strains. The most relevant E. coli strains, plasmids, and phages used in
this study are listed in Table 1.

Strains MG1655 (ivG 1fb50 phl) (21), PB114 (dadR trpE trpA tna
minCDE::aph) (13), DX1 (dadR trpE trpA tna minCDE::aph recA::Tnl0) (11),
CH4/pCH32 [dadR trpE trpA tna zipA::aphl/aadA repA(Ts) zipA ftsZ] (23), CH1/
pDB280 [dadR trpE trpA tna fisA%lcat repA(Ts) fisA] (24), and DY329 [rphl
IN(rrnD-rmmE) A(argF-lac)U169 nadA::Tnl0 gal490 \cI857 A(cro-bioA)] (72)
have been described previously.

Strain DR109 was obtained by P1-mediated transduction (transduction, for
short) of recA::Tnl0 from DX1 to PB114, JE14/pDB280 was obtained by trans-
duction of minCDE::aph from PB114 to CH1/pDB280, and JE15/pDB280 was
obtained by transduction of recA::Tnl0 from DX1 to JE14/pDB280.

Strain TB10 [MG1655, nadA::Tnl10 \cI857 A(cro-bioA)] was obtained by co-
transduction of nadA::Tnl0 and \cI857 A(cro-bioA) from DY329 to MG1655,
selecting for tetracycline resistance and screening for Ts growth.

Construction of JE23 and CH28 involved A Red recombineering (10, 72). For
JE23, we made use of TB14 (MG1655, lacIZYA<>frt minCDE<>aph), whose
construction will be detailed elsewhere. The minCDE<>aph allele from TB14
was transduced to PB103, yielding TB33 (PB103, minCDE<>aph). The aph
cassette was next evicted as described elsewhere (10), resulting in JE23. In JE23
and derivatives, the complete minB operon has been replaced with an fit scar
sequence (10). For CH28, the cat cassette from pKD3 (10) was amplified with
primers 5'-TAAAGACGAAGGCAGCGCAGTCAATCAGCAGGAAGGTG
GCGTGTAGGCTGGAGCTGCTTCG-3" and 5'-GTCTTCACGGTTACTCT
ACCACAGTAAACCGAAAAGTGCATATGAATATCCTCCTTAG-3',  re-
sulting in a 1,092-bp fragment with end sequences homologous to those flanking
the zapA (ygfE) gene on the chromosome (underlined). Recombination of this
fragment with the chromosome of TB10 yielded CH21 (TB10, zapA<>cat), in
which the complete zapA gene is replaced with cat and transcription of the latter
is directed away from the downstream ssrS gene. Transduction of zapA<>cat
from CH21 to JE23 resulted in CH28.

Strains JE24/pCH32 and JE24/pZAQ were obtained by transduction of
zipA::aph from CHA4/pCH32 to JE23/pCH32 and JE23/pZAQ, respectively.
Strain JE25/pCH32 was obtained by transduction of rec4::Tnl0 from DXI1 to
JE24/pCH32.
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TABLE 1. E. coli strains, plasmids, and phages used in this study

Strain, plasmid,

or phage Relevant genotype” Source

Strains®

PB103 dadR trpE trpA tna 14

CH3 PB103, recA::Tnl0 23

LL1 PB103, minCDE::aph lon::Tnl0 41

DR109 PB103, minCDE::aph recA::Tnl0 This work

CH28 PB103, minCDE<>fit zapA<>cat This work

JE14 PB103, fisA°minCDE::aph This work

JE15 PB103, fisA°minCDE::aph recA::Tnl0 This work

JE23 PB103, minCDE<>fit This work

JE24 PB103, minCDE<>fit zipA::aph This work

JE25 PB103, minCDE<>fit zipA::aph recA::Tnl0 This work

JE32 PB103, zipA::aph ftsA* This work

JE33 PB103, minCDE<>fit zipA::aph ftsA* This work

JE34 PB103, ftsA* This work

JE35 PB103, minCDE<>fit ftsA* This work
Plasmids

pBAD33 cat araC Pgap:: 22

pJESO cat araC Pgpp:isfid 41

PZAQ tet ftsQAZ 71

pDR119 bla lacl Py, ::gfp-t-minD 63

pDR121 bla lacl Py, ::gfp-t-minC 61

pJE39 bla lacl9 Py, ::gfp-t-dicB 41

pDB326 aadA repA(Ts) 23

pCH32 aadA repA(Ts) zipA fisZ 23

pCH204 aadA repA(Ts) minD This work

pDB280 cat repA(Ts) ftsA 24

pJE102 cat repA(Ts) ftsA* This work
Phages

ACH178 imm?! bla lacl% Py, .:zipA(1-183)-gfp This work

ADR121 imm?' bla lacl9 P,,::gfp-t-minC 61

APC100 imm?! bla lacld Py, ::zipA(1-183)-gfp-t-minC This work

ALLA49 imm?! bla lacl% Py, .::zipA(1-183)-gfp-t-minC This work

(108-231)
NE64 imizrz;l')bla lacld Py, ::t-dicB-gfp-t-minC(108— This work
NE65 imm%lDbla lacld Py, ::gfp-t-minC(108-231) This work
min

“ Note that strains JE14, 15, 24, and 25 required an appropriate complement-
ing plasmid or phage for survival.

® Genotypes indicate when constructs encode in-frame Gfpmut2 (gfp) and T7
tag linker peptides (f). <> denotes DNA replacement by ARed recombineering,
and fit denotes a scar sequence that remains after eviction of an antibiotic
resistance cassette with FLP recombinase (10, 72).

Strains JE32, JE33, JE34, and JE35 were obtained by recombination of the
ftsA* allele on the pMAK705 derivative pJE102 [cat repA(Ts) ftsA*] (see below)
with the chromosomal wild-type fsA allele of strains CH4/pCH32, JE24/pCH32,
PB103, and JE23, respectively, using the method of Hamilton et al. (28).

Lysogenic derivatives of strains were obtained as described before (13).

E. coli plasmids and phages. Plasmids pZAQ (71), pDB173 (13), pBAD33
(22), pDB326 and pCH32 (23), pDB280 (24), pDR119 (63), pDR121 and
pDRI155 (61), pDB341 (27), pDB387 (26), pJE39, pJE80, and pPC105 (41), and
pCH151 (4) have been described previously. pET plasmids were obtained from
Novagen, and pBluescript KS was obtained from Stratagene. In the descriptions
below, ¢ and & stand for sequences encoding the T7 tag (Novagen) and oligo-
histidine, respectively.

Plasmid pCH204 [aadA repA(Ts) minD] was obtained by replacing the
1,335-bp PacI-HindIII fragment of pDB387 [aadA repA(Ts) minDE] with the
596-bp PacI-HindIII fragment of pDR155 (Py,.::minD). Transcription of minD
from pCH204 is in the direction opposite from that of the aadA gene and is
driven from the native P2 promoter embedded in upstream minC sequences (13).
The plasmid lacks the ribosome-binding site and translation start codon of minC
and does not express MinC.

Plasmid pPC100 [P,,.::zipA(1-183)-gfpmut2-t-minC(5-231)] was constructed in
two steps. A PCR product, obtained with primers 5'-ACAGAGATCCATATG
ATGCAGGATTTGCGTCTG-3' and 5'-ACGCCTCGAGTGGAGCAGGTTC
CGCTAC-3', was digested with Agel (internal to fragment) and Xhol (under-
lined), and the resulting 241-bp fragment was used to replace the 676-bp Agel-
Xhol fragment of pDB341 (P::zipA-gfpS65T), yielding pCH100 [P-::zipA(1-183)-
gfpS65T]. The 191-bp Xbal-Ncol fragment of pDR121 [Py, .::igfpmut2-t-minC(5-
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231)] was replaced with the 780-bp Xbal-Ncol fragment of pCH100, resulting in
pPC100.

For pCH178 [P,,.::zipA(1-183)-gfpmut2], the 2,264-bp Ncol-Clal fragment of
pPC100 was replaced with the 1,391-bp Ncol-Clal fragment of pCHI51
(Pyaci:zipA-gfpmut2).

Plasmid pLL49 [P,,.:zipA(1-183)-gfpmut2-t-minC(108-231)] was obtained by
replacing the 562-bp Ncol-Sphl fragment of pCH178 with the 976-bp Ncol-Sphl
fragment of pPC105 [P, ::gfpmut2-t-minC(108-231)].

For pJEG6O [Py, ::gfpmut2-t-minC(108-231)], the 1,527-bp Apal-Ncol fragment
of pLLA49 was replaced with the 937-bp Apal-Ncol fragment of pDR121.

Plasmid pJE64 [P,.:t-dicB-gfpmut2-t-minC(108-231)] was constructed in
three steps. A PCR product, obtained with primers 5'-GACGGATCCATGAA
AACGTTATTACCAAACG-3" and 5'-ATGCTGCTCGAGTTGTGCACATC
CTTTTGGCATC-3', was treated with BamHI and Xhol (sites underlined), and
the 192-bp fragment was ligated to similarly digested pET21a, giving rise to
pJE40 (P-:it-dicB-h). Next, the 270-bp Xbal-Xhol fragment of pJE40 was used
to replace the 1,026-bp Xbal-Xhol fragment of pCHI151, generating pJE42
(Pyuciit-dicB-gfpmut2). Finally, pJE64 was obtained by replacing the 938-bp Apal-
Ncol fragment of pJE60 with the 1,193-bp Apal-Ncol fragment of pJE42.

The construction of pJE65 [Py,.::gfp-t-minC(108-231) minD] also took three
steps. The minD gene was amplified using primers 5'-CAAGGAATTCATATG
GCACGCATTATTGTTG-3" and 5'-GTACCGTCGACTTATCCTCCGAACA
AGCG-3', and the 815-bp Ndel-Sall fragment (sites underlined) was ligated into
similarly digested pET21a, yielding pDB313 (P-;::minD). The 596-bp Pacl-Hin-
dIIT fragment of pDB313 was next used to replace the 774-bp Pacl-HindIII
fragment of pDB173. This yielded pDRS (P, .::minC minD), which is similar to
pDB173 (13) except that it lacks all minE sequences. Finally, pJE65 was obtained
upon replacement of the 1,200-bp BstEII fragment of pDR5 with the 1,766-bp
BstEII fragment of pJE60.

The construction of plasmid pJE102 [repA(Ts) ftsA*] involved two PCRs using
pDB280 [repA(Ts) fisA] as a template. The fts4* mutation (R286W) creates an
Ncol site (18), which was included in one of the primers of each set. Primers
5'-AGCTTCTAGATCAGGCACAGGCAGAAC-3" and 5'-GACTCCATGGC
GGACACCACCTACGC-3" were used to amplify the 5" portion of fts4*, and
the product was digested with Xbal and Ncol (sites underlined). The 879-bp
fragment was used to replace a 39-bp Xbal-Ncol fragment of plasmid pDB289
(Pry::h-ftsA fitsZ), a pET21 derivative whose lineage is detailed below, resulting
in pJE100. Subsequently, primers 5'-TCCGCCATGGAGTCTGCAACGTCAG
AC-3" and 5'-TTAGGCACCCCAGGCTTTACAC-3' were used to amplify the
3’ portion of ftsA*. The product was treated with Ncol (underlined) and EcoRI
(internal to fragment), and the 582-bp fragment was used to replace the 1,499-bp
Ncol-EcoRI fragment of pJE100, yielding pJE101 (Pr::ftsA* ftsZ). Finally, the
819-bp BglII-BlpI fragment of pDB280 was replaced with that of pJE101, re-
sulting in pJE102.

Plasmid pDB289 (P-;::h-ftsA ftsZ) was used as an intermediate for the con-
struction of pJE102 (see above) and was itself the result of a series of manipu-
lations. Primers 5'-CCGAATTCCCATATGATCAAGGCGACGGAC-3' and
5'-GTGATGTTTAACCCC-3' were used to amplify the 5’ part of the fts4 gene.
The product was treated with Ndel (underlined) and HindIII (internal to frag-
ment), and the 953-bp fragment was ligated to similarly digested pET21b. The
resulting plasmid, pDB273 [P::ftsA(1-319)-h], encodes the N-terminal 319 res-
idues of FtsA fused to a Hiss tag (k). The 1,433-bp Bcll-EcoRI fragment,
containing virtually all of fts4 and part of ftsZ, was isolated after partial digestion
and inserted in the BamHI and EcoRI sites of pET21c. This yielded pDB267
(Pp7u:t-ftsA), which encodes a fusion in which the starting methionine of FtsA is
replaced with the T7 tag (f). The 2,215-bp KpnlI-PstI fragment of pDB273 was
replaced with the 2,717-bp Kpnl-PstI fragment of pDB267, yielding a plasmid
(pDB274 [Py;::ftsA]) encoding native FtsA. Plasmid pDB277 (P.;::h-ftsA) was
next obtained by replacing the 1,037-bp Apal-Ndel fragment of pDB274 with the
1,099-bp Apal-Ndel fragment of pET16b. To generate pDB289, the 1,900-bp
HindIII fragment from pZAQ was inserted into the HindIII site of pBluescript
KS. This yielded pDB190, in which ftsZ is transcribed in the direction opposite
to that of the lac promoter in the vector. One of the HindIII sites of this plasmid
was removed by deletion of a 12-bp Clal fragment, resulting in pDB260. This
plasmid was treated with Bsu36I and HindIII, blunt ended by treatment with
Klenow enzyme and deoxynucleoside triphosphates, and recircularized. Finally,
the 1,418-bp EcoRI-Sall fragment of the resulting plasmid (pDB261) was used to
replace the 13-bp EcoRI-Sall fragment of pDB277, yielding pDB289.

Lysogenic N phages were obtained by crossing the appropriate plasmid with
ANTS5 as described before (13). Each phage name corresponds to that of the
plasmid used in the cross.

E. coli growth conditions. Unless indicated otherwise, cells were grown in
Luria-Bertani medium at 37°C. M9 minimal salts medium supplemented with
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TABLE 2. Localization of DicB-GFP-"MinC in NJE64 lysogens and of GFP-°MinC in NJE65 lysogens

Location”
Strain Relevant genotype Special . .
genotyp condition® ME64 (DicB-GFP- ME65 (GFP-°MinC/
PMinC) MinD)

DR109 AminCDE R R
DR109/pBAD33 AminCDE/Pgap:: ARA R R
DR109/pJESO AminCDE/Py,:sfiA ARA Ce M¢
JE15/pDB280 AminCDE fisA recArepA(Ts) fisA 30°C R R

42°C R¢ R¢
CH28 AminCDE AzapA R R
JE25/pCH32 AminCDE AzipA recAlrepA(Ts) zipA ftsZ 30°C R R

42°C (O R
JE23 AminCDE R R
JE35 AminCDE ftsA* R R
JE33 AminCDE AzipA ftsA* C R
JE23/pZAQ AminCDE|/ftsQAZ R R
JE24/pZAQ AminCDE AzipAlftsQAZ C R

“ Unless indicated otherwise, cells were grown at 37°C in LB-AMP medium supplemented with 50 M IPTG to an ODy of 0.2 to 0.5. Where indicated, 0.1%

arabinose (ARA) was included in the medium.

® Over 100 cells were examined in each case. R, concentrated in one or more rings in over 70% of the population; M, concentrated along the cell periphery, less than
1% of cells showed obvious rings; C, cytoplasmic, less than 1% of cells showed obvious rings.
¢ Cells had a Sep ™~ division phenotype, ranging in length from 15 to 60 wm. Cells were Min "~ in all other cases.

tryptophan (50 wg/ml), Casamino Acids (0.2%), and maltose (0.2%) was used in
some experiments. Where appropriate, antibiotics were used at 12.5 (tetracy-
cline), 25 (chloramphenicol), and 50 (ampicillin and spectinomycin) pg/ml. Iso-
propyl B-p-thiogalactopyranoside (IPTG) and arabinose were used as indicated.
Cultures to be analyzed by microscopy were typically inoculated by a 200-fold
dilution of an overnight culture into fresh medium containing IPTG and/or
arabinose at the indicated concentrations. Cultures were then incubated until the
optical density at 600 nm (ODyg) reached a value between 0.1 and 0.5.

Microscopy and other methods. To determine localization patterns of GFP
fusions, cells were viewed both live and upon chemical fixation. Patterns corre-
sponded under both conditions in all cases. Fixed samples are shown, unless
stated otherwise. Fixation, immunostaining with affinity-purified FtsZ antibodies,
microscopy, image collection, and cell length measurements were performed as
described previously (41).

Western analyses using FtsZ-, FtsA-, ZipA-, MinC-, or GFP-specific primary
antibodies (4, 15, 24, 41) and horseradish peroxidase-conjugated secondary an-
tibodies were performed essentially as described elsewhere (4, 41). Antigen
bands were visualized using the SuperSignal West Pico Western blotting analysis
system (Pierce). Digital images of blots were collected and analyzed with a
Bio-Rad Fluor-S-Max Multilmager using the accompanying Quantity One soft-
ware. For relative quantitation, the amount of antigen in a whole-cell extract
sample was normalized to that in a standard sample, as indicated. To improve
accuracy, the photon counts of both the minimal area corresponding to an
antigen band and an equal area immediately adjacent were measured, and the
value of the latter was subtracted from the former. The total amount of protein
loaded per lane was kept between 0.5 and 5.0 g, as signal intensities with all five
antigens corresponded almost linearly with amounts of sample within this range.
Protein concentrations were determined using the Non Interfering Protein Assay
(Genotech) according to the manufacturer’s instructions with bovine serum
albumin as a standard.

Yeast strains, plasmids, and two-hybrid analyses. Strains PJ69-4A (MATa
trp1-901 leu2-3,112 ura3-52 his3-200 gal4A galS8OA LYS:GALI-HIS3 GAL2-
ADE2 met2::GAL7-lacZ) (40), and SL3004 (MATo trp1-901 leu2 ura3 his3 gal4
8al80 lys2-801 ade2-101) (31) have been described previously.

The two-hybrid plasmids listed below in Table 4 are derivatives of the
pGBDU-C(X) (URA3™) or pGAD-C(X) (LEU2") vector series (40) and en-
code fusions to the C terminus of the Gal4 DNA-binding domain (BD; pGBDU
derivatives) or the Gal4 activation domain (AD; pGAD derivatives). In yeast,
transcription of the fusions is under control of the ADH1 promoter (Ppg;)-
Plasmid pJES5 (Ppyy,::gal4BD-dicB) was described before (41).

To construct pJE72 [Ppyy,::gal4BD-dicB-gfp-t-minC(108-231)], pJE64 (see
above) was digested to completion with Sall and partially with BamHI. The
1,341-bp fragment was used to replace the 195-bp BamHI-Sall fragment of
pJESS (41), giving rise to pJE72.

For pJE86 [Papyy::gal4AD-dicB-gfp-t-minC(108-231)], the 1,347-bp Xmal-

Sall fragment of pJE72 was used to replace the 18-bp Xmal-Sall fragment of
pGAD-C1.

To construct pJE87 [P opyyy::8al4AD-zipA(23-328)], we performed a PCR with
primers 5'-GCTTTAGAATTCCATGGTTTCTGGACCAGCCGT-3" and 5'-T
TATGTCGACTTAGGCGTTGGCGTCTTTGACTTCGCGG-3'. The product
was cut with EcoRI and Sall (sites underlined), and the 927-bp fragment was
used to replace the 24-bp EcoRI-Sall fragment of vector pGAD-CI1.

For pJESS [P A py1::8al4BD-zipA(23-328)], the 927-bp EcoRI-Sall fragment of
pJE87 was used to replace the 24-bp EcoRI-Sall fragment of vector pPGBDU-C1.

Plasmids pJE92 [PApyy::gal4BD-gfp-t-minC(108-231)] and pJE93 [PApp;::
gal4AD-gfp-t-minC(108-231)] were obtained by deletion of the 222-bp EcoRI
fragment of pJE72 and pJES86, respectively, thereby removing all dicB sequences
by an in-frame deletion.

Two-hybrid assays were performed as described before (41). Values given
represent the means of at least three measurements.

RESULTS

Targeting of the tripartite fusion DicB-GFP-"MinC to sep-
tal rings in vivo. Previously, we determined the cellular distri-
bution of PMinC/DicB and PMinC/MinD complexes using
strains in which either one of the partners was fused to GFP
and the other was expressed in frans from a plasmid or lyso-
genic phage (41). To simplify genetic manipulations required
for the present study, we constructed lysogenic phages NJE64
(Pyo:dicB-gfp-PminC) and NE65 (P,.:gfp-"minC minD).
NEO64 encodes a chimeric protein in which the N terminus of
GFP is fused to DicB, and its C terminus is fused to the
D-domain of MinC (residues 108 to 231, ®MinC). NJE65 en-
codes GFP-PMinC together with native MinD, allowing syn-
thesis of these proteins in cis.

Phages NJE64 and NJE65 were introduced into the chromo-
some of the AminCDE strain DR109, and the resulting lyso-
gens were grown in the presence of IPTG prior to microscopy.
Both DR109(AJE64) and DR109(NJE65) cells showed pro-
nounced fluorescent rings (Table 2). To ascertain that this
accumulation of GFP-°MinC reflected its decoration of septal
ring structures, the lysogens were transformed with either
pJE8O (Ppap:isfid), encoding the FtsZ polymerization inhibi-
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tor SiA (56) under control of the araBAD promoter, or its
parent vector, pBAD33. Growth of either lysogen carrying
pBAD233 in the presence of 0.1% arabinose did not affect the
accumulation of fluorescence in rings. However, growth with
arabinose led to dispersal of the fluorescent signal through-
out the cytoplasm of DR109(AJE64)/pJE8O filaments and to
accumulation of fluorescence along the membrane of
DR109(NJE65)/pJESO filaments (Table 2). These results were
consistent with our previous experiments, in which ®MinC was
expressed in frans with either DicB or MinD and where the
resulting PMinC/DicB and ®MinC/MinD complexes decorated
rings in AminCDE cells in an FtsZ-dependent manner (41).
Thus, the DicB-GFP-°MinC fusion encoded by AJE64 can
serve as a convenient marker for DicB-dependent targeting of
MinC to septal ring assemblies, and NJE65 provides a conve-
nient means to similarly study the targeting of GFP-°MinC/
MinD complexes.

Targeting of "MinC/activator complexes upon depletion of
FtsA. The accumulation of PMinC/activator complexes
(PMinC/DicB or PMinC/MinD) in rings depends on the ability
of FtsZ to assemble into Z rings (41). In the most straightfor-
ward scenario for targeting of PMinC/activator complexes to
septal ring assemblies, the complexes simply recognize and
bind FtsZ polymers directly. However, as FtsZ assembly trig-
gers recruitment of all other known septal ring proteins, it is
also possible that targeting of MinC/activator complexes in-
volves one or more other ring components. If so, proteins that
are recruited to FtsZ polymers early in the development of a
functional septal ring organelle are the most likely candidates
(41). FtsA and ZipA bind FtsZ polymers directly and are
recruited in a mutually independent fashion at a very early
stage of septal ring assembly (23, 24, 29, 47, 49, 54, 60, 70).
Although both proteins are essential for cell division in wild-
type cells, a specific mutant variant of FtsA (FtsAR286W,
denoted FtsA™) was recently shown to bypass the requirement
for functional ZipA, suggesting that the proteins serve partially
redundant functions (18).

To test for a possible involvement of FtsA in recruitment of
PMinC/activator complexes to septal rings, we used a heat-
induced depletion (HID) strain, similar to ones described be-
fore (24). Strain JE15/pDB280 [AminCDE fisA°%/fisA repA(Ts)]
lacks functional copies of the minCDE and ftsA genes on the
chromosome but carries a complementing ftsA copy on plas-
mid pDB280 that is Ts for replication. As expected, JE15/
pDB280 cells showed a typical Min~ phenotype at 30°C
(FtsA™) but failed to divide at 42°C due to depletion of FtsA.
The strain was lysogenised with NJE64 (P, ::dicB-gfp-"minC)
or NJE65 (P,,.::gfp-"minC minD), and lysogens were grown in
the presence of IPTG at 30 and 42°C. As expected, the major-
ity of both JE15(AJE64)/pDB280 and JE15(ANJE65)/pDB280
cells showed well-defined fluorescent rings at 30°C (Fig. 1A
and 2A). Both strains formed long filaments at 42°C, which
correlated with a depletion of FtsA to ~12% of its wild-type
level, as determined by quantitative Western analyses (data not
shown). Moreover, filaments of either strain showed multiple
fluorescent rings distributed along their long axis (Table 2).
Filaments were chemically fixed and immunostained for detec-
tion of FtsZ, showing that the DicB-GFP-°"MinC rings in the
JE15(NJE64)/pDB280 filaments (Fig. 1B), and also the GFP-
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FIG. 1. Localization of DicB-GFP-"MinC in FtsA~ and ZipA~
filaments. Fluorescence micrographs (A to D, B”, and D") and corre-
sponding differential interference contrast micrographs (A’ to D)
showing DicB-GFP-PMinC in dividing (A) and nondividing (B) cells of
the FtsA depletion strain JEI5(NJE64)/pDB280 [AminCDE
ftsA°(Py,.::dicB-gfp-"minC)repA(Ts) ftsA] and dividing (C) and nondi-
viding (D) cells of the ZipA depletion strain JE25(NJE64)/pCH32
[AminCDE  AzipA(P,,.::dicB-gfp-"minC)/repA(Ts) zipA fisZ]. Cells
were grown to an ODg, of 0.3 to 0.5 in the presence of 50 uM IPTG
at either 30°C (A and C) or 42°C (B and D) prior to chemical fixation.
Cells in panels B and D were subsequently subjected to immunostain-
ing to localize FtsZ. GFP-specific (A to D) and Cy3-specific (B” and
D") filter sets were used to visualize the location of DicB-GFP-"MinC
and FtsZ, respectively. Arrowheads in panel D” point to well-defined
FtsZ rings that failed to be decorated by DicB-GFP-"MinC. Bars, 2 (A
and C) or 4 (B and D) pm.
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FIG. 2. Localization of GFP-"MinC/MinD in FtsA~ and ZipA~
filaments. Fluorescence micrographs (A to D, B”, and D") and corre-
sponding differential interference contrast micrographs (A’ to D’)
showing GFP-°MinC in dividing (A) and nondividing (B) cells of the
FtsA depletion strain JE15(NJE65)/pDB280 [AminCDE ftsA°(P,,.::gfp-
PminC minD)repA(Ts) ftsA] and dividing (C) and nondividing
(D) cells of the ZipA depletion strain JE25(NJE65)/pCH32 [AminCDE
AzipA(P,.::gfp-"minC minD)/repA(Ts) zipA fisZ]. Cells were grown as
described in the legend for Fig. 1 at either 30°C (A and C) or 42°C (B
and D). Cells in panels B and D were subsequently subjected to
immunostaining to localize FtsZ. GFP-specific (A to D) and Cy3-
specific (B” and D”) filter sets were used to visualize the location of
GFP-PMinC and FtsZ, respectively. Arrowheads in panel D” point to
FtsZ rings decorated by GFP-"MinC. Bars, 2 (A and C) or 4 (B and D)
pm.
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FIG. 3. Localization of DicB-GFP-"MinC and GFP-"MinC/MinD
in cells lacking ZapA (YgfE). Fluorescence micrographs (A to D) and
corresponding differential interference contrast micrographs (A’ to
D’) showing cells of strain CH28 (AminCDE AzapA) lysogenic for
either NJE64 (P, ::dicB-gfp-"minC) (A) or NJE65 (Py,.::gfp-"minC
minD) (B to D). Cells were grown at 37°C in the presence of 50 uM
IPTG. Bar, 2 pm.

PMinC/MinD rings in the JE15(AJE65)/pDB280 filaments
(Fig. 2B), colocalized with FtsZ rings.

These results indicate that FtsA is not required for targeting
of either MinC/DicB or MinC/MinD to septal rings. In addi-
tion, because recruitment of the majority of known septal ring
proteins (save FtsZ, ZipA, and possibly ZapA) to FtsZ rings
depends on a sufficiently high level of FtsA (1, 6, 16), it can be
inferred that FtsK, -Q, -L, -B, -W, -I, and -N are similarly
unlikely to be required.

ZapA (YgfE) is not essential for cell division and not re-
quired for "MinC/activator targeting to septal rings. The Ba-
cillus subtilis protein ZapA (YshA) was recently identified as a
nonessential septal ring component which binds FtsZ directly
and promotes bundling of FtsZ polymers in vitro (20). In
addition, the ZapA ortholog of E. coli (YgfE) was shown to
similarly localize to the septal ring (20).

To determine if ZapA is required for attracting ®MinC/
activator complexes to FtsZ assemblies, we constructed CH28
(AminCDE AzapA), a Min ™ strain in which the complete zapA
gene was removed from the chromosome using A Red recom-
bineering. Cells of this strain showed a typical Min~ pheno-
type, demonstrating that, as in B. subtilis (20), zapA (ygfE) is
not an essential gene in E. coli.

Upon growth in the presence of IPTG, lysogenic derivatives
of CH28 carrying either NJE64 or NJE65 showed the same
accumulation of fluorescence in rings as observed in ZapA™
cells (Fig. 3; Table 2). We conclude that ZapA is not required
for attracting either PMinC/DicB or PMinC/MinD to septal
ring assemblies.

DicB-dependent targeting of "MinC requires ZipA. ZipA is
the only known essential septal ring protein that decorates Z
rings in FtsA™~ filaments (24, 60). Therefore, we used N\JE64
and NJEG65 lysogens of the ZipA(HID) strain JE25/pCH32
[AminCDE zipA°/repA(Ts) zipA fisZ] to assess whether or not
ZipA played a role in attracting "MinC/activator complexes to
FtsZ assemblies. When grown at 30°C (ZipA™) in the presence



2424 JOHNSON ET AL.

of IPTG, cells of both JE25(NJE64)/pCH32 and JE25(NJE65)/
pCH32 lysogens showed accumulation of fluorescence in rings
(Fig. 1C and 2C). At 42°C, both lysogens formed filaments due
to depletion of ZipA. Interestingly, whereas JE25(NJE65)/
pCH32 filaments contained multiple well-defined fluorescent
ring structures (Fig. 2D), rings were absent in virtually all
JE25(NJE64)/pCH32 filaments. Instead, the signal in the latter
filaments appeared dispersed throughout the cytoplasm (Fig.
1D). As above, filaments were fixed and subjected to immu-
nostaining to detect FtsZ. Consistent with previous work on
ZipA-depleted filaments (24), the majority contained multiple
FtsZ rings even though the average number of rings per unit
length was relatively low. Figure 1D shows an example of a
doubly labeled filament of JE25(AJE64)/pCH32 containing
clear FtsZ rings that apparently failed to recruit the DicB-
GFP-PMinC fusion. Thus, while MinD-dependent targeting of
PMinC to FtsZ rings appeared unaffected in ZipA-depleted
filaments, DicB-dependent targeting appeared completely in-
hibited, indicating an important role for ZipA in attracting
MinC/DicB to FtsZ assemblies.

It was recently shown that the normal requirement for ZipA
in the division process can be bypassed by mutation of the
chromosomal fts4 gene to ftsAR286W (ftsA*), or by supplying
cells with plasmid pZAQ, carrying the native ftsQ, -4, and -Z
genes (18). These findings provided an opportunity to study
targeting of ®MinC/activator complexes in cells completely
devoid of ZipA. To this end, NJE64 and NJE65 were intro-
duced into a set of five (isogenic) AminCDE strains that differ
in that they are either zipA™ or zipA° and in that they either
carry the chromosomal fts4* allele or the pZAQ plasmid to
suppress the lethality associated with the absence of ZipA
(Table 2). The DicB-GFP-PMinC fusion targeted efficiently to
septal rings in JE23 (AminCDE), JE23/pZAQ (AminCDE/
ftsQAZ), and JE35 (AminCDE ftsA*) but completely failed to
do so in JE24/pZAQ (AminCDE zipA®/ftsQAZ) and JE33
(AminCDE zipA° ftsA*) (Fig. 4A and B; Table 2). Rather, the
fusion appeared cytoplasmic in the zipA° strains, as was ob-
served in the ZipA-depleted filaments above. This cytoplasmic
distribution of DicB-GFP-"MinC was not caused by a possible
enhanced processing of the fusion protein in zipA° cells, as
determined by Western analyses (data not shown). In contrast
to DicB-GFP-°MinC in the NJE64 lysogens, the GFP-°MinC
fusion accumulated in rings similarly in all five AJE65 lysogens
(Fig. 4C and D; Table 2).

We conclude that ZipA is required for DicB-dependent
targeting, but dispensable for MinD-dependent targeting, of
PMinC to FtsZ assemblies.

ZipA® cells are resistant to MinC/DicB-mediated division
inhibition. Expression of DicB, or overexpression of MinD, in
wild-type cells results in a MinC-dependent division block (12,
44). Division inhibition in both cases requires the activities of
both “MinC, which interferes with FtsZ polymerization, and
PMinC, which binds MinD or DicB (34, 37, 41). We proposed
that PMinC/activator targeting to (nascent) septal ring assem-
blies is likely to enhance the efficacy of division inhibition by
bringing “MinC in close proximity to the FtsZ polymers in the
assembly (41). If so, a defect in PMinC targeting should result
in a defect in MinC-mediated division inhibition. The finding
that ZipA is required for PMinC/DicB targeting allowed this
prediction to be tested.
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FIG. 4. Localization of DicB-GFP-°MinC and GFP-MinC/MinD
in cells lacking ZipA. Fluorescence micrographs (A to D) and corre-
sponding differential interference contrast micrographs (A’ to D’)
showing cells of strains JE33(NJE64) [AminCDE AzipA ftsA*
(Pyae::dicB-gfp-minC)) (A), JE35(NJE64) [AminCDE fisA* (P,,.::dicB-
gfp-PminC)] (B), JE33(NJE65) [AminCDE AzipA fisA* (P
gfp-PminC  minD)] (C), and JE35(\JE65) [AminCDE fisA*
(Ppoei:gfp-"minC minD)] (D). Cells were grown at 37°C in the presence
of 50 uM IPTG. Bar, 4 (A and B) or 2 (C and D) pm.

For these experiments, the minCDE™ strains PB103 (wild
type), JE34 (fisA*), and JE32 (zipA°® ftsA*), carrying either
pJE39 (P,,.:gfp-dicB) or pDR119 (P,,.::gfp-minD) were grown
in the absence or presence of IPTG, and the lengths of cells
were measured (Table 3). Expression of GFP-DicB in PB103/
pJE39 led to the formation of nonseptate filaments with an
average length of ~90 pwm, confirming that the fusion retained
DicB function. The fusion similarly caused a significant divi-
sion block in JE34/pJE39, although the filaments were about
half the length of those obtained with the fis4™ strain. This

TABLE 3. Cells lacking ZipA are resistant to DicB-induced
division inhibition

Length® (um)

Strain Genotype PTG 7 F n¢
P (M) Avg Range

PB103/pJE39 wit/Py,.::gfp-dicB 0 3.4 1.5-12.5 63
JE34/pJE39 [ftsA*[Py,.:gfp-dicB 0 3.1 1.7-5.7 61
JE32/pJE39 AzipA ftsA* [Py, ::gfp-dicB 0 33 1.7-11.7 60
PB103/pJE39 wit/Py,.::gfp-dicB 100 89.8 48.8-158.1 56
JE34/pJE39 [ftsA*[Py,.:gfp-dicB 100 46.4  4.1-1232 54
JE32/pJE39 AzipA ftsA* [Py, ::gfp-dicB 100 5.1 23-12.7 60
PB103/pDR119  wt/P,,::gfp-minD 0 2.6 1.1-5.6 61
JE34/pDR119  fitsA*/Py,:gfp-minD 0 2.6 1.7-4.0 61
JE32/pDR119 AzipA ftsA* [P\, :gfp-minD 0 2.9 1.6-6.7 61
PB103/pDR119  wt/P,,::gfp-minD 500 275 3.2-101.9 o4
JE34/pDR119  fitsA*/P,,:gfp-minD 500 47 2391 60
JE32/pDR119 AzipA ftsA* [Py, .:gfp-minD 500 13.5 2.8-78.1 60

¢ Cells were grown in LB-AMP medium supplemented with IPTG as indicated
to an ODg, of 0.3 to 0.5 and analyzed by microscopy.

® Each culture contained some nonfluorescent cells. These were presumed to
have lost the plasmid and were not included in the analyses.

¢ Number of cells analysed.
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TABLE 4. Yeast two-hybrid interactions

Plasmids (BD/ a a Units”

AD)( BD AD (+SD)
pJES5/pGAD-C1  DicB — 1.9+02
pJES5/pJEST DicB ZipA(23-328) 2.7+05
pJE92/pGAD-C1 GFP-PMinC — 6.0+22
pJE92/pJE87 GFP-PMinC ZipA(23-328) 6321
pJE72/pGAD-C1 DicB-GFP-PMinC — 29 *+0.1
pJE72/pJES7 DicB-GFP-PMinC ZipA(23-328) 172 = 4.0
pJE88/pGAD-C1 ZipA(23-328) — 32=+0.1
pJESS/pIE93 ZipA(23-328) GFP-PMinC 29+0.1
pJES8/pJES6 ZipA(23-328) DicB-GFP-PMinC 7308

“BD and AD indicate fusions to the yeast Gal4 DNA binding domain and
transcription activating domain, respectively.

b Units given are the means of three measurements.

¢ —, unfused AD.

partial resistance to MinC/DicB-induced division inhibition
may be due to increased stability of FtsZ rings in FtsA* cells,
as suggested previously (18). Interestingly, JE32/pJE39 cells
divided readily and had an average length similar to that of
cells grown in the absence of IPTG. The different effects of
GFP-DicB in the three strains were not due to different ex-
pression levels of the fusion, as determined by Western anal-
yses (data not shown). Moreover, JE32/pJE39 cells failed to
filament, even when grown with saturating concentrations
(>500 pM) of IPTG (data not shown). Thus, the absence of
ZipA in this strain rendered it resistant to DicB-induced divi-
sion inhibition, supporting the notion that ®MinC/DicB tar-
geting to FtsZ-ZipA assemblies is crucial for effective stimu-
lation of MinC action by DicB.

As expected, overexpression of GFP-MinD in PB103/
pDR119 also led to a division block, yielding filaments with an
average length of 28 um. JE32/pDR119 cells were less sensitive
to MinC/MinD action but still formed filaments about half as
long as those of PB103/pDR119. The finding that zipA° fisA*
cells (JE32) were completely resistant to DicB-induced, but
not MinD-induced, division inhibition correlated well with the
finding that ZipA is needed for DicB-dependent, but not
MinD-dependent, targeting of PMinC to septal rings.

The finding that JE32/pDR119 cells were more resistant to
MinC/MinD-mediated division inhibition than PB103/pDR119
cells is again consistent with the proposal that the FtsA* pro-
tein stabilizes Z-ring assemblies to a significant degree (18). As
shown in Table 3, JE34 (zipA™" fisA*) cells displayed an even
greater resistance to GFP-MinD overexpression than JE32
(zipA° ftsA*) cells. This result suggests that the association of
ZipA with FtsA*-decorated Z rings renders these structures
even more stable, which is consistent with ZipA and FtsA*
being capable of fulfilling similar functions (18).

Yeast two-hybrid assays support a direct interaction be-
tween "MinC/DicB and ZipA. The results above showed that
ZipA is required for localization of DicB-GFP-°MinC to sep-
tal rings, as well as for rendering cells sensitive to DicB-in-
duced division inhibition. In the simplest scenario, the MinC/
DicB complex recognizes ZipA-bound FtsZ polymers via a
specific interaction between its "MinC/DicB moiety and ZipA,
exposing the FtsZ polymers to the depolymerizing activity of
its “MinC moiety. We used a yeast two-hybrid assay to obtain
evidence for an interaction between ZipA and ®MinC/DicB.

As summarized in Table 4, we measured a significant inter-
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FIG. 5. Constructs for MinD-independent recruitment of MinC to
the membrane. Shown are the domain structures of ZipA and MinC
and of GFP fusions containing ZipA and/or MinC domains. Abbrevi-
ations for ZipA domains: N, transmembrane; =, highly charged; P/Q,
P/Q rich; FZB, FtsZ binding. Z indicates the division inhibition do-
main of MinC and D the activator-binding domain. Names of genetic
constructs are indicated on the left. Residues of MinC encoded by the
constructs are given on the right. T indicates a T7 tag peptide which
links the GFP and MinC portions of the fusion proteins.

action (17.2 units) between a fusion protein containing the BD
of yeast Gal4 and the DicB-GFP-"MinC chimera used in our
localization studies [BD-DicB-GFP-MinC(108-231)] and a fu-
sion containing the transcription activating domain of Gal4
(AD) and the cytoplasmic portion of ZipA [AD-ZipA(23-
328)]. In the inverse configuration, the interaction between
BD-ZipA(23-328) and AD-DicB-GFP-"MinC was weaker (7.3
units), but still significant. Although activities in both genetic
configurations were relatively low, the measured values were
both reproducible and significantly higher than those obtained
with control combinations where either the ZipA, PMinC,
and/or DicB domain was missing (Table 4). These results sup-
port the notion that a PMinC/DicB heteromer can bind the
cytoplasmic part of ZipA directly.

MinD stimulates division inhibition by a membrane-teth-
ered version of MinC. As shown above, cells in which PMinC/
DicB failed to target to rings were also resistant to DicB-
induced division inhibition, indicating that DicB-directed
targeting of MinC is crucial for the latter to efficiently interfere
with FtsZ ring assembly.

In the case of MinC/MinD-mediated division inhibition, it is
unclear whether specific targeting of the complex to FtsZ as-
semblies contributes to the efficiency of division inhibition.
Activation of MinC-mediated division inhibition by MinD is
proposed to consist of at least two steps (41). In the first step,
bulk recruitment of MinC by MinD from the cytoplasm to the
membrane increases the concentration of MinC at the mem-
brane. In the second step, membrane-associated MinC/MinD
is more specifically targeted to membrane-associated FtsZ as-
semblies via an interaction involving the ®MinC/MinD moiety
of the complex.

To be able to assess the contribution of the second step in
MinC/MinD-mediated division inhibition, we sought to render
the first step independent of MinD. To this end, we con-
structed phage NPC100 (P, ::zipA'-gfp-minC) and derivatives
(Fig. 5). APC100 encodes a fusion protein consisting of GFP
fused at its N terminus to residues 1 to 183 of ZipA and at its
C terminus to residues 5 to 231 of MinC. The portion of ZipA
present in this fusion (ZipA') includes the transmembrane,
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FIG. 6. Localization of ZipA'-GFP-MinC and derivatives. (A to C)
Cells of LL1 (AminCDE lon), lysogenic for ADR121 (P,,.::gfp-minC)
(A), N\CH178 (P .::zipA’-gfp) (B), and NPC100 (P, ::zipA'-gfp-minC)
(C). (D and E) Cells of the lysogen DR109(ALLA49) [AminCDE recA
(Pyoc:zipA'-gfp-"minC)| carrying either pDB326 (vector) (D) or
pCH204 (minD) (E). Cells were grown at 37°C (A to C) or 30°C (D
and E) in minimal medium supplemented with 75 (A to C) or 50 (D
and E) uM IPTG and were imaged live. Bar, 2 pm.

charged, and flexible P/Q-rich domains but lacks the FtsZ-
binding domain, which is required for ZipA to associate with
septal rings (23, 27, 58). Residues 5 to 231 of MinC comprise
functional Z and D domains (34, 41). Phage ALLA49
[Piaci:zipA'-gfp-minC(108-231)] encodes a similar fusion, ex-
cept that it lacks the “MinC domain. Phages ADR121
(Piact:gfp-minC) and NCH178 (P,,.::zipA'-gfp) are also similar
to APC100, except that A\DR121 encodes GFP-MinC without a
ZipA’ moiety and ACH178 encodes ZipA'-GFP without a
MinC moiety (Fig. 5).

The phages were introduced into strain LL1 (AminCDE
lon::Tnl0), and lysogens were examined after growth in the
presence of IPTG. Whereas the GFP-MinC fusion localized
throughout the cytoplasm of LL1(ADR121) cells, the other
three fusions accumulated along the cell periphery (Fig. 6;
Table 5). Interestingly, whereas expression of GFP-MinC,
ZipA’'-GFP, or ZipA'-GFP-°MinC did not noticeably inter-
fere with cell division, expression of ZipA’'-GFP-MinC caused
extensive filamentation in LL1(APC100) cells (Fig. 6; Table 5).
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The difference in phenotype was not due to large differences in
cellular concentrations of the fusions, as determined by West-
ern analyses (Table 5). Like native MinC (15), GFP-MinC is
capable of blocking cell division in the absence of MinD and
DicB, but it only does so at a cellular concentration that is too
high to be reached through transcription from a single copy of
ADR121 integrated in the chromosome (Table 5 and data not
shown). When GFP-MinC was expressed from plasmid
pDR121 instead, cell lengths increased noticeably only at in-
ducer concentrations of and above 75 wM. Table 5 shows that
the concentration of GFP-MinC in such cells was at least
ninefold higher than the concentration of ZipA’-GFP-"MinC
required to cause severe division inhibition in LL1(APC100)
cells.

The finding that appending ZipA' to GFP-MinC rendered it
a significantly more potent division inhibitor is consistent with
the proposal that bulk recruitment of MinC to the membrane
is an important step in the stimulation of MinC activity by
MinD (36, 41, 61).

In addition, because the ZipA’-GFP-MinC fusion inserts in
the membrane in a MinD-independent fashion, it allowed us to
test whether MinD has an effect on MinC-mediated division
inhibition beyond this step. For this test, we used strain
DR109(APC100) [AminCDE (P,,.:zipA'-gfp-minC)] carrying
either the minD plasmid pCH204 [repA(Ts) minD] or its parent
vector, pDB326 [repA(Ts)]. Cells were grown at 30°C in the
presence of IPTG, and the lengths of filaments were com-
pared. Table 6 shows that DR109(APC100)/pCH204 cells were
significantly more filamentous than DR109(APC100)/pDB326
cells, even though the concentrations of the ZipA’'-GFP-MinC
fusion in these cells were virtually identical. In addition, virtu-
ally all of the fusion detected on Western blotting was intact,
indicating that very little (if any) untethered MinC was present
in these cells (data not shown). The length difference between
MinD™" and MinD ™ cells was not further exaggerated by low-
ering the cellular concentration of ZipA'-GFP-MinC, as
DR109(NPC100)/pCH204 cells were also about twice as long as
DR109(APC100)/pDB326 cells after growth in the presence of
25 uM IPTG (data not shown).

These results indicate that, while the ZipA'-GFP-MinC fu-
sion does not require MinD to localize to the membrane,
MinD still stimulates its division-inhibitory activity. An expla-
nation that we favor is that this stimulatory effect reflects the
role of MinD in the second step of MinD-mediated activation
of MinC, i.e., the specific targeting of the MinC/MinD complex
to FtsZ assemblies on the membrane. This explanation can
only be valid if the ZipA'-GFP-MinC fusion is indeed still
subject to MinD-dependent targeting to septal rings. To ex-
plore this point, we compared the localization of the ZipA'-
GFP-PMinC fusion in DRI109(ALL49) in the presence
(pCH204) and absence (pDB326) of minD. Whereas ZipA'-
GFP-°MinC  accumulated along the membrane in
DR109(ALL49)/pDB326 cells (Fig. 6D), it accumulated in
rings in DR109(ALL49)/pCH204 cells (Fig. 6E). These results
show that even when MinC is tethered to the membrane via the
ZipA transmembrane domain, it is indeed still subject to
MinD-dependent targeting to its substrate.
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TABLE 5. MinD-independent membrane localization of, and division inhibition by, a ZipA’-GFP-MinC fusion protein

Phage or Fusi ) IPTG* Relative level i Length (wm) i

lasmid usion protein (uM) of fus¥on Loc n
p > protein® Avg Range?

None 75 6.0 1.8-31.4 131

NCH178 ZipA'-GFP 75 1.5 M 5.7 1.9-41.9 113

ADR121 GFP-MinC 75 0.7 C 5.1 1.8-17.7 122

ADR121 GFP-MinC 250 1.1 C 5.6 1.6-59.0 138

pDRI121 GFP-MinC 75 8.6 C 9.6 1.7-65.0 131

APC100 ZipA'-GFP-MinC 75 1.0 M 20.7 3.1-114.4 133

ALL49 ZipA'-GFP-"MinC 75 1.8 M 6.2 2.1-65.0 134

@ Cells of strain LL1 (AminCDE lon), harboring the indicated phage or plasmid, were grown at 37°C to an ODg, of 0.2 to 0.3 in minimal medium supplemented

with IPTG as indicated.

® Protein levels were measured by quantitative Western analyses, using anti-GFP antibodies. Values are normalized to that of the ZipA'-GFP-MinC fusion in LL1

(\PC100).

¢ The localization (Loc) of fusion proteins, and the average cell lengths, were determined by microscopy. M, concentrated along the membrane; C, cytoplasmic.
4 Note that cultures of LL1 normally contain a small fraction of filaments due to the lon mutation in this strain.

¢ Number of cells measured.

DISCUSSION

This study further contributes to our understanding of the
mechanisms by which MinD and DicB activate the division-
inhibitory activity of MinC. Previous observations revealed
that complexes containing "MinC together with either MinD
or DicB possess a high affinity for septal ring assemblies in vivo
(41).

Here we showed that decoration of septal rings by the
PMinC/DicB complex requires the presence of the ring com-
ponent ZipA. In addition, we showed that the ®MinC/DicB
complex still recognizes Z rings in the absence of ZapA, as well
as in filaments in which FtsA has been severely depleted. Al-
though ZipA still associates with Z rings in FtsA™ filaments
(24, 47), recruitment of all other known essential septal ring
proteins (FtsK, -Q, -L, -B, -W, -1, and -N) is impaired (1, 6, 16,
51). It is unlikely, therefore, that any of these downstream
components are required for the recognition of FtsZ/ZipA
structures by ®MinC/DicB. This argument was further sup-
ported by our two-hybrid analyses, which indicated a direct
interaction between PMinC/DicB and ZipA.

These observations led to a simple model of DicB-induced
division inhibition. DicB binds the D-domain of MinC in the
cytoplasm (41), and the complex gains a specific affinity for
ZipA, which itself interacts with membrane-associated FtsZ
polymers via a specific interaction between its FZB domain

and the extreme C terminus of FtsZ (27, 29, 47, 49, 54, 55).
This brings the Z domain of MinC in close proximity to the
FtsZ polymers, resulting in efficient depolymerization and dis-
solution of the FtsZ/ZipA polymeric complex.

It is interesting that when FtsZ polymerization is inhibited
by SfiA, ZipA disperses along the membrane while the "MinC/
DicB complex appears throughout the cytoplasm (41). This
suggests that the affinity of ®PMinC/DicB for ZipA that is as-
sociated with polymeric FtsZ is significantly higher than that
for ZipA which is not. Binding to polymeric FtsZ may change
the conformation of ZipA, or FtsZ itself may contribute a
binding surface for PMinC/DicB in the polymeric FtsZ/ZipA
complex.

This work also established that the specific Z ring target of
the PMinC/MinD complex is distinct from that of ®MinC/
DicB. Thus, ®"MinC/MinD still decorated Z rings in the com-
plete absence of ZipA or ZapA, as well as upon depletion of
FtsA, implying that none of these three FtsZ-associated pro-
teins are specifically required for PMinC/MinD targeting to
FtsZ assemblies. Normally, both FtsA and ZipA are required
to recruit all known remaining essential septal ring proteins (1,
6, 16, 25, 51, 60). Again, it is therefore unlikely that any of the
known division proteins are specifically required to attract
PMinC/MinD to FtsZ polymers.

How then does ®MinC/MinD recognize polymeric FtsZ? It

TABLE 6. MinD stimulates division inhibition by the membrane-tethered ZipA'-GFP-MinC fusion protein

Relative level

Length (um)

Phage“ Fusion protein Plasmid* of fusion Loc® n
(genotype) protein® Avg Range?

APC100 ZipA'-GFP-MinC pDB326 1.0 M 18.3 1.1-87.0 135

pCH204 (minD) 0.9 M 44.7 2.7-132.1 134

ALL49 ZipA’-GFP-°"MinC pDB326 1.1 M 4.2 1.5-11.5 116

pCH204 (minD) 1.0 R 6.0 1.7-25.8 129

“ Cells of strain DR109 (AminCDE recA), harboring the indicated phage and plasmid, were grown at 30°C to an ODg, of 0.12 to 0.14 in minimal medium
supplemented with 50 uM IPTG. pDB326 was the parent vector.

b Protein levels were measured by quantitative Western analyses, using anti-GFP antibodies. Values are normalized to that of the ZipA'-GFP-MinC fusion in
DR109(\PC100)/pDB326. The level of ZipA’'-GFP-MinC in these cells corresponded to approximately four times the level of native MinC in strain CH3 (recA) as
determined by quantitative Western analyses, using anti-MinC antibodies.

¢ The localization (Loc) of fusion proteins, and the average cell lengths, were determined by microscopy. M, concentrated along the membrane; R, accumulated in
rings.

9 Note that cultures of DR109 normally contain a small fraction of filaments due to the AminCDE and recA mutations in this strain.

¢ Number of cells measured.
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is possible that FtsA and ZipA play redundant roles with re-
spect to attracting "MinC/MinD to FtsZ assemblies. Both pro-
teins bind FtsZ in a mutually independent fashion (24) and
each may induce some arrangement of the polymeric complex
that is attractive to ®MinC/MinD. The notion that FtsA and
ZipA functions may indeed be partially redundant is supported
by the discoveries that the formation of complete FtsZ rings
requires the presence of either FtsA or ZipA (60) and that the
mutant FtsA™* protein renders ZipA dispensable (18). Because
at least one of the two proteins is required for Z rings to form
in vivo, it will be difficult to test for a potential redundancy of
FtsA and ZipA in attracting "MinC/MinD complexes to FtsZ
assemblies by the microscopic techniques used here. It is
equally possible that neither FtsA nor ZipA are directly in-
volved in attracting ®MinC/MinD to FtsZ polymers. Thus,
targeting of PMinC/MinD could involve some FtsZ-associated
factor whose identity remains to be determined or could simply
result from a direct interaction between the ®MinC/MinD
complex and FtsZ polymers, which would be the simplest
mechanism. Despite some effort, we have not yet obtained firm
evidence for the latter possibility.

The results of this study also emphasize the importance of
PMinC/activator targeting to FtsZ assemblies for stimulation
of MinC-mediated division inhibition by the activators. The
finding that cells devoid of ZipA (AzipA ftsA*) are completely
resistant to DicB-induced, but not MinD-induced, filamenta-
tion shows the significance of PMinC/DicB targeting to FtsZ/
ZipA assemblies in executing the DicB-dependent division
block. Taken together, our results indicate that DicB acts as a
coassembly factor which allows MinC to connect with ZipA-
decorated FtsZ polymers. This property of DicB may well be
sufficient to explain its ability to cause a division block.

Stimulation of MinC function by MinD is more complicated.
Like DicB, MinD appears to act as a coassembly factor allow-
ing MinC to connect with its substrate (i.e., membrane-associ-
ated FtsZ polymers), but targeting is likely to occur in consec-
utive stages with increased spatial specificity.

In the first stage, MinD-ATP assembles on the membrane
and recruits MinC from the cytoplasm (36, 38, 45, 61). In
wild-type cells, assembly of the MinC/MinD-ATP complex is
typically confined to the membrane of one half of the cell at
any one time, as MinE action drives the regular dissolution and
reformation of complexes during the oscillation cycle (17, 26,
33, 35, 45, 63, 64, 66, 67). In MinE ™~ cells, MinC/MinD com-
plexes can be found all along the cell membrane (36, 61, 63,
64). In either case, recruitment of MinC to the membrane at
this stage occurs independently of FtsZ but will lead to an
elevated local concentration of “MinC at the membrane.

For the second stage, we envision that “MinC is more pre-
cisely directed to its substrate within the two-dimensional
plane of the membrane. This search-and-destroy process de-
pends on a specific interaction between the PMinC/MinD-ATP
moiety of the complex and membrane-associated FtsZ poly-
meric complexes.

As a step towards understanding the potential contribution
of each stage to the stimulation of MinC-mediated division
inhibition by MinD, we studied the properties of membrane-
tethered versions of MinC. In the absence of MinD, a ZipA'-
GFP-MinC fusion accumulated along the membrane. Further-
more, the fusion was a far more potent inhibitor of division

J. BACTERIOL.

than soluble MinC, supporting the notion that stage 1 (bulk
recruitment of MinC to the membrane by MinD) is likely to
contribute significantly to activation of MinC function. Very
recently, Szeto et al. performed a similar experiment, using a
derivative of MinC to which the short C-terminal membrane
targeting sequence of B. subtilis MinD had been appended to
the C terminus of E. coli MinC (68).

Interestingly, although the ZipA'-GFP-MinC fusion local-
ized to the membrane in a MinD-independent fashion, the
presence of MinD enhanced division inhibition by the fusion
and also caused a specific accumulation of ZipA’-GFP-°MinC
on septal ring structures. Although these results do not con-
stitute conclusive evidence, they are consistent with the pro-
posal that both stages of MinD-directed localization of MinC
contribute to the efficiency of “MinC activity in the cell.
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