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ClpXP is a two-component protease composed of ClpX, an ATP-dependent chaperone that recognizes and
unfolds specific substrates, and ClpP, a serine protease. One ClpXP substrate in Escherichia coli is FtsZ, which
is essential for cell division. FtsZ polymerizes and forms the FtsZ ring at midcell, where division occurs. To
investigate the role of CIpXP in cell division, we examined the effects of clpX and clpP deletions in several
strains that are defective for cell division. Together, our results suggested that ClpXP modulates cell division
through degradation of FtsZ and possibly other cell division components that function downstream of FtsZ
ring assembly. In the fisZ84 strain, which is temperature sensitive for filamentation due to a mutation in ftsZ,
we observed that deletion of clpX or clpP suppresses filamentation and reduces FtsZ84 degradation. These
results are consistent with ClpXP playing a role in cell division by modulating the level of FtsZ through
degradation. In another division-defective strain, AminC, the additional deletion of clpX or clpP delays cell
division and exacerbates filamentation. Our results demonstrate that ClpXP modulates division in cells
lacking MinC by a mechanism that requires ATP-dependent degradation. However, antibiotic chase experi-
ments in vivo indicate that FtsZ degradation is slower in the AminC strain than in the wild type, suggesting
there may be another cell division component degraded by ClpXP. Taken together these studies suggest that
ClpXP may degrade multiple cell division proteins, thereby modulating the precise balance of the components

required for division.

The cell division machinery in Escherichia coli is respon-
sible for the constriction and separation of a mother cell
into two daughter cells. Many proteins spatially and tempo-
rally coordinate their activities to complete division in an
efficient manner. The major structural component is FtsZ, a
tubulin-like protein that assembles into a circumferential
ring, termed the FtsZ ring, at midcell, the site of cell division
(1). FtsZ polymerizes in a reaction requiring GTP binding
but not hydrolysis. In vitro, FtsZ forms a range of structures,
including single-stranded protofilaments, bundles, tubules,
and sheets, depending on the experimental conditions used.
However, the architecture of the FtsZ ring that is formed in
vivo is not fully understood. Results from electron cryoto-
mography studies of dividing cells suggest the FtsZ ring
consists of short overlapping protofilaments rather than a
continuous ring (27). In vitro and in vivo FtsZ polymers
undergo dynamic disassembly and reassembly, which are
coupled to GTP binding and hydrolysis by FtsZ (4, 12).

Proper placement of the FtsZ ring at midcell is regulated by
several factors. One regulatory system in E. coli is the Min
system, comprised of MinC, MinD, and MinE (28). The Min
system promotes formation of the FtsZ ring at midcell by
preventing its formation near the poles. MinC interacts directly
with FtsZ and inhibits FtsZ polymerization (16). MinD, a
membrane-associated ATPase, recruits MinC to the mem-

* Corresponding author. Mailing address: 37 Convent Drive, Room
5144, National Cancer Institute, National Institutes of Health, Be-
thesda, MD 20892. Phone: (301) 496-2629. Fax: (301) 402-1344.
E-mail: WicknerS@mail.nih.gov.

+ Supplemental material for this article may be found at http://jb
.asm.org/.

¥ Published ahead of print on 11 February 2011.

1911

brane, where it antagonizes FtsZ assembly. The function of
MinC/MinD is controlled by MinE. MinE stimulates ATPase
activity of MinD and promotes dissociation of MinD com-
plexes from the membrane (25, 26). MinC and MinD are
observed to oscillate between the two poles, inhibiting FtsZ
ring formation near the poles and thereby preventing anucle-
ate cells (29). In strains deleted for minC alone, or the full
minCDE operon, cell division occurs; however, the FtsZ ring is
misplaced, causing minicells, elongated cells, and short fila-
ments to form (2, 17, 40). A second regulator of FtsZ ring
position is a nucleoid occlusion factor, SImA in E. coli (8). It
prevents the assembly of the FtsZ ring over the nucleoid in vivo
(8). In vitro, SImA binds directly to FtsZ, likely altering the
arrangement of FtsZ protofilaments (35).

An additional regulator of FtsZ that has been identified is
ClpX (11, 34, 38). ClpX is a member of the AAA+ (ATPases
associated with various cellular activities) family of ATPases
and forms a complex with ClpP, a serine protease. ClpX rec-
ognizes substrates harboring ClpX recognition motifs or an
SsrA tag and catalyzes ATP-dependent unfolding of the poly-
peptide and transfer of the unfolded protein into the cavity of
ClpP for degradation (32). In Bacillus subtilis, the Levin group
found that in vivo ClpX helps regulate cell division and that in
vitro it inhibits FtsZ polymerization in an ATP- and ClpP-
independent fashion (22, 38). Recently, it has been shown that
ClpX also modulates cell division in Mycobacterium tuberculo-
sis, possibly by an ATP-independent mechanism (18).

In E. coli, FtsZ was discovered to be associated with ClpXP
protease in a proteomic study aimed at identifying ClpXP
substrates (19). Subsequently, it was found that ClpXP de-
grades FtsZ in E. coli, but only 10 to 15% is turned over per
cell cycle (11). Overproduction of both ClpX and ClpP ex-
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TABLE 1. E. coli strains and plasmids used in this study

Strain or plasmid Genotype®

Source, reference, or construction”

E. coli strains

BW25113 A(araD-araB)567 AlacZ4787(::rrnB-3) N~ rph-1 A(rhaD-rhaB)568 hsdR514 5

JW1165 BW25113 AminC765::kan 5

Jw0428 BW25113 AclpX724::kan 5

JW0427 BW25113 AclpP723::kan 5

MG1655 N ph-1 10

JC0232 MG1655 AminC::fit P1(JW1165) X MG1655; pCP20

JC0259 MG1655 AclpX::kan P1(JW0428) X MG1655

JC0263 MG1655 AclpP::kan P1(JW0427) X MG1655

JC0292 MG1655 AminC::fit AclpX::frt P1(JW0428) X JC0232; pCP20

JC0302 MG1655 AminC::fit AclpP::kan P1(JW0427) X JC0232

MCZ84 [araD139] leu-260::Tnl10 ftsZ84(Ts) A(argF-lac)169 N~ el4~ flhD5301 A(fruK- 15

yeiR)725(fruA) relA1 rpsL150(Str") rbsR22 A(fimB-fimE)632(::1S1) deoCl

JC0303 MCZ84 AclpX::kan P1(JW0428) x MCZ84

JC0304 MCZ84 AclpP::kan P1(JW0427) X MCZ84
Plasmids

pCP20 amp flp recombinase 13

pBAD24 amp (expression vector) 21

pClpX amp P, ::clpX This study

pCIpX(E185Q) amp P,,,:clpX(E185Q) This study

pClpP amp P, ::clpP This study

pGfp-FtsZ amp P, :gfp-fisZ This study

pClpXP amp P, pclpPX 11

“The kan cassette is flanked by fit sites for removal by FLP recombinase. An fit scar remains after removal of the cassette by using FLP expressed from pCP20.
® Strain constructions by P1 transduction are described as the P1(donor) X the recipient. Where indicated, removal of the Kan cassette (by use of pCP20) is noted.

pressed from the natural promoter by using a multicopy plas-
mid caused an increase in the rate of FtsZ degradation and a
filamentous phenotype (11). The same study showed that
ClpXP degrades both FtsZ monomers and polymers in vitro
(11). In a subsequent study it was reported that overexpression
of either full-length ClpX or the N-terminal substrate binding
domain of ClpX to very high levels causes filamentation and
perturbs formation of the FtsZ ring in a wild-type background
(34). It was also reported that in vitro ClpX could inhibit FtsZ
polymerization by an ATP- and ClpP-independent mechanism
(34).

To investigate how protein degradation by ClpXP modu-
lates cell division in E. coli, we examined the effects of clpX
and clpP deletions in several strains defective in cell division
at the level of the FtsZ ring. We observed that deletion of
clpX and clpP suppresses temperature-sensitive filamenta-
tion of cells carrying the ftsZ84 allele and reduces FtsZ84
degradation, consistent with ClpXP playing a role in mod-
ulating the level of FtsZ. In a minC deletion strain, in which
the majority of cells contain multiple FtsZ rings, the addi-
tional deletion of either c/pX or cIpP delays cell division and
causes enhanced filamentation; however, FtsZ turnover is
decreased in both AminC and AclpX AminC strains com-
pared to the wild type. Our results show that ClpXP affects
cell division by a mechanism that requires ATP-dependent
degradation, suggesting that ClpXP modulates the balance
of cell division proteins.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli strains and plasmids used in this study
are listed in Table 1. Bacteria were grown in Luria-Bertani (LB) liquid broth at
30°C. E. coli strains containing full in-frame insertion-deletions for clpX, clpP,
and minC were acquired from the Keio Collection (5). Deletion mutations were
brought into MG1655 by P1 transduction. To construct multiple deletion sets, we

first removed the kanamycin cassettes from our single-deletion strains by trans-
formation with pCP20 to provide the FLP recombinase (13), and then strains
were cured of pCP20 by a temperature upshift to 42°C. The cured strains were
transduced again with P1 lysate prepared from a different deletion strain.

The genes for clpX, clpP, and ftsZ were amplified by PCR and cloned into
expression vector pBAD24. fisZ was cloned into expression vector pBAD-
GFP(uv) (24) at the 3" end of the gfp sequence by using the restriction sites Sacl
and Pstl to create pGfp-FtsZ. Site-directed mutagenesis of pClpX was per-
formed to construct pClpX(E185Q) by using the QuikChange IT kit (Stratagene).
To test for complementation, plasmid-containing cells were grown overnight in
LB medium with ampicillin (100 pg ml™"') and arabinose (0.05% or 0.1% for
strains containing pClpX or pClpP, respectively). Cells were diluted into fresh
medium to an optical density at 600 nm (ODg,) of 0.01 and then grown at 30°C.
At an ODy, of ~0.4, cells were examined by microscopy. Expression levels of
ClpX, CIpX(E185Q), and ClpP were verified by immunoblotting.

Microscopy and immunofluorescence. Overnight cultures were diluted into LB
broth to an ODy, of 0.01 and grown at 30°C for 3 h. Where indicated, cells from
an overnight culture grown in LB were diluted into M63 minimal medium with
0.2% glucose to an ODy, of 0.01, and grown at 30°C for 6 h. Cells were collected
by centrifugation at 600 X g for 5 min and washed in ice-cold phosphate-buffered
saline (PBS) with 1 mM EDTA. Cells were applied to a glass slide, and a
poly-L-lysine coated coverslip was added.

To observe the location of FtsZ rings in live cells, we expressed Gfp-FtsZ in
strains carrying the expression plasmid pGfp-FtsZ by growing the cells at 30°C in
arabinose (0.015%) and ampicillin (100 pg ml ™). Log-phase cells were prepared
as described above and examined immediately by fluorescence microscopy.

Cells were imaged by differential interference contrast (DIC) microscopy by
using a Nomarski prism and by fluorescence microscopy using an Axio Imager
M2 microscope (Zeiss) with an aPlan-Apochromat 100X/1.46-numerical aper-
ture oil objective and the filter sets 4’,6-diamidino-2-phenylindole (DAPI) and
fluorescein. Pictures were taken with an Axiocam camera. Images were pro-
cessed using Adobe Photoshop CS3 and analyzed using NIH ImageJ software.

Protein turnover experiments. E. coli strains were grown in LB at 30°C to the
specified ODyq, (0.3 to 0.5). To inhibit protein synthesis, spectinomycin was
added to the cultures to a final concentration of 200 pug ml~!, and cell extracts
were prepared at 1-h intervals after the addition of spectinomycin, as described
previously (11). FtsZ turnover was monitored by immunoblotting with FtsZ
antibodies as described previously (11). A minimum of three replicates was
performed.
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FIG. 1. Deletion of clpP or clpX suppresses temperature-sensitive
filamentation in cells carrying the FtsZ84 mutation. (A) ftsZ84
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RESULTS AND DISCUSSION

Blocking protein degradation by ClpXP suppresses filamen-
tation of ftsZ84. Elevated levels of ClpXP increase FtsZ deg-
radation in vivo and cause cellular filamentation (11), suggest-
ing that ClpXP may influence cell division by modulating the
intracellular concentration of FtsZ. The ftsZ84 strain carries a
glycine-to-serine substitution mutation at amino acid position
105 of FtsZ (9). These cells divide normally at 28°C but form
filaments at 37°C and are nonviable at 42°C (9). It has been
shown that these phenotypes can be suppressed by increasing
the intracellular FtsZ84 concentration (36). Therefore, to de-
termine if protein degradation is also involved in limiting the
amount of FtsZ84 available in the ftsZ84 temperature-sensitive
strain (MCZ84), we deleted clpP and clpX and tested for sup-
pression of temperature-sensitive filamentation.

When we compared cellular morphology of ftsZ84 (MCZ84),
AclpP ftsZ84 (JC0304), and AclpX ftsZ84 (JC0303) strains at
37°C, we saw that the ftsZ84 cells formed long filaments, as
observed previously (Fig. 1A). In contrast, AclpP ftsZ84 and
AclpX ftsZ84 cells formed elongated rods and short filaments
at 37°C (Fig. 1A). A difference in cell length was also observed
at 30°C between ftsZ84 cells and the double mutants, AclpP
ftsZ84 and AclpX fisZ84 (Fig. 1A); the cells of the double
mutants were ~20% shorter than ftsZ84 cells.

To determine if deletion of either clpP or clpX restored
viability of ftsZ84 at 42°C, the nonpermissive temperature, we
grew these strains in liquid LB at 30°C and then plated the
cultures onto LB plates. While none of these strains grows at
42°C, deletion of either cIpP or clpX enhanced viability at 39°C
(Fig. 1B). These results indicate that deletion of either clpP or
cIpX partially suppresses the temperature-sensitive phenotype
caused by the chromosomal ftsZ84 mutation.

We next tested if degradation of FtsZ84 is reduced in AclpP
ftsZ84 and AclpX ftsZ84 strains by monitoring FtsZ84 turnover
by immunoblotting after halting protein synthesis. We calcu-
lated that the half-life of FtsZ84 is ~150 min, and deletion of
cIpP or clpX prevents degradation of FtsZ84 (Fig. 1C). Our
results suggest that deletion of clpP or clpX suppresses tem-
perature-sensitive filamentation by decreasing FtsZ84 protein
turnover.

Aberrant division in clp min double mutants. Degradation of
FtsZ modulates cell division in wild-type (11) and ftsZ84 (Fig.
1) strains. ClpX, with and without ClpP, functions as a negative
regulator of FtsZ assembly in vitro, yet ClpP and ClpX are not
essential proteins in E. coli (20). We hypothesized that in the
absence of the main negative regulator of FtsZ assembly in the
cell, MinC, ClpXP may play a more important role in cell

(MCZ84), AclpP ftsZ84 (JC0304), and AclpX ftsZ84 (JC0303) cells
were grown at 30°C and 37°C to an ODy, of 0.5 and analyzed by DIC
microscopy. Median cell lengths (n = 200) at 30°C for each strain were
3.6 um * 0.1 (AclpP ftsZ84), 3.5 pm = 0.1 (AclpX ftsZ84), and 4.4 pm
(ftsZ84). Bars, 10 pm. (B) Log dilutions of cultures grown overnight at
30°C that were then spotted onto LB plates. Plates were incubated
overnight at 39°C and 42°C. (C) FtsZ84 turnover was monitored in
cultures of ftsZ84, AclpP ftsZ84, and AclpX ftsZ84 strains grown at 30°C
in LB after addition of spectinomycin. The relative change in FtsZ84
band intensity was monitored by immunoblotting with FtsZ antibodies.
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FIG. 2. Deletion of clpP or clpX in the minC deletion strain exacerb

division. To address this we constructed double deletions of
either clpP or clpX with minC and examined cell length by
microscopy.

As previously seen (17), we observed that deletion of minC
caused cells to divide asymmetrically, resulting in short fila-
ments, elongated rods, and minicells (Fig. 2). Short filaments
produced by the AminC strain were approximately 2- to 3-fold
longer than cells produced by the wild-type strain. When we
examined cells from exponentially growing cultures (ODg,
~0.3; 3 h of growth) of both the clpP minC (JC0302) and the
clpX minC (JC0292) double deletion strains, we observed se-
vere defects in cell division (Fig. 2). Cultures of both AclpP
AminC and AclpX AminC strains contained very long filamen-
tous cells, in contrast to the short filaments and elongated cells
of the AminC culture. Numerous long filaments observed in
the double deletion strains were ~10-fold longer than those of
a wild-type E. coli cell, and some filaments were branched (Fig.
2). Two percent of the filaments in cultures of AclpP AminC
and AclpX AminC strains were branched when cells were
grown in LB broth (Fig. 2). Branches were not observed in
cultures of wild-type cells or any of the strains carrying a single
deletion. Branching has previously been observed in cells car-
rying the minCDE triple deletion under certain conditions and
in combination with ftsZ84 (3, 39). The number of minicells in
all strains carrying the minC deletion was similar (~25%) with
respect to the total number of cells in each culture, regardless
of length. Deletion of either clpP (JC0263) or clpX alone
(JC0259) did not induce filamentation, and these cells ap-
peared similar to wild-type cells (MG1655), as previously re-
ported (11, 20) (Fig. 2). Our results suggest that in the absence
of ClpXP protease, a minC deletion causes extensive cellular
filamentation.

We continued to monitor cell length as cells progressed
through exponential phase to determine if the AclpP AminC
and AclpX AminC cells were blocked or delayed for cell divi-
sion. Compared to the large number of filamentous cells seen
during exponential growth of AclpP AminC and AclpX AminC
cells, many fewer filaments were seen in the cultures after 5 h
of growth, as cells approached stationary phase (Fig. 2; see also
Fig. S1A in the supplemental material). After 7 h, the majority
of cells in both cultures began to acquire a smaller round
appearance typical of stationary-phase wild-type and AminC
cells (Fig. 2). By this time, only a few relatively short filaments
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ates cellular filamentation. AclpP AminC (JC0302), AclpX AminC (JC0292),
AminC (JC0232), AclpP (JC0263), AclpX (JC0259), and wild-type (wt; MG1655) cells were grown at 30°C. Live cells were analyzed by DIC
microscopy after growth for 3 h, 5 h, and 7 h as described in Materials and Methods. Arrows point to branches. Bars, 10 wm.

remained in the AclpP AminC and AclpX AminC strains. Since
colony formation of all strains was similar after cells reached
stationary phase (see Fig. S1B), our results suggest that the
filaments seen in exponential phase undergo division, resulting
in viable cells.

Cell division and cell growth are coordinately regulated
based on nutrient availability (37). Slowing cell growth can
overcome certain cell division delays, allowing cells more time
to complete a division cycle. Culturing cells in minimal me-
dium suppresses filamentation of AsimA AminCDE cells (8).
Therefore, to determine if slow cell growth also suppresses
filamentation of AclpX AminC and AclpX AminC cells, we grew
these strains in M63 minimal medium with glucose (0.2%).
Cultures of AclpX AminC and AclpP AminC cells grown in
minimal medium were not filamentous and were similar in
length to AminC cells (see Fig. S2 in the supplemental mate-
rial).

Our results indicate that in the absence of MinC and either
ClpX or ClIpP, there is a profound delay in the time required to
complete division when cells are grown in nutrient-rich me-
dium. They further suggest that in the absence of MinC, ClpXP
promotes FtsZ ring constriction. The observation that deletion
of minC is more detrimental in a AclpX or AclpP strain implies
that MinC and ClpXP have an overlapping function during
division, although the mechanisms by which they carry out this
function would undoubtedly be different.

ATP-dependent protein unfolding and proteolysis by ClpXP
are essential for promoting FtsZ ring constriction in the minC
mutant. The previous result suggested that ClpXP may per-
form an overlapping function with MinC to promote cell divi-
sion. To determine if the filamentous phenotype in the AclpX
AminC strain could be rescued by the addition of ClpX, we
expressed clpX from a plasmid under the control of the arabi-
nose-inducible promoter and observed the cells by microscopy.
The majority of AclpX AminC cells expressing clpX from a
plasmid were short filaments (Fig. 3A and B), similar to the
short filaments observed for the AminC strain (Fig. 2). The
majority of AclpX AminC cells carrying the control vector were
very long filaments (Fig. 3A). In control experiments, we ob-
served that the overexpression of ClpX driven by the arabi-
nose-inducible promoter did not cause filamentation in the
wild-type E. coli strain MG1655 (see Fig. S3 in the supplemen-
tal material). Together, the results show that the lack of ClpX
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FIG. 3. Suppression of long filaments in the AclpX AminC and AclpP AminC strains. (A) AclpX AminC (JC0292) cells containing pClpX,
pCIpX(E185Q), or control vector pBAD24 were grown at 30°C to an ODyy, of ~0.4 in the presence of arabinose (0.05%) and ampicillin (100 pg
ml~") and then visualized by DIC microscopy. Bars, 10 wm. (B) Extracts of wild-type (MG1655) or AclpX AminC cells expressing ClpX or
ClpX(E185Q) were immunoblotted with antibodies to ClpX. (C) AclpP AminC (JC0302) cells containing pClpP or pBAD24 were grown and
visualized as described above except the medium contained 0.1% arabinose. Bars, 10 um. (D) Extracts of wild-type (MG1655) or AclpP AminC

cells expressing ClpP were immunoblotted with antibodies to ClpP.

is responsible for the cell division delay in the AclpX AminC
strain.

We next tested whether the ATP-dependent protein unfold-
ing activity of ClpX is required to prevent the formation of
long filaments in the AminC strain. To do this we analyzed cells
following expression of a ClpX mutant with an amino acid
substitution in the Walker B nucleotide binding motif,
ClpX(E185Q). This mutation blocks the ability of ClpX to
hydrolyze ATP, thus preventing ATP-dependent unfolding by
ClpX (23). When plasmid-encoded ClpX(E185Q) was ex-
pressed in the AclpX AminC double deletion strain, we ob-
served long filamentous cells similar to those seen in the dou-
ble deletion strain carrying the empty vector (Fig. 3A).
Expression of ClpX(E185Q) was verified by immunoblot anal-
ysis (Fig. 3B). Importantly, these results demonstrated that
ATP hydrolysis by ClpX is required for the function of ClpX
during cell division in AminC cells.

To determine whether ClpP suppresses the filamentous phe-
notype in the AclpP AminC double mutant, we expressed clpP
from a plasmid under the control of the arabinose-inducible
promoter and examined the cells by microscopy (Fig. 3C). We
observed that the majority of cells expressing ClpP from a
plasmid were short filaments or elongated rod-shaped cells, in
contrast to the long filamentous cells carrying the control vec-
tor, indicating that the long filament phenotype in the AclpP
AminC strain is suppressed by plasmid-encoded ClpP. Expres-
sion of ClpP was verified by immunoblot analysis (Fig. 3D).
Taken together, our results show that both ClpX and ClpP are
important for promoting cell division in the AminC strain. The
results suggest that ATP-dependent degradation by ClpXP
modulates cell division in AminC cells.

FtsZ localizes to rings, but the rings are slow to constrict in
AclpP AminC and AclpX AminC cells. A cell division delay
suggests that AclpP AminC and AclpX AminC cells may be
defective in assembly of the FtsZ ring, constriction, or septa-

tion. To visualize the ring, we expressed Gfp-FtsZ from a
vector under the control of the arabinose promoter to a level
that was approximately 30% of the total cellular FtsZ (see Fig.
S4 in the supplemental material) and observed live cells by
fluorescence microscopy. AclpX AminC and AclpP AminC cells
showed fluorescent FtsZ rings that appeared similar to the
FtsZ rings in AminC cells (Fig. 4). Similar results were ob-
tained by immunofluorescence detection of native FtsZ (see
Fig. S5 in the supplemental material). We occasionally ob-
served thick or double FtsZ rings in all strains deleted for minC
(Fig. 4; see also Fig. S5). We also observed variations in FtsZ
ring intensity and frequency along the length of the filament in
all cells deleted for minC; a similar observation was made
previously in filamentous cells deleted for minCDE (40). The
AclpP AminC and the AclpX AminC strains as well as the
AminC strain had approximately twice as many FtsZ rings per
unit length as the wild-type cells (see Fig. S5), consistent with
previously reported results in AminCDE cells (8). DNA stain-
ing with DAPI showed that FtsZ rings are positioned between
nucleoids in AminC, AclpP AminC, and AclpX AminC cells (see
Fig. S5). Our results show that although the AclpX AminC and
AclpP AminC filaments are delayed for division, FtsZ rings
form at intervals poised to participate in dividing the filament
into many rod-shaped cells.

FtsZ degradation is slowed in AminC cells. Since we previ-
ously observed that ClpXP degrades FtsZ in vivo (11), we
compared FtsZ turnover rates in the wild-type, AminC, and
AclpX AminC strains. We performed antibiotic chase experi-
ments and calculated that the half-life of FtsZ in the wild-type
strain grown at 30°C is ~140 min (Fig. 5). Unexpectedly, we
observed that FtsZ turnover was slower in a AminC strain than
in a wild-type strain; in the 3 h following addition of spectino-
mycin, only ~20% of the cellular FtsZ was degraded in the
AminC strain, compared with ~60% in the wild-type strain.
FtsZ turnover was not significantly slower in the AclpX AminC
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FIG. 4. FtsZ rings are present in long filaments of AclpX AminC
and AclpP AminC cells. Cells expressing plasmid-encoded Gfp-FtsZ
were prepared as described in Materials and Methods. FtsZ rings were
visible by fluorescence (upper panel) and DIC (lower panel) micros-
copy in all strains: AclpX AminC (A), AclpP AminC (B), AminC (C),
and wild-type MG1655 (D). Arrows indicate positions of thick FtsZ
bands or adjacent rings. Bars, 5 pm.

strain than in the AminC strain (Fig. 5). These results suggest
that MinC promotes degradation of FtsZ by ClpXP either
directly or indirectly.

We compared global levels of FtsZ from cultures in log
phase without halting protein synthesis and found no signifi-
cant differences in the levels of FtsZ in any of the strains tested
(see Fig. S6 in the supplemental material). This result is in
agreement with previously published work indicating that FtsZ
levels do not change significantly in min mutants (39).

Since there is slower turnover of FtsZ in AminC and AminC
AclpX strains than in a wild-type strain, one possible explana-
tion for synthetic filamentation in the clp min double mutant is
the persistence of a cell division inhibitor, which is a substrate
for ClpXP. Failure to degrade an inhibitor due to deletion of
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FIG. 5. Deletion of minC reduces the rate of FtsZ degradation by

ClpXP. FtsZ turnover was calculated by comparing relative FtsZ levels

in each strain after addition of spectinomycin and immunoblotting as

described in Materials and Methods. Strains tested include wild-type
(wt) MG1655, AminC, and AclpX AminC.

clpX or clpP could lead to division delay, which may be more
pronounced in a minC deletion strain, where FtsZ is diluted
among multiple ring structures. A second possibility to explain
these results is that ClpXP may degrade a subpopulation of
FtsZ that is dependent on MinC for localization.

Next, we tested whether increasing the intracellular concen-
tration of FtsZ by expressing FtsZ from a plasmid could sup-
press the formation of long filaments in AclpX AminC and
AclpP AminC cultures. We observed that overexpression of
FtsZ alone, or overexpression of FtsZ, FtsA, and FtsQ from
the pZAQ plasmid (data not shown), reduced overall cell
length and suppressed the long filament phenotype of AclpX
AminC and AclpP AminC strains (see Fig. S7 in the supple-
mental material). This result is consistent with the above sug-
gestion that the availability of functional FtsZ is limited in the
AclpX AminC and AclpP AminC strains. However, since mul-
tiple cell division abnormalities can be suppressed by overex-
pression of FtsZ, including those that are synthetic with a min
deletion, such as envC and simA, as well as several cell shape
mutants (6-8), the explanation may be more complex.

Model for CIlpXP function during cell division. We have
shown that prevention of degradation by ClpXP partially sup-
presses temperature-sensitive filamentation of ftsZ84 cells and
prevents FtsZ84 turnover, suggesting that ClpXP may modu-
late cell division through FtsZ degradation. We have also
shown that deletion of ¢/pX or c/pP in combination with dele-
tion of minC causes cell division defects. However, FtsZ deg-
radation is reduced in the AminC strain compared to the wild-
type strain and is not significantly more reduced in the AclpX
AminC mutant, suggesting that ClpXP may act in cell division
by degrading a cell division component other than FtsZ. To-
gether, our results suggest that ClpXP may degrade multiple
cell division proteins.

Any model to explain the observations must include a role
for ClpX that incorporates ATP-dependent protein unfolding
activity and a role for ClpP. Thus, the mechanism of action of
ClpX in B. subtilis cell division, which involves ATP-indepen-
dent and ClpP-independent inhibition of FtsZ polymerization
(22, 38), is not easily applicable to E. coli. However, under
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certain conditions for E. coli where ClpX is greatly overex-
pressed independent of ClpP, cell division is perturbed (34),
and the mechanism is likely through direct binding of ClpX to
FtsZ and prevention of FtsZ polymerization.

One model to explain how ClpXP might modulate cell divi-
sion, consistent with ClpXP acting directly on FtsZ (11) and
FtsZ84 (Fig. 1), is that ClpXP degrades FtsZ, thereby desta-
bilizing the FtsZ ring and allowing FtsZ polymers to undergo
necessary remodeling and conformational changes associated
with ring constriction and septation. This might occur as the
result of FtsZ polymer severing directly through extraction and
degradation of FtsZ protomers from the fibers followed by
remodeling of the shorter fibers. ClpXP may also degrade free
FtsZ protomers, thereby driving the FtsZ monomer-polymer
equilibrium in the direction of polymer disassembly. Similar
mechanisms of action have been proposed for other Clp and
Clp-like proteins, such as disassembly of amyloid fibers by
Hsp104 (33) and severing of microtubules by spastin (31). A
notable aspect of this model is that very few cycles of FtsZ
protomer degradation are required to promote polymer frag-
mentation, which is consistent with the relatively small amount
(10 to 15% per generation) of FtsZ degradation seen in vivo
(11).

Our data with minC double mutants with clpX and clpP are
consistent with a model in which ClpXP promotes degradation
of another cell division protein that functions downstream of
FtsZ ring assembly, possibly participating in FtsZ ring remod-
eling, the timing of constriction or the insertion of cell wall
components. For example, this unidentified cell division pro-
tein could be a division inhibitor that, in the absence of ClpXP,
causes a cell division delay, which is more pronounced in a
minC deletion strain. Alternatively, this unidentified protein
might be a cell division component that becomes out of bal-
ance with the other components when ClpXP is not present.
For example, the levels of FtsZ and FtsA are in balance;
increasing FtsA causes cell division inhibition, and the inhibi-
tion is relieved by excess FtsZ (14). If FtsA turnover were
controlled in a ClpXP-dependent manner, as suggested by a
proteomic study (30), then deletion of clpX or clpP would
cause excess FtsA, leading to division inhibition. More com-
plicated models that involve degradation of a subpopulation of
FtsZ cannot be ruled out at this time.

Perhaps it is more likely that ClpXP influences cell division
by degrading multiple components, thereby modulating the
finely balanced interplay of the many factors required for cell
division. In E. coli there are several cell division components
and regulators among the large and diverse set of proteins that
have been implicated as potential ClpXP substrates, including
MinD and penicillin binding proteins 5 and 6, in addition to
FtsZ and FtsA (19, 30).
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