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Two anthranilate synthase gene pairs have been identified in Pseudomonas aeruginosa. They were cloned,
sequenced, inactivated in vitro by insertion of an antibiotic resistance gene, and returned to P. aeruginosa,
replacing the wild-type gene. One anthranilate synthase enzyme participates in tryptophan synthesis; its genes
are designated &#rpE and trpG. The other anthranilate synthase enzyme, encoded by phnA and phnB,
participates in the synthesis of pyocyanin, the characteristic phenazine pigment of the organism. trpE and trpG
are independently transcribed; homologous genes have been cloned from Pseudomonas putida. The phenazine
pathway genes phnA and phnB are cotranscribed. The cloned phnA phnB gene pair complements &rpE and
trpE(G) mutants of Escherichia coli. Homologous genes were not found in P. putida PPG1, a non-phenazine
producer. Surprisingly, PhnA and PhnB are more closely related to E. coli TrpE and TrpG than to
Pseudomonas TrpE and TrpG, whereas Pseudomonas TrpE and TrpG are more closely related to E. coli PabB
and PabA than to E. coli TrpE and TrpG. We replaced the wild-type &rpE on the P. aeruginosa chromosome
with a mutant form having a considerable portion of its coding sequence deleted and replaced by a tetracycline
resistance gene cassette. This resulted in tryptophan auxotrophy; however, spontaneous tryptophan-indepen-
dent revertants appeared at a frequency of 10~° to 10, The anthranilate synthase of these revertants is not
feedback inhibited by tryptophan, suggesting that it arises from PhnAB. phnA mutants retain a low level of
pyocyanin production. Introduction of an inactivated &rpE gene into a phnA mutant abolished residual
pyocyanin production, suggesting that the &rpE trpG gene products are capable of providing some anthranilate

for pyocyanin synthesis.

We have found that Pseudomonas aeruginosa has two
anthranilate synthase enzymes; they are homologous, and
both have conventional « and B subunits (9b). The two
anthranilate synthases have different functions. One partic-
ipates in tryptophan synthesis; its genes have been desig-
nated #rpE and trpG (9b). These genes are quite similar to
those of Pseudomonas putida (9a). In both pseudomonads,
trpG, which encodes the B subunit, is cotranscribed with
trpD and trpC in a three-gene operon.

The second anthranilate synthase, previously misidenti-
fied as the product of a #rp gene pair, was obtained on a
R-prime plasmid by mating P. aeruginosa PAC174 carrying
R68.44 with Escherichia coli W3110 tna AtrpES5 (8). This
R-prime plasmid complements only those E. coli auxotrophs
blocked in anthranilate synthase, the first enzyme in the
tryptophan synthetic pathway. Enzyme assays indicated
that both the a and B subunits of anthranilate synthase were
produced. The anthranilate synthase-encoding segment of
the R-prime plasmid was subcloned into pBR322 (8). DNA
sequencing of one of these subclones, pIA14, showed that
the genes for the a and B anthranilate synthase subunits were
indeed present on the cloned DNA. These genes are adja-
cent, and their coding sequences overlap by 23 base pairs
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(bp) (7). The deduced amino acid sequence for this P.
aeruginosa small (B, glutamine amidotransferase) subunit
differed to a surprising extent from the directly determined
amino acid sequence of the glutamine amidotransferase
subunit of P. putida anthranilate synthase (14). We found
that insertional inactivation of the chromosomal version of
the cloned B-subunit gene in P. aeruginosa did not result in
a requirement for tryptophan in low-ammonium medium but
instead resulted in cells defective in pyocyanin production.
The genes encoding this second anthranilate synthase in P.
aeruginosa have been designated phnA (a subunit) and phnB
(B subunit) for their role in phenazine synthesis, specifically
pyocyanin production in P. aeruginosa.

Pyocyanin (Fig. 1) is the characteristic blue-green phena-
zine pigment produced by P. aeruginosa. Pyocyanin is the
most thoroughly studied of the phenazine pigments (13, 33).
Phenazines are classified as secondary metabolites, i.e.,
compounds formed during the stationary phase and often
having antibiotic properties. Shikimic acid and chorismate
have been established as precursors for the phenazines in all
cases investigated (33). The hypothetical scheme for pyocy-
anin biosynthesis (18) is represented in Fig. 1. In this
pathway, phenazine-1,6-dicarboxylate is the common pre-
cursor of the phenazines. Until now, the identity of the
intermediate between chorismate and phenazine-1,6-dicar-
boxylate has been uncertain; our evidence indicated that this
intermediate is anthranilate and that the hypothetical first
step is catalyzed by anthranilate synthase.

In this report, the cloning and sequencing of phnA and
phnB from P. aeruginosa PAOL1 are presented, as well as the
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FIG. 1. Hypothetical scheme for pyocyanin biosynthesis in P. aeruginosa. In the synthesis of pyocyanin, phenazine-1,6-dicarboxylate is
decarboxylated to yield phenazine-1-carboxylate. N-methylation of phenazine-l-carboxylate yields S5-methylphenazine-1-carboxylate.
Oxidative decarboxylation of 5-methylphenazine-1-carboxylate yields pyocyanin (1-hydroxy-5-methylphenazine).

completion of the sequencing of the P. aeruginosa PAC174
phnA and phnB genes. Experiments that implicate this
anthranilate synthase in the production of pyocyanin are
presented. Evidence is also presented to support the inter-
changeability of the two P. aeruginosa anthranilate syn-
thases.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains used
are listed in Table 1. Plasmids are listed in Table 2.

Media and antibiotics. Complete medium was Luria broth
(LB) (24), and minimal medium was Vogel-Bonner minimal
salts medium E (35). For solid LB or Vogel-Bonner minimal
medium, 15 g of agar (Difco Laboratories, Detroit, Mich.)
was added per liter. 5-Bromo-4-chloro-3-indolyl-B-D-galac-
topyranoside (X-Gal) plates were used to screen recombi-
nant pUC plasmid derivatives (34, 36). Pseudomonas isola-
tion agar was obtained from Difco. Pseudomonas isolation
agar was used to select against E. coli donors in bacterial
matings with Pseudomonas species and to examine pyocy-
anin production by P. aeruginosa. Pseudomonas broth (PB)
is a medium developed in this laboratory to maximize
pyocyanin production in liquid culture. The composition of
PB is 20 g of Bacto-Peptone (Difco), 1.4 g of MgCl,, and 10
g of K,SO, per liter of distilled water.

Antibiotic concentrations used for E. coli were ampicillin
at 100 pg/ml, chloramphenicol at 25 pg/ml, kanamycin at 50
pg/ml, tetracycline at 25 pg/ml, mercuric chloride at 15
pg/ml, and cefazolin at 100 pg/ml; for P. aeruginosa
PA04290, kanamycin was used at 250 wg/ml; for P. aerugi-
nosa PAO1, mercuric chloride was used at 15 pg/ml and
tetracycline was used at 100 pg/ml.

DNA isolation, Southern hybridization, and colony hybrid-
izations. Procedures for DNA isolation and Southern hybrid-
ization were as previously described (9b). Colony hybridiza-
tion (12) was used to identify recombinant plasmids carrying
the DNA sequences of interest. Stringency washes were the
same as for Southern hybridizations.

DNA sequencing. Fragments were usually labeled with 2P
by 3’ fill-in labeling with the large fragment of E. coli DNA
polymerase I and the appropriate o-*?P-labeled radioactive
deoxynucleotide triphosphate (4) or by 3’ end labeling with
terminal transferase and [2’,3'-a-3?P]JddATP (37). Occasion-

ally, the 5’ ends were labeled with T4 polynucleotide kinase
and [y->?P]JATP and then reduced by restriction enzyme
cleavage to smaller fragments labeled at one end (23).
Labeled fragments were electroeluted from polyacrylamide
gels and sequenced by the method of Maxam and Gilbert
(23); reaction mixtures were developed by 8% urea—poly-
acrylamide gel electrophoresis by the method of Sanger and
Coulson (25), except the gels contained 25% formamide to
minimize compressions. Sequence data were analyzed with
the aid of the PCS computer program (17).

Low-melting-temperature agarose ligation. Several of the
subcloning experiments were done with DNA fragments
isolated from low-melting-temperature agarose gels (31) and
as described by Bae et al. (2).

TABLE 1. Bacterial strains

i a Source or
Strain Genotype or phenotype reference
Pseudomonas
aeruginosa

PAO1 Wild type B. Holloway

PAO4290 aphA argF leu-10 H. Matsumoto

PADE E1l TrpE~ Tc" 9b

PADE G2 TrpGDC™ Hg" 9b

PADE B1 PhnB~ Km" exconjugant of This study
PA04290 with pDE1443

PADE A47 PhnA~ Tc' exconjugant of This study
PAO1 with pDE1560

PADE A47E1  PhnA~ TrpE~ Tc" Hg" This study
exconjugant of PADE
A47 with pDE1567

PADE A48 PhnA~ Hg" exconjugant of This study
PADE A47 with pDE1595

PADE Elr Trp* revertant of PADE E1  This study

Escherichia coli

JM109 recAl endAl gyrA96 thi 36
hsdR17 supE44 rel N\~
A(lac-proAB)(F' traD36
proAB lacI°ZAM15)

S17-1 [RP4-2 (Tc::Mu)(Km::Tn7) A. Puhler (28)

Tra (IncP)] pro hsdR
recA Tp" Sm"

4 Abbreviations: Hg, mercuric chloride; Km, kanamycin; Sm, streptomy-
cin; Tc, tetracycline; Tp, trimethoprim.
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TABLE 2. Plasmids

J. BACTERIOL.

Plasmid Relevant characteristics® Source or reference

pUC8 Amp*, cloning vector 34

pUC9 Amp', cloning vector 34

pUC12 Amp’, cloning vector 34

pUC13 Amp', cloning vector 34

pUC18 Amp", cloning vector 36

pUC18-Xhol Amp'’, pUC18 with a Xhol adaptor inserted into the EcoRlI site 9b

pUC19 Amp', cloning vector 36

pDG106 Hg" Km" B. D. Gambill (10)

pDE-Km Amp® Km', 2.5-kb Xhol-Km" fragment from Tn5 inserted into the Xhol site of pUC18- 9b
Xhol, high-copy-number source of the Xhol-Km" cassette

pDE-Tc Amp" Tc', 2.7-kb BglII-Tc" fragment from Tn5-132 inserted into pUC18-BglIl, high- 9b
copy-number source of the BglII-Tc" cassette

pDE-Hg Amp" Hg" 5.2-kb BamHI-Pst1 Hg' fragment from pDG106 inserted into pUC18-Xhol 9b

pDE-HgB Amp" Hg", pDE-Hg digested with HindIII, Klenow treated, and a BamHI linker This study
inserted, high-copy-number source of the BamHI-Hg" cassette

pSUP205 Cm" Tc" Mob, mobilizable vector A. Puhler (29)

pSUP205-Xhol Cm" Mob, pSUP205 with a Xhol adaptor inserted into the BamHI site This study

plA10 Tc*, P. aeruginosa PAC174 phnAB 8

pIA20 Amp', P. aeruginosa phnB, subclone of plA10, 1.2-kb Kpnl fragment in pUC18 7

plAl4 Amp', P. aeruginosa phnB, subclone of PIA10, 1.2-kb BamHI-BgllI fragment in 8
pBR322

p1256 Amp', subclone of pIA10, 1,053-bp PstI-EcoRI phnA fragment inserted into pUC13 This study

p1257 Amp’, subclone of pIA10, 827-bp BamHI-EcoRI phnA fragment inserted into pUC12 This study

p1433 Amp', subclone of pIA10, 1,161-bp PstI phnA fragment inserted into pUC8 This study

p1460 Amp', P. aeruginosa trpE 9b

pDE1530 Cm’ Mob, P. aeruginosa trpE-Bglll, 3.0-kb HindII1-Smal trpE-Bglll fragment from 9b
pDE1528 inserted into HindIII- and EcoRV-digested pSUP205

pDE1567 Cm" Hg" Mob, P. aeruginosa trpE-Hg, pDE1530 digested with Bg/II and the BamHI- This study
Hg" cassette inserted

p1326 Amp’, 965-bp Pstl-Clal fragment containing the 5’ end of P. aeruginosa PAO1 phnA This study
and approximately 400 bp of upstream DNA inserted into pUC18 digested with PstI
and Accl

pl514 Amp", 4.0-kb Kpnl-EcoRI fragment containing the 5’ end of P. aeruginosa PAO1 This study
phnA and approximately 3.5 kb of upstream DNA inserted into pUC19

p1580 Amp", 2.0-kb EcoRI-BgllI fragment containing most of P. aeruginosa PAO1 phnA, all This study
of phnB, and 600 bp of downstream DNA inserted into pUC19

p1515 Amp', 2.0-kb EcoRI-BglII fragment from pIA10 inserted into EcoRI- and BamHI- This study
digested pUC19, similar in construction to p1580

pIlA20-Xhol Amp', P. aeruginosa phnB-Xhol, plA20 digested with Sacll and a Sacll-Xhol adaptor This study
inserted into phnB

plA1006 Tc", pIA10 digested with Kpnl, the 1.2-kb Kpnl fragment removed and replaced with This study
the 1.2-kb Kpnl fragment from Kpnl-digested pIA20-Xhol

pDE1412 Amp', 3.7-kb EcoRI phnB-Xhol fragment from pIA1006 inserted into EcoRI-digested This study
pUC9

pDE1413 Amp', P. aeruginosa phnB-Km, pDE1412 digested with Xhol and the Xhol-Km* This study
cassette from pDE-Km inserted

pDE1443 Tc" Km" Mob, P. aeruginosa phnB-Km, 6.2-kb EcoRI phnB-Km fragment inserted This study
into EcoRI-digested pSUP205

pDE1518 Amp', P. aeruginosa phnAB, 4.0-kb Kpnl-EcoR1 fragment from p1514 and the 2.0-kb This study
EcoRI-HindlII fragment from p1515 ligated into pUC18 digested with KpnI and
HindIll

pDE1523 Amp*, P. aeruginosa phnAB, 6.0-kb Sacl-HindlIl phnAB fragment from pDE1518 This study
inserted into pUC18-Xhol digested with Sacl and HindIII

pDE1529 Amp", P. aeruginosa phnA-Bglll, pDE1523 digested with EcoRI-Bglll adaptor inserted This study
into phnA

pDE1559 Cm" Mob, P. aeruginosa phnAB, 6.0-kb HindlII-Xhol phnAB fragment from pDE1523 This study
inserted into pSUP205-Xhol digested with Xhol and HindIII

pDE1560 Cm" Tc" Mob, P. aeruginosa phnA-Tc, pDE1559 digested with BamHI and the Bglll- This study
Tc" cassette from pDE-Tc inserted near the 3’ end of phnA

pDE1585 Amp" Hg', P. aeruginosa AphnA-Hg, pDE1529 digested with Bglll and BamHI, the This study
830-bp fragment internal to phnA removed, and the BamHI-Hg" cassette from pDE-
Hg inserted

pDE1595 Cm" Hg" Mob, P. aeruginosa AphnA-Hg, 10.4-kb Xhol-HindIII AphnA-Hg-containing This study

fragment from pDE1585 inserted into Xhol- and HindllI-digested pSUP205-Xhol

¢ Abbreviations: Amp, ampicillin; Cm, chloramf:henicol; Hg, mercuric chloride; Km, kanamycin; Tc, tetracycline.
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Construction of BamHI-Hg" cassette. The plasmid pDE-Hg
(9b) was digested with HindlII and treated with the large
fragment of DNA polymerase I and the appropriate deoxyri-
bonucleotides, and a BamHI (CGGGATCCCG) linker was
inserted; this plasmid is a high-copy-number source of the
BamHI-Hg" cassette and is designated pDE-HgB.

Construction of pDE1433. The construction of pDE1433
used to create a PhnB~ Km" P. aeruginosa mutant is
diagrammed in Fig. 2. pIA20 was digested with Sacll, and a
Sacll-Xhol adapter (CCTCGAGGGC) was inserted into
phnB to yield pIA20-Xhol. pIA10 was then digested with
Kpnl, and the 1.2-kilobase (kb) Kpnl fragment was removed
and replaced with the 1.2-kb Kpnl fragment purified from
Kpnl-digested pIA20-Xhol to yield pIA1006. pIA1006 was
digested with EcoRlI, and the purified 3.7-kb EcoRI fragment
was inserted into EcoRI-digested pUC9 to create pDE1412.
pDE1412 was then digested with Xhol, and the 2.5-kb
Xhol-Km" cassette from pDE-Km was inserted to yield the
Amp" Km" plasmid pDE1413. pDE1413 was subsequently
digested with EcoRI, and the purified 6.2-kb fragment was
inserted into EcoRI-digested pSUP20S to create the Km" Tc"
Mob plasmid pDE1443.

Construction of pDE1560. The construction of the Cm" Tc’
Mob plasmid pDE1560 used to create a PhnA~ Tc™ P.
aeruginosa mutant is illustrated in Fig. 3. p1514 was digested
with Kpnl and EcoRI, and the 4.0-kb fragment was isolated
and purified. p1515 (the 2.0-kb EcoRI-BgllII fragment from
pIA10 inserted into EcoRI- and BamHI-digested pUC19,
similar in construction to p1580) was digested with HindIII
and EcoRI, and the 2.0-kb fragment was isolated and puri-
fied. The 4.0-kb Kpnl-EcoRI fragment from pl1514 and the
2.0-kb EcoRI-HindIII fragment from p1515 were then ligated
into pUC18 that had been digested with Kpnl and HindIII to
create pDE1518. pDE1518 was digested with Sacl and
HindlIIl, and the 6.0-kb phnA phnB fragment was inserted
into pUC18-Xhol digested with Sacl and HindIII to yield
pDE1523. pDE1523 was then digested with Xhol and
HindIIl, and the 6.0-kb phnA phnB fragment was inserted
into HindIII- and Xhol-digested pSUP205-Xhol (pSUP205
digested with BamHI and a BamHI-Xhol adaptor [GATCT
CGA] inserted by ligation) to yield the Cm" Mob plasmid
pDE1559. pDE1559 was subsequently digested with BamHI,
and the 2.7-kb BglII-Tc" cassette from pDE-Tc was inserted
into the phnA gene to create the Cm" Tc"™ Mob plasmid
pDE1560.

Construction of pDE1567. The plasmid pDE1567 was used
to create a trpE mutant of P. aeruginosa PADE A47. The
construction of pDE1567 is outlined in Fig. 4. pDE1530 (9b)
was digested with BglII, and the 5.2-kb BamHI-Hg" cassette
from pDE-HgB was inserted to yield the Cm" Hg" Mob
plasmid pDE1567.

Construction of pDE1595. The plasmid pDE1595 was used
to create the AphnA Hg" derivative of PADE A47. The
construction of pDE1595 is outlined in Fig. 5. pDE1523 was
digested with EcoRI, and an EcoRI-BglII adaptor (AATTA
GATCT) was inserted to yield pDE1529. pDE1529 was
subsequently digested with Bgl/II and BamHI to remove an
830-bp fragment internal to phnA, and the 5.2-kb BamHI Hg"
cassette from pDE-HgB was inserted to yield the Amp" Hg"
plasmid pDE1585. pDE1585 was then digested with Xhol
and HindIll, and the 10.4-kb fragment was inserted into
Xhol- and HindIII-digested pSUP205-Xhol to create the Cm"
Hg" Mob plasmid pDE1595.

Transformation and conjugation. E. coli transformations
and bacterial matings were done as previously described
(9b). We used the method of Simon et al. (28) for the
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construction of P. aeruginosa gene replacement mutants.
The insertionally inactivated gene is cloned into a pSUP
plasmid vector (28,29) that carries selectable antibiotic re-
sistances and the RP-4-mob site. The RP-4 transfer functions
are integrated into the chromosome of the mobilizing E. coli
donor strain, S17-1. These integrated transfer functions
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recognize the mob site on the plasmid vector and perform
the conjugative transfer into the recipient Pseudomonas
cells. Donor and recipient cells were grown in liquid culture
to the log phase, mixed (1:1) in a sterile Eppendorf tube,
centrifuged, and suspended in 200 pl of LB. Mating mixtures
were then spread onto nitrocellulose filters (13-mm diameter,
0.45-pm pore size) placed on a prewarmed LB agar plate.
Matings were incubated for 16 to 20 h at 37°C. The cells were

then suspended and diluted in LB and spread onto selective
media. Exconjugants were selected for antibiotic resistance
on either pseudomonas isolation agar or cefazolin-containing
LB agar medium. Since the vector cannot replicate in
Pseudomonas species, the antibiotic resistance gene must be
rescued by homologous recombination. A single crossover
leads to insertion of the entire vector into the chromosome
and results in a merodiploid having the antibiotic resistances
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encoded by the vector and the insertional antibiotic cassette.
A double crossover (or subsequent resolution of the mero-
diploid) gives rise to marker exchange. The product strain
loses the vector sequences and shows resistance only to the
antibiotic inserted into the mutant gene. Southern hybridiza-
tion (30) was used to show that only the insertionally
inactivated gene is present.

Cell extracts and enzyme assays. Preparation of cell ex-
tracts by sonication and assays for enzyme activity and
protein concentration were as described previously (8).

Pyocyanin quantitation assay. The pyocyanin assay is
based on the absorbance of pyocyanin at 520 nm in acidic
solution (15, 20). A 5-ml sample of culture grown in PB to
maximize pyocyanin production was extracted with 3 ml of
chloroform and then reextracted into 1 ml of 0.2 N HCI to
give a pink to deep red solution. The absorbance of this
solution was measured at 520 nm. Concentrations, ex-
pressed as micrograms of pyocyanin produced per milliliter
of culture supernatant, were determined by multiplying the
optical density at 520 nm (ODs,,) by 17.072 (16).

Preparation of RNA. Total cellular RNA from P. aerugi-
nosa was prepared by the method of Aiba et al. (1) with some
modifications (2).

RNA slot-blot analysis. RNA samples (30 to 50 png) were
dissolved in 75 pl of 50% deionized formamide—6% formal-
dehyde. Samples were incubated for 1 h at 50°C to denature
the RNA and then placed on ice. Gene Screen Plus hybrid-
ization transfer membrane (Dupont, NEN Research Prod-
ucts, Boston, Mass.) and a filter pad were then cut to fit a

Minifold II Slot-Blotter (Schleicher & Schuell, Inc., Keene,
N.H.). The membrane and filter pad were floated on deion-
ized water for 15 min and then placed in the manifold and
clamped tightly. Wells of the manifold were washed with
10x SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), RNA samples were added to the wells, followed by
light suction for 30 to 60 s. The membrane was removed and
allowed to air dry. The membrane with the immobilized
RNA was then baked at 80°C for 2 h to remove the
formaldehyde and placed in a Seal-A-Meal bag.

The hybridization conditions used were the same as for
Southern hybridization except that both the prehybridization
and hybridization incubations were done at 60°C instead of
65°C.

Analysis of protein sequence data and normalized alignment
scores. For the analysis of protein sequence data, we utilized
the FATSP program (19) as described by Chang et al. (5).
The alignments used were extracted from ones containing
more sequences published elsewhere (6). To estimate simi-
larity between homologous or paralogous sequences, we
used the method of Doolittle (9). This method is direct, using
only identical residues, with a double value given to Cys
residues; it imposes a gap penalty (2.5 times the weight of a
residue identity) and provides a simple test of homology
based on the likelihood of this degree of similarity having
occurred by chance (9). The normalized alignment score of
Doolittle (9) is approximately 10 times the percentage of
identical residues less the gap penalty. For sequences 200
residues long, similarity values greater than 160 indicate that
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common ancestry is probable, and values above 280 make it
certain; for longer sequences, somewhat lower values are
significant (9).

Enzymes and chemicals. All DNA manipulations were
performed essentially as described by Maniatis et al. (22) or
as recommended by the supplier. Restriction endonucleases
were purchased from New England BioLabs, Inc. (Beverly,
Mass.), Rethesda Research Laboratories, Inc. (Gaithers-
burg, Md.), and Boehringer Mannheim Biochemicals (Indi-
anapolis, Ind.). DNA polymerase I, DNA polymerase I
Klenow fragment, mung bean nuclease, and calf intestinal
alkaline phosphatase were purchased from New England
BioLabs. Bacterial alkaline phosphatase was obtained from

J. BACTERIOL.

Bethesda Research Laboratories. RNase-free DNase I was
purchased from Boehringer Mannheim. N-lauroyl-sarcosine
pronase, X-Gal, and lysozyme were purchased from Sigma
Chemical Co. (St. Louis, Mo.). Radiolabeled deoxynucle-
otide triphosphates were obtained from Amersham Corp.
(Arlington Heights, Ill.). Linkers and adaptors were ob-
tained from the University of Iowa Recombinant DNA Core
Facility or New England BioLabs. Low-melting-temper-
ature agarose was purchased from FMC Corp. (Philadelphia,
Pa.).

RESULTS

Cloning P. aeruginosa phnA and phnB. The phnA and phnB
genes from P. aeruginosa PAC174 were cloned, and the
DNA sequence of the B-subunit gene, phnB, was obtained
earlier (7, 8). We cloned the corresponding genes from P.
aeruginosa PAOL for the following reasons. (i) P. aerugi-
nosa PAOL is used as the wild-type strain in this and most
other laboratories, not P. aeruginosa PAC174, and (ii) the
cloned PAC174 phnAB gene pair lacked sufficient DNA
upstream from phnA for gene replacement analyses.

We first purified and used as a probe a 1,165-bp PstI
fragment containing the 5’ end of P. aeruginosa PAC174
phnA, as well as upstream DNA, from plasmid pIA10 (8).
This fragment, labeled with 32P by nick translation, hybrid-
ized strongly to P. aeruginosa PAO1 chromosomal DNA
digests.

We cloned a 4.0-kb KpnlI-EcoRI fragment from P. aerug-
inosa PAOL] after electroelution from agarose and ligation
into pUC19 DNA that had been digested with Kpnl and
EcoRI. The ligation mixture was transformed into E. coli
JM109, and cells containing the desired plasmid, designated
pl1514, were identified by colony hybridization. This insert
contained the 5’ end of phnA and approximately 3.5 kb of
upstream DNA.

We next purified and used as a probe a 1,227-bp Kpnl
fragment from plasmid pIA20 containing the 3’ end of P.
aeruginosa PAC174 phnA and most of phnB (7). This frag-
ment was labeled with 3?P by nick translation. The probe
showed strong hybridization to a 2.0-kb EcoRI-Bglll frag-
ment from P. aeruginosa PAO1 chromosomal DNA digests.
This fragment was isolated after electroelution from agarose
and cloned into pUC19 digested with BamHI and EcoRI in
the manner described above for p1514. This plasmid was
designated pl1580; its insert contained the remainder of
phnA, all of phnB, plus approximately 600 bp of DNA
downstream from phnB.

The plasmid p1326 had been isolated earlier in this work
by shotgun cloning of a Clal-Pstl digest of PAO1 chromo-
somal DNA into pUC18 digested with Accl and PstI. Cells
containing the desired plasmid were identified by colony
hybridization with the 1,165-bp PstI fragment of pIA10 as a
probe. This plasmid was used in the initial sequence com-
parisons of phnA in P. aeruginosa PAO1 and PAC174.

Relevant portions of p1326, p1514, and p1580 were se-
quenced, as well as previously unsequenced portions of
pIA10 (subclones p1256, p1257, and p1515). All restriction
sites were bridged, and complementary sequences were
obtained from both strands.

Sequences of P. aeruginosa phnA and phnB. The DNA
sequences of the phnA and phnB genes of P. aeruginosa
PAO1 and PAC174 and their deduced amino acid sequences
are presented in Fig. 6. The sequences are nearly identical;
nucleotide differences are indicated. The designated start
codons were assigned based on alignment with 22 other
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2130 2160

TGCATGGCCTGTCCAGCCTGGAGGCGCTGCGCCGCGTGCTCGGAACGCTGGGCGACGCGGAGGGGCCCGTGCTGCTGGGCGGCCTGTTCA
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L HGLSSLEALRRVLGTULSGDAETGTPVLLSGSGTLTF

A

FIG. 6. DNA sequence and deduced amino acid sequence of P. aeruginosa PAO1 and PAC174 phnA and phnB and flanking DNA. The
nucleotide and amino acid differences are indicated. Start and stop codons and the presumed Shine-Dalgarno sequences are underlined. phnA
and phnB overlap by 23 bp, not counting the phnB Shine-Dalgarno region.

anthranilate synthases (6). The initial 20 amino acids are
highly conserved in the small subunit, with four of these
residues absolutely conserved in every small-subunit se-
quence. Several other areas of strong conservation are seen
in the small-subunit proteins. phnA and phnB overlap by 23
bp, not including the phnB Shine-Dalgarno region (26).
Preliminary results implicate this overlap in translational
coupling (data not presented).

Figure 6 also presents the sequences of 285 bp of the 3’
end of an upstream open reading frame (ORF), designated
ORF1, from P. aeruginosa. The entire DNA sequence of
ORF1 was obtained in P. aeruginosa PAO1, as well as 690
bp of another upstream ORF, designated ORF2. Figure 7
presents the DNA sequences and deduced amino acid se-
quences for ORF1 and ORF2. A good Shine-Dalgarno se-
quence (26) exists 10 bp upstream from the suggested start
codon for ORF1. The two ORFs overlap by 7 bp, suggesting
the possibility of coupled translation. ORF1 has the codon
usage characteristic of moderately expressed genes in Pseu-
domonas species (68% of the codons ending in either G or
C). Both the DNA and amino acid sequences of ORF1 and
ORF2 were used in database searches for similar sequences
without finding a significant match.

Analysis of relatedness of the two P. aeruginosa anthranilate
synthases to homologous enzymes in diverse organisms. In
alignment of the amino acid sequences of the B subunits of 17
anthranilate synthase and 5 p-aminobenzoate synthase en-
zymes from a variety of bacteria and fungi, similarity values
range from 206 to 1,000 (6). Table 3 presents the normalized
alignment scores (9) derived and condensed from alignments
published elsewhere (6) for the B subunits of a selected group
of bacteria. TrpG sequences of the enteric bacteria, includ-
ing Vibrio parahaemolyticus, form a noticeably similar clus-
ter (normalized alignment scores, 591 to 965), with P.
aeruginosa PhnB possibly weakly allied to it. Enteric bac-
terial PabA sequences form a second cluster with TrpG of
Bacillus subtilis (Slock et al., manuscript in preparation), P.
putida, P. aeruginosa, and Acinetobacter calcoaceticus
(similarity values from 570 to 877).

It is interesting that the two P. aeruginosa anthranilate
synthase B subunits, TrpG and PhnB, are less closely related
to each other than to § subunits in other organisms. Both the
normalized alignment scores presented in Table 3 and the
size and location of gaps used to achieve alignment (data
provided on request) indicate that the TrpG proteins of P.
aeruginosa, P. putida, and the somewhat more distantly
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2190 2220 2250
GCTTCGACCTGGCCGAGCAGTTCGAACCCTTGCCGGCGCCGGCCGAACCTGCGCGGCATTGCCCGGACTACCTGTTCCTGGTGCCGGAGT
T

S FDLAEUGQTFEZ®PLZPAPAEZPARMHKCEPDYLFLVPE

2280 2310 2340
TGCTGCTGGACATCGATCACCTGGCGCGCCGGACTTCGCTGCAGGCGTTCGTCCACGATCCGGCCGGGCACGACCGGTTGGCCGCCAGCC
T A
L LLDIDUMHLARRTS SILQATFUV HDZPAGHDTRILAAS

370 2400 2430
TGCGCCAGTGTGCCGACGAATTCCATGGCGCCGTGGAGGAGGCTTCCGAGTCGCCGGTGGCAGGCGTACGGGCCGGCAACTACCAGGTCG
A
LRQCADETFHGAVEEA ASETSZPVAGVRAGNYA QV
2460 2490 2520
ACCTGGACGATGCGAGCTTTGCCCGCCAGGTAGAGCGCCTGCAGGCCCACGTGAGGGCCGGCGACGTGTTCCAGATCGTACCGTCGCGCA
A

L T
D LDDASTFEF ARG QVETZRTLG QAHVRAGDVTFQQTIUVPSHR

2550 2580 2610
GCTTCAGCATGCCGTGTGCGGACCCCTGGCGGGCCTATCGCCAGTTGTGCCTGCGCAACCCCAGCCCGTACCGCTTCTTCCTCGATGCGG
C
S FSMPCADTPUWRAYRQLTCLTRNPSPYRTFTFTILDA

2640 2670 2700
GGGACTTCTGCCTGTTCGGCGCTT LuL.x.wAGTCGGCATTGAAG’l‘ACGACGCGGAGAGTCGCGAGGTGGMCTCTATCCCAT%GCCGGCA

G DFCLTFGASTPESTSALZEKTYDAESREVELYZPTIAG

2730 2760 2790
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CCCGCCCGCGCGGACGCGATGCCCGGGGCGCCATCGATGCGGAACTGGACAATCGCCTGGAAGCGGAGTTGCGCCTGGA?GCCAAGGAGA

T

T RPRGRODARGA ATIDAETLTDNR RLEHA AWETLTRILTDAK E

C

2820

2850 2880

TCGCCGAGCACATGATGCTGGTCGACCTGGCGCGCAACGATCTGGCGCGCGTCTGCCGCAGCGGTACGCGGCAGGTGCGCGACATGCTCA
C

1 AEHMMLUVYDLARNDTILARVYVCRSGTHR Q VRDML

2910

2940 2970

AGGTCGATCGCTACAGCCACGTGATGCACCTGGTCTCGCGCGTGGCTGGCGAACTGCATGGCGAACTGGATGCGCTGCATGCCTACCGTG
C

K VDRYSHVMHLVYVSRVAGETLTHGETLDALHAYR
FIG. 6—Continued

related A. calcoaceticus more closely resemble the entero-
bacterial PabA than the enterobacterial TrpG sequence. In
contrast, P. aeruginosa PhnB seems closer to the enterobac-
terial TrpG than to enterobacterial PabA.

Comparing sequence data for the a subunit of anthranilate
synthase and p-aminobenzoate synthase is considerably
more difficult than for the g subunit (6). Table 3 presents the
normalized alignment scores for these a subunits, based on
the best current alignment (6). Since these molecules have
approximately 500 amino acid residues, all values are within
the range indicative of homology (9). Alignment of the
carboxyl-terminal half of the molecules poses no problems.
In fact, between position 280 and the end there are 29
locations where all sequences have the same amino acids.
Alignment of the amino-terminal half is more arbitrary; there
are many gaps, and there is only one position between 1 and
279 where the residues are identical (6). P. aeruginosa and
P. putida TrpE are very similar (normalized alignment score
of 866); however, among the others, only the first four
sequences are clearly related.

Insertion of pDE1443 into P. aeruginosa PAO4290 chromo-
some. This experiment provided the first indication that the
anthranilate synthase genes obtained on the R-prime plasmid
were not involved in tryptophan synthesis. These anthra-
nilate synthase genes had been originally designated trpE

and trpG because of their ability to complement trpE auxo-
trophs of E. coli (8). We wanted to create a trpG mutant of
P. aeruginosa and examine its phenotype. Therefore, the
presumed trpG was insertionally inactivated with a Km"
cassette, and the insertionally inactivated gene used to
replace the normal chromosomal gene. Inactivation of this
small-subunit gene on the P. aeruginosa chromosome did
not result in the expected requirement for tryptophan in
low-ammonium media but instead resulted in a strain defec-
tive in pyocyanin production. Plasmid pDE1443 was used to
create this mutant P. aeruginosa.

Replacement of phnB on the P. aeruginosa chromosome
with the Km" mutant phnB gene was demonstrated directly
by subjecting DNA from the parental strain PAO4290 and its
derivative PhnB~ Km" strain PADE B1 to restriction and
hybridization analysis. Southern hybridization analyses with
appropriate probes containing either segments of the phnB
region or Km" cassette demonstrated that the Km" cassette
was indeed inserted into the mutant paAnB (data not shown).

Insertion of pDE1560 into P. aeruginosa PAO1 chromo-
some. The phnB mutant, PADE B1, was constructed in P.
aeruginosa PAO4290 because of the kanamycin sensitivity
of this strain. PAO4290 is a poor pyocyanin producer. A
difference between pyocyanin production in the parent strain
and its PhnB~ Km" mutant is discernible, but for further
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3000 3030 3060
CCTGCCTGAACATGGGCACCTTGGTCGGTGCGCCGAAGGTCCGTGCCATGCAGTTGCTGCGGCAGTACGAGGATGGCTATCGCGGCAGCT
C C

A CLNMGTTILVGAPIKVRAMNOQLTLR RAQYEDSGYRGS

3090 3120 3150
ACGGTGGCGCGATCGGCATTCTCGACAGCGCCGGCAACCTCGATACCAGCATCGTCATCCGCTCCGCCGAGGTCCGCGAAGGTATCGCCC
T T G

Y G GAI GIULDSAGNTLH DTS STIUVIRSAEUVRETGTIA

3180 3210 3240
GGGTCCGGGCAGGCGCCGGCGTGGTGCTGGATTCGGATCCACGGCTGGAGGCCGAGGAAACCCGCAACAAGGCGCTGGCGGTGCTGACCG
T
RVRAGAGVVLDSDZPRTLEAETETI RNIKALAVLT
3270 3300 3330
CCGTGGCCGCTGCCGAACGCGAAAGGGGAGAGCGCGATGCGCATCACGCTGTTGGATAACTTCGATTCCTTCACCTACAACCTGGTCGAG
AV AAAERETRGETRDAHIHAVG*
M RI1ITLILDNTFDSTFTYNLUVE
3360 3390 3420
CAGTTCTGCCTGCTCGGCGCGGAGGTCCGGGTGATGCGCAACGATACGCCGTTGCCGACGATCCAGGCGGCATTGCTGGCCGACGGTTGC
Q FCLLGAEVRVMRNDTEPLEPTI Q AALLADSGSTC
3450 3480 3510
GAACTGCTGGTGCTGTCGCCGGGGCCCGGTCGGCCGGAAGACGCCGGCTGCATGCTGGAATTGCTCGCCTGGGCCCGCGGGCGCTTGCCG
T
ELLVULSEPGPGRTPET DA AGCMILETLTLAWA R GRLP
3540 3570 3600
GTGCTCGGCGTCTGCCTCGGCCACCAGGCGCTGGCGCTGGCCGCCGGTGGCGCGGTGGGCGAGGCGAGGAAGCCGCTGCACGGCAAGAGC

T
VLGV CLGHG QATLALAAGSGAVGEA R KPLHGIKSS

3630 3660 3690
ACGTCCCTGCGTTTCGATCAGCGTCACCCGCTGTTCGACGGCATCGCTGACCTGCGCGTCGCGCGCTACCACTCGCTGGTGGTCAGTCGC
T S LRFDO QURHPLTFDGTIADL RV ARYHSILUVVSR

3720 3750 3780

CTGCCGGAAGGTTTCGACTGCCTGGCCGATGCCGATGGCGAGATCATGGCGATGGCCGATCCGCGCAATCGACAGCTGGGCTTGCAGTTC
A

LPEGTFTDTCTLADSDTGETIHMHA M ADPRNRQLGLAOQF

3810 3840 3870
CATCCCGAGTCGATTCTCACCACCCACGGCCAGCGTCTGCTGGAGAACGCTCTACTCTGGTGCGGCGCGCTGGCGGTCGCGGAGCGCCTT
T

HPESTITLTTUHGO QRTLTLENALTLWCGALTRVYVRERETRIL
3900 3930 3960
CGGGCCIQAGCGGCGCTGCGCCGTTTCGACCGATGCTCGGTTGCCAGGCCGGCGCATCGTCGAAACGCTGGCGGCCGAGTTCGCGCAGGC
A G C
R A *

3990 4020 4050
GCTGGCGGGCGCTTTCGAGAAAGCGACGGAAGCTGCGCTCGGATTCCAGCGCGGTGTTGTAGTAGCAATACACCTTGGTGTCGATGCCGC

4080 4110 4140
CCGGTTCGTACAGTTCGCTGAGGACTGCCAGGGTACCGTTGCGCAGGCGTTCCTCGACGAAATAATGCGGCGCGATGCCCCATCCGACGC

4170 4200 4230
CGGCTTCCACCAGACGCAGCATGTCGTCGAAGTTTTCCACGAAGAGCACCTTGTCGCTGACCGGCCGCAGCAGGTTCGAATGCTGCCCGG
T

4260 4290 4320
AGCGGCTGCCGAGGCTGATCTGCCGGTAATTGGCCAGGCTCGCGATGCTGTGCAGGGAGGCATTGCACAACGGGTGCTGCGGATGGGCGA
A

4350
CGACGAACGCCTTGGTGTAGCCGAGCACGCACTGGTTGAAGCGGGAGATCT

FIG. 6—Continued
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ATCCGGGCACAGTGCAGCGGGTTGCTGTACGGCTTGCAGATGGCTCGCGGGCAGATCCTCGCCGGGCTGGCACGGCATGTCCTGGTGGTC
I R AQCS GLULYGLQMARSGAO QTITULAGLARIHEVILUVYVY

120 150 180
TGCGGCGAGGTGCTGTCCAAGCGCATGGACTGTTCGGACCGCGGCCGCAACCTGTCGATCCTGCTCGGCGACGGTGCCGGCGCAGTGGTG
C GE VLS KR RMDTCSDRGRNILIJSTITULILGDGAGAUVV

210 240 270
GTCAGCGCCGGCGAGAGTCTCGAAGACGGACTGCTGGACCTGCGCCTGGGCGCCGACGGCAACTACTTCGACCTGCTGATGACCGCGGCG
VS A GESLEDGTLTLDTLRILTGADTGNYT FDTULTLMTAA

300 330 360
CCGGGTAGTGCCTCGCCGACCTTCCTCGACGAGAATGTCCTGCGCGAGGGCGGGGGCGAGTTCCTCATGCGCGGCCGGCCGATGTTCGAG
P G'S ASPTTFULDENVLRESGSGSGET FTILMRGRZPMMTFE

390 420 450
CATGCCAGCCAGACCCTGGTACGGATCGCCGGCGAAATGCTCGCGGCCCATGAGCTGACCCTGGACGACATCGACCATGTGATCTGCCAT
HASQTU LV RTIAGEMTLAAHETLTTULDUDTIDUHUVICH

480 510 540
CAACCGAACCTGCGCATCCTCGATGCGGTGCAGGAGCAACTGGGCATTCCCCAGCACAAGTTCGCGGTGACCGTGGATCGTCTGGGCAAC
Q PNLRTIULDAVQEU QLGTIU®POQHI KT FAVTVDR RILTGEGN

570 600 630
ATGGCTTCGGCCTCGACCCCGGTCACGCTGGCGATGTTCTGGCCGGACATCCAGCCGGGACAGCGGGTGCTGGTCCTGACCTACGGCTCC
M A S ASTZPVTLAMTPFUWPDTIOQPGQRUVLVILTTYGS

660 690 720
GGCGCGACCTGGGGCGCGGCGCTGTACCGCAAACCTGAGGAGGTGAACCGGCCATGTTGAGGCTTTCGGCTCCCGGTCAACTGGATGATG
G ATWGAALYRIEKEPETEVNR REPTC®*
M LRLSAPGA QULDD

750 780 810
ACCTGTGCCTGTTGGGGGACGTCCAGGTGCCGGTGTTCCTGCTGCGTCTCGGTGAGGCGAGCTGGGCGCTGGTTGAAGGAGGGATCAGCC
D LCLLGDV VS QVU®PVF FLTLRILTGEA ASWALVETGSE GTIS

840 870 900
GGGATGCCGAATTGGTTTGGGCGGACCTGTGCCGCTGGGTCGCCGACCCGTCCCAGGTGCACTACTGGCTGATCACCCACAAGCACTACG
R DAETLVUWADTILTCRWVYVADZPSAOQVHYWLILTITHIKHY

930 960 990
ACCACTGCGGCCTGCTGCCCTACCTGTGTCCGCGGCTGCCGAACGTACAGGTCCTGGCGTCCGAGCGGACCTGCCAGGCCTGGAAGTCGG
D HCGLULZPYZLCPRTLPNVQVLASETRTTCAQAUWEKS

1020 1050 1080
AAAGCGCGGTGCGGGTGGTCGAGCGCTTGAACCGGCAACTGTTGCGTGCGGAGCAGCGGTTGCCCGAGGCCTGTGCCTGGGACGCTCTGC
E S A VRVVYVETRTLNR RO QLTLRAEG QRTLUZPEA ATCAWDATL

1110 1140 1170
CGGTTCGCGCGGTGGCCGACGGCGAGTGGCTGGAGCTGGGACCGCGGCATCGCCTGCAGGTCATAGAGGCCCACGGCCACAGCGACGATC
P VRAVADGEUWTILETLSGPRUHERILA QUVTIEAHGHSTDD

1200 1230 1260
ACGTGGTTTTCTACGACGTGCGACGCCGACGCCTGTTCTGCGGCGATGCCCTGGGCGAGTTCGACGAGGCAGAGGGGGTGTGGCGGCCGC
HVVFYDVRRRRLTFTCGDAILGEUWFDEAIETG GV WRP

1290 1320 1350
TGGTGTTCGACGACATGGAGGCTTACCTGGAGTCCCTGGAACGTCTGCAGCGTCTGCCGACCCTGCTGCAACTGATCCCGGGACACGGCG
L VFDDMEA AYTLESTLERTLAO QRTLZ®PTILLIQLTUZPGHSG

1380 1410 1440
GCCTGCTGCGGGGGCGGCTGGCCGCGGATGGGGCCGAGTCGGCCTATACCGAGTGTCTGCGCCTGTGCCGGCGGTTGCTCTGGCGCCAGT
6 LLRGRTILAADGAESA AYTETCLRILTCRRILTILUWRDQQ

1470 1500 1530
CCATGGGCGAATCCCTCGACGAACTGAGCGAGGAGCTGCACCGCGCCTGGGGTGGGCAGAGCGTCGACTTCCTGCCCGGCGAACTGCACC
S M GESLDETLSETETLUHRAWGSG QSVDTFTLTZPGETLH

1560 1590 1620
TGGGGAGCATGCGCCGGATGCTGGAGATTCTCTCCCGCCAGGCGCTGCCTCTGGACTGAGACGGGACATCCATTGCGGCGATCGCGCCCG
L 6GSMRRMLETITLS SR RAOQATLTPTLTD*

1650 1680
ACGGCAGCGGTCGCAATTGGGGGAAAAGGGGGGTTACCGATGATGAACATGCCGTTGCGC

FIG. 7. DNA sequence and deduced amino acid sequence of ORF1 and ORF2 upstream from P. aeruginosa phnA. Start and stop codons
and presumed Shine-Dalgarno sequences are underlined.
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TABLE 3. Normalized alignment scores for anthranilate synthase and p-aminobenzoate synthase a and B subunits from various organisms*

Normalized alignment score

Organism St Sm. Vp. Pa Ec. St Sm Bs. Pp. Pa Ac. Vp. Pa BlL Rm Sa Ec Pp. Pa  Bs. Sc
TrpG TrpG  TrpG  PhnB PabA  PabA  TrpG  TrpG  TrpG  TrpG  TrpG  TrpE  PhmA  TrpE  TrpE TrpE PabB TrpE TrpE TrpE TrpE
B-Subunit
similarities
E.c. TrpG 398 366 406 399 383 396 317
S.t. TrpG 409 372 395 384 363 381 302
S.m. TrpG 409 356 395 401 380 401 327
V.p. TrpG 356 350 340 369 367 379 362
P.a. PhnB 301 312 304 225 270 316 278
E.c. PabA
S.t. PabA
S.m. PabA
B.s. TrpG
P.p. TrpG
P.a. TrpG
a-Subunit
similarities
E.c. TrpE 236 269 198 255 257 240 235
V.p. TrpE 208 275 209 253 260 230 220
P.a. PhnA 208 247 184 244 260 225 204
B.l. TrpE 198 222 208 233 237 205 192
R.m. TrpE 208 151 214 213 201 217
S.a. TrpE 213 305 305 261 251
E.c. PabB 265 269 270 217
P.p. TrpE 866 325 299
P.a. TrpE 319 286
B.s. TrpE 255
2 Scores obtained from Crawford (6). Organisms: A.c., A. calcoaceticus; B.l., Brevibacterium lactofermentum; B.s., B. subtilis; E.c., E. coli; P.a., P. aeruginosa; P.p., P. putida; R.m., Rhizobium meliloti;
S.a., Spirochaeta aurantia; S.c., Saccharomyces cerevisiae; S.m., Serratia marcescens; S.t., Sall lla typhimurium; V.p., V. parahaemolyticus.
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studies on the phnA and phnB genes, we chose to work with
P. aeruginosa PAO1, an excellent pyocyanin producer and
the wild-type strain used in this and most other laboratories.
We constructed a phnA mutant of PAO1 by replacing the
wild-type chromosomal gene with a mutant phnA containing
an insertion of a 2.7-kb Tc" cassette near the 3’ end of the
gene. The plasmid pDE1560 was used to create this PhnA™
Tc" P. aeruginosa mutant.

Replacement of phnA on the P. aeruginosa chromosome
with the Tc" mutant phnA gene was demonstrated directly by
subjecting DNA prepared from the parental strain PAO1 and
its derivative PhnA ™~ Tc' strain PADE A47 to restriction and
hybridization analysis. Appropriate probes were used in
Southern hybridization analyses to verify replacement of the
chromosomal phnA with the insertionally inactivated mutant
phnA (data not shown).

Insertion of pDE1567 into P. aeruginosa PADE A47 chro-
mosome. We constructed a double mutant altered in both
large-subunit genes, trpE and phnA. We used pDE1567 to
create a trpE mutant of P. aeruginosa PADE A47.

Replacement of trpE on the P. aeruginosa PADE A47
chromosome with the Hg" mutant trpE was demonstrated
directly by subjecting DNA from PAOI, the parental strain
P. aeruginosa PADE A47, and its derivative TrpE~ Hg"
strain PADE A47El1 to restriction and hybridization analysis
(data not shown).

Insertion of pDE1595 into P. aeruginosa PADE A47 chro-
mosome. Because P. aeruginosa PADE A47 retained some
pyocyanin production, we wanted to create a more seriously
disabled derivative of this strain by replacing its Tc"™ mutant
phnA with a AphnA containing a substantial deletion in its
coding region. This AphnA construct has an Hg" cassette
inserted into the deleted region to allow selection. Thus,
selection for the desired haploid strain could be detected by
the loss of Tc" and the acquisition of Hg". The plasmid
pDE159S was used to create the AphnA Hg™ derivative of
PADE A47.

The replacement of the Tc" mutant phnA with the Hg"
mutant AphnA on the P. aeruginosa chromosome was dem-
onstrated directly by subjecting DNA from PAO1, the pa-
rental strain PADE A47, and its derivative AphnA Hg" strain
PADE A48 to restriction and hybridization analysis (data not
shown).

Phenotypic characterization of PADE A47, PADE A48, and
PADE A47E1l. PADE A47 and PADE A48 are both proto-
trophs; they grow without supplementation on Vogel-
Bonner minimal medium and on low- or high-ammonia M9
medium. The PhnA™ TrpE~ mutant PADE A47E1 requires
supplementation with either anthranilate of L-tryptophan for
growth on minimal medium.

Cultures of PAO1, PADE E1, PADE A47, PADE A48,
and PADE A47E1 were grown for 16 to 20 h in 5 ml of PB for
quantitation of pyocyanin production. Pyocyanin production
by the five strains is shown in Table 4. The results showed
that pyocyanin production is greatly reduced in the phnA
mutants PADE A47 and PADE A48 and eliminated in the
double mutant PADE A47E1.

Characterization of PADE Elr. During the characteriza-
tion of PADE E1 (9b), spontaneous tryptophan-independent
colonies appeared at a frequency of 10> to 107%; one of
these Trp™ colonies was isolated and designated PADE Elr.
PADE Elr grew without supplementation on Vogel-Bonner
minimal medium and on low- or high-ammonia medium. Its
parent, PADE El, required supplementation with either
anthranilate or L-tryptophan for growth on minimal medium.

PADE Elr produced more pyocyanin than either PAO1 or
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TABLE 4. Spectrophotometric quantitation of pyocyanin
production by P. aeruginosa PAO1 and its derived mutants®

Pyocyanin .

Strain ODsy0 pl('ﬁi;l:]tli;zn ‘y;rmhdctti{)l:\e
PAO1 0.369 6.30 100
PADE E1 0.319 5.44 86
PADE A47 0.125 2.13 34
PADE A48 0.085 1.45 22
PADE A47E1 0.001 0.02 2

“ Cells were grown for 16 to 20 h in 5 ml of PB at 37°C with aeration.
Extraction procedures are outlined in Materials and Methods.

b Pyocyanin concentrations are reported as micrograms of pyocyanin
produced per milliliter of PB culture.

PADE El. Pyocyanin production by the three strains was
analyzed spectrophotometrically. Table S shows the results
of this analysis. Pyocyanin production was greatest in PADE
Elr, approximately 25% more than PAO1 and 40% more
than PADE El.

Anthranilate synthase (with either ammonia or glutamine
as the nitrogen source) and TrpD-derived phosphoribosyl
transferase enzymatic activities were measured in extracts
from tryptophan-starved cultures (3) of PAO1, PADE El,
PADE Elr, and PADE G2 (9b). The results are shown in
Table 6. Anthranilate synthase activity in PAO1 and PADE
G2 is completely inhibited by either 150 or 750 pM tryp-
tophan (data not shown), whereas the anthranilate synthase
activity of PADE E1r showed no inhibition upon the addition
of either concentration of tryptophan. Addition of either 75
or 150 uM pyocyanin to the reaction mixtures also had no
effect on anthranilate synthase activity. The anthranilate
synthase activity of the cloned phnAB on pIA10 expressed in
E. coli is also not feedback inhibited by tryptophan (data not
shown), suggesting that the anthranilate synthase activity of
PADE Elr arises from phnAB.

To verify that the Trp* strain PADE Elr was not a
merodiploid that had somehow survived the isolation of
PADE El1, to show that the Tc" cassette was still inserted
into the mutant trpE, and to prove that the prototoph
isolated was not a contaminant, we subjected DNA from
PAO1, PADE El1, and PADE Elr to restriction and hybrid-
ization analyses. These analyses demonstrated that the Tc"
cassette was still inserted into the mutant trpE.

Measurement of trpG and phnA mRNA levels in PAOI1,
PADE E1, and PADE Elr. mRNA production corresponding
to trpE and phnA was measured in PAO1, PADE E1, and
PADE Elr during different growth phases. trpE of PADE E1
and PADE Elr contains a deletion/insertion. A preliminary
experiment showed little or no trpE RNA transcript present
in the trpE mutants PADE E1 and PADE Elr compared with

TABLE 5. Spectrophotometric quantitation of pyocyanin
production by P. aeruginosa PAO1, PADE El, and PADE E1r¢

Pyocyanin "
Strain ODs;, producti(zn ?xrm::::-ttl{)l;e
(ug/ml)
PADE Elr 0.453 7.73 123
PAO1 0.369 6.30 100
PADE E1 0.319 5.44 86

“ Cells were grown for 16 to 20 h in 5 ml of PB at 37°C with aeration.
Extraction procedures are outlined in Materials and Methods.

® Pyocyanin concentrations are reported as micrograms of pyocyanin
produced per milliliter of PB culture.
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TABLE 6. Anthranilate synthase and phosphoribosyl transferase
activities of P. aeruginosa PAO1, PADE E1l,
PADE Elr, and PADE G2°¢

P. aeruginosa Enzymatic activity® with: Phﬁ:zl;&r:abxyl
cell extract Ammonia Glutamine activity?
PAO1 0.014 0.058 0.400
PADE E1 0 0 1.07
PADEE1r 0.064 0.086 1.37
PADE G2 0.55 0 0

wild-type PAO1, possibly due to degradation of the incom-
plete transcript. Accordingly, we chose to monitor trpG
mRNA production because of its known coordinate regula-
tion with #rpE (3).

We prepared phnA- and trpG-specific probes for use in
hybridization studies against crude mRNA samples. The
phnA-specific probe was a 205-bp EcoRV-Pstl fragment
from p1433 (p1433 contains the 1,161-bp Pst?I phnA fragment
from pIA10 inserted into pUCS8.) The #rpG-specific probe
was a 1.0-kb EcoRV fragment from pl395. These probes
were first tested by Southern hybridization against the
cloned phnA, phnB, trpE, and trpG genes and PAO1 chro-
mosomal DNA digests to confirm their specificity. Under
high-stringency conditions, no cross-hybridizations were
seen. These probes were then hybridized to crude mRNA
preparations made from cells in various phases of growth.

RNA was prepared from cultures harvested in the early
log (ODse, = 0.30), late log (ODsg, = 0.60), and stationary
(ODs¢, = 0.75) phases. Samples containing equal amounts of
RNA were used undiluted and at 1:10 and 1:50 dilutions.
These samples were applied to nylon hybridization mem-
branes with a slot-blot apparatus. The slot blots were then
hybridized with the 32P-labeled 205-bp EcoRV-Ps:I fragment
from p1433 or the 32P-labeled 1.0-kb EcoRV fragment from
p1395. After hybridization, the blots were washed under
high stringency.

The slot-blot autoradiographs were subjected to densito-
metric analysis (Table 7). The results showed that in PADE
Elr the quantity of phnA mRNA is at least eight times
greater than in PAO1 and PADE El in the early log phase
but that this difference diminishes in the late log and station-
ary phases. The trpG probe showed that rpG mRNA levels
are greatest in the early log phase and that they diminish
markedly by the stationary phase.

DISCUSSION

We showed that P. aeruginosa has two anthranilate syn-
thases, that they are homologous, and that both have con-
ventional o and B subunits. One anthranilate synthase,
encoded by trpE and trpG, catalyzes the first step in the
tryptophan synthetic pathway. The other anthranilate syn-
thase, encoded by phnA and phnB, functions in phenazine
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synthesis. P. aeruginosa is unique in this respect, for until
now no other procaryote or eucaryote has been shown to
have two anthranilate synthases.

The existence of two anthranilate synthases in P. aerugi-
nosa explains the differences seen earlier between the two
sequences of the small (B, glutamine amidotransferase)
subunits of anthranilate synthase in P. putida and P. aerug-
inosa (7). The sequence from P. putida had been obtained by
sequencing the purified protein from the tryptophan syn-
thetic enzyme (14). The other was a DNA sequence obtained
from a P. aeruginosa PAC174 R-prime plasmid capable of
complementing trpE mutants of E. coli (7, 8). It is now clear
that these two genes do not specify the enzyme catalyzing
the first reaction of the tryptophan synthetic pathway but in
fact encode a second anthranilate synthase in P. aeruginosa.
These genes are now designated phnA and phnB for their
involvement in the synthesis of phenazines, specifically
pyocyanin, in P. aeruginosa.

We established the existence of two distinct anthranilate
synthases by inactivating the chromosomal version of the
cloned P. aeruginosa small-subunit gene. Inactivation did
not result in a requirement for tryptophan in low-ammonia
medium but instead gave cells defective in the production of
pyocyanin. Using the small-subunit gene from the R-prime
plasmid as a probe, a second, cross-reacting chromosomal
gene in P. aeruginosa PAO1 was identified by Southern
hybridization at low stringency. This second gene was
cloned and sequenced. The deduced protein sequence of this
small-subunit gene proved to be very similar to that obtained
earlier by Kawamura et al. (14) from the purified P. putida
anthranilate synthase small subunit. This gene is now cor-
rectly designated trpG; when insertionally inactivated and
inserted into the P. aeruginosa chromosome, replacing the
wild-type gene, the predicted phenotype was found, a re-
quirement for tryptophan or anthranilate in low (1 mM
NH,*)-ammonia medium but not in high (50 mM NH,¥)-
ammonia media (9b). This trpG mutant produces pyocyanin
normally.

The phnA and phnB genes from P. aeruginosa PAC174
had been cloned and the DNA sequence of phnB had been
obtained (7, 8). We cloned the corresponding genes from P.
aeruginosa PAO1; the sequences were nearly identical (Fig.
4). We identified two ORFs upstream from phrnA. A com-
plete DNA sequence was obtained for ORF1, while only a
partial DNA sequence was obtained for ORF2. The two
ORFs overlapped by 7 bp. We have no clue as to the
function of these ORFs, and a database search for similar
sequences found no significant matches.

Comparison of TrpE, TrpG, TrpD, and TrpC sequences in
P. putida and P. aeruginosa showed them to be 79 to 87%
identical (9a, 9b). PhnA and PhnB are clearly homologous to
P. aeruginosa TrpE and TrpG but at a much lower level (26
to 39% identity). A detailed analysis of all known anthra-
nilate and p-aminobenzoate synthases (6) shows, surpris-
ingly, that PhnA and PhnB are more closely related to E. coli

TABLE 7. Slot-blot analysis of trpG and phnA mRNA production by PAO1, PADE E1, and PADE Elr: densitometric quantitation®

Early-log-phase RNA (ODsg, = 0.30)

Late-log-phase RNA (ODsqo = 0.60)

Stationary-phase RNA (ODsg, = 0.75)

Probe

PAOL PADE E1 PADE Elr PAOL PADE E1 PADE PAOL PADE E1 PADE Elr
1rpG 36.3 25.1 34.6 17.05 5.32 12.41 7.06 1.09 4.83
phnA 8.0 7.5 64.95 14.02 12.7 65.5 84.5 64.96 66.36

@ Values presented are area X mean OD and are an average of the undiluted, 1:10, and 1:50 dilution values.
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TrpE and TrpG (46 and 48% identity) than to Pseudomonas
TrpE and TrpG (26 and 39% identity), whereas Pseudomo-
nas TrpE and TrpG are more closely related to E. coli PabB
and PabA, the genes for the paralogous enzyme synthesizing
p-aminobenzoate (11) (28 and 68% identity), than to E. coli
TrpE and TrpG (25 and 40% identity).

The analysis of the evolution of anthranilate synthase
genes is complicated by their similarity to the p-aminoben-
zoate synthase genes and the likelihood that some switching
of function may have occurred. Such switching may explain
why TrpG in the fluorescent pseudomonads, which does not
seem to be involved in folate synthesis, is most similar to
enteric bacterial PabA and to the B. subtilis and A. calco-
aceticus amphibolic TrpG proteins. Further complicating
this matter is the second anthranilate synthase gene pair in
P. aeruginosa, phnA and phnB, which is more closely
related to the enteric bacterial trpE-trp(G) gene pair but is
not normally used in the synthesis of tryptophan. This
relationship of the #rp enzymes in the fluorescent
pseudomonads has some elements needed to make a case for
reticulate evolution at the molecular level. The occasional
need for two anthranilate synthase genes (one for tryptophan
synthesis and the other for secondary metabolism) might
increase the likelihood of such role switching.

Clearly, the genes for the two anthranilate synthase en-
zymes are not the result of a recent duplication. Their
sequences are much less alike than the homologous TrpE
and TrpG sequences from P. aeruginosa and P. putida. The
phnA and phnB reading frames overlap by 23 bp, whereas
the trpE and trpG genes are on different transcriptional units
separated by 25 kb of DNA (27). It is reasonable that the
genes for these two anthranilate synthases arose by duplica-
tion of an ancestral gene and began to diverge in sequence
much earlier in evolution than the time of speciation of P.
aeruginosa and P. putida.

The PhnAB enzyme is interesting because of its apparent
role in secondary metabolism. Our studies of phnAB mutants
provide the first genetic evidence that anthranilate is the
intermediate between chorismate and phenazine-1,6-dicar-
boxylate in the phenazine synthetic pathway. Earlier evi-
dence had indicated that anthranilate is not a phenazine
precursor (reviewed in reference 33). These studies based
their conclusions on the inability of radiolabeled anthranilate
added exogenously to be incorporated into phenazines and
the fact that an anthranilate synthase mutant (TrpE) still
produced phenazines. The latter finding is now explained.
One hypothesis to explain the lack of incorporation of
exogenous anthranilate into phenazines is that the phnAB-
encoded anthranilate synthase forms a multienzyme com-
plex with the other phn genes and that chorismate, but not
anthranilate, can enter this complex. Chorismate is con-
verted to anthranilate, which is then channelled to the next
active site. Such multienzyme complexes with catalytic
subunits arranged to catalyze successive steps of synthesis
are known to be involved in the biosynthesis of some
secondary metabolites (21; V. S. Malik, personal communi-
cation).

Transplacement experiments clearly implicate phnA and
phnB in pyocyanin production. Inactivation of phnA or phnB
results in defective pyocyanin production. PhnA~ mutants
PADE A47 and PADE A48 produce pyocyanin at levels 34
and 22%, respectively, that of the wild type, PAOL.

Thomashow and Weller (32) previously identified five
unlinked loci required for phenazine biosynthesis in Pseu-
domonas fluorescens 2-79. Further examination of the mu-
tants created in their study has also led to the tentative
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conclusion that anthranilate is an intermediate in phenazine
synthesis (L. Thomashow, personal communication).

The first indication that the two P. aeruginosa anthranilate
synthase genes may interchangeable under certain circum-
stances came during the phenotypic characterization of
phnA mutants. The two PhnA~ strains PADE A47 and
PADE A48 both retain a low level of pyocyanin production.
PADE A48 contains a substantial deletion of phnA and an
insertion of the Hg" cassette into this region, whereas PADE
A47 has an insertion of the Tc™ cassette near the 3’ end of
phnA; in either case, phnA should not be functional. Pyocy-
anin production is not completely abolished unless both
phnA and trpE are inactivated, as in strain PADE A47El.
PADE El, a trpE mutant, shows a 20% reduction in pyocy-
anin synthesis when compared with the wild-type strain
PAOL. Apparently, the tryptophan-specific anthranilate syn-
thase is capable of providing some anthranilate for pyocya-
nin production. Possibly the trpE-trpG-encoded anthranilate
synthase may also combine with the other phn gene products
in a multienzyme complex. This complex may allow the
residual pyocyanin production seen in the PhnA mutants. It
may be less effective, since this is not the normal enzyme,
but the two enzymes are definitely homologous and such a
complex is not impossible.

The second indication of interchangeability came when
the trpE mutant PADE E1 showed reversion to Trp*. The
inactivated form of #rpE in the PADE E1 chromosome has a
significant portion of its coding sequence deleted, yet during
its characterization, spontaneous tryptophan-independent
colonies appeared at a frequency of 107> to 107°. Southern
hybridization analysis showed no differences in the trpE
region between PADE E1 and the Trp™ strain, PADE Elr,
and confirmed that PADE Elr was not a merodiploid.
Several lines of evidence lead to the conclusion that the
anthranilate synthase activity in PADE Elr arises from the
phnAB gene products. (Similar #zrpE mutants of P. putida, a
non-phenazine producer, do not revert. Hybridizations at
low stringency with phnAB DNA as a probe showed no
cross-hybridization with P. putida chromosomal DNA di-
gests [data not shown].) The anthranilate synthase activity of
PADE Elr is not feedback inhibited by tryptophan, whereas
that of the trpE-trpG-encoded enzyme is. The anthranilate
synthase activity of the cloned phnAB gene product ex-
pressed in E. coli is also not feedback inhibited by tryp-
tophan. PADE Elr produces more pyocyanin than either
PAOL1 or PADE E1. But the most definitive experiment was
a quantitative analysis of mRNA from PAO1, PADE El1, and
PADE Elr. RNA samples were prepared from the three
strains during the early log, late log, and stationary growth
phases and hybridized with either a phnA-specific or a
trpG-specific probe. The results of these hybridizations
showed that PADE Elr produced at least eight times more
phnA transcript in the early log phase than PAO1 and PADE
El. This experiment also showed that normally the produc-
tion of phnA transcript increases throughout the growth
phase and is maximal during the stationary phase, whereas
the production of trpG transcript is maximal in the early log
phase and has decreased sharply by the stationary phase.
The high level of production of phnAB mRNA by PADE Elr
in the early log phase may explain the Trp* phenotype.
Excess production of the PhnAB anthranilate synthase early
in growth, more than can enter into enzyme complexes with
the other Phn-specific enzymes, may leave functional en-
zyme free in the cytoplasm capable of producing anthranilate
for tryptophan synthesis.

Why is there no production of the PhnAB anthranilate
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synthase in the early and late log phases by PAO1 and PADE
E1? mRNA analysis indicates that a low level of phnAB
transcript is produced in both the early and late log phases
by the two strains. However, anthranilate synthase activity
is totally feedback inhibited by tryptophan in enzyme assays
in PAOL1 in the late exponential phase; no residual anthra-
nilate synthase activity, as expected if a fraction of the
activity arose from the phnA and phnB genes, is observed.
Moreover, PADE E1 shows no anthranilate synthase activ-
ity in enzyme assays. The possibility exists that this phnAB
message is not translated in PAO1 and PADE E1, perhaps
because additional control mechanisms exist specific for
genes of secondary metabolism.

It is now clear that P. aeruginosa has two anthranilate
synthases. One anthranilate synthase, encoded by #rpE and
trpG, catalyzes the first step in the tryptophan synthetic
pathway; trpE and trpG are independently transcribed. The
other anthranilate synthase, encoded by phnA and phnB,
participates in the synthesis of the phenazine pigment pyo-
cyanin; phnA and phnB are cotranscribed. These two anthra-
nilate synthase gene pairs are regulated differently transcrip-
tionally; a difference in feedback inhibition by tryptophan is
seen in the two anthranilate synthases produced. This case
illustrates how biosynthetically essential genes are exploited
via duplication and divergence for secondary metabolism.
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