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In a search for genes that produce hypersensitivity to cadmium salts in Escherichia coli, random transposon
mutagenesis with TnphoA was used. One of the mutant strains obtained was sensitive to Cd21 and Zn21.
Sequence analysis showed that the TnphoA insertion was located in the dsbA gene coding for a periplasmic
protein required for disulfide bond formation.

Trace nutrients, such as zinc, copper, and nickel, are re-
quired for all living cells (14). However, these elements are
also toxic in excess. Escherichia coli is intrinsically tolerant to
high levels of Cd21. This high level of tolerance could be due
to active efflux of cadmium. To identify the putative Cd21

transporter, E. coli W3110 (1) was subjected to random
TnphoA mutagenesis (10). This procedure has been used to
identify the genes for transport proteins because such fusions
can produce blue colonies on XP plates (15).
Random TnphoA-mediated mutagenesis to obtain a Cd21-

sensitive mutant. E. coli W3110 was infected with lb221
rex::TnphoA cI857 as previously described (10). Kanamycin-
resistant colonies that also formed blue colonies on XP (20 mg
of 5-bromo-4-chloro-3-indolylphosphate per ml) plates were
then screened for Cd21 sensitivity on Luria-Bertani (LB) agar
plates containing 0.5 mM Cd acetate. One mutant was ob-
tained that showed a large decrease in Cd21 tolerance. Colo-
nies of this mutant strain, CW3110, were light blue on XP
plates, in contrast to the white colonies of W3110. Although
the goal of the genetic selection was isolation of mutants de-
fective in Cd21 transport, no difference in the accumulation of
109Cd21 in cells of CW3110 compared with W3110 was ob-
served (data not shown). Thus, the nature of the mutation was
investigated further.
Cadmium sensitivity due to a single TnphoA insertion. To

determine whether the mutant strain carried the TnphoA in-
sertion in a single locus, the kanamycin resistance phenotype
was transduced back into strain W3110 by generalized trans-
duction with P1 phage. All transductants were Cd21 sensitive.
Southern blot hybridization was performed with BamHI-di-
gested genomic DNA of CW3110, with DNA from W3110 as a
control, by using a 485-bp TnphoA-specific probe. The result of
the Southern blotting confirmed the existence of only a single
TnphoA insertion (data not shown).
Location of TnphoA insertion in the dsbA gene. Since there

is no BamHI site between the site of fusion in TnphoA and the
kanamycin phosphotransferase gene, and there is a BamHI site
immediately following the 39 end of the kanamycin phospho-
transferase gene (7), chromosomal DNA of CW3110 was di-
gested with BamHI. The portion of DNA proximal to the
fusion junction was cloned into the unique BamHI site of
pUC18 (16); the transformed colonies were screened for Kmr.

The resulting plasmid, pCGR4, contained a 6.2-kb insert com-
posed of 1.3 kb of E. coli chromosomal DNA and 4.9 kb from
TnphoA. Sequence analysis confirmed that the TnphoA inser-
tion was located at 87.35 min on the E. coli chromosome, in the
dsbA gene (2, 9).
Metal sensitivity of E. coli CW3110 (dsbA::TnphoA). The

effects of various metals on the growth of E. coli CW3110 were
tested (Table 1). CW3110 showed increased sensitivity to Cd21

and Hg21 salts on agar plates compared to parent strain E. coli
W3110. The mutant was 40-fold more sensitive to Cd21 on
solid medium. However, the lowest concentration of Cd21 at
which the mutant grew normally was 3 mM; at higher concen-
trations, Cd21 produced a mucoid phenotype in the mutant.
Cells of the mutant also became mucoid in the presence of
Zn21. Although the mutant still grew on solid medium at 0.8
mM ZnSO4, it displayed a mucoid phenotype starting at a
concentration of 50 mM. The mucoid phenotype was also ob-
served at sublethal concentrations of sodium arsenite. A mu-
coid phenotype is often observed as a stress response in E. coli.
The colonies were very small and were surrounded by a layer
of excreted polysaccharide (5).
Since mucoidy made metal sensitivity on solid medium dif-

ficult to analyze, monitoring of growth in liquid culture with
and without added metal salts was used to confirm sensitivity to
Cd21 and Zn21 (Fig. 1); sodium arsenite and potassium anti-
monial tartrate also decreased the growth of CW3110 in liquid
culture compared to that of W3110 but to a much smaller
extent (data not shown). The Cd21 and Zn21 sensitivity of
strain CW3110 was complemented by introducing a plasmid
(p12-7) carrying the dsbA gene (2) (data not shown).
Possibility that cadmium toxicity is due to accumulation of

cadmium-induced formation of misfolded proteins in the
periplasm. The dsbA gene product is a periplasmic protein
involved in disulfide bond formation in E. coli (2). It is pre-
sumably oxidized by DsbB (6, 12) and is required for proper
folding of secreted proteins. Although the dsbA gene is not
essential for growth on LB medium, protein folding is defective
in a dsbA mutant strain (2). While DsbA is thought to be the
oxidase that introduces the initial disulfide bonds, DsbC has
been shown to be a disulfide bond isomerase that rearranges
the bonds to allow proper protein folding, and mutations in
this locus result in copper, but not cadmium, sensitivity (13).
Under aerobic growth conditions, disulfide bond formation
and proper protein folding in the periplasm may be slow in a
dsbA mutant strain. In a wild-type strain, the thiols of periplas-
mic or membrane proteins are in the form of disulfide bonds
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and are not reactive with soft metals such as Cd21. In contrast,
the thiols of the proteins remain accessible to Cd21 or Zn21 in
a dsbA mutant strain. Thus, the toxic effects of Cd21 and Zn21

in a strain lacking dsbA could be due to the binding of these

metals to the free thiols of periplasmic proteins which are
normally oxidized by the dsbA gene product.
Jungmann et al. (8) have shown that in yeast, mutants deficient

in specific ubiquitin-conjugating enzymes are hypersensitive to
Cd21. Moreover, mutants in the proteasome were also hypersen-
sitive to Cd21. They propose that a major reason for Cd21 toxicity
may be the accumulation of abnormally folded proteins induced
by Cd21. Cadmium, mercury, and, to a lesser extent, zinc, pref-
erentially bind to thiol groups of proteins. Copper, nickel, and
cobalt bind to thiol groups less tightly than does cadmium or zinc.
This may explain why the dsbA disruption produces sensitivity to
Cd21, Zn21, and Hg21 but not to copper or other metals.
Another possibility is that DsbA is required for proper fold-

ing of a Cd21- or Zn21-specific transporter. Without DsbA,
the proposed transporter would fail to export zinc and cad-
mium, thus making the cells hypersensitive to cadmium and
zinc. However, this seems unlikely, since mercury and arsenite
have similar effects on the mutant strain. The effect of another
putative protein disulfide isomerase, DsbD (also called CutA2
or DipZ), on the level of tolerance to copper and cadmium was
shown by Fong et al. (4). Although they were unable to com-
pletely complement the Cu21- and Cd21-sensitive phenotype
of their mutant, the effect of DsbD on copper and cadmium
tolerance levels could be clearly demonstrated. DsbD is in-
volved in the assembly of cytochromes in E. coli (3) and, if
absent, might make the respiratory chain more susceptible to
attack by metals. Although DsbA was also shown to be essen-
tial for cytochrome c synthesis (11), the phenotype of our
mutant strain indicates that the dsbA and dsbD gene products
introduce disulfide bonds in different classes of proteins since,
in contrast to dsbDmutants, there was no detectable difference
in the level of copper tolerance and a much larger decrease of
cadmium and zinc tolerance in the dsbA mutant.

We thank J. Bardwell for discussions and for plasmid p12-7 C.
Manoil for lb221 rex<TnphoA.
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FIG. 1. Cadmium and zinc ion resistance. Metal ion resistance was assayed in
cells of E. coli W3110 (wild type) (■) and CW3110 (dsbA::TnphoA) (å). Cells
were grown in LB medium with the indicated concentrations of cadmium acetate
(A) or zinc sulfate (B) for 24 h at 378C with shaking, and turbidity was measured
at 600 nm.

TABLE 1. MICs of metal salts

Metal salt

Apparent MICa (mM)

W3110 CW3110
(dsbA::TnphoA)

Cd acetate 1.2 0.03b

ZnSO4 1.6 1.0c

HgCl2 0.05 ,0.01
CoCl2 1.2 1.6
CuSO4 6 6
NiCl2 5 5

a Cells were grown overnight and streaked on LB plates containing various
concentrations of metal salts. Growth was monitored after incubation for 24 h at
378C. The apparent MIC is the concentration at which no colonies were detected.
b At concentrations below the apparent MIC, small, mucoid colonies were

observed. The highest concentration at which normal colony morphology was
detected was 3 mM.
c At concentrations below the apparent MIC, small, mucoid colonies were

observed. The highest concentration at which normal colony morphology was
detected was 50 mM.
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