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Pseudomonas aeruginosa secretes a fluorescent siderophore, pyoverdine, when grown under iron-deficient
conditions. Pyoverdine consists of a chromophoric group bound to a partly cyclic octapeptide. As a step toward
understanding the molecular events involved in pyoverdine synthesis, we have sequenced a gene, pvdD, required
for this process. The gene encodes a 2,448-residue protein, PvdD, which has a predicted molecular mass of
273,061 Da and contains two highly similar domains of about 1,000 amino acids each. The protein is similar
to peptide synthetases from a range of bacterial and fungal species, indicating that synthesis of the peptide
moiety of pyoverdine proceeds by a nonribosomal mechanism. The pvdD gene is adjacent to a gene, fpvA, which
encodes an outer membrane receptor protein required for uptake of ferripyoverdine.

Pseudomonas aeruginosa is an opportunistic pathogen which
infects injured, immunodeficient, or otherwise compromised
patients. The bacteria secrete a siderophore, pyoverdine, which
is likely to play an important role in infection by competing
with transferrin for iron in order to overcome the iron-with-
holding defense mechanism present in mammals (3, 11, 42).
Almost all isolates of P. aeruginosa from infected patients se-
crete pyoverdine (9, 22, 29), and it has been shown that pyover-
dine is present in the sputa of cystic fibrosis patients infected
with P. aeruginosa (21). A mutant of P. aeruginosa which is
unable to synthesize pyoverdine showed reduced virulence in
an animal model of infection (24).

Pyoverdine from P. aeruginosa PAO is a water-soluble, yel-
low-green fluorescent compound. It consists of a dihy-
droxyquinoline chromophoric group linked to an eight-residue
partly cyclic peptide (D-Ser—L-Arg-D-Ser-LN°-OH-Orn—L-Lys—
L-N°-OH-Orn-L-Thr-L-Thr) via the N-terminal serine, with a
small dicarboxylic acid attached to the chromophore. Iron
complexation is thought to occur through oxygen atoms
present on the dihydroxyquinoline and two hydroxamate units
supplied by the L-N>-OH-Orn residues. Several Pseudomonas
species produce similar compounds, variously called pyover-
dines or pseudobactins, all of which have the same dihy-
droxyquinoline group but differ in the nature of the attached
peptide (reviewed in references 1 and 7), and it is likely that all
of these are synthesized by similar mechanisms. Synthesis of
the chromophoric group begins with condensation of D-ty-
rosine and L-2,4-diaminobutyric acid (7), with glutamic acid
being the precursor of the amide-linked dicarboxylic acid (50).
It has been suggested that biosynthesis of the peptide moiety of
pyoverdine occurs by a nonribosomal mechanism (30).

Little is known about the molecular nature of enzymes in-
volved in the biosynthesis of pyoverdine in P. aeruginosa or any
other pseudomonad. Recently, pvdA4, which encodes an en-
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zyme (L-ornithine N°-oxygenase) responsible for catalyzing the
hydroxylation of ornithine, an early step in pyoverdine biosyn-
thesis in P. aeruginosa, has been characterized at the molecular
level (55). The pbsC gene, which is involved in synthesis of
pseudobactin by Pseudomonas sp. strain M114, has also been
sequenced (2). To gain further insight into the molecular
mechanism of pyoverdine biosynthesis, we have determined
the nucleotide sequence of the pvdD (pyoverdine synthetase
D) gene from P. aeruginosa.

Nucleotide sequence of pSOT1 and identification of pvdD.
We have previously shown that restriction fragments D and E
of pSOT1 (Fig. 1) are part of a locus required for synthesis of
pyoverdine (34, 35). To gain insight into the nature of the
corresponding pyoverdine biosynthetic gene(s), the DNA se-
quence of fragments B through F of pSOT1 was determined.
DNA fragments to be sequenced were subcloned into
M13mp18 or mpl9 (60), using standard procedures (4), with
Escherichia coli TG1 (16) used as the host strain. Double-
strande M13 DNA was prepared (25), and partial deletions of
the cloned fragments were generated by using exonuclease 111
(Erase-a-Base system; Promega) or by using restriction en-
zymes which cleaved the DNA within the insert and within the
M13 polylinker. Oligonucleotide primers were used to se-
quence regions not covered by these strategies; these were
synthesized by using a model 180B DNA synthesizer (Applied
Biosystems, Inc., Foster City, Calif.) or were purchased from
Macromolecular Resources (Colorado State University). Sin-
gle-stranded DNA of M13 subclones was prepared (5) and
sequenced, using a Tag DNA polymerase sequencing kit (Am-
ersham) or Sequenase Version 2.0 (United States Biochemical,
Cleveland, Ohio), both with 7-deaza-dGTP. Sequence ambi-
guities were resolved by using the Sequenase Version 2.0 kit
with dITP instead of 7-deaza-dGTP. A model 373A automated
DNA sequencer (Applied Biosystems) was used to sequence
across all of the cloning sites in pSOT1. Ninety-four percent of
the sequence data were obtained from both strands. The re-
maining single-stranded data were obtained from at least two
gels and were clear and unambiguous. The DNA sequence was
analyzed on a MicroVaxIl computer system by using various
softwares: Ssedit (48), Vtutin (47), Codonuse (45), NLDNA
(48), Map_Zap (41), Diagon (44), Dbextract (46), and the
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FIG. 1. (A) Clone pSOT1. pSOTT1 is the largest (~9.6-kb) Sall fragment of
NOTI1 (35) cloned into pUC9 (54) and contains DNA required for pyoverdine
synthesis (34, 35). Restriction fragments are labelled by using the same nomen-
clature as previously (36). The locations and orientations of two genes (pvdD and
fpvA) sequenced in this study are shown. Ba, BamHI; P, PstI; S, Sall.

FoldRNA program from the version 7 UNIX of the Genetics
Computer Group package (12).

The sequenced DNA contained a large open reading frame
(OREF) of 7,374 bp (Fig. 2). Downstream from this ORF and
oriented in the opposite direction was a partial ORF of 792 bp.
Both ORFs had patterns of codon usage which are very similar
to those of other genes from P. aeruginosa (58), indicating that
they are likely to encode proteins.

Mutations mapping to restriction fragments D and E, which
are entirely contained within the 7.4-kb ORF, prevent synthe-
sis of pyoverdine by P. aeruginosa (34, 35). This finding shows
that this gene is required for synthesis of pyoverdine, and it has
been named pvdD, following the assignment of pvdA, pvdB,
and pvdC to other genes involved in synthesis of pyoverdine
(55). Analysis of codon usage shows that translation is likely to
start at a GTG codon (Fig. 2), which nonetheless results in
methionine being incorporated as the first amino acid in the
protein (18). This is six bases downstream from a Shine-Dal-
garno sequence which is complementary to seven of the eight
bases at the 3’ end of 16S rRNA. The pvdD gene encodes a
protein of 2,448 residues with a predicted molecular mass of
273,061 Da.

Two transcriptional start sites have been identified upstream
from pvdD (36) (Fig. 2). Two inverted repeat sequences down-
stream from pvdD could function as transcriptional termina-
tors for the gene. Both are capable of forming stem-loop struc-
tures; one is present 21 bp downstream from the predicted
TGA termination codon (Fig. 2) and comprises an 8-bp stem
and 4-bp loop (AG = —14.8 kJ/mol, as calculated by using the
FoldRNA program), and the second is 122 bp downstream
from the termination codon (Fig. 2) and consists of a 12-bp
stem and 3-bp loop (AG = —19.1 kJ/mol). Both inverted re-
peats are followed by multiple thymidine nucleotides; this is
characteristic of transcription termination sequences which
function independently of the Rho termination factor (59).
Transcription of pvdD could be terminated at either of these
sites, giving a transcript of about 7.5 kb. The size of the tran-
script corresponding to pvdD was previously estimated to be 5
kb following Northern (RNA) analysis (36), but the sequence
of the gene indicates that this is an underestimate, presumably
due to the high degree of instability of this transcript (36).

Direct repeats within pvdD. Diagon analysis indicated that
the pvdD gene contains two direct repeats of about 3 kb each.
The repeats span bases 139 to 3180 and 3331 to 6363 of the
sequence presented in Fig. 2 and are 91.8% identical. The
deduced amino acid sequences of the repeats are 90.7% iden-
tical and 94.7% similar (Fig. 3), with one three-amino-acid
insertion in the first repeat 83 residues from the N-terminal
end. The C-terminal regions of the repeats (amino acids 407 to
1040) were different at only seven positions, with four of the
differences representing conserved changes. In contrast, there
were tracts of relatively different sequence in the N-terminal
parts of the repeats.
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Identification of proteins similar to PvdD. The GenBank
translated nucleic acid database (version 83) was searched by
using FastA (32) for proteins showing sequence similarity to
the first repeat of PvdD (1,013 amino acids). The protein
showing greatest similarity was the product of the pbsC gene
from Pseudomonas sp. strain M114, and this is discussed below.
Significant similarity was also found to a family of enzymes
including GrsB (53), TycA (57), SrfA (10), AcvA, PcbA, and
PcbB (8, 27, 40), EntF (37), and AngR (14, 52). These enzymes
are peptide synthetases, with the last two being involved in
siderophore synthesis. After PbsC, the protein showing great-
est similarity was GrsB, which is a well-characterized peptide
synthetase from Bacillus brevis. This protein contains four do-
mains, each responsible for the adenylation of a specific amino
acid and its subsequent incorporation into the peptide antibi-
otic gramicidin (53). Each domain was similar to each of the
repeats within PvdD, and an alignment of the PvdD repeats
with the domains of GrsB is shown in Fig. 3.

The mechanism of nonribosomal peptide synthesis by GrsB
and other peptide synthetases has been studied (reviewed in
references 26 and 56). Each domain of a peptide synthetase
recognizes a specific amino acid and activates this substrate by
adenylation. It is thought that the amino acyladenylate is then
covalently attached to the enzyme by a thioester bond between
the carboxyl group of the amino acid and a thiol group, which
is probably supplied by a 4’-phosphopantetheine cofactor. The
amino acid is then incorporated into the peptide by the enzy-
matic formation of a peptide bond which joins it to the amino
acid bound to the adjacent domain. This is coupled with scis-
sion of the thioester bond between the cofactor and the amino
acid, regenerating the enzyme (26).

Several consensus motifs associated with these activities are
present in different peptide synthetases (19), and all of these
are present in PvdD (Fig. 3). From the extensive similarities
found with peptide synthetases, including the presence of con-
sensus sequence motifs (Fig. 3), it is very likely that each
domain of PvdD recognizes, activates, and incorporates a spe-
cific amino acid into the peptide moiety of pyoverdine.

PvdD also contains a thioesterase active-site motif. The
C-terminal segment of PvdD (336 amino acids), which is not
part of either repeat sequence, was independently compared
with sequences in the translated GenBank database. The only
significant similarities were to EntF from E. coli (37) and the
AcvA protein from Penicillium chrysogenum (40), both of
which are peptide synthetases. In each case, similarity was
centered around a thioesterase active-site motif (GXSXG [20],
where X is any amino acid) which is present at residues 2240 to
2244 in PvdD. Similar sequence motifs are also present down-
stream from the domains of gramicidin S synthetase and sur-
factin synthetase which incorporate the C-terminal amino ac-
ids into the peptides (10, 53). Motifs of this sort are thought to
be involved in termination of peptide synthesis by cleavage of
the thioester bond between the 4’-phosphopantetheine cofac-
tor of the final amino acid-activating domain and the last
amino acid incorporated into the peptide (reference 10 and
references therein). The presence of this motif indicates that
PvdD is likely to have a thioesterase activity associated with
release of the completed pyoverdine peptide, and this implies
that the protein incorporates the two C-terminal threonines
into the peptide. Further experiments will be required to in-
vestigate the possible thioesterase activity and to determine the
amino acid substrates of PvdD.

Similarity of PvdD to PbsC. The protein found during da-
tabase searching which was most similar to the first repeat of
PvdD was the product of the pbsC gene of Pseudomonas sp.
strain M114. This protein is predicted to contain 803 amino
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5050 5075 5100
COGCAGGCGGEGE TGGAGE TCCTEGCCATOG ACGEAC TGGTGC TGGACGGC TACGCCGAGAGCGATCCLCTCCCG
R Q AG VY EV LAIDGULVLDGYAESUDT?P L P
1676
5125 5150 5175
ACGCTATCGGCGGACAACCTGGCCTACGTGATCTATACC TCGGGC TCGACCGGCAAGCCCAAGGGCACGTTGCTC
T L S A D NLAY VI YT S G S TOGX P K GTL L
1701
5200 5225 5250
ACCCACCGCAACGCGCTGCGCCTGT TCAGCGCCACCGAGGCCTGG TICGGC TTCGACGAGCGEEACG TG TGGACS
T HR NA L RLTF S ATEAWTFGFDERTDVWT
1726
5275 5325
T'NTTCCATTCCTA\C&:CT'XCGATITCTCGS’ICTG&AMTCFNWMTCTATGM&;GCGCCK@TG
L F B S Y AF DVF SV W ETITF L G R L
1751
5350 5375 5400
ATCGT CTTCTACCGTCTGCTGTGCCGCGAAGGCETGACGGTGCTC
IVPQ"VSRSPEQFYRLLCIEGVTVL
1776

5425 5450 5475
AACCAGACGCCGTCGGCGTTCAAGCAACTGATGGC GG TGGCCTGTTCCGCCGACATGGCGACGCAGC AGCCGGCE
lsol;QT?SAFKQLHAVACSADHATQO?A
5500 Pstl 5525 5550
CTGCGCTACGTGATCT TCCETGGCGAGGOGCTCGATCIGCAGAGCCTGCGGCCGTGG TTCCAGCGCTTTGGCGAT
L R Y VI F G G EALDULGQS L RUPWMWFQRTFTGCD
1826
5575 5625
CGCCAMCGCA}CTGGIGAMATGTMMNMCGAGMCAGGGIMMAMZCTACCCICCGGTGMWM
R ¢ P QL VN MY G I TETTUVEVTYREPV SE
1851
5650 5675 5700
GCCGACCTGAAGGGTGECCTGGTCAGTCCGATCGGCGGGACCATCCCCGACCTGTCC TGGTACATCCTCGACCGT
A DL XGGL VS P1G6GTTIPOD LS WY I L DR
1876
5725 5750 5775
GACCT! GCTGTACA' 2GC TG
DL NP VPRGAV G ELYI GRAGILARTGYHL
1501

5800 5825
AGGCGGCCCEEGTTGAGTGCC ACCCGC TTCETGCCGAACCCGTTCCCCEGC GG TGCCGEOGAGCGGC TG TACCGT
R R P 6GL S A TRTPFUVZPNUPTFUZPGGACGCERTLYR

1926

5875 5300 5925
ACCGGCGACCTGECACGGT TCCAGGCGGATGGCAATATCGAGTACATCGGGCG TATCGACCACCAGGTGAAGGTT
lgs’fGDLAR!‘QADGNIEYIG!IDBQVKV
5950 5975 6000
cGcnccn-cccum&\mmccmmmocmmmccccmmmmscmmmmmm
R G F R 1 E L GE I A AL AGLAGVYVRDAMVYVY
1976
6025 6050 6075
CTGGCCCATGACGGGETCGECCGCACGCAAL “GGACTC SCGAGCGT

L A H DGV S GTQELVG YV V ADSAKETDARATER
2001
6100 6125 6150
CTGOGGGAGTCGCTGCGEGAGTCGCTGAAGCGGCACC TGCCGGAC TACATGGTGCCGGCGCACCTGATGCTGC TG
L RE S L RE S$ L KRBEBULEPDJYHMVEPEAHRLMILL
2026
6175 6200 6225
GAGCGGATGCCGCTGACGGTCAATGGCAAGC TCGACCGGCAGGCG TTGCCGCAACCGGATGCGAGCT TGTCGCAG
E RMP LTV NG XKULDTZ RGQALZPOQPDASTILSZQ
2051

6250 275 6300
cmccmm(xmmccosmmccmccaccmcscmoccwcsmcmcncmmmm
A Y R A P G 5 E L E Q W A E I L G VE

Q
2076
6325 6350 6375
CGGGTCGGCCTGEACGACAAC TTCT TCGAAC TGCGCEGTCACTCATTGT TGCTGC TGATGC TCAAGGAGCGGATC
R VGG LDDWNTFTFELGGH HSLLLLMTLI KTER!I

2101
6400 6425 €450
GGCGATACCTGCCAGOGTACGCTGAGCATCAGCCAAC TGATGACCCATGCCAGCGTCGCGGAACAGGCGGCATGC
G DTCOQ®RTILS I S QL MTSHAS YV AEOQAAC

75 6500 25
Ammaceccmcccccmmmmmwmmmmmmmmmmmmmmmm
I1 E G QA RE S L LV PL NG RRBRTETGSGTST?PLTFMTF

2151
6550 6575 €600
CATCCGAGTTTCGGCTCTGTGCACTGTTACA. TCGCC TCGTCATCCGGTCAAGGGT
B P § F G S Vv 8 C Y KTULAMALTU RUDODTRIETEPLPVKSG
2176

6625 6650 6675
GTTGTCTGCCGTGCCCTGCTCEGCGCTCETCEL ,GTTGCGGAATACGCCGAG
VVCRALLGAGREVPEHDDMVAEY)E

2201

Pstl €700 6725 6750
CAATTGLCIGCAGGAGCACCCCGAAGGGGTTT TCAACCTGGCGGGATGGTCGCTCGGCGEGCARCCTGGCGATGGAT
Q L L Q E R ? E G V F N1 A G W S L GG N L AMD

2226
6775 6800 6825
GTCGCGECCCGGCTGGACCAGCG TGGGCGGCAGGTGGCT TTCG TCGGCTGGATCGATGCACCGGCACCGGTCAGG
V AARLEOQRGROQV AT FV G W IDATPA ATPVR

2251
6850 6875 6900
GTCGAMGCGTTCTGCGAACCAGATCGGGCCGACGCCGGAGGC AGTCCCGAACCTATCCGTGGGCGAGATGCGGGTG
V EAF W NZETIGPTUPEAVY P NTLS VG EMRBRYV

2276
6925 6950 6975
GAACTGCTCGGTGTCATGTTTCCGGAGCGGGCCGAGCATAT CGAACGGGCCTGGTCATCGATC TGCTCCGCCACG
£ L L GV M F P ERAMEU HBTIETRABAMWS ST CS AT

7000 7025 7050
ACGGACGATGAGCAGCGCTOGACGAGGATGAGCGACTGGGCGGAAGCGGAGATCGGCGCCEAGTTCCCEACAC TG
T D D E Q R W T R M S D W A EAETOGCAETFANTL

2328

7075 7100 7125
CGCAGCGAAATCGCACAGAGCAACGAACTGGAAGTGTCCTGGGAG TTGAAACAGATCCTCGACGAGCGCCTGAAR
R 8 E 1 A Q S N E L E V § W E L X OQTIUILDETRILK

2351

7150 7175 7200
GCGATGGATTACCCGCGTCTGACGGOGAAGE TCAGCC TCTGGT GGGCCGOCCGCAGCACCAATGCCATCCAGCGG
A M D Y ?P R L T A KV S L W W A AR S TNATOQR

2376

7225 7250 7275
AGCGCGGTGGAGCGC TCGATGECCOAGGCGATCGGGGCTGAGCCTGTCEAACCGGTGOGGETGCTGGATACCCGE
S AV ER S M A E A1 GAERVEZPVZRVLDTR

2401

7300 7325 7350
CACGACAAGATCATCGACCACCCTGAGTT TG TGCAGAGC TTCCGGGCCGCCCTGGAGCG TGCCGGGCGC TGATCT
B DK I I DUSB&®P?PEF V QS FRAALTETRIAGTR *

2426
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7375 7400 7425
CAGGTOCGTTCCG TICANAGC SO0 TTCAGI GGG CTCT T TG T T T T T ACAGGANTCATT TGGTGTCE ma

e ——> PR

7450 IR1 7475 7500
GACAGGCGTCTTCCECEATGGGTCGCG TGEGGTAGCCGAGAAGCAGAACGCCCCGCATTGCGGGCCETTICTTTTT
>

IR2
* F D« R T S F ML N RPDGY S A ST Y
CGCAGTCGEGCTCAGAAGTCCCAGCGAGTGC TGAACATCAGGTTCC TCGCC C GTAG
7525 7550 7575

784
F G I N T Y X D F V N N V N V S A S L K DT
AMCCGA’NTT@'[CTACTAGGICI‘TG’ICGAAGACGTTG'ITGACG'H’GAMMGACAMTIGRCG@GATC
625 7650
759
Q YR A ML DV L W YODEZOQ S F KEWU®R S RUPNN
TGGTAGCGGGCCATCAGCTCCACCAGCCAGTAGTCTTCCTGGGAGAACT TT TCCCAGCGGCTGCGGGGATTGT TG
7675 7700 1725
734
YVHQHSKGQHIAGGGVTLKDLAGKF
TAGACCATCTGCCAGCTCTTGCCC TGAGCTTGTCCAGGGCGCCCTTGAAC
7750 s 7800

709
K Y S T YL S LQDQ&PEWT S K K G S D D R I
mrmmmmmccmuctmwcmmmummmocﬂmmmmcrmmm
7850 7875

684
1 G A Q V Q W G P A L E G S5 I E A E Y G K
ucrrcrmnmccmcc’rcmcc’rcocmccmacoccm’rcacoccmanmcsoc’rccrmcccrm
7900 7925 7950

T K A XK I G KY A Y T 1 AP NTZP X S N Y LADE
GTCTTGGCCT “CCTTGTAGGCG ATCGC TTGCTGTTGT GTCTTCC
7875 8000 8025

634
E A RN EERIETF Y AL S N L R G D L Y E G K
1ccz;cGccanﬂcc‘rcmm’rcrcsmmccmGc'n'ncmcm'cm'rcmnnmcccrm
8050 8075 8100
609
1 6 I E Y Q 6 ED P E L L XN S S DR YW S DQ
msccc.uc-tcmmnmmmmxmﬁcmmnmmmmmmwmmﬂm
8125 8150 817s
584
P M F I DT Y S A Y V S YTDNWNTULDYVAGV Y P
cecm‘camucrmnrmmrammmmumﬂmmmmmmmmmm
8200 8250
559
1 F R G $ B R I T P N L GT V R Y D V
ATGAAGCGTCCGGACTCGCGAATGGTCGGAT TCAGGCCGGTTACCCGGTAGTICGAL
8275 8300 Ssall

FIG. 2. Nucleotide sequences of the pvdD gene and part of the fpvA4 gene.
The predicted amino acid sequences of the proteins are also shown. Nucleotide
numbering is relative to the likely translational start site of pvdD. Transcription
start sites for pvdD (|~), a Shine-Dalgarno sequence (SD), and inverted repeats
downstream from pvdD (IR1 and IR2) are shown. BamHI, Pst], and Sall restric-
tion sites are indicated. Part of the sequence (nucleotides —75 to 390) has been
published elsewhere (36) and is included here for completeness.

acids and to have a molecular mass of 89 kDa (2). However,
when the translated pbsC sequence was aligned with that of
PvdD by using the GAP program (12), similarity extended over
the first 988 amino acids of PvdD, with the start of PbsC
predicted by Adams et al. (2) corresponding to amino acid 185
of PvdD. It seems likely that the GTG codon in the pbsC
sequence which corresponds to the proposed GTG start site in
pvdD is the start of the pbsC gene.

Mutations of pbsC in Pseudomonas sp. strain M114 prevent
the synthesis of pseudobactin, and it has been suggested that
PbsC may be a member of the peptide synthetase family which
is involved in the biosynthesis of M114 pseudobactin (2). PbsC
contains most of the sequence motifs present in peptide syn-
thetases, but motifs VI and X (Fig. 3) are missing. The exact
relationship of PbsC with members of the peptide synthetase
family remains to be determined, but its striking similarity to
PvdD indicates that the two proteins are likely to have some
functions in common in siderophore synthesis. DNA hybrid-
ization experiments have shown that genes similar to pvdD are
also present in siderophore synthesis DNA from other fluores-
cent pseudomonads (34, 35), indicating that proteins similar to
PvdD are also present in these species.

pvdD is adjacent to a gene encoding a ferripyoverdine up-
take protein. DNA sequencing also revealed a partial ORF of
792 bp downstream from pvdD and orientated in the opposite
direction (Fig. 2). The 264-residue predicted protein product
of the partial ORF downstream from pvdD was 99.2% identical
to amino acids 552 to 814 of FpvA, the outer membrane re-
ceptor for ferripyoverdine (33). There was a two-amino-acid
insertion and one amino acid difference when the translated
sequence of this ORF was compared with that of Poole et al.
(33). Further sequencing and genetic analysis has shown that
this ORF does indeed encode the ferripyoverdine outer mem-
brane receptor (51). The differences between our fpvA se-



256

NOTES J. BACTERIOL.
31 41 51 61 71 81 91

PvdDrepl LS YAQERQWFLWQLEPESMYH IPSVLRLRGRLDLDALQRSFDSLVARHETLRTRF-RLDGDEARQE IAASMALP LDIVALGPLEEGALARQVETTIARP

PvdDrep2 E GRSY QVQPAVSVSIEREQF --- EG IERIQAIVVQ

GrsBdoml LSPMQEGMLFHALLDKDKNAHLVQMS IATEGIVDVELLSESLNILIDRYDVFRTTFLHEKIKQP LQVVLKERPVOQLOFKDISSLDEEKREQAIEQYKYQD

GrsBdom2 VSSVQKRMF ILNEFDRSGTAYNLPGVME LDGKLNYRQLEAAVKKLVERHEALRTSF~HS INGEPVQRVHQNVELIQIAY SE~~--~STEDQVERI IAEFMQP

GrsBdom3 VSSAQKRMY ILYEFEGAGITYNVPNVMF IEGKLDYORFEYAIKSLVNRHEALRTSF-YSLNGEP VQRVHONVEIQIAYSE~--—AKEDEIEQIVESFVQP

GrsBdomé VSSAQKRMEF IVNQFVGVGISYNMPS IMLIEGKLERTRLESAFKRLIERHESLRTSF-EI INGKP VOK IHEEVDFNMSYQV-—--ASNEQVEKMIDEF IQP

Consensus ~SSAQ~RM--L-Q-E-EG-AYN-PSVM--EGKLD~D-LER-FKSLV-RHE-LRTSFL-—-INGEP VQRVHQ-VEIQIAYSE-G-LAEED--E~I-AEFVQP
101 111 121 13 41 151 161 171 181 191

PvdDrepl ~---FDLERGP LLRVSLLRLAEDDHVLVLV(HHIVSD! MQVMVEELVQLYAAYSRGLEVALPALP IQYADYALWQOR SWMEAGEKERQLAYWTGLLGGE

PvdDrep2 N 3 DV

GrsBdoml GETVFDLTRDPLMRVAIFQTGKVNYQMIWS FNIIFNDLFNIYLSLKEKKPLQLEAVQ~P YKQF IKW--~~LEKQDKQEALRYWKEHLMNY

GrsBdom2 -EKELPTLG IQYKDF TVWHNRLLQSDVIEKQEASLAERICRR

GrsBdom3 —-GKELAELH IQYKDF AVWONEWFQSDALEKQOKTYWLNTFAED

GrsBdomd --~~FDLSVAPLLRVELLKLEEDRHVLIFD GNALPELR IQYKDF AVWQNEWFQSEAFKKQEE YWVNVFADE

Consensus GETVFDLER-PLLRVGLLKLAEDRHVLI-D g MQIMV-EL--LY-AYS-GL---LPALP IQYKDF AVWON-W--S--KEKQLAYWT-LL-GE
201 211 221 spacer motif 261 271 281 291

PvdDrepl QPVLELPFDRPRPVRQSHRGAQF I-LELDID-—--LSQALRRVAQQEGATAFALLLASFQALLYRY SGOADIRVGVP IANRNR--VETERLIGFFVNTQV

PvdDrep2 A LG F SRE VE V AL R SS M

GrsBdoml  DQSVTLPKKKAAINNTTYEPAQFR-FAFDKV----LTQQLLRIANQSQVTLNIVFQTIWGIVLQKYNSTNHVVYGSVVSGRP SEISGIEKMVGLEF INTLP

GrsBdom2  DSSIESTDRLPK~-YQPFKAIMVKDLHSVQESSLWMIYTRWOOKQEQHY IWFYLLR IMF--FLSKYSGQDDIVVGTP IAGRSH--ADVENMIGMFVNTLA

GrsBdom3 IPVLNLSTDYPRPTIQSFEGDIVT-FSAGKQ----LAEELKRLAAETGTTLYMLLLAAYNVLLHKY SGOEEIVVGTP JAGRSH--ADVENIVGMFVNTLA

GrsBdomé RPILDIPTDYPRPMQQSFDGAQLT-FGTGKQ-—-—-LMDGLYRVATETGTTLYMVLLAAYNVLLSKYSGQEDI IVGTP IVGRSH--TDLENIVGMFVNTLA

Consensus ~PVLELP-D-PRP-RQSF-GAQ~TDFEL-K-SSLWL--ALRR-AQE~-G-TLFMLLLA-F--LL-KYSGQ-DIVVGTP IAGRSHE I-D-EN-VGMFVNTLA
301 311 321 331 341 351 361 an 381 391

PvdDrepl LKADLDGRMGFDELLAQARQRALEAQAHQDLPFEQLVEALQPERSLSHNP LFQVLENYQSEARGNGQAF RFDELQMES VOFDSRTAQ~-FDLTLDLTDEE

PvdDrep2 NA H 1 SVTPEVQLED RL GLAW GQ IQED

GrsBdoml LRIQTQKDQSF IELVKTVHONVLFSQQHEYFPLYE IQNHTELKQNL IDH IMVIENYPLVEELOKNS - == IMQKVGF TVRDVK-MFEP TNYDMTVMVLPRD

GrsBdom2 IRSRLNNEDTFKDFLANVKQTALHAYENPDYPFDTLVEKLG IQRDLSRNP LFDTMEVLONTDRK-—-SFEVEQIT ITPYVPNSR--HSKFDLTLEVSEEQ

GrsBdom3 LKNTP IAVRTFHEFLLEVKQNALEAFENQDYPFENLIEKLQVRRDLSRNPLFDTMF SLSNIDEQV--EIGIEGLNF SP YEMQYWI --AKFDISFDILEKQ

GrsBdom4 MRNKPEGEKTFKAFVSE IKQNALAAFENQDYPFEELIEKLE IQRDLSRNP LFDTLF SLONIGEE-—-SFELAELTCKPFDLVSKLEHAKFDLSLVAVVFE

Consensus L--DLDG-MTF-E-LA-VKQNALEAQE-QDYPFE-LVEKLQ--RDLSRNPLFDTLF-LONEDRK----FELEELTF-PYD-DSRT--AKFDLTLD-LEEE
401 411 421 431 441 451 461 471 481

PvdDrepl QRFCAVFDYATDLFDASTVERLAGHWRNLLRG IVANPRQRLGELPLLDAP ERRQTLSEWNP AQRECAVOGTLOQRFEEQARQRPQAVALILDEQRLSYGE

PvdDrep2 NGIW S

GrsBdoml E-ISVRLDYNAAVYDIDF IKKIEGHMKEVALCVANNPHVLVQDVPLLTKQEKQHLLVE LHDS ITEYP-DKTIHQLF TEQVEKTPEHVAVVFEDEKVT YRE

GrsBdom2 NEILLCLEYCTKLFTDKTVERMAGHFLQILHAIVGNPTIIISEIEILSEEEKQHILFEFNDTKTTYP LCKQFKDY LRNRWRRRADHVAVGWKDQTLT YRE

GrsBdom3 DDIQFYFNYCTNLFKKETIERLATHFMHILQEIVINPE IKLCE INMLSEEEQQRVLYDFNGTDATYATNK IFHELFEEQVEKTPDHIAVIDEREKLS YQE

GrsBdomd EEIAFGLQYCTKLYKEKTVEQLAQHF IQIVKAIVENPDVKLSD IDMLSEEEKKQIMLEFNDTKIQY TONQTIQELFEEQVKKTPEHIAIVWEGQALI YHE

Consensus -EI----DYCT-LFDA-TVERLAGHFR~-IL-~IVANPR~-L-EIPLLSEEEKQQ-LSEFNDT--EYAV-KT-QQLFEEQVRK-P-HVAVI-E-Q-LSY~-E
501 511 521 531 61 571 581 591

PvdDrepl LNARANRLAHCLIARGVGADVPVGLALERSLDML! ILDDSGVRLLLTQGHLLERLPRQAGVEVLAIDGLVLDGY

PvdDrep2

GrsBdoml LHERSNQLARFLREKGVKKESI IGIMMERSVEN YMLD~-SVRLVLTQRHLKDKFAFTKETIVIEDPSISHELT

GrsBdom2 LNERANQVARVLROKGVQOPDNIVGLLVERSPEMEN YMIQDCGVR IMLTQQHLLSLVHDEFDCVILDEDSLYKGDS

GrsBdom3 INAKANQLARVLROKGVQPNSMVGIMVDRSLDME YMMEDSGAALLLTQOKLTQQIAFSGDILYLDQEEWLHEEA

GrsBdom4 LNIKANQLARVLREKGVTPNHP VAIMTERSLE! YLLEDSGAALLLTQSHVLNKLP VD IEWLDLTDEQNYVEDG

Consensus LNARANQLARVLR-KGV-PD~PVG-M-ERSL-| YMLDDSGVRLLLTQ-HLLE-LP-QA-V-VL-~D-L--E-Y
601 611 1 641 viI 651 661 671 681 691

PvdDrepl AESDPLPTLSADNLAYV TL.LTHRNALRLF SATEAW--~-FGFDERDV--WTL~FHSYAFDF SVW--EIFGALLYGGCLVIVPQWVSRS

PvdDrep2 R

GrsBdoml EEIDYIN--ESEDLFYI L TOKEKGVMLEHKNIVNLL~—===o=x HETFEKTN INFSDKVLOYTNAVLTCVTKKFF STLLSGGQLYLIRKETQRD

GrsBdom2 SNLAPVN--QAGDLAYI TGKPKGVMVEHRNVIRL=-~=-V---KNTNYV--QVRE--DDRIIQTGAIGFDALTFEVFGSLLHGAELYPVTKDVLLD

GrsBdom3 SNLEPIA--RPHYIAYI KPKGVMIEHQSYVNV---AMAW-KDAYRLDTFPV-~RLLOMASFAFAFDVSAGDFARALLTGGQL I VCPNEVKMD

GrsBdomé TNLPFMN--QSTDLAYI IKT: TCKPRGYMIEHOST INC-——~LQWRKEEY--~EFGP --GDTALQVF SFAFDGF VASLFAP I LAGATSVLPKEEEAKD

Consensus —--LDP-NTL-ADDLAYI SG+TCKPKGVMLEHRN--~LF SATEAW-K~~-GFDE-DVNFWDL--QS-AF~FDVWT-E-FGALLYGGQLV-VP-EVSRD
701 711 721 731 741 751 761 m 181 791

PvdDrepl PEDFYRLLCREGVTVLNQTP SAFKQLMAVACSADMATQQPA~LRYVIFGGEALDLQSLRPWFQRFGDROPQLVNMEGITEI TVHVTYRPVSEADLEGGLY

PvdDrep2 K

GrsBdoml  VEQLFDLVKRENIEVLSFPVAFLKF IFN-~-EREF INRFPTCVKHI ITAGEQLVVN-~NEFKRYIHREHNVHLHNHYGPSErHVVTTYTINPEAEIP--EL

GrsBdom2 AEKLHKFLQANQITIMWLTSPLFNQLSQGTEEM-~——~| FAG-LRSLIVGGDALSPKHINNVKRK-C-PNLTMWNGKGPTENTTF STCF~—-LIDKEYDDN

GrsBdom3  PASLYAIIKKYDITIFEATPALVIPLMEYIYEQKL--DISQ-LQILIVGSDSCSMEDFKTLVSRFG-STIRIVNSKGVTERALILAIMNQPLSSLHVTGT

GrsBdom4  PVALKKLIASEEITHYYGVPSLFSAILDVSSSKDL-~Q-~N-LRCVTLGGEKLPAQIVKKIKEK-N-KEIEVNNEKGETENSVVTTIMRD -~~~ IQVEQE

Consensus PEDLY-LL-REGITVLNQTPSLFKQLMAVAC-AD-ATQ~PACLRYVI-GGEAL-LQSL-PWK-RFGDR--QL GPTHI TV--TY-PV-EADLE-GLV
801 811 821 851 861

PvdDrepl SPIGGTIPDLSWYILDRDLNP VPRGA! RPGLSATREFVPNPFPGGAGER]

PvdDrep2 =

GrsBdoml PPIGKPISNTWIYILDQEQQLQPQGI NQELTAEKFFADPFR--PNER|

GrsBdom2 IPIGKAISNSTVYIMDRYGQLQPVGVH QPALTEEKFVPNPFA-~PGER|

GrsBdom3 VPIGKP YANMKMY IMNQYLQIQPVGV] RPDLTAEKF VPNPFV--PGEK|

GrsBdom4 ITIGRPLSNVDVY IVNCNHQLQPVGVY KPELTADKFVVNPFV--PGER

Consensus ~PIGKPISNLS-YILDR-LQLQPVGVY El=1GGAG-ARG RP-LTAEKFVPNPF-GGPGE

911 921 ___VIII 941 951 961

PvdDrepl LAGLAGVRDAVVLAHDGVGGTQ- JVGY]VVADSAEDAERLRE SLRESLKRHLPD YMVP AHIMLLERM

PvdDrep2 B

GrsBdoml LLNCKGVKEAVVIDKADDKGGKY JCAYJVVMEV--—-EVNDSELRE YLGKALPDYMIP SFFVP LD

GrsBdom2 LLVKHKKVKE SVIMVVEDNNGQKAXCAY] YVPE--—-EEVTVSELREYIAKELPVYMVPAYFVQIE!

GrsBdom3 0 LRKHDS IKEATVIAREDHMKEKY ICAYJMVTE-~~-GEVNVAELRAYLANDRAA-MIPSYFVSLE. FEPDGSISIGTEYDRP

GrsBdomd4 ENEEAILEYEK IKEAVVMVSEHTASEQMNCAY]IVGE-~-~EDVLTLDLRSYLAKLLPSYMIPNYFIQLD PEPQTIGLMAREYVRP

Consensus K& L----GVKEAVV-AHEDVGG-~-Y &Y VVAESAED-EVL--ELREYLAKHLPDYM-PAYFV-LE -PDGSLST--EYVAP

1001 1011 1021 v vi

PvdDrepl  GSELEQRIAAIWSEILGVERVGLDEONFEE

PvdDrep2 A :

GrsBdoml TNELEEKLAK IWEEVLGISQIGI(] DNFFSIEGHSLKAIT

GrsBdom2 SSDIEMKLAE IWHNVLGVNKIGVLDNEFELGGHS LRAMT

GrsBdom3 RTMLEGKLEE IWKDVLGLQRVGIH

GrsBdom4 RNEIEAQLVLIWQEVLGIELIGIT]

Consensus -SELEQKLA- IW-EVLGVER~GIDPNEFELGOHSTKA=~
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FIG. 3. Alignment of the predicted peptide synthetase domains of PvdD with those of GrsB. The two repeats of PvdD (PvdDrep1 and PvdDrep2) were aligned with
the four domains of gramicidin S synthetase B (GrsBdom1 to GrsBdom4) (53), using Homed (49) and CLUSTAL V (23). The two repeats of PvdD were identical except
at sites where a residue is shown for PvdDrep2. Boxes denote consensus sequence motifs which have been identified for peptide synthetase-type enzymes; the consensus
sequences are listed in reference 19. Motifs I to VI are conserved among the superfamily of adenylate-forming enzymes, including nonpeptide synthetases. Motifs VII
to X are conserved among a subfamily of the adenylate-forming superfamily which includes all known peptide synthetases and also EntF and AngR. Motifs I and III
have been associated with ATP-binding and hydrolysis activities, respectively (15, 17, 38). Motif X contains a conserved serine (position 1034 in the alignment) to which
a 4'-phosphopantetheine cofactor is very probably attached (13, 39). A so-called spacer motif present at the N-terminal end of peptide synthetase domains involved
in elongation, but not initiation, of peptide synthesis (15) is also indicated. It has been suggested that amino acids between 627 and 829 in the alignment are involved

in substrate recognition by peptide synthetase domains (10).

quence and that of Poole et al. (33) probably reflect minor
differences between the P. aeruginosa strains used in the re-
spective studies. The presence of fpy4 downstream from pvdD
indicates that ferripyoverdine synthesis and uptake genes are
clustered, as is the case in other fluorescent pseudomonads (6,
28, 31). In addition, this allows the fpvA4 gene to be located at
47 min on the genetic map of P. aeruginosa, as we have previ-
ously shown that clone pSOT1, which includes this DNA, is
derived from that part of the chromosome (35).

Nucleotide sequence accession number. The sequence
shown in Fig. 2 has been assigned accession number U07359 in
the GenBank and EMBL libraries.
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