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Among other functions, ATP-dependent proteases degrade misfolded proteins and remove several key regulatory
proteins necessary to activate stress responses. In Bacillus subtilis, ClpX, ClpE, and ClpC form homohexameric
ATPases that couple to the ClpP peptidase. To understand where these peptidases and ATPases localize in living
cells, each protein was fused to a fluorescent moiety. We found that ClpX-GFP (green fluorescent protein) and
ClpP-GFP localized as focal assemblies in areas that were not occupied by the nucleoid. We found that the
percentage of cells with ClpP-GFP foci increased following heat shock independently of protein synthesis. We
determined that ClpE-YFP (yellow fluorescent protein) and ClpC-YFP formed foci coincident with nucleoid edges,
usually near cell poles. Furthermore, we found that ClpQ-YFP (HslV) localized as small foci, usually positioned
near the cell membrane. We found that ClpQ-YFP foci were dependent on the presence of the cognate hexameric
ATPase ClpY (HslU). Moreover, we found that LonA-GFP is coincident with the nucleoid during normal growth and
that LonA-GFP also localized to the forespore during development. We also investigated LonB-GFP and found that
this protein localized to the forespore membrane early in development, followed by localization throughout the
forespore later in development. Our comprehensive study has shown that in B. subtilis several ATP-fueled proteases
occupy distinct subcellular locations. With these data, we suggest that substrate specificity could be determined, in
part, by the spatial and temporal organization of proteases in vivo.

Regulated proteolysis is important for the degradation of
misfolded proteins in organisms ranging from bacteria to mam-
mals (for a review, see references 16 and 50). In eukaryotes,
the proteasome has roles in the degradation of regulatory
proteins, providing an added level of control for several path-
ways, including cell cycle and programmed cell death (for a
review, see references 16 and 76). Similarly, in bacteria, pro-
teolysis regulates several stress responses, including DNA
damage, heat shock, and oxidative stress (for a review, see
reference 16).

Several ATP-dependent proteases have been characterized
in bacteria, including Clp, Lon, and FtsH (HflB). The Clp
proteases are two-component degradation machines. These
proteases are composed of a hexameric AAA� component
that is required for both substrate recognition and ATP-de-
pendent substrate unfolding (for a review, see reference 16).
The hexameric ATPase associates with a multisubunit pepti-
dase that is required for substrate destruction. ClpE, ClpC,
ClpY (HslU), and ClpX all function in substrate recognition
and ATP hydrolysis, while ClpP and ClpQ (HslV) are the
peptidases in Bacillus subtilis (for a review, see reference 42).
ClpP pairs with ClpX, ClpC, and ClpE, while ClpQ (HslV)
pairs with ClpY (HslU) (12, 13).

In B. subtilis, Clp proteases carry out important roles during
normal growth and during stress responses (for a review, see
reference 11). During normal growth, ClpP is also important
for protein turnover (22). ClpXP function is required for spore
development during nutritional deprivation, DNA damage

checkpoint release, oxidative stress, and alkaline stress and for
the development of genetic competence for the uptake of
exogenous DNA (13, 22, 23, 29, 36, 39, 40, 71).

In Escherichia coli, Lon is a 94-kDa ATP-dependent pro-
tease that forms a ring-shaped hexamer with a central cavity
for degradation (44). The Lon protease in E. coli has been
characterized extensively (for a review, see reference 16). Dis-
ruption of E. coli lon results in striking phenotypes, including
cell filamentation, mucoid colony morphology, and sensitivity
to DNA-damaging agents (17–19, 30, 55, 66, 75). B. subtilis
encodes two lon homologs, lonA� and lonB� (49, 58). LonA
has been shown to prevent �G-dependent transcription during
vegetative growth (57), and lonB� gene expression is con-
trolled by �F in the forespore (58). In contrast to the drastic
phenotypes associated with E. coli lon strains, deletion of lonA,
lonB, or both in B. subtilis has no observable phenotype (54, 57).

The striking number of ATP-dependent proteases in B. sub-
tilis and other bacteria raises questions about how cells target
specific substrates to these abundant proteases in vivo. In E.
coli, ClpXP recognizes specific N- and C-terminal motifs lo-
cated within its substrates (10). Furthermore, experiments by
many groups have shown that substrate targeting to several Clp
proteases is based on peptide sequence (for a review, see
reference 56). Although Lon-dependent degradation is less
specific, critical amino acids within the DNA polymerase V
accessory subunit UmuD� have been identified (14). For many
of the Clp proteases, adaptor proteins have been well charac-
terized for specific targeting of substrates to their cognate
hexameric ATPase (6, 9, 27, 36–38, 43, 72). These examples
highlight the biochemical mechanisms used to specify substrate
delivery to the abundant energy-dependent proteases found in
bacteria (for a review, see reference 56).

In eukaryotic cells, the proteasome shows distinct subcellu-
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lar localization (53) and this localization contributes to the
degradation of specific substrates in vivo (for a review, see
references 15, 50, 51, and 73). Less is known about the sub-
cellular localization of proteases in bacteria. In B. subtilis,
localization of ectopically expressed FtsH-GFP (green fluores-
cent protein) has been shown to be near midcell in vegetative
cells and near the asymmetric septa of sporulating cells (70).
Cells deficient for ftsH show defects in cell division, suggesting
that FtsH subcellular localization contributes to the biological
function of this protease (7). Furthermore, LonB-GFP has
been shown to localize to the forespore in B. subtilis (58).
Although lonB strains show accumulation of a forespore-spe-
cific sigma factor, defects in sporulation have not been ob-
served (58).

The function of the subcellular localization of the Clp pro-
teases in B. subtilis or E. coli is not well understood. E. coli
ClpX-GFP and ClpP-GFP have been shown to form foci in a
small percentage of cells when overexpressed from a plasmid
(http://ecoli.aist-nara.ac.jp/GB5/search.jsp). For B. subtilis,
electron microscopy imaging of ClpC, ClpX, and ClpP has
shown that these proteins aggregate in heat-treated cells that
were fixed (23). The best-understood example is from Cau-
lobacter crescentus. In Caulobacter, ClpX and ClpP have been
shown to localize at the cell pole, and polar localization has
been shown to depend on a specific protein, CpdR (32). These
studies suggest that at least a subset of the ATP-dependent
proteases may localize to distinct subcellular positions.

In this study, we report the subcellular localization of the
Clp and Lon proteases in live B. subtilis cells. Each of the
functional fluorescent protein fusions examined was expressed
from its native promoter at its native chromosomal locus. We
found that these proteases and the associated ATPases occupy
multiple subcellular positions in live cells and that ClpX and
ClpP foci are dynamically regulated by temperature. We also
show that LonA-GFP localizes to the nucleoid during normal
growth and to the forespore during development. Further-
more, we find that LonB-GFP undergoes a redistribution that
is developmentally regulated. LonB-GFP associates with the
forespore membrane early during development, before redis-
tributing to the entire forespore later in development. Taken
together, we demonstrate that ATP-dependent proteases are
spatially and temporally regulated in B. subtilis. We suggest
that protease localization may help direct the degradation of
specific substrates in vivo.

MATERIALS AND METHODS

Bacteriological methods. All B. subtilis strains use in this study are described
in Table 1. We constructed C-terminal translational fusions of clpX, clpP, clpE,
clpC, and clpQ with gfp or yfp by using the EcoRI and XhoI sites in plasmids
pKL147 for gfp and pBS243 for yfp (25, 62). For construction of lonA-gfp and
lonB-gfp, we used a monomeric version of gfp with an extended flexible linker
that has been described previously (2). We used site-directed mutagenesis to
insert the A206K missense mutation into cfp(w7) in plasmid pKL189 (26).
pLS24A was then digested with XhoI and SphI to release the mcfp(w7) fragment
for replacement of gfp in plasmid pLS13 (clpP-gfp), yielding plasmid pLS24
[clpP-mcfp(w7)]. For construction of the lonA::spc allele, a 500-bp internal frag-
ment of lonA was cloned into pJL74 by use of EcoR1 and XhoI sites encoded in
the primers (24). All plasmids were used to transform the wild-type strain PY79.
For subsequent transformation, chromosomal DNA was harvested from the
established strain and used to transform subsequent strains, all of which were
derivatives of PY79. Sporulation was induced by adding 1 mg/ml decoyinine to S7

medium after the cultures reached an optical density at 600 nm of 0.5 (61). All
primer sequences used in this study are available upon request.

Medium and growth conditions. Unless otherwise indicated, all strains were
incubated at 30°C in S750 minimal medium (2) supplemented with 1% glucose, 0.1%
glutamate, 40 �g/ml tryptophan, and phenylalanine prior to microscopy. When
necessary, the following antibiotics were used, with the final concentration indicated:
spectinomycin, 100 �g/ml; chloramphenicol, 5 �g/ml; erythromycin, 0.5 �g/ml; lin-
comycin, 12.5 �g/ml; and neomycin, 2.5 �g/ml. For nucleoid condensation, either 5
�g/ml chloramphenicol or 50 �g/ml kanamycin was used following addition to the
growth medium for 60 min. For heat treatment, each strain was assembled onto
slides, and the slide was incubated at 42°C for 20 min. We found that ClpP-CFP
(cyan fluorescent protein) or ClpP-GFP focus numbers increased substantially even
after a 10-min incubation at 42°C (data not shown). Cells were examined immedi-
ately following incubation, and all images presented in figures or used for scoring
were acquired within 5 min following heat shock treatment. We found that the
increase in focus intensity of ClpP-GFP following heat shock was stable at room
temperature for at least 60 min (data not shown). For inhibiting protein translation,
cells were incubated with 40 �g/ml chloramphenicol until growth arrest (�2 h). Cells
were then heat treated at 42°C for 20 min prior to microscopy.

Microscopy. Live-cell microscopy was performed as described previously (59–
62). Briefly, 300-�l aliquots of cells were stained with the vital membrane dye
FM4-64 (Molecular Probes) and the DNA dye 4�,6�-diamidino-2-phenylindole
(DAPI). We used Chroma filter sets 41001 for GFP, 31000 for DAPI, 41002C for
FM4-64, 31044v2 for CFP, and 41029 for YFP (yellow fluorescent protein).
Exposure time for FM4-64 was 150 ms, that for DAPI was 43 ms, and that for
GFP ranged from 43 ms to 1 s depending on the GFP fusion protein (exposure
times are indicated in each figure legend). For other images, YFP exposure was
1 s, and CFP exposure was 90 ms. All images were colored and merged using
OpenLab software. Images were transferred to Adobe Photoshop and assembled
using Adobe Illustrator. For colocalization experiments, ClpX-YFP (90 ms) and
ClpP-CFP were captured after a 240-ms exposure for untreated samples and a
90-ms exposure for the heat-treated sample. The membrane was stained with
FM4-64, and images were captured after 300-ms exposures. In all cases, heat
treatment experiments were performed by placing the slide assembled with cells
and coverslip at 42°C for 20 min. Images presented in figures or quantitation in
tables were from at least two independent experiments. Single foci were scored
using a random-number generator to remove systematic bias from the cell mea-
surements, as described previously (2, 68).

Homology modeling. The model of B. subtilis ClpQ was generated using SWISS-
MODEL (http://swissmodel.expasy.org/SWISS-MODEL.html). The template used
to generate the B. subtilis model was from the E. coli ClpQ crystal structure coor-
dinates (3).

Protein structure accession number. The Protein Data Bank accession num-
ber used was 1ned.

TABLE 1. List of strains

Straina Relevant genotype Reference
or source

PY79 Prototroph SP�° 74
LAS31 clpX::clpX-gfpmut2 (spc) This work
LAS34 clpP::clpP-gfpmut2 (spc) This work
LAS56 clpP::clpP-mcfp(w7)(A206K) (spc) This work
LAS57 clpE::clpE-yfpmut2 (cat) This work
LAS58 clpX::clpX-yfpmut2 (cat) This work
LAS59 clpC::clpC-yfpmut2 (cat) This work
LAS62 clpQ::clpQ-yfpmut2 (cat) clpY This work
GJK485 clpP::clpP-mcfp(w7)(A206K) (spc)

clpX::clpX-yfpmut2 (cat)
R. Losick

LAS106 lonA::lonA-mgfpmut2(A206K) (spc) This work
LAS107 lonB::lonB-mgfpmut2(A206K) (spc) This work
LAS125 lonA::spc This work
LAS175 clpX::spc 28
LAS176 clpP::mls 41
LAS370 clpE::neo 54
LAS371 clpC::tet 54
LAS372 clpQY::spcb 54
LAS373 lonB::neo 54

a All strains used in this study are derivatives of PY79.
b The allele used in this study is described as hslVU::spc (54). HslUV is also

known as ClpQY (16). The latter terminology is used throughout this work.
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RESULTS

ClpP-GFP and ClpX-GFP foci form in the majority of cells.
To investigate the subcellular location of the ClpP peptidase,
the ClpX ATPase, and all of the proteins examined in this
work, we constructed a translational fusion of each gene to gfp
(or other fluorescent moiety) under the control of its native
promoter at its normal chromosomal locus (see Materials and
Methods). Also, for all fluorescent protein fusions described in
this study, the fusion represents the only source of each protein
in the cell (see Materials and Methods).

The ClpX-GFP and ClpP-GFP fusion proteins that we con-

structed are functional because the resultant strains do not
have any of the pleiotropic phenotypes associated with loss of
clpX or clpP function. For example, loss-of-function mutations
in clpX and clpP result in a defect in genetic competence. The
transformation efficiencies of the clpX-gfp and clpP-gfp strains
were similar to those of the wild-type strain, indicating that the
fusions are functional (data not shown).

We found that ClpX-GFP and ClpP-GFP showed two types
of localization patterns. ClpX-GFP and ClpP-GFP were dif-
fuse and present throughout the cell (Fig. 1C to F). These
proteins also formed discrete foci with fluorescence well above

FIG. 1. ClpX-GFP and ClpP-GFP form foci in nucleoid-excluded areas. (A) Positions of single ClpX-GFP foci scored from cell pole to focus
and plotted relative to cell length. (B) Positions of single ClpP-GFP foci scored from cell pole to focus and plotted relative to cell length. For each
plot, the left vertical axis denotes the near cell pole. The solid lines mark the midcell and the other cell pole, respectively. The dashed lines mark
the cell quarter positions. The number of cells scored is indicated, and the focus scoring was performed as described previously (2, 68).
(C) ClpP-GFP (green) with vital membrane stain FM4-64 (red); (D) ClpP-GFP with membrane stain following temperature shift for 20 min to
42°C. (E) ClpX-GFP with membrane; (F) ClpX-GFP with membrane following temperature shift for 20 min to 42°C. (G) ClpP-GFP at 30°C after
20 min; (H) ClpP-GFP at 42°C for 20 min; (I) ClpP-GFP pretreated with chloramphenicol prior to a shift to 42°C for 20 min. (J) ClpP-GFP foci
(white) and (K) the corresponding nucleoid stained with DAPI (blue) are shown after treatment with chloramphenicol and heat shock at 42°C for
20 min; (L) merge of ClpP-GFP (white) and the nucleoid stained with DAPI (blue). Bar, 2 �m.

6760 SIMMONS ET AL. J. BACTERIOL.



the diffuse background (Fig. 1C to F). We scored the positions
of ClpP-GFP and ClpX-GFP foci and found that the majority
of foci were located near cell poles (Fig. 1A to F; also see
below and Fig. 6). We determined that the percentage of cells
with one and two ClpP-GFP foci is higher than the percentage
of cells with one and two ClpX-GFP foci (Table 2). During
exponential growth, �67% (n � 372) of cells have a single
ClpP-GFP focus and �10% (n � 372) of cells have two ClpP-
GFP foci. In contrast, �52% (n � 730) of cells have a single
ClpX-GFP focus, and we did not observe any cells with two
ClpX-GFP foci (n � 730) (Table 2). Our finding that a higher
percentage of cells have single and double ClpP-GFP foci than
ClpX-GFP foci is statistically significant (P � 0.001) and is not
surprising because ClpP pairs with other hexameric ATPases
(12).

Heat shock induces ClpP-GFP focus formation. ClpP ex-
pression is induced following heat shock (12). We asked
whether heat shock also affects the number or appearance of
ClpP-GFP foci. Cells bearing the clpP-gfp allele were placed on
slides with agarose pads at room temperature to allow the cells
to settle. Slides were then incubated at either 42°C for 20 min
to induce heat shock or 30°C for 20 min as a control for the
effect of temperature. A temperature of 42°C instead of 50°C
was used, because we did not want to risk desiccating our cells
on the slides. We found that both the size and the number of
ClpP-GFP foci increased after incubation at 42°C (Table 2 and
Fig. 1C and D). It should be noted that the camera exposure
time for image capture of cells with ClpP-GFP foci at 30°C was
150 ms and that the exposure time for our heat-treated cells
was reduced to 43 ms to image the intense fluorescent foci
present at 42°C. When we examined our 30°C control, we did
not observe the striking increase in the number of foci that was
observed following incubation at 42°C (Fig. 1C).

During normal growth, ClpP-GFP foci were not visible in
�20% (n � 372) of cells. Following heat shock, only �2% (n �

376) of cells were devoid of ClpP-GFP foci (Table 2). In B.
subtilis, the expression of ClpP, but not ClpX, has been shown to
increase following heat treatment (12). Examination of ClpX-
GFP foci following incubation at 42°C showed that the percent-
age of cells with foci decreased (Table 2). During normal growth,
a single ClpX-GFP focus was observed in �52% (n � 730) of
cells, and we observed nearly a twofold decrease (�27%, n �
549) in single-focus cells following heat treatment (Table 2 and
Fig. 1F). We determined that, for both ClpX-GFP and ClpP-
GFP, the alterations in the percentage of cells with foci following
heat shock that we observed were statistically significant (P �
0.001). It has been shown that ClpC expression is induced by heat
shock (12). We suggest that the decrease in ClpX-GFP foci may
coincide with an increase in assembly of the ClpCP protease in
vivo (12). Taken together, we find that the number of ClpP-GFP
foci increased following heat shock and the number of ClpX-GFP
foci decreased. We conclude that ClpP-GFP and ClpX-GFP foci
are dynamically regulated by temperature (Fig. 1C to F).

In B. subtilis, alterations in protein levels can be detected
within 3 min of a temperature shift to 46°C or 50°C (1). To
determine if the increase in the percentage of cells with ClpP-
GFP foci was due to increased protein synthesis or a redistri-
bution of existing ClpP-GFP protein, we inhibited protein syn-
thesis with the addition of chloramphenicol prior to heat
shock. Following transfer to 42°C, we still observed the striking
increase in the percentage of cells with ClpP-GFP foci in cells
arrested for protein synthesis (Fig. 1G to I). Scoring of these
cells showed that only �4% of cells (n � 329) were devoid of
at least a single ClpP-GFP focus. We conclude that heat shock
induces a dynamic redistribution of ClpP-GFP into foci in vivo
independently of protein synthesis. Because we were virtually
unable to detect a fluorescence signal from the diffuse pool of
ClpP-GFP following heat treatment (Fig. 1H and I), we spec-
ulate that the increase in ClpP-GFP foci is formed from the
redistribution of diffusely localized ClpP-GFP into foci.

As mentioned above, it is established that ClpP-GFP expres-
sion does increase following heat shock (12), and we have
shown that the increase in the percentage of cells with ClpP-
GFP foci is independent of protein synthesis. We have found
that when cells were heat treated for prolonged time periods
(60 min) the size of the foci increased and the fluorescence
signal from the diffuse fluorescence also increased in cells that
were not arrested for protein synthesis (data not shown).
Taken together, ClpP-GFP foci can redistribute following heat
treatment in the absence of protein synthesis. If protein syn-
thesis is not inhibited, then ClpP-GFP expression increases,
and this is observed at the single-cell level as an increase in the
fluorescence signal of the foci and diffusely localized protein.

ClpX and ClpP form discrete foci in nucleoid-free areas.
Under normal growth conditions, we observed ClpP-GFP foci
coincident with the nucleoid in only �5% of cells (n � 267)
(Fig. 6). It is difficult to discern if ClpP-GFP foci are actually
coincident with the nucleoid or positioned closely adjacent to
the nucleoid because the nucleoid is spread throughout most
of the cell (61). In an effort to better determine nucleoid
coincidence, we treated cells with chloramphenicol to con-
dense the nucleoid away from the cell membrane to more
easily image the position of ClpP-GFP foci relative to the DNA
(61). After incubating cells with chloramphenicol for 1 h, we
also heat treated these cells to increase the number of ClpP-

TABLE 2. Percentages of cells with Clp foci during normal growth
and following heat shocka

Fusion Heat
treatment

No. of
cells

% of cells with:

0 foci 1 focus 2 foci 	3 foci

ClpP-GFP 
 372 20 67 10 2
� 376 2 52 38 7

ClpX-GFP 
 730 48 52 0 0
� 549 72 27 �1 0

ClpE-YFP 
 900 88 11 �1 0
� 494 81 19 �1 0

ClpC-YFP 
 717 82 17 1 0
� 482 86 13 1 0

a For each experiment, cultures were grown at 30°C in S750 minimal medium.
Cells were stained with the vital membrane stain FM4-64 and DAPI, followed by
assembly onto microscope slides containing agarose pads. For each strain, one
slide was heat treated at 42°C for 20 min followed by microscopy (�, with heat
treatment; 
, without heat treatment). In cells without foci, �100% had diffusely
distributed fluorescence for ClpP-GFP, ClpX-GFP, and ClpQ-YFP. For ClpE-
YFP and ClpC-YFP, 100% of cells without foci showed nucleoid-associated
fluorescence. ClpQ-YFP does form punctate foci in most cells (Fig. 4). These foci
were too faint to score accurately to include in this table. ClpQ-YFP foci were
also unchanged following heat shock at 42°C for 20 min. Statistical significance
for the change in number of foci between normal growth and growth following
heat shock was calculated using the chi-square test for homogeneity. A P value
of �0.001 was obtained for ClpP-GFP, ClpX-GFP, and ClpE-YFP following
heat shock.
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GFP foci to determine the percentage of cells that showed
ClpP-GFP foci coincident with the nucleoid. We found that
only �3% of cells had ClpP-GFP foci coincident with the
nucleoid (n � 237) (Fig. 1J and L). We found that ClpP-GFP
foci form in mostly nucleoid-free areas usually near cell poles
and that ClpP-GFP foci are rarely coincident with the nucleoid
during normal growth conditions (Fig. 6) or following heat
shock (Fig. 1J to L).

We also examined the frequency at which ClpX-GFP foci were
coincident with the nucleoid. We found that virtually all of the
ClpX-GFP foci were located near cell poles (Fig. 6). We observed
ClpX-GFP foci coincident with the DNA in only �0.5% (n �
425) of cells. We conclude that the vast majority of ClpP-GFP and
ClpX-GFP foci are not coincident with the DNA.

ClpP-CFP colocalizes with ClpX-YFP. ClpX and ClpP have
been shown to form a protease machine in vitro with the
interacting interface well characterized for the E. coli proteins
(for a review, see reference 56). In both B. subtilis and Cau-
lobacter, ClpX and ClpP coimmunoprecipitate from whole-cell
extracts, demonstrating an interaction between these proteins
in vivo (12, 32). These biochemical observations motivated us
to determine if ClpX-YFP and ClpP-CFP foci colocalize in

single cells. To explore this, we constructed a strain expressing
ClpX-YFP and ClpP-CFP fusions for simultaneous visualiza-
tion. We found that strains bearing both the clpP-cfp and
clpX-yfp alleles show some of the phenotypes associated with a
clpX or clpP null strain, indicating that the combination caused
a minor synthetic defect (data not shown). Overall, however,
strains bearing both of these fusion alleles behaved more like
the wild type than like either of the clpX or clpP disrupted
strains. When we examined the numbers of ClpP-CFP and
ClpX-YFP foci, we did observe a higher percentage of cells
with ClpX-YFP foci (�77%, n � 259) than with ClpP-CFP foci
(�65%, n � 232), which is not what we observed with the
single ClpX-GFP fusion strain (Table 2). We hypothesize that
the increase in the percentage of cells with ClpX-YFP foci is a
consequence of having both fusion proteins present in the
same cell and that this may contribute to the phenotype of the
resultant strain. With this limitation, we examined the fre-
quency of colocalization between the ClpP-CFP and ClpX-
YFP foci.

We found that �94% (n � 233) of ClpP-CFP foci captured
were coincident with ClpX-YFP foci, suggesting that the foci
may represent a functional proteasome in vivo (Fig. 2A to D).

FIG. 2. ClpX-YFP and ClpP-CFP foci colocalize during normal growth and following heat shock. (A) ClpX-YFP; (B) ClpP-CFP; (C) merge
of ClpX-YFP and ClpP-CFP; (D) membrane stained with FM4-64. (E) ClpX-YFP at 42°C; (F) ClpP-CFP at 42°C; (G) merge of ClpX-YFP and
ClpP-CFP; (H) corresponding membrane stain. (I) Quantitation of the percentage of ClpP-CFP foci paired with ClpX-YFP or free (unpaired) with
ClpX. Arrows in panel G highlight free ClpP-CFP foci. The percentage of cells with ClpP-CFP was �98% (n � 414) with foci following heat
treatment. For the ClpX-YFP images shown in panels A and E, the 90-ms exposure does not capture the diffuse fluorescence that ClpX-YFP forms.
Bar, 2 �m.
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Because the percentage of cells with ClpP-GFP foci increases
following heat shock, we examined ClpP-CFP and ClpX-YFP
colocalization following incubation at 42°C for 20 min. We
found that �20% of ClpP-CFP foci (n � 256) were unpaired
with ClpX-YFP following incubation at 42°C, compared with
only �6% of ClpP-CFP foci (n � 233) during normal growth
(Fig. 2I). This result was of interest. As mentioned above, ClpP
peptidase has the capability to pair with several hexameric
ATPases. We speculate that the increase in number of ClpP-
CFP foci following heat shock coincides with an increase in
ClpP peptidase pairing with ClpE and ClpC hexameric
ATPases. Because both ClpE and ClpC provide significant
roles in protein degradation during heat shock (38, 41), we
hypothesize that, during heat shock, new ClpP foci will pair
with existing ClpE or ClpC to degrade unfolded proteins
caused by increased temperature. We conclude that ClpP-CFP
and ClpX-YFP foci colocalize in vivo, and we suggest that the
foci may represent sites of ClpXP-dependent protein degrada-
tion.

ClpE-YFP and ClpC-YFP form foci on the nucleoid edge
near the cell pole. After examining the localization of ClpX
and ClpP foci, we asked whether the hexameric ClpE and ClpC
ATPases displayed similar or different subcellular localization
properties. ClpE is important for CtsR-dependent derepres-
sion of heat shock genes (33), while ClpC contributes to the
control of competence development and the heat shock re-
sponse (38).

We found that ClpE-YFP fluorescence and ClpC-YFP flu-
orescence (not foci; for foci, see below) were nucleoid associ-
ated in �100% (n � 200) and �99% (n � 272) of cells,
respectively (Fig. 3C to F). We define nucleoid association as
protein fluorescence that is coincident with the DAPI-stained
DNA (Fig. 3C to F). This pattern is in striking contrast to that
of ClpX-GFP, which is not nucleoid associated (Fig. 6). For
ClpE-YFP and ClpC-YFP, we can show nucleoid-associated
fluorescence by condensing the nucleoid through inhibition of
protein translation following addition of kanamycin to the
growth medium (data not shown) (69). For ClpC-YFP, all of
the fluorescence condenses with the nucleoid, demonstrating
nucleoid association. For ClpE-YFP, some fluorescence ob-
served is not DNA associated, indicating that ClpE-YFP is
both DNA associated and free in the cytoplasm (Fig. 3A).

In addition to nucleoid-associated fluorescence, ClpE-YFP
and ClpC-YFP form foci in a subpopulation of cells (Fig. 3 and
Table 2). During normal growth in defined S750 minimal me-
dium, ClpE-YFP and ClpC-YFP formed foci in �11% and
�17% of cells, respectively (n � 900 for ClpE-YFP and n �
717 for ClpC-YFP). ClpC-YFP and ClpE-YFP foci are coin-
cident with the nucleoid edge closest to the cell pole in the
majority of cells that have foci (Fig. 3 and 6). Following heat
shock, the percentage of cells with ClpE-YFP foci increases (P �
0.001) and the percentage of cells with ClpC-YFP foci is al-
most unchanged (Table 2). Qualitatively, however, ClpC-YFP
foci are more intense following heat shock (data not shown).
We conclude that most of the ClpE fluorescence and all of the
ClpC fluorescence that we detect are coincident with the nu-
cleoid and that ClpE-YFP and ClpC-YFP foci are coincident
with the nucleoid edge near the cell pole.

ClpQ-YFP (HslV) localizes as foci and diffuse fluorescence
throughout the cell. We were interested in understanding

whether the ClpQY (HslVU) protease organized into focal
assemblies as we have observed with the other Clp proteases.
The function of the ClpQY protease in B. subtilis is poorly
understood, although the ClpQY protease has been shown to
degrade misfolded proteins in E. coli (35) and the structure of
these proteins is known for E. coli and Haemophilus influenzae
(3, 4, 64, 67).

Because we lacked an in vivo assay examining the function-
ality of these fusions, we used the available structural informa-
tion to guide our analysis and predict if the fusion proteins
were likely to be functional. For two reasons, we hypothesized
that a C-terminal YFP fusion to ClpY was likely to disrupt
interaction with ClpQ (HslV) and inactivate the protease in
vivo. First, C-terminal mutations in E. coli ClpY inactivate
peptide hydrolysis by the ClpQY protease machine in vitro
(63). Second, the H. influenzae ClpQY protease structure
shows that the C-terminal ClpY helices bind to sites in between

FIG. 3. ClpE-YFP and ClpC-YFP form foci on nucleoid edges near
cell poles. (A) Positions of single ClpE-YFP foci scored from cell pole
to focus and plotted relative to cell length. (B) Positions of single
ClpC-YFP foci scored from cell pole to focus and plotted relative to
cell length. For each plot, the left vertical axis denotes the near cell
pole. The solid lines mark the midcell and other cell pole, respectively.
The dashed lines mark the cell quarter positions. The number of cells
scored is indicated in the graph. (C) ClpE-YFP; (D) corresponding
DAPI. (E) ClpC-YFP; (F) corresponding DAPI. (G) ClpE-YFP
(green) and membrane (red). (H) ClpC-YFP (green) and membrane
(red). The exposure time for ClpE-YFP and ClpC-YFP was 2 s. The
cell membrane was stained with FM4-64. Bar, 2 �m.
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the ClpQ monomer interfaces (47, 63), suggesting that a C-
terminal YFP fusion to ClpY would inhibit docking of ClpY to
ClpQ. We also considered investigating an N-terminal YFP-
ClpY fusion but did not because the N terminus of Clp
ATPases has a conserved role in substrate recognition. Be-
cause of these limitations, we did not pursue the subcellular
localization of B. subtilis ClpY.

In contrast, the structures of both E. coli and H. influenzae
show that the C terminus of ClpQ (HslV) is exposed at the
surface of each monomer in the assembled ClpQY protease
machine (3, 4, 64, 67). We modeled the B. subtilis ClpQ (HslV)
monomer to determine if the C terminus of the B. subtilis
protein was predicted to be surface exposed on the outside of
the proteolytic chamber. Indeed, the C-terminal �-strand is
modeled on the exterior of the ClpQ monomer (Fig. 4A).
Based on the B. subtilis ClpQ homology model (Fig. 4A) and
the crystal structure of the intact ClpQY protease machine (3,
4, 64), we predicted that the ClpQ-YFP fusion was unlikely to
disrupt activity of the ClpQY protease in vivo (Fig. 4A) (63).
With this information, we moved forward with characterization
of the ClpQ-YFP fusion protein.

We examined the subcellular localization of ClpQ-YFP in
a strain background that was deficient for clpY because
integration of the clpQ-yfp fusion would disrupt expression
of clpY directly downstream. We found that ClpQ-YFP was
localized diffusely throughout most cells and formed very
large single foci in �1% of cells (n � 521) (Fig. 4B). Strik-
ingly, when we examined ClpQ-YFP localization following
expression of clpY by using an IPTG (isopropyl-�-D-thioga-
lactopyranoside)-inducible promoter, we found that ClpQ-
YFP formed very small foci in �100% of cells (n � 325).
Because the small ClpQ-YFP foci are difficult to image, we
did not score the number or position of these focal assem-
blies. It should be noted that ClpQ-YFP foci appear to be
localized mostly to nucleoid-free areas near the cell mem-
brane (Fig. 4C and D). The localization of ClpQ-YFP pro-
tein was unchanged following heat shock at 42°C for 20 min
(data not shown). We conclude that ClpQ-YFP forms foci
and that focus formation is dependent on clpY�, suggesting
that these focal assemblies require formation of a protease
machine in vivo.

LonA-GFP localizes to the nucleoid and the forespore.
LonA and LonB of B. subtilis are homologs of the ATP-de-
pendent E. coli Lon protease (49). E. coli Lon has been shown
to regulate several pathways, including DNA damage re-
sponse, heat shock, and colanic acid (capsular polysaccharide)
production (16). We found that LonA-GFP is nucleoid asso-
ciated and that LonA-GFP nucleoid fluorescence is enhanced
by heat shock (Fig. 5A and C). We find this localization pattern
particularly interesting because E. coli Lon has been shown to
have DNA binding activity and because both single- and dou-
ble-stranded DNA stimulate ATP-dependent proteolysis (5).
Also, in E. coli, Lon has been shown to degrade many proteins
that are involved in DNA metabolism. Thus, the nucleoid
association of B. subtilis LonA may contribute to the function
or selection of substrates for this protease in vivo.

During sporulation, one copy of the chromosome is trans-
located into the developing forespore, while the other copy
remains in the mother cell (for a review, see reference 52).
Because we observed LonA-GFP to be coincident with the

nucleoid, we asked if this protein also localized to the fore-
spore DNA during development. Strikingly, we did not observe
considerable enrichment of the forespore DNA with LonA-
GFP (data not shown) early during sporulation. As the spore
developed, LonA-GFP (t 	 2 h) fluorescence became more
intense and we observed considerable enrichment of LonA-
GFP fluorescence in the forespore later in development (Fig.
5E and F). We conclude that LonA-GFP is produced in the
forespore.

LonB-GFP localizes to the forespore membrane early in
development. LonB-GFP subcellular localization is temporally
distinct from LonA-GFP. The lonB gene is transcribed from a

FIG. 4. ClpQ-YFP is distributed diffusely and forms small foci.
(A) Homology model of the B. subtilis ClpQ (HslV) monomer. The
residues colored in red represent the C-terminal 8 amino acids of ClpQ
(DQIILEEL). Shown is a side view. The “surface” represents the
outside and the solvent-exposed exterior of the proteolytic chamber,
and the “chamber” represents the site of peptide proteolysis when
assembled into a dodecamer. (B) ClpQ-YFP and membrane in a clpY
mutant background; (C) ClpQ-YFP in a clpY� background; (D) merge
of ClpQ-YFP and membrane (red). (E) Corresponding DNA (blue)
and membrane (red) for ClpQ-YFP; (F) merge of ClpQ-YFP with
DNA and membrane. Arrows highlight the positions of several ClpQ-
YFP foci. The membrane was stained with FM4-64. Bar, 2 �m.
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�F promoter, and LonB-GFP localizes exclusively to the fore-
spore during sporulation (58). We asked whether LonB-GFP
has a distinct localization pattern during log-phase growth.
LonB-GFP had very little if any fluorescence above that of a
wild-type strain lacking a GFP fusion, and the fluorescence was
distributed diffusely throughout the cell (data not shown).
Heat shock of LonB-GFP did not alter this localization pattern

(data not shown). We induced sporulation and confirmed pre-
viously published data that LonB-GFP fluorescence is fore-
spore associated (Fig. 5J and K) (58). Strikingly, sporulation
time course experiments revealed that LonB-GFP localized to
the forespore membrane early in sporulation (t � 2 h) (Fig. 5G
to I). As sporulation progressed, LonB-GFP was no longer
localized exclusively to the forespore membrane but instead
was present throughout the forespore (Fig. 5J and K) (58). We
conclude that the subcellular localization of LonA and LonB is
temporally regulated in B. subtilis during sporulation, with
LonB-GFP localizing to the forespore membrane early during
development. Later in development, both LonB-GFP and
LonA-GFP are present throughout the forespore later during
development (Fig. 5).

DISCUSSION

In the present study, we have examined the subcellular lo-
calizations of the Clp peptidases, Clp hexameric ATPases (ex-
cept ClpY), and Lon proteases of B. subtilis. Our study exam-
ined each of these proteases or ATPases fused to a fluorescent
moiety and expressed from their native loci in living cells. We
also examined the subcellular localization of each of these
proteins during normal growth and following heat shock. Our
results show that several of the Clp and Lon ATP-dependent
proteases show distinct spatial and/or temporal subcellular lo-
calization patterns in B. subtilis.

Examination of the ClpP peptidase showed that this protein
forms single foci in most cells (�67%) and multiple foci in a
subset of cells (�12%) during normal growth (Table 2). ClpX
forms foci in nucleoid-free areas and is rarely coincident with
the nucleoid. In contrast, ClpE-YFP and ClpC-YFP show flu-
orescence that is coincident with the nucleoid and foci that
form on nucleoid edges near cell poles (Fig. 6). Although the
Clp ATPases form foci in locations distinct from each other,
the ClpP peptidase localizes to all of these subcellular locations
but is more prevalent in areas occupied by ClpX (Fig. 6).
Consistent with this observation, the majority of ClpP-CFP foci
are colocalized with ClpX-YFP during normal growth (Fig. 2).
Upon heat shock, the number of ClpP-CFP foci increases, and
we propose a model where a limited number of ClpP pepti-
dases are complexed with ClpE and ClpC during normal
growth; however, following heat shock, the new ClpP foci that
are formed pair with ClpE and ClpC. We also showed that
ClpP-GFP foci are dynamically regulated by temperature and
that the percentage of cells with foci increases following heat
treatment even in the absence of protein synthesis.

We investigated the subcellular localization of ClpQ (HslV)
and found that ClpQ-YFP forms small punctate foci in areas
near the cell membrane. We also determined that ClpQ-YFP
focus formation was dependent on clpY�. We pursued similar
experiments with ClpX and ClpP and found that ClpX-YFP
focus formation was not dependent on clpP and that ClpP-CFP
focus formation was not dependent on clpX (data not shown).
Furthermore, in an accompanying work, Kain et al. (21) show
that the abilities of ClpX-GFP, ClpP-GFP, and ClpC-GFP to
form foci are independent from one another. Taken together,
focus formations by ClpP, ClpC, and ClpX are not interdepen-
dent, but focus formation by ClpQ-YFP does depend on clpY.

In B. subtilis, the subcellular localization of Lon proteases

FIG. 5. LonA-GFP localizes to the nucleoid and the forespore.
(A) LonA-GFP and membrane; (B) corresponding DNA (DAPI) and
membrane. (C) LonA-GFP at 42°C and membrane; (D) corresponding
DNA (DAPI) and membrane. (E) LonA-GFP differential interference
contrast (DIC); (F) corresponding LonA-GFP. (G) LonB-GFP; (H) cor-
responding membrane; (I) merge of LonB-GFP with membrane. (J) DIC
corresponding to LonB-GFP; (K) LonB-GFP. The time following induc-
tion of sporulation is indicated in the appropriate panels. The membrane
was stained with FM4-64. Bar, 2 �m.
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shows spatial and temporal separation. LonA-GFP is localized
to the nucleoid, possibly for degradation of proteins involved
in DNA metabolism, while LonB-GFP is localized to the fo-
respore (58) (Fig. 5) and is not observed in the mother cell. We
investigated LonB-GFP localization further and found that this
protein localizes to the forespore membrane early during de-
velopment (Fig. 5G to I) but that later in development LonB-
GFP is localized to the entire forespore (Fig. 5J and K), con-
firming previous observations (58). These data suggest a
developmentally regulated redistribution in the localization of
LonB-GFP. As mentioned above, lonB-deficient strains lack a
sporulation phenotype; however, we find the colocalization of
LonB-GFP with the forespore membrane interesting. Several
proteins that localize preferentially to the forespore membrane
early during development have been identified (for a review,
see reference 48). It is tempting to consider a model where
LonB contributes to the degradation of forespore-specific
membrane proteins.

In Caulobacter crescentus, ClpXP has been shown to form
polar foci (32). Polar ClpXP degrades the essential cell cycle
regulator CtrA, only at the cell pole (32). ClpXP localization is
dynamically regulated in Caulobacter. The unphosphorylated
form of CpdR is required for polar localization of ClpXP (20).
When Caulobacter cells are deficient for cpdR, ClpXP polar
localization is disturbed and two ClpXP substrates, CtrA and
McpA, are not degraded (20). These data indicate that in
Caulobacter proper subcellular positioning of ClpXP is impor-
tant for the role of ClpXP in cell cycle regulation. CpdR does
not have homologs in B. subtilis or E. coli, and thus the mech-
anism of polar localization in these organisms remains un-
known.

These data raise questions about how ClpX and ClpP are
targeted near cell poles in B. subtilis. In an accompanying
paper, Kain et al. (21) show that the polar localization of ClpX
and ClpP is not dependent on the presence of the polar protein
DivIVA (31, 45, 46, 65). The anionic phospholipid cardiolipin
also accumulates at cell poles (8, 34), but ClpP and ClpX still

form foci in cells deficient for cardiolipin production, demon-
strating that this phospholipid is not the sole targeting signal.
Furthermore, their work shows that B. subtilis ClpP and ClpX
still localize near cell poles when expressed in E. coli. Their
results demonstrate that these proteins intrinsically recognize
cell poles. Taken together, our data and the Caulobacter results
show that ClpXP polar localization is conserved between B.
subtilis, Caulobacter, and possibly other bacteria. A future chal-
lenge will be to determine the protein(s) or signals that direct
localization of the Clp peptidases and ATPases to localize near
cell poles in B. subtilis.
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