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Depletion of the Bacillus subtilis GTPase CpgA produces abnormal cell shapes, nonuniform deposition of cell
wall, and five- to sixfold accumulation of peptidoglycan precursors. Nevertheless, the inherent structure of the
cell wall appeared mostly unchanged. The results are consistent with CpgA being involved in coordinating
normal peptidoglycan deposition.

The gene cpgA, encoding a multidomain GTPase, is located
in a conserved gene cluster, downstream of and cotranscribed
with two genes prpC and prkC, encoding, respectively, a Ser/
Thr phosphatase and a sensor kinase (18, 27, 28, 31). PrkC
contains an external domain with three PASTA repeats that
are likely involved in binding peptidoglycan (34), while its
Mycobacterium tuberculosis homologue, PknB, has been impli-
cated in cell wall synthesis (20). We have recently shown that
cells depleted for CpgA display marked morphological
changes, including swollen cells and a variety of bizarre forms
(8). Production of the peptidoglycan sacculus and rod shape
morphology in B. subtilis is dependent on penicillin-binding
proteins (PBPs) with transglycosylase and transpeptidase ac-
tivities (17). However, recent evidence indicates that the actin-
like proteins MreB, Mbl, and MreBH form a cytoskeletal
structure under the membrane that is also required for the
assembly of peptidoglycan (5, 6, 10, 14). We now suggest that,
while prkC and prpC are involved in monitoring the status of
peptidoglycan, CpgA (YloQ), based on its structure (23, 24),
low abundance, and probable association with ribosomes (4, 8,
9, 16), is a translation factor affecting production of certain
proteins involved in morphology determination. We examined
in detail here the possible nature of the cell wall defect in cells
depleted of CpgA.

We used a strain (BFS2823) with a copy of cpgA controlled
by a pspac promoter in the chromosome (8, 15), allowing
depletion of CpgA (confirmed by reverse transcription-PCR
[data not shown]) in exponentially growing cells in E-medium,
in the absence of IPTG (isopropyl-�-D-thiogalactopyranoside).
Under these conditions, as shown in Fig. 1A, we observed a

reduced growth rate (generation time of 56 min compared to
31 min for the nondepleted strain) and major morphological
changes, with many swollen and irregular-shaped cells, as
shown previously (8). The minimal E-medium (25) contains a
low concentration of phosphate, but supplementation with in-
creased phosphate had no effect on growth or cellular mor-
phology. A significant increase in generation time (170 min
compared to 110 min for the parental strain) and abnormal
shapes were also observed (Fig. 1B) after depletion of CpgA in
Spizizen medium (1). In contrast, in cultures of BFS2823 in
medium grown with IPTG (Fig. 1) the cells appeared normal.
However, as we observed previously (8), growth of depleted
cultures in LB was not affected, although a small number of
longer cells were observed (all data not shown). Therefore, the
effect on growth rate and the greatly perturbed morphology,
after depletion of CpgA, may be expressed in media supporting
slow growth rates, indicating that CpgA is essential for normal
growth under these conditions (see also reference 21).

To obtain more information on the nature of the abnormal
morphology in CpgA depleted cells, we carried out a detailed
study of electron microscopic (EM) sections of the normal and
depleted cells in E-medium with sampling for EM sectioning
and staining with uranyl acetate as described previously (26).
In the absence of IPTG, up to 70% of cells displayed a range
of marked abnormalities throughout the growth phase (Fig. 2
and 3), including swollen, coccoid-like cells and a variety of
bizarre shapes. Importantly, in many cells, there appeared to
be an irregular deposition of cell wall, producing various levels
of thickness (see arrows in Fig. 3), compared to the wild type.
This suggested impairment of the expansion of the cell wall,
normally involving uniform deposition or distribution of the
multilayered cell wall throughout the cell. Finally, up to 15% of
the depleted cells showed multiple or otherwise abnormal sep-
tal cleavage planes (Fig. 3B). We confirmed that these shape
changes were abolished in the presence of IPTG or when
depleted cells of strain OMG501, derived from BFS2823 but
ectopically expressing cpgA from a xylose dependent copy of
cpgA (8), were used (data not shown).
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These results indicated that in depleted cells, the nature of
the cell envelope, probably the peptidoglycan, the major shape
determinant, and/or its assembly, were perturbed. However,
with depleted cells grown in E-medium, plus or minus IPTG (1
mM), in plate and liquid tests, we found no change in sensi-
tivity (exponential- or stationary-phase cells) to ampicillin
(PBP target), vancomycin (binds to late peptidoglycan precur-
sors), or fosfomycin (inhibitor of MurA, first enzyme in the
biosynthesis of peptidoglycan) (19). However, with cefuroxime
or cefotaxime (cephalosporins also targeting PBPs) the de-
pleted cells were more sensitive, with a reduced MIC in Spiz-
izen medium, 0.25 �g/ml compared to 1 �g/ml for nondepleted
cells. The depleted cells, in contrast, displayed a level of sen-
sitivity to osmotic shock (4% NaCl), Triton X (0.01 to 0.5%),

or EGTA (25 mM) identical to that of the nondepleted cells or
wild-type strain 168 (data not shown).

We also measured in depleted cells the level of teichoic acids
(from cell wall phosphorus content, as described previously
[11]), the major PBPs 1 to 5 (measured as described previously
[12, 35]), the cytoskeleton protein Mbl and its association with
the membrane (using Western blotting and microscopy analy-
sis of an Mbl-GFP fusion as described in reference 18), pep-
tidoglycan (diaminopimelic acid content [3]) and, as shown in
Fig. 4, the muropeptide composition (determined by high-
pressure liquid chromatography [HPLC] analysis). In every
case, the depleted cells were essentially normal, compared to
nondepleted cells or the wild type. Finally, in contrast to cells
depleted of Mbl, MreB, MreBH (7, 14), or MreC/D, impli-

FIG. 1. (A) Effect of depletion of CpgA on growth. Cultures were grown at 37°C for strain 168 trpC (F), its derivative BFS2823 without IPTG
(�) or BFS2823 with 1 mM IPTG (✚) in E-medium or Spizizen medium. BFS2823 expresses cpgA from a pspac promoter. (B) Morphology defect
of CpgA-depleted cells. Phase-contrast micrographs of strain 168 (wild type) and CpgA-depleted cells (BFS2823) grown either in E-medium or
Spizizen medium, sampled at and optical density (OD) of 0.4, are shown.
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cated in morphogenesis through the coupling of Mbl cables to
sites of extracellular cell wall synthesis (22), we found that the
shape changes in CpgA-depleted cells were not reversed by 10
mM magnesium (data not shown), providing more evidence
that morphogenetic factors, compromised in some way in
CpgA-depleted cells, did not involve specific reductions in the
major cytoskeleton components. Interestingly, however, EM

sections of cells depleted of MreD, were also previously re-
ported to show irregular deposition of cell wall material (22),
indicating that MreD and CpgA may function in the same
pathway.

From all of these above studies, the obvious defect in normal
cell wall deposition (EM sections and precursor accumulation)
could not be correlated, with the exception of some sensitivity
to cephalosporins, with chemical defects in the assembled pep-
tidoglycan. Finally, we therefore determined whether the nor-

FIG. 2. EM sections of CpgA-depleted cells throughout the growth
phase. Strain 168 (A) and strain BFS2823 (B to D), both grown in
E-medium without IPTG, are shown. EM sections (samples were fixed
with 2.5% glutaraldehyde in cacodylate buffer and stained with 1%
uranyl acetate, and ultrathin sections were contrasted with lead ace-
tate) were prepared as described previously (26) and are shown at
different stages of the growth phase. (A) Mid-exponential phase,
OD � 0.4; (B) OD � 0.4; (C) OD � 0.8; (D) stationary phase. In
contrast to strain 168, a variety of misshapen cells with some abnormal
division planes are visible throughout the growth phase with depleted
cells. BFS2823 with IPTG or a derivative of BFS2823, ectopically
expressing cpgA from a xyl promoter, produces largely normal cells
(data not shown).

FIG. 3. EM sections of CpgA-depleted cells reveal nonuniform
deposition of cell wall. (A) Wild-type strain 168; (B) BFS2823 grown
without IPTG in E-medium at 37°C, with nonuniform deposition of
cell wall (arrows) and multiple aberrant division planes in a minority of
cells.

FIG. 4. HPLC analysis of the muropeptides in peptidoglycan from
depleted and nondepleted strains. (A) Strain 168; (B) BFS2823 with-
out IPTG; (C) BFS2823 with IPTG. Purified peptidoglycan (2) was
digested with cellosyl N-acetylmuramidase, and the resulting muropep-
tides were reduced as described previously (3). The muropeptide mix-
tures were applied to a 5-�m Vydac C18 reversed-phase column and
eluted as described previously (3) a, main monomer; b, main dimer.
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mal flow of peptidoglycan precursors was maintained in cells
depleted of CpgA. As before, cells from strain 168 or strain
BFS2823, in E-medium, with or without 1 mM IPTG, were
harvested, and peptidoglycan precursors were extracted from
the cytoplasm and quantified as described previously (3, 13, 29,
30). Assembly of B. subtilis peptidoglycan monomer units pro-
ceeds by a linear sequence of reactions via a series of UDP
nucleotide precursors and lipid intermediates (33). The cyto-
plasmic steps culminate in the formation of the UDP-MurNAc
pentapeptide precursor from UDP-N-acetylglucosamine
(UDP-GlcNAc). In fact, as shown in Table 1, CpgA depletion
resulted in a reproducible five- to sixfold increase in the level
of UDP-MurNAc pentapeptide, with a similar increase in the
immediate upstream precursors, the di- and tripeptides. In
contrast, there was no significant change in the pool of the
early precursor, UDP-GlcNAc. This indicated a bottleneck in
the depleted cells, causing precursors to accumulate as the
coordinated distribution of precursors into the expanding cell
wall to ensure uniform construction of the multilayered saccu-
lus was disrupted. Such a bottleneck would be consistent with
the observed nonuniform deposition of cell wall material in the
depleted strain, revealed by the EM analysis.

In conclusion, we suggest that CpgA acts as a translation
factor to control the synthesis of certain factors required for a
late step in biogenesis of peptidoglycan involving coordinated
deposition of a uniform cell wall layer. When CpgA is de-
pleted, we envisage that such factors (although not apparently
Mbl or a major PBP) become limiting. Then, although pepti-
doglycan precursors are apparently largely inserted and cross-
linked normally, a final step in the coordinated spatial depo-
sition throughout the cell is perturbed, resulting in the
accumulation of precursors, a cell wall of varying thickness and
abnormal cell morphology. Importantly, we now have evidence
that CpgA is a substrate, at least in vitro, for the kinase PrkC
and the phosphatase PrpC (unpublished data), providing fur-
ther support for functional linkage of both proteins in pepti-
doglycan biogenesis and homeostatic control.
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7. Carballido-López, R., A. Formstone, Y. Li, S. D. Ehrlich, P. Noirot, and J.
Errington. 2006. Actin homolog MreBH governs cell morphogenesis by
localization of the cell wall hydrolase LytE. Dev. Cell 11:399–409.

8. Cladière, L., K. Hamze, E. Madec, V. M. Levdikov, A. J. Wilkinson, I. B.
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