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The nucleotide sequence of a 4.5-kilobase copper resistance determinant from Pseudomonas syringae pv.
tomato revealed four open reading frames (ORFs) in the same orientation. Deletion and site-specific mutational
analyses indicated that the first two ORFs were essential for copper resistance; the last two ORFs were required
for full resistance, but low-level resistance could be conferred in their absence. Five highly conserved, direct
24-base repeats were found near the beginning of the second ORF, and a similar, but less conserved, repeated
region was found in the middle of the first ORF.

Copper compounds have been widely used in agricultural
systems to control undesirable microorganisms, and in re-
cent years, copper-tolerant microbes have been isolated
from such environments (19). Plasmid-encoded resistance to
copper has been demonstrated for several bacterial species,
including Escherichia coli (18), Mycobacterium scrofula-
ceum (8), and the plant pathogens Xanthomonas campestris
pv. vesicatoria and Pseudomonas syringae pv. tomato (1,
17). Previous work on P. syringae pv. tomato demonstrated
the involvement of a 35-kilobase (kb) plasmid (pPT23D) in
copper resistance (1, 2). This plasmid was highly conserved
among copper-resistant strains of P. syringae pv. tomato
isolated in southern California (5). Copper resistance deter-
minants were isolated on a 4.5-kb PstI-PstI fragment cloned
from pPT23D. TnS insertions indicated that at least 3.9 kb of
this fragment was involved in copper resistance (2). To
further understand the basis of copper resistance in the P.
syringae pv. tomato system, the DNA sequence of the
4.5-kb fragment was determined. This paper presents the
structure, organization, and relative contribution to copper
resistance of four genes contained within this fragment.
DNA sequence analysis. The 4.5-kb PstI-PstI fragment was

subcloned from pCOP2 (2) into pUC119 (20) in both orien-
tations, and overlapping deletions differing by approximately
100 base pairs (bp) were made by the method of Henikoff
(11) using exonuclease III and Si nuclease. Single-stranded
template DNA was prepared by coinfecting with the helper
bacteriophage M13K07 (20). Both strands were sequenced
by the Sanger dideoxy method (14) using 35S-labeled dATP
(3). Sequence data were analyzed by the computer programs
of BIONET (Intelligenetics, Palo Alto, Calif.).
Four open reading frames (ORFs) of 1,827, 984, 378, and

930 bp occurred in the same orientation and were preceded
by sequences resembling those of E. coli consensus ribo-
some-binding sites (15). These ORFs were designated A, B,
C, and D, respectively (Fig. 1). Several additional, widely
dispersed ORFs with possible ribosome-binding sites oc-
curred in the opposite orientation with sizes of 234, 243, 291,
510, 225, 342, and 417 bp. However, TnS insertions affecting
copper resistance (2) and the deletions and frameshift muta-
tions described later in this paper were not consistent with
the involvement of these ORFs in copper resistance.

* Corresponding author.

The sequence had an overall G+C content of 60%, similar
to that of genomic DNA of P. syringae (13). Codon usage in
all the ORFs showed that there was a strong preference
(74.5%) for codons containing G or C at position 3. All four
of the predicted protein products contained unusually high
levels of methionine (7.1, 4.9, 5.6, and 4.9% in ORFs A, B,
C, and D, respectively). The hydropathic nature of the four
predicted proteins, determined by the algorithm of Kyte and
Doolittle (12), indicated that ORFs A, B, and C lacked any
significant hydrophobic regions with the exception of fairly
large hydrophobic stretches at the beginning of each ORF
(data not shown). The nature of these hydrophobic stretches
is similar to that expected for signal peptides (16, 21, 22),
each possessing a charged amino acid at the N terminus, a
hydrophobic core region, and a polar C-terminal region. The
predicted product from ORF D had several potential mem-
brane-spanning hydrophobic regions and also possessed a
leader region resembling that of a signal peptide.

Five direct repeats of 24 bases each were present near the
beginning of ORF B (Fig. 1). This region would encode a
highly conserved polypeptide of eight amino acids (Asp-His-
Ser-Gln/Lys-Met-Gln-Gly-Met) directly repeated five times
(Fig. 2). A similar methionine-rich repetitive region was
found in ORF A (Fig. 1); it was not as highly conserved as
the region in ORF B, nor were the repeats tandemly linked
throughout the entire region. However, the general structure
Asp-His-X-X-Met-X-X-Met was conserved between several
of the ORF A repeats and those in ORF B (Fig. 2). The
function of the repeated sequences is not yet known, but a
computer search of protein data bases with the ORF A
protein indicated similarities between a region of about 50
amino acids just preceding the repeated sequences and a
region of the azurin proteins from Pseudomonas aeruginosa,
Pseudomonas dentrificans, Bordetella bronchiseptica, and
Alcaligenes denitrificans. In addition, a region of 18 amino
acids with similarity to plastocyanin from Chlorella fusca
was detected 10 amino acids upstream from the region with
similarity to azurin. The plastocyanin and azurin blue copper
proteins bind copper between the sulfur atoms of a cysteine
and a methionine and between nitrogen atoms in the imida-
zole groups of two histidine residues (4). Although there are
no cysteines near the repeated region of ORF A and only one
in the entire protein, the region is rich in methionine and
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Psel 10 20 30 40 50 60 HndM 70

CTGCAGATAC TAAAAAAACT GAAAGCTCTA AGGCATGTTG CTAACCAACG CAGGTTTTCA AGCTTACAGA

s0 90 100 110 120 130 140
AATMTAATCG CGCCGCTTAC GATGCT?GTA CATCGTCCAC TCCAGTACCT TAAACCCAGT ACACGGCTTA

150 160 170 ORFA 187 202
AATGCCGTCC TTGCCTACCT_CCACCCGCGC GT ATG GAA TCA AGA ACT TCT CGA COT ACT TTC

SD ME? Glu Sar Ar; Thr Ser Arg Arg Thr Ph.

217 232 247
GTC AAA GGC CTC GCG GCT GCC GGC GTG CTA CGT GGG CTA GGc TTG TGG COT TCG CCC
Val Lys Gly Lou Ala Ala Ala Gly Vol Lou Gly Gly Lou Gly Lou Trp Arg Sor Pro

262 277 292 307
AGC TGG GCG GCG TCC GGC TCG CCG GCG CTC AGC GTG TTG AGC GGT ACG GAG TTC GAC
Ser Trp Ala Ala S.r Gly Ser Pro Ala Lou Ser Val Lou Ser Gly Thr Glu Phb Asp

322 337 352 367
CT? TCT ATT GGc GAG ATC CCG GTA AAC ATC ACC GGC AGG CGT CCG ACA GCG ATG GCG
Lou Ssr I1 Gly Glu ME? Pro Vol Asn Ile Thr Gly Ar; Ar; Arg Thr Ala MET Ala

362 Apal397 412 427
ATC AAT GCGCGGC?G cc GGC CCc CTG CTG cGC TGG AAA GAG GGT GAC ACT GTC ACG
I1 Asn Gly Gly Lou Pro Gly Pro Lou Lou Ar; Trp Lys Glu Gly Asp Thr Vol Thr

442 457 472 467
CTC CGG GTA CGC AAC CGG CTC GAC GCT GCA ACC TCC ATA CAC TOG CAC GGC ATT ATC
Lou Arg Val Ar; Asn Arg Lou Asp Ala Ala Thr Sor Ile His Trp His Gly Ile Ile

502 517 532
CTG CCG CCG AAC ATO GAC GGC GTT CCA GGA CTG AGC TTC GCG GGC ATC GAG CCG GOT
Lou Pro Pro Asn MET Asp Gly Vol Pro Gly Lou Sor Ph. Ala Gly I1s Glu Pro Gly

547 562 577 592 Kpnl
GGC GTG TAC GTC TAC CAO TTC AAG GTC CAA CAG AAC GGG ACG TAC TOG TAC CAC AGC
Gly Vol Tyr Vol Tyr Gln Ph. Lys Vol Gln Gln Asn Gly Thr Tyr Trp Tyr His Ser

607 622 637 652
CAC TCC OGA TmT CAG GAG CAG GTG GGG GTG TAT GGC CCG CTCGTC ATC GAG GCG AAA
His Ser Gly Ph. Gln Glu Gln Vol Gly Vol Tyr Gly Pro Lou Val Ile Glu Ala Lys

667 662 697 712
GAG CCC GAO CCT TTC AAG TAC GAc AGT GAA CAT GTG GTG ATG CT? ACC GAC TOG ACG
Glu Pro Glu Pro Ph. Lys Tyr Asp Ser Glu His Va1 Val MET Lou Thr Asp Trp Thr

727 742 757 772
GAT GAA GAT CCC GTC TCG CTC ATG CGT ACC CTC AAMG CAG TCC GAT TAC TAC AAC
Asp Glu Asp Pro Vol Ser Lou MET Arg Thr Lou Lys Lys Gln Sor Asp Tyr Tyr Asn

767 602 617
TTC GAG AA CGC ACA GTC OGT GAC TTCGTC AACGATGTAGCTCATAA?G GC TGG 0CC
Ph. His Lys Ar; Thr Vol Gly Asp Pho Vol Asn Asp Val Ala Asp Lys Gly Trp Ala

832 647 662 677
GCA ACC GTC GCG GAT CGC AAG ATG TOG 0CC GAG ATG AAG ATG AAC CCC ACG GAC CTT
Ala Thr Val Ala Asp Arg Lys MET Trp Ala Clu MET Lys MET Asn Pro Thr Asp Lou

692 907 922 937
GCG GAC GTG AGC CGG GCC ACC TAC ACG TAC CTG CTC AAT GCT CAG GCC CCC AAT ATG
Ala Asp Vol Sor Gly Ala Thr Tyr Thr Tyr Lou Lou Akn Gly Oln Ala Pro Asn MET

952 967 962 997
AAC TOG ACC OGC TTG TTC COT CC? GCC GAA AAG CTG CGC CTG COG TTC ATC AAC GGC
Asn Trp Thr Gly Lou Ph. Ar; Pro Gly Glu Lys Lou Arg Lou Arg Ph. Ile Asn Gly

1012 1027 1042 1057
TCG OCT ATG ACG TAC TTC GAC ATC CGT ATT CCA GGC CTG AAA ATG ACC GTG GTA OCT
Ser Ala MET Thr Tyr Ph. Asp Ile Ar; IUe Pro Gly Lou Lys MET Thr Val Val Ala

1072 1087 1102
TCG GAT CGC CAG TTC GTG AAC CCG GTT GAO GTCGATGAAG TA COC ATT 0CC GTG GCC
sr Asp Gly Gln Ph. Val Asn Pro Val Glu Vol Asp Glu Lou Arg Ile Ala Val Ala

1117 1132 1147 1162
GAA ACC T?C GAT GTO ATC OTT GAO CCC ACT 0CC GAG GCG TAT ACGOTC mT? OCT CAA
Glu Thr Phs Asp Vol Ile Vol Glu Pro Thr Ala Glu Ala Tyr Thr Vol Ph6 Ala Gln

1177 1192 1207 1222
TCC ATG GAT COC ACG GGC TAC 0CC CCG GGC ACC CTA GCC GTG COG AA GGC TTG GTA
Ser MET Asp Ar; Thr Gly Tyr Ala Arg Gly Thr Lou Ala Vol Arg Glu Gly Lou Val

1237 1252 1267 1262
0CC CAG GTC CCC CCC CTT GAT CCT CGT CCO CTG GTC ACG ATG CAC GAT AT CGGC ATG
Ala Gln Val Pro Pro Lou Asp Pro Arg Pro Lou Vol Thr MET Asp Asp MET Gly MET

1297 1312 1327 1342
OGT OGT ATG GAC CAT GGC AGC ATG GAT OGC ATG AGC OGC ATG GAT TCG OGT 0CC GAC
Gly Gly MET Asp His Gly SOr MET Asp Gly MET Ser Gly MET Asp Ser Gly Ala Asp

1357 1372 1367
GAC OGC ATG CAG ACC ATG AGC AGC ATG GOG GGC GAC TCC ATG CCC 0CC ATG GAC CAT
Asp Gly MET Gln Thr MET SOr SOr MET Gly Gly Asp SOr MET Pro Ala MET Asp His

1402 1417 1432 1447
AGC AAA ATG TCT ACC ATG CAG GOT ATG GAC CAC GGC OCT ATG TCG OGC ATG GAC CAT
Ser Lys MET Ser Thr MET Gin Gly MET Asp His Gly Ala MET Ser Gly MET Asp His

1462 1477 1492 1507
OGT GCG AT GCGC GGC ATG GTG ATG CAO AGC CAC CCT GCC AGC GAG AACGAC AAC CCG
Gly Ala MET Gly Gly MET Vol MET Gln SOr His Pro Ala sOr Glu Ann Asp Asn Pro

1522 1537 1552 1567
CTG GTG GAC ATG CAG 0CC ATG AGC CCT ACC 0CC AAM CTG AAC OAT CCT GGC CTG OGC
Lou Val Asp MET Gln Ala MET Sr Pro Thr Ala Lys Lou Asn Asp Pro Gly Lou Gly

1582 1597 1612 1627
CTG CGT AAT AAC 00 CGC AAG GT CTC ACC TAT 0CC GAC CTT AAA AGC ACC TTC GAA
Lou Arg Asn Asn Gly Arg Lys Val Lou Thr Tyr Ala Asp Lou Lys SOr Thr Ph. Glu

1642 1657 1672
GAC CCT GAC GGG CGT GAG CCG AGC CGG ACC ATT GAG CTG CAC CTG ACC GGG CAC ATG
Asp Pro Asp Gly Arg Glu Pro Ser Arg Thr Ile Glu Lou His Lou Thr Gly His MET

1687 1702 1717 1732
GAA AAA TTT GCA TGG TCG TTT GAC GGC ATC AAA TTC GCG GAC GCC CAA CCT CTG ATA
Glu Lys Phs Ala Trp Sor Ph. Asp Gly Il Lys Phs Ala Asp Ala Gln Pro Lou I1l

1747 1762 1777 1792
CTC AAA TAC GGC GAA CGC GTA AGA ATC GTG CTG GTG AAT GAC ACG ATG ATG ACT CAC
Lou Lys Tyr Gly Glu Arg Va1 Arg I1e Val Lou Val Asn Asp Thr MET MET Thr His

1807 1C22 1837 1852
CCG ATC CAT CTG CAT GGG ATG TGG AGT GAC TTG GAG GAC GAG GAC GGA AAC TTC AGG
Pro Ile His Lou His Gly MET Trp Ssr Asp Lou Glu Asp Clu Asp Gly Asn Pho Arg

1667 1352 1897 1912
GTG CGC AAG CAC ACC ATT GA? ATG CCG CCA GGC TCC AAG CGC AGC TAC CGT GTC ACC
Vol Arg Lys His Thr Il Asp ME? Pro Pro Gly sor Lys Arg oar Tyr Arg Val Thr

1927 1942 1957
GC? GAT GCC CTG GGG CGC TGG GCC TAT CAC TGT CAC CTG C?C TAC CAC ATG GAG ATG
Ala Asp Ala Lou Gly Arg Trp Ala Tyr His Cys His Lou Lou Tyr His MET Glu MET

1972 1967 ORFB 2022
GGT ATG TTC CGC GAA GTT CGG GTA GAG GAG T MCCA ATG ACT GTT TTG AAT AGA CTC
Gly MET Phe Arg Glu Val Arg Val Glu Glu SO MET Thr Val Lou Asn Ar; Lou

2037 2052 28t7 2082
CAC GTT TGT TCA CTG CTC GCG GTC AGC AGC CtG GGA ATG C?C CCA GTG GGC GTG TTT
His Val Cys Ser Lou Lou Ala Val Ssr Ser LOu Gly MET Lou Pro Val Gly Val Ph.

2097 2112 2127 2142
GCG GCA GAG GCC GCT ATG CCG GGC GTG GAC CAC AGC CAG ATG CAA GGC ATG GAT CAT
Ala Ala Glu Ala Ala MET Pro Gly Val Asp His Ser Gln MET Gln Gly MET Asp His

-

2157 2172 2187
TCC AAG ATG CAG GOT ATG GAC CAC AGC CAG ATG CAG GGC ATG GAT CAT TCC AAA ATG
sor Lys MET Gln Gly MET Asp His Ser Gln MET Gln Gly MET Asp His S-r Lys HET

2202 2217 2232 2247
CAG GGT ATG GAC CAT AGC CAG ATG CAG GGC ATG GAC TCG GAC ATG ACG ACC ATG GCC
Gln Gly MET Asp His S-r Gln MET Gln Gly MET Asp Ser Asp MET Thr Thr HET Ala

2262 2277 2292 2307
CCC AGC AaG CCt GCG GCA CCG ACA CAA AGC CGC ACG CCT ATT GCG CCT GTC ACC GAT
Pro Sar Lys Pro Ala Ala Pro Thr Gln Ser Arg Thr Pro I1. Ala Pro Val Thr Asp

2322 2337 2352 2367
GCC MAT CGG GCt GCG GTC TAC CGA AGT GCC AAA GGC CAC ACT GTC CAT GAC GM GCA
Ala Asn Arg Ala Ala Val Tyr Arg Ser Ala Lys Gly His Thr Val His Asp Glu Ala

2382 2297 2412 2427
GCT MAT TAT TTC CTG CTC TTC GAT C CTC GAA TGG CAG GAC GCC GAC AAC GGC AGC
Ala Asn Tyr Ph. Lou Lsu Phe Asp Gln Leu Glu Trp Gln Asp Ala Asp Asn Gly S-r

2442 "PsiL 2457 2472
GTC CTt MAT TGG GAC GTT MAC GGC TGG GTG GGT GGT GAC ATC GAC CGG CTC TGG ATT
Vol Lou Asn Trp Asp Val Asn .ly Trp Val Gly Gly Asp Ile Asp Arg Lou Trp Ile

2487 2502 2517 EagI 2532
CGC TCC GAG GGC Gaa CGT ACC AaC GGC AaG ACC Gaa TCG GCC GAG CTG CAA GCG CTG
Arg SOr Glu Gly Glu Ar; Thr Asn Gly Lys Thr Glu Sor Ala Glu Lou Gln Ala Lou

2547 2562 2577 2592
TGG GGC CAT GCG ATC AGT CCT TGG TGG GAC CTG GTC GGC GGC GTC CGG cAG GAC TTC
Trp Gly His Ala Ile Sor Pro Trp Trp Asp Lou Vol Gly Gly Vol Arg Gln Asp Ph.

2607 2622 2637 2652
MAG CCA CGC TCG CCG Caa ACC TGG OCT GCA TTT GGC CTC cAG GGC CTC GCT TTA TAC
Lys Pro Gly Sor Pro Gln Thr Trp Ala Ala Phe Gly Lou Gln Gly Lou Ala Lou Tyr

2667 2682 2697 2712
MAC TTC GAA GCC GAA GCG ACT GCG TTT Ct? GGT Gaa GGC GGC CAa ACC GGG TTA AGG
Asn Pho Glu Ala Glu Ala Thr Ala Ph. Lou Gly Glu Gly Gly Gln Thr Gly Lou Arg

2727 2742 2757
CTG GAA GOC GAC TAC Gac ATT TTG CTG ACT AAC CGG C?G ATT TTA cAG CCC ACG GCT
Lou Glu Gly Asp Tyr Asp Ile Lou Lou Thr Asn Arg Lou Il. Lou Gln Pro Thr Ala

2772 2767 2602 2617
GAG 0TT aaT TTC TAC GGT CAG AGc GAT CCT CAG CGC GGC ATC GGC TCt GGC CtG TC?
Glu Vol Asn Phb Tyr Gly Gln or Asp Pro Gln Arg Gly Ile Gly Bsr Gly Lou Ser

2832 2647 2662 2677
GAA Acc GAa GTC GGC GTA CGA C?G COC TAC Gaa ATC CGC CGC GAG TTT GCC CCG TAC
Glu Thr Glu Vol Gly Vol Arg Lou Arg Tyr Glu Ile Arg Arg Glu Ph. Ala Pro Tyr

2892 2907 2922 2937
ATT GGC GTC ACC TOG aac CGC TCC TAC GGC MAT ACA GCC GAC mT GCC CGC GAO GAA
Ile Gly Vol Thr Trp Asn Arg Sor Tyr Gly Asn Thr Ala Asp Pho Ala Arg Glu Glu

2952 2967 2962 3001
GGC GAG GAC CGC AGC GAG GCC CGC TTA GTC C?G GGC GTG CGC ATG TGG TTC TGAGCCGTTC
Gly Glu Asp Arg Ser Glu Ala Ar; Lou Val Lou Gly Vol Arg MET Trp Phe

3011 3021 3031 3041 3051 ORFC
TAGTCTGAAA ATCTGATCCC CCACGAACCG CCTTTtTGGG CtGTAAGGAG TTCGC ATG TTG TTG AAC

so MET Lou Lou Aon

3071 3066 3101 3116
CGC ACA AGT TTC GTC ACG C?C TTT GCC GCt CGG ATG CtG GTC AGC GCA TTG 0CC CAA
Arg Thr Ssr Ph. Vol Thr Lou Ph. Ala Ala Gly MET Lou Vol Ser Ala Lou Ala Gln

3131 3146 3161 3176
GCC CAC CCC MAG CtG GTG TCt TCG AC? CCG GC? GAAGGt AGT GAa GGC GCG GCC CCT
Ala His Pro Lys Lou Vol Ser Ser Thr Pro Ala Glu Gly Ssr Glu Gly Ala Ala Pro

OstEl
3191 3206 --.....2L 3236

GCC MAG ATC GAGC G CAT TTC CCcGaa AAC CTG GTT ACC CAa TTT TcC GOC GCG AG
Ala Lys Ile Glu Lou His Phe Ssr Clu Asn Lou Vol Thr Gln Ph. Sor Gly Ala Lys

FIG. 1. Nucleotide sequence and predicted translation products of the copper resistance gene cluster from P. syringae pv. tomato PT23.
Nucleotides are numbered 1 to 4478. Pertinent restriction sites are indicated as overstrikes. Potential Shine-Dalgamo (SD) ribosome-binding
sites (15) are underlined. Repeating segments are underlined with arrows. Potential signal sequence cleavage sites are designated by vertical
arrows.
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Sacs
3251 3266 3281 26

CTG GTC ATG ACG GCG ATG CCA GGC ATG GAA CAC TCA CCG ATG GCA GTC AAA GCC GCG
Lou Val NET Thr Ala MET Pro Gly NET Glu His S-r Pro MET Ala Val Lys Ala Ala

3311 BstEl 3326 3341
GTA TCG GGC GGG GGT GAC CCC AAG ACC ATG GTG ATT ACC CCC GCC TCA CCT CTG ACG
Val Ser Gly Gly Gly Asp Pro Lys Thr MET Val Ile Thr Pro Ala Ser Pro Lou Thr

3356 3371 3366 3401
GCA GGC ACC TAC AAG GTC GAT TGG CGG GCA GTG TCT TCC GAT ACC CAC CCG ATT ACC
Ala Gly Thr Tyr Lys Val Asp Trp Arg Ala Val Ser Ser Asp Thr His Pro Ile Thr

3416 3431 ORFD 3454 3469
GGT AGC GTG ACG mT AC _GTC AAG TAAAC ATG GAA GAT CCG CTC AGC ATC GCA GTT CGT
Gly Ser Val Thr Phe Lyu Val Lys MET Glu Asp Pro Lou S-r I1- Ala Val Arg

SD
3484 3499 3514

TTC GCG CTG TAT ACC GAT TTG ATG ATG CTG TTC GGO CTG GCC CTC TTT GGC CTT TAC
Ph. Ala Lou Tyr Thr Asp Lou MET MET Lou Phe Gly Lou Ala Lou Phe Gly Lou Tyr

3529 3544 3559 3574
AGC CTA CGC GGC GCA GAA CGC CGT TCG GOC GCT GTA TTG CCT TTC AGO CCC CTT CTG
Sor Lou Arg Gly Ala Glu Arg Arg Sor Gly Ala Val Lou Pro Phe Arg Pro Lou Lou

3589 3604 3619 3634
AGC GCG ACC GCT TTG ATC GOC CTC CTG TTG TCG GTT GTC TCC ATT GTG CTC ATG GCC
Ser Ala Thr Ala Lou Ie- Gly Lou Lou Lou Ser Val Val Ser Ile Val Lou NET Ala

3649 3664 3679 3694
AAA GCC ATG AGC GOT GCG TCT GAA TGO CTA GAG OCT GTG CCT CAC CCC GAG ATG ATG
Lys Ala MET Ser Gly Ala Ser Glu Trp Lou Glu Ala Val Pro His Ala Glu MET MET

3709 3724 3739 3754
G0G ACG CAG ACG GAG CTT GOC ACT GCC TGG CTC ATC CGC ATG GCC GCA CTG GTG 000
Val Thr Gln Thr Glu Lou Gly Thr Ala Trp Lou Ile Arq MET Ala Ala Lou Val Gly

3769 3784 3799
GCT GCT GTG ACC ATC GCC TTC AAC CTT CGG GTG CCC ATG GCA AGC CTG CTG ATG GTT
Ala Ala Val Thr I1. Ala Ph. Asn Lou Arg Vol Pro MET Ala Ser Lou Lou MET Val

3814 3829 3844 3859
TCG CTG CTG GOA GOC GTG GCC CTG GCG ACC TTG GCC TGG ACC GOC CAC GGG 0CC ATG
Ser Lou Lou Gly Gly Val Ala Lou Ala Thr Lou Ala Trp Thr Gly His Gly Ala MET

histidine and might contain repeated copper-binding do-
mains that could play a role in copper resistance.

Deletion analysis and site-specific mutations. Various exo-
nuclease III deletion derivatives generated for sequencing
and specific restriction fragments from the copper resistance
gene cluster were subcloned from pUC119 into the broad-
host-range vector pRK415 (7; N. T. Keen, personal commu-
nication) or pDSK519 (N. T. Keen, personal communica-
tion). Most of the deletion derivatives were cloned in both
orientations with respect to the lac promoter in these vec-
tors. These subclones were mobilized into P. syringae pv.
syringae PS61 by using the helper plasmid pRK2013 (9) as
described previously (2), and they 'were screened for their
level of resistance to copper sulfate. Removal of a 60-bp
PstI-HindIII fragment from the 5' end of the 4.5-kb fragment
up to the HindIII site (pCOP6A and pCOP6B) had no
significant effect on the level of copper resistance as com-
pared with that of the intact fragment (Fig. 3). Deletion of 86
bp (pCOP7B) or 124 bp (pCOP8B) from the 5' end reduced
the level of copper resistance, but resistance was elevated
when thes'e derivatives were cloned with the ORFs oriented
behind the lac promoter (pCOP7A and pCOP8A). This result
suggested that sequences essential for expression of copper

A 1295

1395

1427
1451

B 2113
2137
2161
2185
2209

Asp His Gly

Asp His Ser

Asp His Gly
Asp His Gly

Asp His Ser
Asp His Ser
Asp His Ser
Asp His Ser
Asp His Ser

Ser

Lys

Ala
Ala

Gln
Lys
Gln
Lys
Gln

Met Asp Gly Met

Met Ser Thr Met

Met Ser Gly Met
Met Gly Gly Met

Met Gln Gly Met
Met Gln Gly Met
Met Gln Gly Met
Met Gln Gly Met
Met Gln Gly Met

FIG. 2. Predicted amino acid sequences of homologous repeat-
ing units of ORFs A and B. The numbers at the left indicate the
positions (in base pairs) of the first codon of each repeating unit.
Conserved amino acids are boxed.

3874 3669 3904 3919
GAC GAA GOC TCC CGG CGC TTT TGG CAC TTC AGC GCG GAC ATC CTT CAT CTG TGG TCC
Asp Glu Gly Sor Arg Arg Pho Trp His Pho Ser Ala Asp I1- Leu His Leu Trp Ser

3934 3949 3964 3979
TCG GOC GOC TGG TTC GOC GCG CTG GTG GCGm GCA CTG ATG CTG CGG CCC AAC AAG
Ser Gly Gly Trp Pho Gly Ala Lou Val Ala Phe Ala Lou NET Lou Arg Pro Asn Lys

3994 4009 4024 4039
GTC GAA ACC CTA CAG TCA GTC CAG GTG CTG TCG CGC ACG CTC AGC GOT TTC GAA CGG
Val Glu Thr Lou Gln Ser Val Gln Val Lou S-r Arg Thr Lou Ser Gly Phe Glu Arg

4054 4069 4084
GCC GGC GCM GTG ATC GST OCT TTC ATC GTC CTC TCG GGC GTG GTG AAC TAT CTG TIC
Ala Gly Ala Val I11 Val Ala Pho I11 Val Lou Ser Gly Val Val Asn Tyr Leu Phe

4099 4114 4129 4144
ATC GTC GGC CCC CAG GTC AGT GOT GTG GTG GAA AGC ACC TAC 00G 07G 77G CTG CTG
I1a Val Gly Pro Gln Val S-r Gly Val Val Glu S-r Thr Tyr Gly Val Leu Lou Leu

4159 4174 4189 4204
GOC AAG CTG GCA CTG TrT GOC CTT ATG GTC GCA TTG GCC TCA GCT AAC CGC TTT GTC
Gly Lys Lou Ala Lou Ph. Gly Lou NET Val Gly Lou Ala S-r Ala Asn Arg Phe Val

4219 4234 4249 4264
CTG AGC CCG GCG TTT GAA CCG GCG GTC CAC CCG GOC GAG TAC 0CG CGA GCG GCC CGC
Lou Ser Pro Ala Pho Glu Arg Ala Val Nis Arg Gly Glu Tyr Ala Arg Ala Ala Arg

4279 4294 4309 4324'
TCG ATC CGC TAC AGC ATG 0CC CTG GAA CTG GGC GCC GCC GTC T7G GTG TTG GGC CT-
Ser Il- Arg Tyr Ser NET Ala Lou Glu Lou Gly Ala Ala Val Lou Val Lou Gly Le.

4339 4354 4369 4379
ATT GCC TGG CTT GGC ACA CTG TCC CCT GAG ATG GAA GCG GGG ATG TGAGTGTGCC
I1e Ala Trp Lou Gly Thr Lou Ser Pro Glu MET Glu Ala Gly MET

4389 4399 4409 4419 4429 4439 ;;;9
TGACCCTGTT TTACCGTCAC ACTGGGCCGG TGCCGTGGAG GGTCGAACAT GAAACTGCTG GTAGCCGAAG

4459 4469 Pstt
ACGAACCTAA AACTGOAATC TATCTGCAG

resistance were present well upstream from the ORF A start
codon, although E. coli or Pseudomonas spp. consensus
promoter regions (6, 10) were not observed in this region.
Deletions from the 5' end into ORFs A, B, C, and D
generally inactivated resistance to copper, regardless of
orientation to the lac promoter. Deletions from the 3' end
into ORFs D and C generally reduced resistance to interme-
diate levels. Further deletions from the 3' end into ORFs B
and A inactivated resistance.

Frameshift mutations were generated in ORFs A and B by
digesting the full-length clone with either KpnI (pCOP27),
ApaI (pCOP31), or EagI (pCOP28), followed by deletion of
the 3' overhangs or filling in of the 5' overhangs by using
DNA polymerase I (Klenow fragment) and subsequent liga-
tion. A second frameshift and deletion in ORF B (pCOP29)
was generated by removal of the BsmI-HpaI fragment
(pCOP29). A deletion and frameshift in ORF C (pCOP30)
was generated by removal of the 94-bp BstEII-BstEII frag-
ment. Each frameshift construct was subcloned into pRK415
or pDSK519 with the ORFs either behind the lac promoter
(A) or in the opposite orientation (B) and conjugated into P.
syringae pv. syringae PS61 to screen for expression of
copper resistance. Frameshift mutations in ORF A or ORF B
completely inactivated resistance regardless of orientation
(Fig. 3). Resistance was also inactivated in the ORF C
deletion derivative when cloned with the ORFs in the
opposite orientation to that of the lac promoter (pCOP30B),
but an intermediate resistance was observed when this
derivative was cloned with the ORFs oriented behind the lac
promoter (pCOP30A). Together with earlier observations of
the inducibility of copper resistance in this system (D. A.
Cooksey, Phytopathology 76:1076, 1986), these data suggest
a possible role for ORF C in the positive regulation of copper
resistance, especially since similarities were detected in
computer searches of protein data bases between a region
near the beginning of the ORF C protein and several DNA-
binding proteins.
These data support the involvement of ORFs A, B, C, and

D in copper resistance. Deletions and site-specific frameshift
mutations in ORFs A and B suggest that these two ORFs are

VOL. 170, 1988
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FIG. 3. MIC analysis of 5' deletions, 3' deletions, and frameshift mutations of a copper resistance gene cluster from P. syringae pv. tomato
PT23. Derivatives were cloned in the broad-host-range vector pRK415 or pDSK519, with the ORFs oriented either behind the lac promoter
(A) or in the opposite orientation (B). Horizontal lines to the right of each plasmid designation represent subcloned derivatives of the 4.5-kb
PstI-PstI fragment. Vertical lines indicate important restriction sites. Missing restriction sites and gaps indicate positions of site-specific
mutations and deleted DNA. Each MIC (tested at 0.1 mM CuSO4 increments) was the mean ± the standard deviation of two transconjugants
replicated three times each. pRK415 was the negative control and represents the level of copper tolerance of the recipient P. syringae pv.
syringae PS61 used to monitor expression of all mutant derivatives.

essential for resistance. Deletions and site-specific mutations
in ORFs C and D suggest that they are required for full
resistance, but low-level resistance can be conferred in their
absence.
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