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ABSTRACT A chromosomal locus required for copper
resistance and competitive fitness was cloned from a strain of
Pseudomonas fluorescens isolated from copper-contaminated
agricultural soil. Sequence analysis of this locus revealed six
open reading frames with homology to genes involved in
cytochrome ¢ biogenesis in other bacteria, helC, cycl, cycK,
tipB, cycL, and cycH, with the closest similarity being to the
aeg-46.5(yej) region of the Escherichia coli chromosome. The
proposed functions of these genes in other bacteria include the
binding, transport, and coupling of heme to apocytochrome ¢
in the periplasm of these Gram-negative bacteria. Putative
heme-binding motifs were present in the predicted products of
cycK and cycL, and TipB contained a putative disulfide
oxidoreductase active site proposed to maintain the heme-
binding site of the apocytochrome in a reduced state for
ligation of heme. Tn3-gus mutagenesis showed that expression
of the genes was constitutive but enhanced by copper, and
confirmed that the genes function both in copper resistance
and production of active cytochrome c. However, two mutants
in cycH were copper-sensitive and oxidase-positive, suggesting
that the functions of these genes, rather than cytochrome ¢
oxidase itself, were required for resistance to copper.

Biological processes that regulate the transport and homeosta-
sis of toxic but essential copper ions are not well understood.
However, significant progress has been made recently with the
discovery of copper-transporting P-type ATPases in mammals
and in several bacterial species (1-4). These studies suggest
that separate P-type ATPases may be generally present in
bacteria and higher organisms for transporting copper into and
out of cells. In addition, investigations of bacteria that have
adapted to high levels of copper exposure have revealed other
mechanisms of handling copper, such as the copper-
sequestering activity of proteins produced by the cop operon
of Pseudomonas syringae (5-7) and related copper-resistance
systems in Xanthomonas campestris (8, 9) and Escherichia coli
(10). Further analysis of copper-resistant strains of E. coli has
shown that in addition to the plasmid-borne copper-resistance
operon, several chromosomal loci, designated cutA, cutB, cutC,
cutD, cutE, and cutF, are required for expression of resistance
and for normal copper metabolism (11). Several have now
been cloned and sequenced (12-14), but their exact functions
in copper metabolism are not yet known. One of the E. coli
genes, cutA42, identified from copper-sensitive mutants (13),
was independently identified from mutants defective in the
production of c-type cytochromes under anaerobic growth
conditions and called dipZ (15). The amino acid sequence of
DipZ contained a protein disulfide isomerase-like motif and
was suggested to function in the reduction of cysteine pairs of
cytochrome ¢ (Cyt ¢) apoproteins for covalent attachment of
heme groups (15). The specific function of CutA2/DipZ in
copper transport is not clear, but this work established a
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linkage between general copper metabolism and Cyt ¢ bio-
genesis.

This report describes a linkage between a separate set of
chromosomal genes required for Cyt ¢ biogenesis and copper
metabolism and their additional role in competitive fitness. In
previous work (16), we demonstrated that copper resistance
was associated with competitive fitness in a strain of Pseudo-
monas fluorescens from copper-contaminated agricultural soil.
Copper-sensitive mutants of this strain survived well in sterile
soil but not in nonsterile soil, suggesting that genes required for
copper resistance were also necessary for competition with
other soil organisms. Here we describe the cloning and char-
acterization of chromosomal genes required for copper resis-
tance and competitive survival and their additional role in the
biogenesis of an important branch of the bacterial electron
transfer chain.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Media. The wild-type P.
fluorescens 09906 was isolated from citrus rhizosphere soil and
had a minimum inhibitory concentration of 1.6 mM cupric
sulfate (16, 17). Three copper-sensitive mutants of 09906 were
generated by Tn5 mutagenesis, and the minimum inhibitory
concentrations of CuSQy, for these mutants 09906.2, 09906.3,
and 09906.4 were 0.16, 0.16, and 1.0 mM (16). For routine
work, P. fluorescens was grown on mannitol-glutamate (MG)
medium (18) or MG supplemented with yeast extract at 0.25
g/liter (MGY). E. coli cultures were grown on Luria-Bertani
agar (19). Antibiotic concentrations used were as follows: 100
ung of kanamycin and 30 ug of tetracycline per ml for P.
fluorescens or 50 pg of ampicillin, 35 ug of chloramphenicol,
50 pg of kanamycin, and 12.5 pg of tetracycline per ml for E.
coli cultures.

Construction and Screening of a Genomic Library. The
wide-host range cosmid pLAFR3 (20) was used to construct a
genomic library of wild-type P. fluorescens 09906. Total DNA
was isolated as described (21). The strategy used for cosmid
cloning was a modification of the method of Ish-Horowicz and
Burke (22). The DNA was partially digested with enzyme
Sau3A and treated with calf intestinal alkaline phosphatase.
The DNA was then ligated with the individual arms of
pLAFR3, and packaged in vitro as described (20). E. coli
HB101 was transduced with this mixture, and colonies were
selected on Luria—Bertani agar plates containing tetracycline.

Cosmid clones were mobilized from E. coli to the copper-
sensitive TnS mutants 09906.2, 09906.3, and 09906.4 by tripa-
rental mating using the helper plasmid of pRK2013 as de-
scribed (16). Mating mixtures were suspended in sterile dis-
tilled water and plated on MG agar plates containing
kanamycin, tetracycline, and 0.8 mM of CuSO,. Several
transconjugants from each mating were grown in MG broth

Abbreviations: Cyt ¢, cytochrome ¢; MG, mannitol glutamate; MGY,
MG supplemented with yeast extract; ORF, open reading frame.
Data deposition: The sequence reported in this paper has been
deposited in the GenBank data base (accession no. U44827).
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containing antibiotics and CuSQOjs, and cosmids were isolated.
These cosmids were again mobilized into the copper-sensitive
transposon mutants of P. fluorescens to confirm their comple-
mentation to copper resistance. One of the cosmid clones that
complemented the copper-sensitive Tn5 mutants 09906.2 and
09906.3 was designated as pPF1. Subclones from pPF1 were
made and tested for copper resistance.

Detection of Homology to Cosmid pPF1. The cosmid pPF1
was labeled by random primed labeling with digoxigenin-11-
dUTP and used as a probe as outlined in the Genius DNA
Labeling and Detection Kit (both from Boehringer Mann-
heim). Southern blotting of complete digests of total DNA of
09906, 09906.2, 09906.3, and 09906.4 with EcoR1I, BamH]I, and
HindIIl; hybridization; wash conditions; and detection of
labeled DNA were done essentially as described by the man-
ufacturer of the detection kit.

Transposon Mutagenesis and Marker Exchange. Plasmid
pPF2 was a subclone of pPF1 with a deletion of a 15.2-kb Xhol
fragment (see Fig. 1). pPF3 was a subclone of pPF2 with a
further deletion of a 5.2-kb Xbal-HindIII fragment. Plasmids
pPF2 and pPF3 in E. coli HB101 were subjected to random
insertion mutagenesis by using Tn3-gus as described by Bonas
et al. (23), and the insertions were mapped by restriction
enzyme analysis. Wild-type P. fluorescens 09906 cells were
transformed with the mutated plasmids by electroporation and
selection on MGY supplemented with tetracycline and kana-
mycin. To obtain mutants of P. fluorescens in which the
wild-type chromosomal region was replaced by homologous
recombination with the Tn3-gus-containing mutant DNA,
cultures were subcultured at least 10 times in MGY broth with
shaking for 12 h without selection and then once with kana-
mycin added. Cells were then plated onto MGY supplemented
with kanamycin and replica-plated onto MGY with tetracy-
cline. Potential marker-exchange mutants that lost tetracycline
resistance and retained kanamycin resistance were further
characterized by Southern blot analysis. Total DNA of the
recombinants was digested with BamHI, separated by agarose
gel electrophoresis, blotted, and hybridized with a 1.7-kb
EcoRI-EcoRI fragment internal to Tn3-gus to confirm the
homologous recombination and the orientation of the Tn3—gus
insertion. These recombinants were then spotted on MGY
plates supplemented with 0.8 mM CuSO; for testing copper
resistance. To determine the precise insertion sites of some
mutants, a primer complementary to an internal sequence of
Tn3-gus (5'-AAGAGGCGTCAGAGGCAGAA-3') was used
to sequence across the junction of the transposon and target
DNA.

Assays for B-Glucuronidase and Oxidase Activities. Strains
of P. fluorescens containing Tn3—gus insertions after marker
exchange were grown overnight in MGY broth, centrifuged,
and washed once with sterile distilled water. The bacterial
suspensions were then spotted onto MGY plates containing 25
pg of 5-bromo-4-chloro-3-indolyl B-D-glucuronide per ml (X-
Gluc; Sigma) in the absence or presence of CuSO4 (0.005 mM).
Colonies that displayed a blue color after 6 days of incubation
in 28C were considered to have B-glucuronidase activity. The
oxidase activity of P. fluorescens strains was determined by
streaking colonies from MGY plates onto a filter paper
saturated with 1% of tetramethyl-p-phenylenediamine solu-
tion (24).

DNA Sequencing and Analysis. The 3.6-kb (pPF5) and
3.0-kb (pPF6) EcoRI fragments of pPF1 (see Fig. 1) were
subcloned into the vector pBluescriptKS+ (Strategene). The
3.6-kb insert from pPF5 was subcloned into the broad-host-
range cosmid pLAFR3 to obtain pPF4.1 for complementation
analysis in P. fluorescens, and pPF5 was also subcloned into two
parts in pBluescriptKS + to obtain pPF7 and pPF8 (see Fig. 1)
for DNA sequencing. The high G+C content of P. fluorescens
DNA made it necessary to use deaza deoxynucleotides from
the Sequenase sequencing kit (United States Biochemical) and
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terminal deoxynucleotidyl transferase with excess dNTPs to
eliminate the artifact banding associated with double-stranded
DNA templates. Computer-assisted sequence analysis and
alignments were made by using programs of the Wisconsin
Package of the Genetics Computer Group (Madison, WI) and
the BLAST programs provided by the National Center for
Biotechnology Information, World Wide Web.

RESULTS

Cloning and Complementation of Copper-Sensitive Mu-
tants. A single cosmid, pPF1, was identified that comple-
mented copper-sensitive TnS mutants 09906.2 and 09906.3, but
not 09906.4, by allowing growth on MGY agar plates contain-
ing 0.8 mM of CuSOj. Several subclones from the cosmid pPF1
were electroporated into 09906.2 and 09906.3 (Fig. 1). Plas-
mids pPF2 and pPF3, but not pPF4.1, were able to complement
the copper resistance of 09906.2 and 09906.3. The third Tn5
mutation causing a similar copper-sensitive phenotype was
apparently not within this chromosomal region and has not yet
been characterized.

When pPF1 was labeled and probed to EcoRI-digested
chromosomal DNA from wild-type P. fluorescens 09906 and
copper-sensitive Tn5 mutants 09906.2 and 09906.3, one band
from the mutants had shifted up about 6 kb (data not shown),
corresponding to the size of the 5.8-kb Tn5 (25). However, in
the copper-sensitive mutant 09906.4, there was no difference
in the band pattern from the wild-type when the chromosomal
DNA was probed with pPF1. The insertions causing copper
sensitivity in 09906.2 and 09906.3 were therefore inside the
chromosomal region shown to be homologous to the cosmid
pPF1, but the insertion in 09906.4 was outside of this region.
From the physical map of the cosmid clone pPF1 and Southern
blot analysis of the chromosomal DNA of 09906.2 and 09906.3
digested with different enzymes, the Tn5 insertion sites of
these two mutants were determined (Fig. 1). These insertions
were in the same 3.6-kb EcoR1I fragment of pPF1 about 1.9 kb
apart from each other in 09906.2 and 09906.3.

Transcriptional Organization of the Chromosomal Locus.
Chromosomal Tn3-gus insertions in P. fluorescens were ob-
tained through mutagenesis of pPF2 and pPF3, followed by
marker exchange (Fig. 2). With added CuSOs, B-glucuronidase
activity was induced for insertions within the chromosomal
region required for copper resistance. With copper induction,
blue colonies were observed within 6 days. Without copper
induction, 12 days were required for colonies of these mutants
to show a blue color. Southern blot analysis of BamHI-digested
DNA of Tn3-gus mutants indicated that each mutant had a
single transposon insertion (data not shown). The positions of
the Tn3—gus insertions suggested that at least 3.4 kb of DNA
were essential for copper resistance in pPF1. The oxidase
activity of each mutant was also determined (Fig. 2). Tn3—gus
mutants G1-G7 were copper-sensitive and oxidase-negative.
However, copper-sensitive mutants G8 and G9 were oxidase
positive.

DNA Sequence Analysis. The nucleotide sequence was
determined for the first 4.8 kb of the pPF3 clone, which
spanned all of the insertions causing copper sensitivity in this
region (Fig. 3). Six open reading frames were found; they were
designated helC, cycJ, cycK, tipB, cycL, and cycH by homology
to other characterized genes. The helC homolog, at the 5’ end
of our subclone, was not complete but contained the last 234
bp of the gene that would encode an amino acid sequence with
36% identity to the corresponding C-terminal region of HelC
of Rhodobacter capsulatus (26). The predicted protein product
of cycJ of P. fluorescens was homologous to CycJ of Bradyrhi-
zobium japonicum (46% amino acid sequence identity) and to
YejS of E. coli (48% identity) (ref. 27; GenBank accession no.
U00008). Homology was found between CycK of P. fluorescens
and several other conserved bacterial and mitochondrial pro-
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Complementation of Cu'
in Tn5 mutants

09906.2 09906.3 09906.4

) EB E E Xb Xh H Xh HH
pPF (28.5 kb) IAIAL il : A -1 + + .
09906.3 09906.2
EB E EXbXhHH"
pPF2 (13.3 kb) [ N | 4 | + + ND
EB E E Xb
pPF3 (10kb) ¢ 4 4 1 + + ND
pPF4.1/pPF5 E B E
(3.6 kb) e - - ND
E E
pPF6 (3.0 kb) [— ND ND ND
EB
pPF7 (1.7 kb) —_— ND ND ND
B E
pPF8 (1.9 kb) [S— ND ND ND

FiG. 1.

Complementation of the copper-resistance phenotype by conjugation of the cosmid clone pPF1 or subclones into three copper-sensitive

Tn5 mutants of P. fluorescens 09906. Arrowheads indicate the positions of Tn5 insertions in mutants 09906.2 and 09906.3. E, EcoRI; B, BamHI;

Xb, Xbal; Xh, Xhol; H, HindIll; ND, not determined.

teins encoded by cycK of B. japonicum (47% identity), ccll of
R. capsulatus (50% identity), yejR of E. coli (55% identity),
nrfE of E. coli (45% identity), mitochondrial open reading
frame (ORF) 509 of Marchantia polymorpha (36% identity),
and several related ORFs in other plant mitochondria (refs.
26-31; GenBank accession no. U00008). Similarity was also
found between TipB of P. fluorescens, TipB of B. japonicum
(37% identity), HelX of R. capsulatus (40% identity), and
YejQ of E. coli (47% identity) (refs. 32 and 33; GenBank
accession no. U00008). CycL of P. fluorescens was similar to
CycL of B. japonicum (38% identity) and YejP of E. coli (43%
identity) (ref. 27; GenBank accession no. U00008). Following
cycL, a sixth ORF would encode a product with homology to
CycH of B. japonicum (22% identity) and NrfG of E. coli (25%
identity) (28, 34).

Putative heme-binding motifs proposed for CycK and CycL
of R. capsulatus and B. japonicum (35) were also present in the
predicted products of cycK and cycL of P. fluorescens, as well
as their homologs in E. coli and other organisms (Fig. 4). In
addition, a consensus disulfide oxidoreductase active site,
present in the periplasmic thioredoxin-like proteins HelX of R.

Cyc + G8
gus Cye-QIG7 G11
E B Ecﬁé Cyc+ E Xb
L 1 1 1 J
Cyc -‘ Cyc '*Cy(c;:-; Cyc +* ‘C)’C + 6 Cyc +
Gl G2 Cyc - G9 G10 G12
8gus Cyc - [ —— Cu" Cvu’
G5 Nk gus- O O
| e e gus+ @ @
helC cycJ cyckK tipB cycL cycH

FiG.2. Transcriptional orientation, copper resistance, and oxidase
phenotypes determined by Tn3-gus insertions in pPF3. The direction
of arrows indicates the orientation of the promoterless gus gene in
Tn3-gus for each insertion. Insertions resulting in a copper-sensitive
phenotype are indicated by circles; insertions that did not inactivate
resistance are indicated by squares. Filled symbols indicate that gus
expression was detected. +, Oxidase positive; —, oxidase negative.

capsulatus (33), TipB (from ORF132) of B. japonicum (32),
and YejQof E. coli (GenBank accession no. U00008), as well
as the periplasmic disulfide oxidoreductase DsbA of E. coli
(36) and disulfide isomerase-like protein DipZ(CutA2) of E.
coli (13, 15), was also found in the predicted product TipB of
P. fluorescens (Fig. 4).

Hydrophobicity profiles of the predicted gene products were
consistent with descriptions of probable membrane and
periplasmic locations of homologs of these products in other
bacteria (35). Although our clone did not contain the intact
helC gene, the predicted C-terminal region contained one of
the hydrophobic stretches predicted to be a membrane-
spanning domain of this protein (Fig. 3). CycJ, CycL, and CycH
each contained two hydrophobic domains, one at the N
terminus and one further in the sequence, which was consistent
with predictions of these proteins being anchored in the
membrane (35). The putative heme-binding site of CycL was
located between the two hydrophobic domains, consistent with
the location of this site in the periplasm. CycK contained
several hydrophobic stretches that may be membrane-
spanning domains. TipB comtained only one hydrophobic
domain at its N terminus, which is consistent with its predicted
periplasmic location (33).

DISCUSSION

Copper resistance in P. fluorescens required chromosomal
genes that were not directly related to the cop operon (5), to
copper-transporting P-type ATPases (1-4), or to the known
cut genes required for normal copper uptake and transport in
E. coli. In E. coli, cutA, cutC, cutE, and cutF have been cloned
and sequenced (12-14). These separate chromosomal loci
encode a cytoplasmic copper-binding protein (CutC), an apo-
lipoprotein N-acyltransferase (CutE), and an outer membrane
lipoprotein (CutF), but their specific roles in copper metab-
olism are not completely clear. In addition, the cut4 locus
consists of three genes, one of which (cut42) encodes a protein
disulfide isomerase required for the biogenesis of c-type
cytochromes under anaerobic conditions (13, 15). The chro-
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helC—
1 ATCAAATACTCGGTGGAGTGGTGGAACACCCTGCACCAGGGCGCCACCTTCACCCTCACCGAAAAACCGGCGATGCCGGTGGAAATGTGGGCGCCGCTGCTACTGATGGTGCTGGGGTTC 120
I K Y S VEWUW®WNTULHA QGA ATT FTTULTTET K PA AMEPVEMUWAZPTULL LMV L G F
RBS cycJ—*
121 TALA&LL1L1LLbbLbbbblbblbLlhblubuuATGCGCCTCGAAGTGCTCAAGCGTGAAGCCCGCACCAGTTGGGTAAAAGCCGAAGTGCAAACCAGCCTQQQAQCGCGTGGATGAGCT 240
Y Cc F F G A V L L L R M R L E V L KUZ REA ARTS WUV KA AEUVAQTSTULGA ATRG *
241 TTGCTTCTTTCAGTGATTTTCTCGCCATGGCGCACCACGGCCTGTATGTCTGGACCGCCTATGCGATCTTGCCTGGCGGTACTGGTCCTCAACGTCGCCGCGCCGATCCTGGC%EE%;EE 360
A_S F S D F L A M A H H G L Y V W T A Y A I L P G G T G P QR RU RATDTZPGTZPOQA
361 CGTTACCTGCAACAAGAGGCGCGACGTCTGCGCCGGGAGACCGAAAAGTGAATCCGCTGCGTAGAAAGCGTCTGTTGATCATCCTTGCCATCCTGGCCGGTGTGGGTATTGCCGTGGGCC 480
L PATRGATSAUPGUDR RIEKTV VNUPILRARIKAIRILLI I L A I L A GV G I AV G L
481 TGGCGATGAGCGCCCTGCGGGAGAACATCAACCTGTTCTACACCCCGACCCAGATCGCCAATGGTGAAGCCCCGCTGGACACGCGCATCCGCGCCGGTGGCATGGTGGAGCAGGGCTCGT 600
A M S A L RENTINTULTFYTUPTNOQTIANSGTEA ATZPTULUDTU RTIU® RAGG GMMVET QG S L
601 TGAAGCGTTCCGGCGATTCCCTGGACGTGACCTTCGTGGTCACCGATTTCAACAAGGCCGTGACCATCACTTATCGCGGCATCCTCCCCGACCTGTTCCGCGAAGGCCAGGGCATCGTCG 720
K R S G DS LD VTV FVVTDTFNI KA AVTTIT Y®RSGTIULZPUDTILTFIRTETGU QQGTI VA
721 CCCTGGGCAAGCTCAATGCCGATGCGGTGGTAGTGGCTGACGAGGTGCTGGCCAAGCACGATGAGAAGTACATGCCGCCGGAGGTCACAAAGGCCTTGAAAGACAGCGGCCAATCCCGCC 840
L G KL NADA AV VYV ADETVILAIKU HDET KT YMZ®PUPEUVTI KA ATLTE KT DSGAOQSTRL
RBS cycK—
841 TGGCGCGAATCCGCAGCCTGCCAAGGAGGGCTAAGTGATGACGTCCGCACTGTTTATTCCGGAGCTGGGCCAGTTGCGGATGATCCTCGCCCTGTGCTTTGCCGTGGTCCAGGCTGTGGT 960
A R I RS L PRRAK *M T S A L F I P E L G Q L R M I L A L C F A V V v Vv
961 GCCATTGCTCGGCGCCTGGCCGGGTGACCGCCTGTGGATGAGCCTGGCGCAGCCGGCGCGCTGGGGCCAGTTTGCCTTCCTGTTGTTCGCCTTCGGTTGCCTGACCTACGCCTTTATGAC 1080
P _L L G A WP G DI RULWMMSIULAAQPA ARWG QU EAFL L F A F G C L T
1081 CGACGACTTTTCCGTCGCCTATGTCGCAAACAACTCCAACAGCGCCTTGCCCTGGTATTACTTGTTCAGCGCCGTGTGGGGCGCCCACGAAGGTTCGTTGCTGCTGTGGGCGTTGATCCT 1200
D D F S V A Y V A NN SN S AULUPWYYULTF S AV WG AHEG S L L L WA L I_L
1201 CGGTGGCTGGACCTTCGCCGTATCGGTGTTTTCGCGCCAACTGCCGCAAGTCATGCTGGCACGGGTGCTGGCGGTGATGGGCATGATCAGCATTGGCTTTTTGCTGTTCCTGATCATGAC 1320
G G W T F A V S V F S R QL P Q V M L A R V L A V M G M I s I G F L L F L I M T
1321 CTCCAACCCTTTCAGCCGCATGCTGCCGCAGATCCCGGCGGACGGGCATGACCTCAACCCGCTGTTGCAGGACATCGGCCTGATCGTGCATCCGCCCATGCTCTATATGGGCTACGTCGG 1440
N P F S RMLPOQTIUPADGUHDTLNZPTILILO QDTIGIULTIV.HPPMILYMGYVG
1441 CTTCTCCGTAGCCTTTGCCTTCGCCATCGCCGCCTTGCTTGGCGGGCGTCTGGATGCGGCGTGGGCGCGTTGGTCGCGGCCATGGACCATCGTTGCCTGGGCCTTCCTCGGTATCGGTAT 1560
E S VvV A F A F A I A A L L G G R L DAA AW ARWS R P W T I V A WA F L G I G I
1561 CACCCTGGGCTCATGGTGGGCCTACTACGAACTTGGCTGGGGCGGCTGGTGGTTCTGAGGTCCGGTGGAAAACGCGTCCTTCATGCCCTGGCTGGTGGGCACTGCGCTGATTCATTCCCT 1680
I L G S W WA Y YETULGWSGGWWT FWDUPVENA AST FMZPWIULVGTA ATLTIHSL
1681 GGCGGTCACCGAAAAACGCGGCGTGTTCAAGAGCTGGACTGTGTTGCTCGCCATCGCCGCGTTTTCCCTCACGCTGCTCGCAGCCTTCCTGGTGCGTTCGGGCGTGCTGACCTCGGTGCA 1800
AV TEKRGV F K § W T V L L A I A A F S L T L L A A F L V R S G V L T S V H
1801 TGCGTTCGCCTCTGACCCCGAGCGTGGCGTGTTCATCCTGATCTTCCTGCTGTTTGTGGTGGGCGGCTCGCTGACCCTGTTCGTGCGCGCACCGGTGGTCAAGAGCCAGGTCGGCTTCAA 1920
A s D P ER G V F I L I F L L F V V 6 6 S L T L F V R A P V V K S Q V G F N
1921 CCTGTGGTCGCGGGAAACCCTGCTGCTGGGCAATAACCTGGTGCTGGTGGTAGCCGCGTCGATGATCCTGCTCGGCACCCTCTACCCGCTGGTGCTGGATGCCCTCAGCGGCGCCAAGCT 2040
L Ws RE T L L L 6 NNL V L V V A A S M I L L G T L Y P L V L D AL S G A K L
2041 GTCCGTCGGCCCGCCGTATTTCAATGCGTTGTTCATCCCGCTGATGGGCCTGTTGATGGTGGTGATGGCGGTCGGCGTGCTGGTGCGCTGGAAAGACACTCCGGTGARATGGCTGGTGGG 2160
s v P P Y F N A L F I P L M G L L M V V MAV G V L VRWI KT DTUPV W
2161 CAIULJL&LILththlbLIAGGCAhLbllbbbblbbbbblbblbbbbuulnlAuub1ACGGCGACTTCAACTGGGCAGTGCTCGCCACCTTCCTGCTCGCCGCCTGGGTATTACTGGC 2280
v F N W A V L A T F L L A A W V L L A
2281 CGGTGTGCGTGACATCTTCGACAAGACCCGTCACAAAGGTTTGCTCAAAGGTCTGCCGACCCTGACCCGCAGCTACTGGGGCATGCAGATCGCCCACATCGGCATCGCGGTGTGCGCCCT 2400
6 VR DI F D K TRHIKGULULI KSGIULU&PTTULTRS Y W G A I
2401 CGGCGTGGTGCTGTCCAGCCAGAACAGCGCCGAGCGCGACCTGCGCCTGGCGCCGGGCGAATCCATGGACTTGGCCGGTTACCACTTCATCTTCGAAGGCGCCAAGCACTTCGAAGGGCC 2520
v v S Q NS A ERDULRILAPGESMDIULAGT YU HT FTIT FETGATI KUHTFTEG P
2521 GAACTTTACCTCAGACAAAGGCACGGTGCGCGTGGTGCGCAACGGCAAGGAAATCGCCGTGCTGCACCCGGAAAAACGCCTTTACACCGTGCAGAGTTCGATGATGACCGAAGCGGGCAT 2640
N F T s DK GT VRV YV RNGI KETIA AVLHUPEI KU RTILYTVQS S MMTEA ASGTI
2641 TGACGCCGGCTTCACCCGTGACCTCTATGTGGCCCTCGGAGAACCCCTGGGCGACGGCGCCTGGGCCGTGCGGGTGCATGTCAAACCCTTCGTGCGCTGGATCTGGTTCGGCGGTTTGCT 2760
DA G F TR RDULYVALGEZPULSGUDSGAWA AVR RV HVYV KUPUE EV R W I WF G G L L
tipB—
2761 CACCGGTTTTGGCGGTTTGCTCGCGGCGCTGGACCGGCGTTATCGGGTCAAGGTCAAAAGCCGGGTGCGTGAAGCACTGGGTATGGGAGCTGCGGTATGAAGCGTTGGTTGATGGTGGTG 2880
r G F G G L L A A L DRI RYURVYVY KV KSRV REA ALGMMGA AA AUV *
M_K R W L M V V
2881 CCACTGGCGTTGTTCCTGCTGGTGGCGGTGTTCCTGTATCGCGGCCTGTACCTGGACCCGGCCGAATTGCCGTCGCGGATGATCGGCAAGCCATTCCCGGCATTCAACCTGCCGACAGTG 3000
D PAELUPSRMIGI KU®PTFUPATFNILUZPTV
3001 CACGGCGACAAGACCCTGACCCAGGCCGACTTGCGGGGCAAACCAGCGCTGGTCAATGTGTGGGCGACCTGGTGCATTTCCTGCCGCGTCGAGCATCCGGTGCTGAACAAGCTGGCCGAG 3120
H GG D K TULTQAUDIULW RGI KUPA ALV VNV VWA ATWOCTISCIRUVEUHZPVILNI KTLAE
3121 AAGGGCGTGGTGATCTACGGCATCAACTACAAGGACGACAACGCAGCTGCGTTGAAATGGTTGGCCGAATTTCACAATCCGTACCAGCTGGATATCCGCGATGAAGACGGCAACCTCGGT 3240
K G V VI Y G I NYIKUDUDNA AAATLIKWTILA AETFHNUPYOQLDTIRUDETDSGNTILG
3241 TTGAACCTTGGCGTGTACGGCGCGCCGGAAACCTTCTTTATCGACGCCAAGGGCGTGATCCGCGACAAGTACGTCGGCGTGATCGACGAGGTGGTGTGGCGCGACGAACTGGCCGCCAAG 3360
‘L NL GV Y G A P ETTFV FI DA AI KTGV VIIRUDIEKY YUV GV I DEUVV WIRUDETLAATK
S cycL—
3361 TACCAGGCCCTCGTCGATQAEQCCAAGCCATGAAGCGTCTGTTAGCTGCCGCTGTTTGCCTTGGGCCTGGCCGGTGTGGCCACGCTGCCATCGACACCTACGAATTCGCCAACGACGCCG 3480
Y Q AL VD EAIK P
M K R L L A A A V C L G P GRC G HAATIDTYETFA ANDAE
3481 AGCGCGAGCGTTTCCGCGACCTGACCAAGGAACTGCGCTGCCCCAAGTGCCAGAACCAGGACATCGCCGACTCCAACGCACCCATCGCCACCGACCTGCGTAGAGAGATCTTCCGCATGC 3600
R ERFRDU LTI KETLI RTCEPIKTCAOQNO QDTIA ADSNAZPTIATIUDTIULR RI RIETITFU RMIL
3601 TTGGGGAGGGCAAGGACGACCAGCAGATCATCGACTTCATGGTCGACCGCTACGGTGATTTTGTGCGCTACAAACCGGCCCTTACCGGCAAGACCGCGCTGCTCTGGTTCGGCCCTGCCG 3720
G E G KD DOQOQTI I DV FMVDRYGDV FVRYKUPATLT
3721 GCCTGCTGCTGGCCGGCGTCGTGGTGATGGCGGTGATCGTGCGTCGCCGCCGCGCCGCGCCGACCGATGGTTCCGATGCGCTGTCCCCTGAAGAGCGCAAACGTCTCGACCAATTGCTGG 3840
L L L A G V V V M A V I V RRRIRAAZPTU DSGSDATLSU©PEERIKI RTILDU OQTLTLTD
RBS
3841 ACACCAAGACTGATGATTGATTTCTGGCTCGCAGCCGGCTTGCTGCTTCTGATTGCCCTGAGTTTCCTGTTGATCCCTGTACTGCGCGGCCGCCGTGCCCAGCGTGAAGAAGATCGCACC 3960
T K T D D *
M I D F W L A A G L L L L I A L S F L L I P VL RGURIRAQOQRYETETDT RT
3961 GCGCTGAACGTGGCGCTGTATCAGGAGCGCGTTGCCGAGCTGCAAGTGCAGCAGGACGAAGGTGTATTGAACGCCGCGCAACTGGACACCGGCCGCGCCGAAGCCGCCCGTGAGCTGCTG 4080
A L NVALYOQEURVYVAETULAGQVQQDESGVILNAAQLDTGURAEA AARIETLTL
4081 GCCGATACCGAAGGCGTGGAAAAGCCCCGTGAATCACGCTTGGGTAAACCCTTGCCGTTTTTGGCGGCGTTTCTGGTGCCCGTGCTCGGCGTTGTGCTGTACCTGCATTATGGGGCGAGC 4200
ADTEGV VETZKTPREST RTLTGIKPULPF L AAMTFTLV P VLGV V L YLHEYGAS
4201 GACAAGGTCGAACTGACCCGTGAGTTCTCCCAGCCGCCAGTGTCCATGGCCGACATGACCCAGCGCCTGGAGCGTGCCGCGGCAGCCCAGCCGGACTCGGCCGA CTGTACTTCCTG 4320
D KV ELTRETFSQP?PV S MADMTOQRIULEU RAAMAAQEPDSAETGTULYTFUL
4321 GGCCGCGCCTACATGGCCCAGGACCGCTCCGCCGATGCCGCCARAGTCTTCGAGCGTACCGTGGCATTGGCCGGGCGCCAGCCGGAACTGCTCGGCCAGTGGGCCCAGGCGCAATACTTT 4440
G RAYMAQD RS ADA AAI KTV YV FERTVALA AGT RU GQEPETLTILGU QWA AU QAU OQYTF
4441 GCCGACAACAAACAGTGGTCGCCCAAGGTGCAGGCGCTGACGGACGAGGCGTTGAAGCTCGACCCCAAGGAAGTCACCAGCCTTGGCCTGTTGGGTATCGCCGCCTTTGAAGGCCAGCGT 4560
A DN KOQW S P KV QALTUDEA ALIKTLDZ PI KEVTSULGULUL GIAATFTETGTU QR
4561 TATCAGGAGGCGATCGACTACTGGAACCGCCTGCTGGCGCAACTGCCGCCCCAAGACAATTCCCGTGTGGCGCTGCAAGGCGGTATTGATCGCGCAGCCGAGAAGCTCAACGGAAAGCGGC 4680
Y Q EA I DY WNU RIULULAAOQLUPUPA QDN NS SUR RVALU OGS GTIUDIR RAARARMEIKILIKES G
4681 GGTACGGTCGCGCACAAAACGGTAATGACCGTACGTGTGGACCTGTCCGCCGAGGCAAAAGCCAAGACCTTGCCGAGCGACAGCGTGGTTCATCTTCGCCCGCGCCGTCTCCGGCCCACC 4800
G T VA HKTUVMTVRVYVDILSAEA AIKA ATI KTTULUZPSD SV V HLIRZPRI RILIRUEPT
4801

GGCACCGTTGGCGGCCAAGCGCGTTACCGTCGCTGAATTGCCCGTTACCGTTGAATTGGG
-

G TV G G QAR YRR

Fic. 3. DNA sequence and predicted translation products of kelC, cycl, cycK, tipB, cycL, and cycH of P. fluorescens. Putative ribosome binding
sites in the nucleic acid sequence are underlined and labeled RBS, and regions of hydrophobicity in the amino acid sequence are underlined.

mosomal locus required for copper resistance in P. fluorescens
was also involved in the biogenesis of Cyt c, but other than the
presence of similarities between the active site of
CutA2(DipZ) and a similar putative disulfide oxidoreductase
active site in TipB, the genes were not obviously related to the
E. coli cut genes. Instead, the locus in P. fluorescens was related

to another region of the E. coli chromosome, the aeg-46.5
region, as discussed below.

The six ORFs in the chromosomal region cloned from P.
fluorescens, helC, cycl, cycK, tipB, cycL, and cycH, were similar
to genes involved in Cyt ¢ biogenesis, as first described from B.
Jjaponicum and R. capsulatus, but the genes were organized
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A

Pf TipB RGKPALVNVWATWCISCRVEHPV

Ec YejQ QGKPVLLNVWATWCPTCRAEHQY

Bj TipB KGKVSLVNVWASWCVPCHDEAPL

Rc HelX DGKIKLVNFWASWCAPCRVEHPN

Ec DipZ KGKPVMLDLYADWCVACKEFEKY

Ec DsbA AGAPQVLEFFSFFCPHCYQFEEV
B ¢
Pf CycK  WGGWWEWD Pf CycL RCPKCO
Bj CycK WGGWWEWD Ec YejP RCPKCQ
Ec YejR  WGGWWEWD Bj CycL RCMVCOQ
Rc Ccll  WGGFWEWD Rc Ccl2 RCBVCO
Mp ORF509 WGGWWEWD Nc CCHL RCPVDH

FiG. 4. (A) Conservation of a putative disulfide oxidoreductase
active site in TipB of P. fluorescens (Pf), YejQ of E. coli (Ec), TipB of
B. japonicum (Bj), HelX of R. capsulatus (Rc), DipZ(CutA2) of E. coli,
and DsbA of E. coli. (B and C) Conservation of putative heme-binding
motifs in CycK and CycL of P. fluorescens, CycK and CycL of B.
Jjaponicum, Ccll and Ccl2 of R. capsulatus, YejR and YejP of E. coli,
mitochondrial ORF509 of Marchantia polymorpha (Mp), and CCHL of
Neurospora crassa (Nc).

differently in P. fluorescens than in those bacterial species. In
B. japonicum, cycH-cycJ-cycK-cycL are organized as a cluster
but another region contains cycV—cycW-ORF263(helC)—cycX-
tipB (32, 34, 35). R. capsulatus had a similar arrangement as B.
Japonicum, with one region containing helA(cycV)-helB(cyc-
W)—-helC-helD(cycX)—tipB, but the other region containing
ccll(cycK)—ccl2(cycL) was preceded by a divergently tran-
scribed argD, rather than cycH-cycJ (26, 33).

The gene order in P. fluorescens was more similar to a
homologous region of the E. coli chromosome, identified first
through operon-fusion mutagenesis (37) as an anerobically
expressed gene region (aeg-46.5), and later through sequencing
as yejW(helA)-yejV(helB)-yejU(helC)-yejS(cyc])-yejR(cycK)-
yejQ(TipB)-yejP(cycL) (GenBank accession no. U00008). This
similarity is consistent with the closer phylogenetic relation-
ship between P. fluorescens and E. coli than between P.
fluorescens and B. japonicum or R. capsulatus (38).

Cyt ¢ oxidase activity and copper resistance were disrupted
in Tn3—gus mutations in this gene cluster of P. fluorescens,
except that two mutations (G8 and G9) localized to the 3’ end
of cycH that caused copper sensitivity did not disrupt Cyt ¢
oxidase activity. In a recent study, Page and Ferguson (39) also
found that a deletion of the 3’ end of cycH from Paracoccus
denitrificans did not abolish Cyt ¢ biogenesis. Our G8 and G9
mutants effectively uncoupled the resistance phenotype from
Cyt ¢ function and suggest that the end product (Cyt ¢) is not
what is required for resistance. Apparently, a function of the
CycH product, and possibly other products of this gene cluster,
are required for resistance. c-Type cytochromes are electron
carriers with the heme group covalently attached to the
apocytochrome. The mature holoprotein is localized on the
periplasmic side of the cytoplasmic membrane, either mem-
brane bound or present in the periplasmic space of Gram-
negative bacteria (26). Heme is thought to be transported to
the periplasm and coupled to the apocytochrome in the
periplasm (39). This process is thought to involve several
membrane-bound and periplasmic proteins, including ho-
mologs to each of the genes described in this study. HelC may
be a subunit of an ABC-transporter of heme, which includes
additional proteins HelA and HelB in other bacteria (35). TipB
is thought to function as a disulfide oxidoreductase that may
function in reduction of the cysteines of the apocytochrome ¢
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heme-binding site, and a number of membrane-associated
proteins are thought to function in heme ligation to this site,
including CycJ, CycK, CycL, and CycH (35). It is not known
how these proposed functions could affect copper sensitivity.
None of the putative copper-binding, repeated sequences
(MXXMDHXXM) present in Cop proteins of P. syringae (5)
and Enterococcus hirae (2), or the related MXXM repeats in
the CTR1 protein of yeast (40), were found in the predicted
products from the P. fluorescens genes.

However, the cysteine-containing motifs CXXC conserved
in the putative heme-binding site of CycL and in the active site
of the thioredoxin-like protein TipB could potentially interact
with copper, as proposed for CXXC motifs in the mammalian
and bacterial copper ATPases (1-4). Cyt c¢ oxidase itself
contains copper atoms (41), but the mechanism of copper
insertion into the complex does not appear to be well charac-
terized. A role for some of these genes in the handling of
copper for Cyt ¢, and in the management of toxic levels of
copper, might therefore be considered. Alternatively, the
effects of these genes may be less direct, by contributing to
other cellular processes that are also required for copper
metabolism. It will therefore be important to explore possible
secondary effects on the functions of cop gene homologs (5,
21), the locus that was mutagenized in P. fluorescens 09906.4
(16), copper-transporting ATPases (1-4), and other genes that
may be analogous to the cut genes of E. coli (12-14).

Greater B-glucuronidase activity was observed with Tn3-
gus mutants grown with supplemental copper than without
copper, suggesting that, in addition to the basal level of
expression, transcription of these genes was induced to higher
levels by copper. Copper-responsive expression of Cyt ¢6 and
an enzyme in the heme biosynthetic pathway has been reported
in a green alga, and many other examples of regulation of gene
expression by metal ions associated with catalytic metal-
loproteins exist (42). This pattern of expression is consistent
with a bifunctional role of these genes in copper resistance and
Cyt ¢ biogenesis, but whether enhanced expression is an
adaptation of copper-resistant bacteria, or a normal charac-
teristic of oxidase-positive bacterial species is not yet known.
No copper-responsive regulatory sites such as the CopR-
binding site (cop box) of P. syringae (43, 44) were detected in
the DNA sequence from P. fluorescens, but the probable
operon structure of this gene cluster suggests that any such
regulatory site would be upstream from the incomplete helC
gene in our clone.

Many bacterial species have multiple respiratory oxidases
(41). The different respiratory oxidases may allow the cells to
customize their respiratory system to meet the demands of a
variety of environmental growth conditions, including changes
in the availability of metal ion cofactors. Mutations affecting
a single cytochrome assembly pathway would therefore not
necessarily be fatal, but may reduce their ability to meet all the
demands to grow in certain microenvironments. The oxidase-
negative, copper-sensitive Tn5 mutants of P. fluorescens iden-
tified in our previous study (16) survived well in sterile soil, but
they were less competitive for survival when other microbes
were present in the soil. The importance of Cyt ¢ oxidase itself
in competitive fitness, versus more general effects from the loss
of proteins involved in transport and handling of heme or
copper, will be evaluated in further studies.
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