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The CbpA protein is an analog of the DnaJ molecular chaperone of Escherichia coli. To gain insight into the
function of CbpA, we examined the nature of a cbpA null mutation with special reference to those of dnaK and
dnaJ null mutations. In particular, the cbpA dnaJ double-null mutant was found to exhibit severe defects in cell
growth, namely, a very narrow temperature range for growth, a defect in cell division, and susceptibility to
killing by carbon starvation. These phenotypes are very similar to those reported for dnaK null mutants but not
to those of dnaJ null mutants. Our results are best interpreted by assuming that CbpA is capable of compen-
sating for DnaJ for cell growth and thus that the function(s) of CbpA is closely related to that of DnaJ.

The heat shock response occurs when cells growing at a low
temperature are shifted to a higher temperature, and it results
in the induction of a subset of proteins called heat shock
proteins (HSPs). This response to temperature is nearly uni-
versal among prokaryotes and eukaryotes. HSPs have recently
become central to the study of the correct folding of nascent
polypeptides, assembly of protein complexes, and uptake of
proteins into organelles (3). Some HSPs are currently recog-
nized as molecular chaperones that play crucial roles even
under nonstressed physiological conditions (2).
For Escherichia coli, the HSP70 class of chaperones, repre-

sented by the HSP DnaK, is one of the best characterized
examples. DnaK has been shown to function together with
other HSPs, i.e., DnaJ and GrpE. These proteins are known to
modulate interactions between proteins involved in the initia-
tion of DNA replication of phage l, phage P1, and the mini-F
plasmid (5, 12, 16). DnaK, DnaJ, and GrpE also coordinately
regulate HSP synthesis and contribute to the translocation of
some proteins across the cytoplasmic membrane (11, 14). In
vitro analyses have shown that DnaK requires ATP for activity
and that its ATPase activity is stimulated by the presence of
DnaJ and GrpE (6). These results indicate that DnaK, DnaJ,
and GrpE function as typical molecular chaperones in intimate
coordination with each other in a variety of cellular processes.
CbpA is an analog of DnaJ. DnaJ homologs have been

discovered in a number of organisms, including higher eu-
karyotes (9). We recently demonstrated that E. coli itself pos-
sesses an analog of DnaJ (13). This DnaJ analog, named
CbpA, consists of 297 amino acids and exhibits 39% amino
acid identity plus 17% conserved substitutions with respect to
DnaJ. Several lines of genetic evidence have also led us to
suggest that CbpA is an analog of DnaJ from the functional
point of view (13). For example, the corresponding gene, cbpA,
functions as a multicopy suppressor of dnaJ mutations. Muta-
tional lesions characteristic of dnaJ null mutants, i.e., temper-
ature sensitivity for growth and defects in l phage and mini-F
plasmid DNA replication, are all restored upon introduction of
the cbpA gene on a multicopy plasmid. At present, however,
little is known about the physiological importance of CbpA. To
gain insight into the cellular function of CbpA, in this study we
examined the nature of a cbpA null mutation, with special

reference to those of dnaK and dnaJ null mutations, by specif-
ically addressing the issues described below.
Nature of a cbpA null mutant in comparison with that of a

dnaJ or dnaK null mutant. Walker and his colleagues have
reported an analysis of cellular defects at a variety of growth
temperatures for a dnaK null mutant (named the DdnaK52
mutant) (1, 7). Interestingly, this dnaK null mutant is cold
sensitive as well as heat sensitive and thus possesses a very
narrow temperature range for growth. This dnaK null mutant
has multiple cellular defects that lead to poor viability and to
a severe defect in cell division (e.g., filamentation). Sell et al.
have characterized dnaJ null mutations (dnaJ::mini-Tn10 in-
sertions) and have shown that DnaJ is not absolutely essential
for growth at temperatures of up to 428C (8). Although dnaJ
null mutations also cause growth defects, they are considerably
less severe. In particular, the dnaJ null mutant does not exhibit
cold sensitivity, and its filamentation is not as excessive as that
observed for the dnaK null mutant. As mentioned above,
DnaK and DnaJ are both required for propagation of phages
l and P1 and the mini-F plasmid (5, 12, 16). In fact, mutation
of either of these genes blocks propagation of the replicons
equally. In this sense, one can suppose that DnaJ functions in
intimate coordination with DnaK. Nevertheless, the question
arises as to why the dnaJ null mutant exhibits defects in cell
growth that are less severe than those of the dnaK null mutant.
In this study, we hypothesized that the cbpA gene on the
chromosome may be capable of compensating for the dnaJ
gene in some cellular processes, particularly for cell growth.
Here we provide evidence that this is most likely the case.
The cbpA dnaJ double-null mutant exhibits a very narrow

temperature range for growth. We previously constructed an
insertional inactivation mutation of cbpA, in which the cbpA
coding sequence was replaced by the kanamycin resistance
gene (kan) on the chromosome (13). The resultant cbpA::kan-
carrying strain was not noticeably changed in phenotype under
the laboratory conditions tested, particularly with regard to
temperature sensitivity for growth. To address the issues de-
scribed above, we prepared a set of mutants, namely, the
dnaJ::Tn10-42 (strain KY1456), cbpA::kan (strain CU245), and
dnaJ::Tn10-42 cbpA::kan (strain CU247) mutants. These are
otherwise isogenic derivatives of MC4100. These strains were
allowed to grow on Luria agar plates at various temperatures
(Fig. 1A). The cbpA null mutant and the wild type grew nor-
mally at a wide range of temperatures. The dnaJ null mutant
did not grow at temperatures above 428C, while it was able to
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grow at lower temperatures. These observations are consistent
with those reported previously (8, 13). However, the dnaJ cbpA
mutant exhibited a very narrow temperature range for growth.
It was sensitive for growth not only at high temperatures
(.378C), as noted previously (13), but also at low temperatures
(,168C). The temperature-dependent defect for growth was
relieved upon introduction of the cbpA gene on a multicopy
plasmid in both the dnaJ and dnaJ cbpA null mutants (Fig. 1B).
The very narrow temperature range for growth observed here
for the dnaJ cbpA null mutant but not for the dnaJ null mutant
was found to be very similar to that reported for the dnaK null
mutant (1, 7, 8).
The cbpA dnaJ double-null mutant exhibits a defect in cell

division. Next, to examine a possible defect in cell division,
these strains were grown in Luria broth at 308C and then
incubated at 378C for 6 h. These cells were observed micro-
scopically (Fig. 2). The wild-type and cbpA null mutant strains
appeared to be normal (Fig. 2A and C, respectively), while the
dnaJ null mutant exhibited an abnormal morphology with a
slightly longer cell length in a subpopulation (Fig. 2B). How-
ever, the dnaJ cbpA null mutant produced many more fila-
ments (Fig. 2D). Although the dnaJ cbpA null mutant cells
were filamentous even when growing at 308C (data not shown),
they formed more filaments after the temperature shift to
378C. Furthermore, this defect in cell division was comple-
mented by introduction of the cbpA gene (Fig. 2E). The fila-

mentous cells of the dnaJ cbpA null mutant were examined by
means of fluorescence microscopy after DAPI (49,6-diamidino-
2-phenylindol) staining in order to see if the chromosomal
DNA segregation was also defective (Fig. 3). The chromosome
segregation appeared to occur normally, and each filamentous
cell therefore contained multiple nuclei positioning regularly
in the compartment (Fig. 3B). However, electron microscopic
observation of a thin section of the dnaJ cbpA mutant cells
revealed no septum in the filament (Fig. 3C). Thus, the exces-
sive defect in cell division (e.g., filamentation without septa-
tion) observed for the dnaJ cbpA null mutant, but not for the
dnaJ null mutant, was again found to be very similar to that
reported for the dnaK null mutant (1, 7, 8).
The cbpA dnaJ double-null mutant is sensitive to carbon

starvation. Another characteristic property reported for a
dnaK mutation (dnaK103 allele) but not for dnaJ null muta-
tions is that the dnaK mutant is highly susceptible to killing by
starvation for carbon, as reported by Spence et al. (10). The set
of strains used in this study was grown on Luria agar plates at
308C overnight, and then washed cells were spotted onto
MOPS (morpholinepropanesulfonic acid) plates which lacked
carbon (glucose). It was found that the dnaJ cbpA null mutant
was unable to survive with the starvation for carbon, while
other strains, including the dnaJ null mutant, were able to do
so (data not shown).
Implications. In this study, we have demonstrated that the

cbpA null mutation exhibits synthetic phenotypes, particularly
when combined with the dnaJ null mutation. In particular,

FIG. 1. Temperature sensitivity for growth. Strains MC4100 (Wild), KY1456
(dnaJ::Tn10-42 [DnaJ2]), CU245 (cbpA::kan [CbpA2]), and CU247 (dnaJ::
Tn10-42 cbpA::kan [DnaJ2 CbpA2]) were grown in Luria broth at 308C over-
night. After appropriate dilution, portions (about the same numbers of cells for
each strain) were spotted on Luria agar plates and then incubated at the indi-
cated temperatures. (A) Results for strains carrying a control plasmid vector. (B)
Results for strains carrying a multicopy plasmid (pCU60) containing the cbpA
gene.

FIG. 2. Microscopic observation of cell morphology. The same set of strains
as for Fig. 1 was grown in Luria broth at 308C overnight. After being inoculated
into fresh medium, they were incubated further for 6 h at 378C. A drop of culture
was placed on a glass slide and then examined in a microscope (Olympus model
BH-2) with a DPlanApo 100UV objective and phase-contrast optics. Photo-
graphs of representative cells from multiple cultures were taken with Fujichrome
100 film. Scale bars are not indicated because the wild-type cells were found to
have ordinary sizes (i.e., 2 to 3 mm in length), and all micrographs were prepared
with the same magnification as that for the wild type.
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these synthetic phenotypes (i.e., a very narrow temperature
range for growth, a defect in cell division with filamentation,
and a susceptibility to killing by carbon starvation) are all very
similar to those characteristic for dnaK mutations. Together
with the fact that dnaJ mutations alone do not vigorously

exhibit such phenotypes, our results are compatible with the
idea that the cbpA gene product from the chromosome is
capable of compensating for the dnaJ gene product in at least
some cellular processes even under physiological conditions.
As has been postulated for DnaJ, CbpA may directly interact
with DnaK and/or GrpE. It would thus be of interest to exam-
ine this possibility in vitro. It is also worth mentioning that we
recently demonstrated that the expression of cbpA is largely
dependent on the alternative sigma factor, sS (15), whereas
that of dnaJ is well known to be controlled by s32 (4). This fact
may suggest that DnaJ and CbpA display similar (or overlap-
ping) activities but function preferentially under different cir-
cumstances. In short, on the basis of these results, we propose
that the function(s) of CbpA in E. coli is closely related to that
of DnaJ.
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FIG. 3. Microscopic observation of DAPI-stained cells. Strain CU247 (dnaJ
cbpA) was grown under the conditions described in the legends to Fig. 1 and 2.
The cells were stained with DAPI and then examined by phase-contrast micros-
copy (A) or fluorescence microscopy (B). Thin sections of the cells were also
subjected to electron microscopic observation (C). For thin sectioning, samples
were fixed overnight with 1% OsO4 in acetate-Veronal buffer, dehydrated with
ethanol, and embedded in Epon. Sections were stained with uranyl acetate and
lead citrate. Observation was carried out with a Hitachi model HS-9 electron
microscope.
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