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Open Reading Frame 3 of the Barotolerant Bacterium Strain DSS12 Is
Complementary with cydD in Escherichia coli: cydD Functions Are
Required for Cell Stability at High Pressure1
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Escherichia coli strain JD518, a cydD-deficient mutant, displayed temperature-sensitive
and pressure-sensitive growth. The defective cydD gene in this strain was complemented
by open reading frame 3 (ORF3), previously identified in DNA from a barotolerant
bacterium, strain DSS12, allowing growth of the cydD mutant under high temperature and
high pressure conditions. Spectrophotometrical analysis indicated that the cytochrome bd
complex which is assembled by the CydD protein was expressed in E. coli strain JD518
carrying the ORF3 gene at the same level as occurred in the wild-type strain. Our results
indicate that the cydD gene functions are required for cell stability under the condition of
high pressure stress in bacteria.

Key words: barotolerant bacterium, cydD, Escherichia coli, high pressure, respiratory
system.

We have isolated several deep-sea barophilic and barotole-
rant bacteria to investigate how these bacteria have adapt-
ed to life in an environment characterized by conditions of
extremely high pressure (1, 2). A pressure-regulated
promoter region from the barophilic bacterium strain
DB6705, isolated in our laboratory, was cloned and ana-
lyzed, and this promoter was shown to function under
elevated hydrostatic pressures in both the barophilic strain
and Escherichia coli (3). A pressure-regulated operon was
found downstream of this promoter region in DNA from the
same strain, and expression of the genes in this operon was
controlled by elevated pressure at the level of transcription
(4). Interestingly, the cloned pressure-regulated promoter
region is one of the common sequences found in the DNA of
deep-sea, high-pressure-adapted bacteria isolated in our
laboratory (3, 5). Thus, this DNA region might have
important functions required for survival of deep-sea-
adapted microorganisms in a high-pressure environment.
Another operon downstream of the pressure-regulated
operon in the barotolerant strain DSS12 was found to
consist of 2 open reading frames, ORF3 and ORF4, which
were homologous to genes in the cydD-cydC operon of E.
coli. Expression of this operon was enhanced under ele-
vated pressure at the level of transcription (6). In E. coli,
CydD is required for assembly of the cytochrome bd
complex, which is one of the components in the respiratory
system of bacteria. The cydD gene product is also a
necessary component of the bacterial respiratory system
(7-9).

1 The nucleotide sequence data reported in this paper will appear in
DDBJ/EMBL/GenBank DNA databases with the accession number
D83386.
'To whom correspondence should be addressed. Tel: + 81-468-67-
5555, Fax: +81-468-66-6364, E-mail: katocejamstec.go.jp

In this paper, we demonstrate that a cydD-deficient
mutant of E. coli is not only temperature-sensitive, but also
pressure-sensitive, and that the 0RF3 of strain DSS12 is
complementary to cydD. Our findings indicate that cydD
may function against physical stress caused by extremes of
temperature, pressure, etc., allowing survival in an ex-
treme environment. This is the first report to indicate that
the bacterial respiratory system may have an important
role in the mechanism of survival in high-pressure environ-
ments.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Growth Study—E. coli
strain B178 (wild type) and cydD-deficient mutant strain
JD518 were kindly provided by Dr. J. M. Delaney (10).
The recombinant plasmid, pAI-16 (Fig. 1), which contains
the 0RF3 sequence region of the barotolerant strain DSS12
(6), was used in complementation studies concerning cydD.
Recombinant DNA work was carried out as described by
Sambrook et al. (11). LB agar medium [1% (w/v) Bacto-
tryptone, 0.5% (w/v) Bacto-yeast extract, 1% (w/v) NaCl,
and 2% agar] containing ampicillin (50 /*g/ml) was used to
select transformants. E. coli strains were cultivated under
atmospheric pressure and under high pressure as described
previously (12).

Preparing the Membrane Fractions of Bacterial Cells—
Each strain of E. coli was grown in 500 ml of medium at
30"C for 18 h. After cultivation, the cells were collected by
centrifugation (10,000x^, lOmin), andresuspendedin50
ml of 10 mM Tris-HCl buffer, pH 8.0, containing 0.3 M
NaCl. Cells were disrupted with a sonic oscillator (20 kHz,
200 W, Tomy, Model UR-20P, Tokyo) for a total period of
30min, and centrifuged (10,000Xg, lOmin) to remove

Vol. 120, No. 2, 1996 301

 at C
hanghua C

hristian H
ospital on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


302 C. Kato et al.

unbroken cells. The cell-free extract thus obtained was
centrifuged at 143,000 X g for 1 h (Beckman ultracentri-
fuge, Model XL-80, Paloalto, CA, USA). The resulting
pellets were suspended in 30 ml of 10 mM Tris-HCl buffer,
pH 8.0. This suspension was used as the membrane frac-
tion.

Physical and Chemical Measurements—Spectrophoto-
metrical analyses were performed with a Beckman Model
DU-7500 spectrophotometer with 1 -cm light path cuvettes.
The protein concentrations were estimated by the method
of Lowry et al. (13) with slight modifications (14). The
contents of cytochrome bd were calculated with Ae of 18.8
cm"'-mM"' at the wavelength pair 628-649 run of the
reduced minus oxidized difference spectra (15).
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Fig. 1. Restriction map of the recombinant plasmid, pAI-16.
The thin lines represent the pMW118 DNA (Nippon Gene, Toyama).
The white arrow shows the region of the antibiotic-resistance gene.
Amp, ampirillin-resistance gene. The thick line represents DNA from
strain DSS12 (the nucleotide sequence data will appear in DDBJ/
EMBL/GenBank DNA databases with the accession number
D83386).

RESULTS AND DISCUSSION

Growth Study—The plasmid pAI-16 was introduced into
E. coli strain JD518, and transformants were obtained on
LB agar plates containing 50 //g/ml ampicillin. E. coli
strains, B178, JD518, and a transformant of JD518
[JD518 (pAI-16)], were cultivated at 37'C under atmo-
spheric pressure (0.1 MPa) with shaking, and at 30'C under
a pressure of 0.1 or 30 MPa with oxygenated Fluorinert in
the pressure vessels, without shaking. The cell growth
profiles are shown in Figs. 2 and 3. Strain JD518, the
cydD-deficient mutant, was unable to grow at 37'C, where-
as the wild-type strain B178 and the transformant strain
JD518 (pAI-16) were able to grow and had similar growth
profiles (Fig. 2). Delaney et oL (10) have reported that
strain JD518 is a temperature-sensitive mutant, so this
result indicates that the ORF3 carried on plasmid pAI-16
complements cydD. When cultured at 30"C under a pres-
sure of 0.1 MPa the growth profiles of all three strains were

10

Time (h)

Fig. 2. Growth profiles of the E. coli strains, B178 (D), JD518
(O), and JD518 carrying the plasmid pAI-16 (O), grown at 37"C
in LB broth with shaking (0.1 MPa). The absorbance of the culture
was determined at 660 nm.

20

Fig. 3. Growth profiles of the
E. coli strains, B178 (•),
JD518 (O), and JD518 carry-
ing the plasmid pAI-16 (O),
grown at 30'C in LB broth with
oxygenated Fluorinert in the
pressure vessels. The absor-
bance of the culture was deter-
mined at 660 nm. A, cells grown
under 0.1 MPa; B, cells grown
under 30 MPa.
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Fig. 4. Reduced minus oxidized difference spectra of the membrane fractions
from each strain of E. coli. The protein concentration in each fraction was 1.29 mg/ml.
The reduced form was prepared by adding a small amount of Na,S,O4. The contents of
cytochrome bd from the wild type strain B178 and the transformant strain JD518
(pAI-16) were 0.0868 and 0.202 nmol/mg of protein, respectively.

DSS12 ORF3 I1 MDKSLEKQLTSWLRLQKKACGFYLNLTVLFGLLTGLSLIIQAYLLSTILHGVIILELDKS

* . * * . * . * * . * * . * . . * * . . * * * * * • *+ *

E.coli CydD 1" MNKSRQKELTRWLKQQSVISQRWLNISRLLGFVSGILIIAQAWFMARILQHMIMENIPRE

61 • HYTHEFILLLVLIPIRALLAFARERACFESGKRLRLQIRSAVLDKLTELGPAFIKGKPVG

61 ' ALLLPFTLLVLTFVLRAWWWLRERVGYHAGQHIRFAIRRQVLDRLQQAGPAWIQGKPAG

121' SWASIVLEQVEDLHDFYARYLPQIILAGFIPLTILIVVFPLNWAAGLILLATAPLIPMFM

121" SVffiTLVLEQIDIMHDYYARYLPQMALAVSVPLLIVVAIFPSNWAAALILLGTAPLIPLFM

181' ILVGMGAADA^reKl^SAlJiKLSGHFMDRLKGLPTLKLFNRGDAEVKEIETASEEFRERTM

181 • ALVGMGAADANRRNFLALARLSGHFLDRLRGMETLRIFGRGEAEIESIRSASEDFRQRTM

241 ' SVLRMAFLSSAVLEFFSAVSIAVLAVYFGFSYLGHLNFGDYNGGVSLFIGLFVLMLAPEF

241 " EVLRLAFLSSGILEFFTSLSIALVAVYFGFSYLGELDFGHYDTGVTLAAGFLALILAPEF

301' YQPLRDMGTHYHAKAQAlGAAEEIJttLLEYRVESNSVESKSGGNEIKHMAVNDKAirJWKA

301' FQPLRDLGTFYHAKAQAVGAADSLKTFMETPL AHPQRGEAE LA STD

3 6 1 ' GVEIEARDLKVLSHDGATLVGPVSFHLSPGQHVAI\ GPSGSG CTSLLNAMLGFLPYEGSL

347 " PVTIEAEELFITSPEGKTLAGPLNFTLPAGQRAVIA 5RSGSG CSSLLNALSGFLSYQGSL

421 • KViroLELSDLDMTLWRRHLVWLAQDPQLFHGTVRDNVAMADVAMGDEAIKLLLEKATILE

407" RINGIELRDLSPESWRKHLSSVG<}NP<3LPAATLRD^A^LLARPDASEQELQAALrJNAWVSE

481" CVEQQSLGLSH PMGEQMAGLSVGQAQRLALARAGGQDPI LFLLDC PTASLDSHSEQAVLS

467" FLPLLPQGVDTPVGDQAARLSVGQAQRVAVARALLNPCS LLLLDEPAASLDAHSEQRVME

541' TLWQAMDKTSCLMVTHRLDQLHQMDTILVLDAGAIVQRGSFEDLNRAEGLF-KLMQEDET

527' ALNAASLRQTTLMVTHQLEDLADWDVIWVMQDGRIIEQGRYAELSVAGGPFATLIiAHRQE

600 • DVEAQANKESNS

587' El
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Fig. 5. Alignment of the
DSS12 ORF3 and E. coli CydD
protein sequences using the
GENETYX-MAC program (ver.
8.0, Software, Tokyo). Identical
residues, ( • ) ; similar residues,
(.). The boxed sequences indicate
the ATPA and ATP,-binding sites,
respectively.
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Fig. 6. Predicted hydrophobicity plots of the polypeptides of
the DSS12 ORF3 and E. coli CydD using the parameter of Kyte
& Doollttle in the GENETYX-MAC program (ver. 8.0, Software).
The hydropathy indices were calculated with a window of 19 amino
acids. The horizontal bars indicate the putative membrane-spanning
regions.

very similar (Fig. 3A); however, when cultured at 30°C
under a pressure of 30 MPa the growth profile of the cydD
mutant, strain JD518, differed from the others (Fig. 3B).
Strain JD518 was pressure-sensitive. In the case of this
strain, the maximum absorbance of the culture at 660 run
was around 0.2, whereas that of strains B178 and JD518
(pAI-16) was around 0.35. These results suggest that the
ORF3 of the barotolerant strain DSS12 functions as cydD,
and apparently this gene product is very important for
growth of the cells under conditions of high temperature
and high pressure.

Spectrophotometric Analyses of the Membrane Frac-
tions—Reduced minus oxidized difference spectra of the
membrane fractions isolated from each strain of E. coli are
shown in Fig. 4. In the case of the membranes of the
wild-type strain B178, an absorption peak at 628 nm and a
valley at 649 nm typical of cytochrome bd(15) were clearly
observed, but these were not apparent in the case of the
mutant strain JD518. On the other hand, the transformant
strain JD518 (pAI-16) expressed cytochrome bd as shown
in Fig. 4.

Similarity of the Amino Acid Sequences between the
DSS12 ORF3 and E. coli CydD—The amino acid se-
quences of the DSS12 ORF3 and the E. coli CydD proteins
have 83% similarity and 49% identity (Fig. 5). However the
hydropathy profiles of the two proteins (Fig. 6) indicate
both that they are membrane proteins and that they are
very similar. The N-terminal half of each protein sequence
contains stretches of hydrophobic amino acids correspond-

ing to six transmembrane helices. The C-terminal half of
each protein sequence is hydrophilic and contains an ATP-
binding site (Fig. 5) comprising the Walker A (ATPA) and
B (ATPB) motifs (26). The 0RF3 protein therefore appears
to be subunits of an ABC membrane transporter (17)
containing both a membrane domain and an ATP-binding
domain.

The 0RF3 from the barotolerant strain DSS12 com-
plemented the cydD gene of E. coli, indicating that it is
homologous to cydD in terms of physiological function.
Further, ORF3 (cydD) seems to function to allow cell
growth under high pressure, as shown in Fig. 3B. The cydD
gene is known to be necessary for expression of the
components of respiratory systems (7-9). Considering
these results, it seems possible that regulation of the
respiratory system in strain DSS12 is responsive to high
hydrostatic pressure, and the respiratory system appears
to play a significant role in cell growth under high pressure.

This is the first report to demonstrate that the bacterial
respiratory system may have an important role for survival
in high-pressure environments.

We are very grateful to Dr. J.M. Delaney for providing E. coli strains,
B178 and JD518, for this research. We thank Dr. W.B. Bellamy for
assistance in editing the manuscript.
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