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The gene encoding cyclohexadienyl dehydratase (de-
noted pheC) was cloned from Pseudomonas aeruginosa
by functional complementation of a pheA auxotroph of
Escherichia coli. The gene was highly expressed in E.
coli due to the use of the high-copy number vector
pUC18. The P. aeruginosa cyclohexadienyl dehydra-
tase expressed in E. coli was purified to electrophoretic
homogeneity. The latter enzyme exhibited identical
physical and biochemical properties as those obtained
for cyclohexadienyl dehydratase purified from P.
aeruginosa. The activity ratios of prephenate dehydra-
tase to arogenate dehydratase remained constant
(about 3.3-fold) throughout purification, thus demon-
strating a single protein having broad substrate spec-
ificity. The cyclohexadienyl dehydratase exhibited K,,
values of 0.42 mM for prephenate and 0.22 mM for L-
arogenate, respectively. The pheC gene was 807 base
pairs in length, encoding a protein with a calculated
molecular mass of 30,480 daltons. This compares with
a molecular mass value of 29.5 kDa determined for the
purified enzyme by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. Since the native molecular
mass determined by gel filtration was 72 kDa, the
enzyme probably is a homodimer. Comparison of the
deduced amino acid sequence of pheC from P. aerugi-
nosa with those of the prephenate dehydratases of
Corynebacterium glutamicum, Bacillus subtilis, E.
coli, and Pseudomonas stutzeri by standard pairwise
alignments did not establish obvious homology. How-
ever, a more detailed analysis revealed a conserved
motif (containing a threonine residue known to be
essential for catalysis) that was shared by all of the
dehydratase proteins.

Prephenate, a cyclohexadienyl-ring molecule formed from
chorismate by chorismate mutase, is a precursor which is
uniquely used for the biosynthesis of L-phenylalanine and L-
tyrosine in microorganisms (1). The conversion of prephenate
to phenylpyruvate (via prephenate dehydratase) or to 4-hy-
droxyphenylpyruvate (via prephenate dehydrogenase) was
first established in enteric bacteria. Although the latter were
assumed for many years to be universal enzyme steps func-
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tioning in nature, an alternative route to L-tyrosine biosyn-
thesis was discovered in cyanobacteria in 1974, whereby pre-
phenate was transaminated to L-arogenate via prephenate
aminotransferase (2). L-Arogenate, a substrate for arogenate
dehydrogenase in cyanobacteria, was initially identified as a
precursor of L-tyrosine, but was later recognized as a precursor
of L-phenylalanine in many microorganisms and in higher
plants (3). Phenylalanine biosynthesis in microorganisms ex-
hibits multiple aspects of diversity. Exclusive use of the
phenylpyruvate route (e.g. Bacillus) or exclusive use of the L-
arogenate route (e.g. Pseudomonas diminuta) may be in place.
On the other hand, both pathway routes may coexist due to
(i) the substrate ambiguity of cyclohexadienyl dehydratase or
(ii) the presence of one of the possible pairs made up of
prephenate dehydratase, arogenate dehydratase, or cyclohex-
adienyl dehydratase. Another aspect of diversity is the pres-
ence or absence of a physical organization of prephenate
dehydratase as one catalytic domain of a bifunctional protein
(denoted the P-protein), which also possesses a catalytic
domain for chorismate mutase. Two of the three major rRNA
Gram-negative superfamilies (Superfamily A and Superfamily
B) possess the bifunctional P-protein. Most enteric bacteria
(but not Escherichia coli) and most members of the entire
Superfamily B assemblage possess cyclohexadienyl dehydra-
tase in addition to the P-protein (3, 4).

Pseudomonas aeruginosa, a Superfamily-B organism, was
the first example of a microorganism possessing dual path-
ways to L-phenylalanine (5). This is illustrated in Fig. 1. In
addition to the bifunctional P-protein, P. aeruginosa possesses
chorismate mutase-F and cyclohexadienyl dehydratase. Be-
cause the latter two enzymes are unrestrained by allosteric
control, they have been referred to as components of an
overflow pathway (6). The cyclohexadienyl dehydratase of P.
aeruginosa has a broad substrate specificity that accommo-
dates both prephenate and L-arogenate as substrates for L-
phenylalanine biosynthesis (5). The overflow pathway to L-
phenylalanine biosynthesis is widely distributed among Su-
perfamily-B microorganisms (7).

The physiological role of the overflow pathway in nature is
essentially unknown. The evolutionary relationship of cycloh-
exadienyl dehydratase to monofunctional prephenate dehy-
dratase, to monofunctional arogenate dehydratase, or to the
dehydratase domain of the bifunctional P-protein remains to
be elucidated. In this paper, we report the molecular cloning,
expression and nucleotide sequence of the P. aeruginosa cy-
clohexadienyl dehydratase gene, as well as the purification
and characterization of its gene product.
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Fi1G. 1. Dual biosynthetic routes to L-phenylalanine in P.
aeruginosa. The bifunctional P-protein (denoted by shading) con-
sists of chorismate mutase (/I1a/) and prephenate dehydratase (/14])
domains. The broad specificity cyclohexadienyl dehydratase catalyzes
the two reactions indicated by shading: prephenate dehydratase or
arogenate dehydratase. Enzyme [2] is the monofunctional chorismate
mutase-F. Reactions /3] and [4] refer to a multiplicity of aminotrans-
ferase enzymes with overlapping substrate specificities (26) which
transaminate phenylpyruvate or L-arogenate, respectively. Abbrevi-
ations: CHA, chorismate; PPA, prephenate; PPY, phenylpyruvate;
PHE, L-phenylalanine; AGN, L-arogenate; PLP, pyridoxal 5’-phos-
phate.

MATERIALS AND METHODS!

RESULTS

Cloning of the Gene Encoding Cyclohexadienyl Dehydra-
tase—Approximately 4000 recombinants were obtained after
transformation of E. coli JM83 (see “Materials and Meth-
0ds”). Purified plasmids from these recombinants were used
to transform E. coli JP2255. The transformants obtained were
allowed to grow in LB medium overnight at 37 °C, washed
twice with M9 medium, and then plated on M9 plates which
were supplemented with L-tyrosine, thiamine, and ampicillin.
After incubation for 4 days at 37 °C, two colonies were ob-
served. Plasmids were purified from cultures derived from
each of these transformants. Each of the two plasmids isolated
(designated as pJZ1 and pJZ2) was found to be capable of
transforming E. coli JP2255 to phenylalanine independence.
The transformants of E. coli JP2255 carrying the clones of
pJZ1 and pJZ2 were slow growers on M9 medium. However,
the transformation of pJZ1 or pJZ2 into E. coli KA197 pro-
duced faster growing transformants, apparently due to the
presence of chorismate mutase encoded by tyrA.

The presence of prephenate dehydratase and arogenate
dehydratase activities was examined in crude extracts of E.
coli JP2255 carrying plasmids pJZ1 or pJZ2. A high level of
both activities was evident in crude extracts of E. coli JP2255
carrying the pJZ1 and pJZ2 plasmids, whereas no enzyme
activity was detected in a crude extract of E. coli JP2255
carrying pUC18 (Table II).

Digestion of pJZ1 and pJZ2 with HindIIl, Pstl, and Kpnl
showed that they carried two identical DNA fragments esti-
mated to be 5.7 kilobase pairs in length. The plasmid desig-
nated as pdZ1 was used for further study.

Southern blot hybridization showed that when the Sphl-
EcoRI fragment of pJZ1 was biotinylated, it hybridized with
a 3.5-kilobase pair fragment of P. aeruginosa chromosomal
DNA obtained by complete digestion with Sphl and EcoRI,
but it did not hybridize with E. coli chromosomal DNA which

! Portions of this paper (including “Materials and Methods,”
Tables I and III, and Figs. 2, 4, and 5) are presented in miniprint at
the end of this paper. Miniprint is easily read with the aid of a
standard magnifying glass. Full size photocopies are included in the
microfilm edition of the Journal that is available from Waverly Press.
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TABLE II
Expression of the P. aeruginosa pheC gene in E. coli
Specific activity is defined as nanomoles of phenylpyruvate or
phenylalanine formed per min/mg of protein. All the clones or sub-
clones listed were first transformed into E. coli JP2255, and the crude
extracts of the transformed JP2255 were used for enzyme assay.

Specific activity
Plasmid in strain

JP2255 Prephenate Arogenate
dehydratase dehydratase
pdZ1 621 191
pJZ2 700 211
pdZla 0 0
pJZ1ib 0 0
pdZic 0 0
pJZ1d-S 618 186
pdZ1d-0 5.6 1.7
pdZle 0 0
pdZ1f 0 0
pdZlg 1314 387
pUC18/pUC19 0 0

had been digested with Sphl and Smal (data not shown).

Localization of the P. aeruginosa pheC Gene and Expression
of the Gene in E. coli—Cleavage of pJZ1 with EcoRI, Kpnl,
and Smal yielded subclones denoted pJZ1a, pJZ1b, and pJZ1c,
respectively (Fig. 24). These plasmids were unable to com-
plement E. coli JP2255 and E. coli KA197, and cyclohexad-
ienyl dehydratase activity was not detected in crude extracts
of transformants carrying the subclones (Table II), indicating
the probable location of the gene within the Kpnl-Kpnl frag-
ment. The Kpnl-Kpnl fragment (Fig. 24) was cloned into
pUC18 in both possible orientations. When the Kpnl-Kpnl
fragment was cloned in the same orientation as the original
clone (designated as pJZ1d-S), the same high level of activities
conferred by pJZ1 was found (Table II). However, when this
fragment was cloned in the opposite orientation (designated
as pJZ1d-0), the activities observed were two orders of mag-
nitude lower (Table II). These results showed that the over-
expression of the enzyme activity of these clones was largely
dependent on the lacZ promoter of the plasmid. The data also
indicate that the promoter of the cloned gene was able to
function in E. coli, although not efficiently. Further localiza-
tion of the gene was carried out by cloning the two Smal
fragments (released upon digestion of pdZ1d-S with Smal)
into pUC18 at the Smal site. The two resulting subclones,
designated as pdZle and pJZ1if (Fig. 24), were unable to
complement the pheA defects of E. coli strains JP2255 and
KA197, suggesting that the pheC gene was localized within
the two Smal fragments. In order to obtain a Sphl-Smal-
Smal fragment, the original clone was completely digested
with Sphl and then partially digested with Smal. The Sphl-
Smal-Smal fragment was isolated and cloned into pUC19,
yielding a subclone denoted pJZ1g. Subclone pJZ1lg comple-
mented E. coli strains JP2255 and KA197 and exhibited a 2-
fold increase in enzyme activities when compared with pJZ1d-
S (Table II). The increased enzyme activity was probably due
to the decrease of the distance between lacZ promoter and the
transcriptional start site of the gene.

DNA Sequence of the P. aeruginosa pheC Gene and Its
Flanking Regions—The complete nucleotide sequence of the
1259-base pair Smal fragment is presented in Fig. 3. The
structural gene encoding cyclohexadienyl dehydratase was
located within a single open reading frame (807 base pairs in
length). The deduced amino acid sequence presented in Fig.
3 indicates that the P. geruginosa cyclohexadienyl dehydra-
tase contained 268 residues with a molecular weight of 30,480.
This compares with a value of 29,500 (Fig. 4) determined for
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TGCATTCCGGGATTTGGCCGCGGCTGCCGACTTGCGTAGTCTCTCTGCGGTCCGCCATCC
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310 330
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GGCGGTTACGCCGGTTTCGACGTGGACATGGCGCAGCGCCTGGCCGAGAGCCTGGGGGCC
G G Y A G F VvV D M A Q R L A E S L G A

490 510
AAGCTGGTAGTGGTGCCGACCAGTTGGCCGAACCTGATGCGCGATTTCGCCGACGACCGC
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TTCGACATCGCCATGAGCGGCATCTCGATCAACCTGGAGCGCCAGCGCCAGGCGCATTTC
F D I A M 8 G I 5 I N L E R Q R Q A H F

TCGATTCCCTACCTGCGCAACAGCAAGACGCCGATCACCCTCTGTAGCGAAGAAGCGCGT
s I P Y L R N 8 K T P I T L C 8§ E E A R
670 690 710
TTCCAGACCCTGGAGCAGATCGACCAGCCGGGCGTGACGGCCATCGTCAACCCCGGCGGE
F ¢ T L E Q I D Q P G V T A I V N P G G
730 Smal 750
ACCAACGAGAAGTTCGCCCGGGCGAACCTGAAGAAGGCCCGGATCCTGGTGCATCCGGAC
T N E K F A R A NL K K A R I L V H P D
790 810 830
AACGTGACGATCTTCCAGCAGATCGTCGACGGCAAGGCCGACCTGATGATGACCGACGCC
N v T I F Q @ I VvV D G K A D L M M T D A
850 a7¢0
ATCGAGGCCCGCCTGCAGTCGCGTCTGCACCCGGAACTCTGCGCCGTGCATCCGCAGCAA
I E A R L Q S R L H P E L CA AV HP Q @Q
930 950
CCCTTCGACTTCGCCGAGAAGGCCTACCTGCTGCCGCGCGACGAGGCCTTCAAGCGCTAC
P F D F A E K A Y L L P R D E A F K R Y
970 990 1010
GTCGACCAGTGGCTGCACATCGCCGAGCAGAGCGGCTTGTTGCGCCAGCGCATGGAGCAC
vV D Q W L H I A E Q S8 G L L R Q R M E H
1030 1050 1070
TGGCTCGAATACCGCTGGCCCACCGCGCACGGCAAGTARTACAGGGGCGGCGAGGGTGGC
W L E Y R W P T A H G K *
1090 1110
CGCGGGCCCGCGCGGCCTTCCTTGGCGGCGGCAAAAACGTTATGGTCGGCGCCCCATCCT
1150 1170 1190

GGTGCCTGGTCCATGCGTTATCTACTGTTCGTCACCGTCCTCTGGGCGTTCTCCTTCAAC
1250

CTGATCGGCGAGTACCTCGCCGGCCAGGTCGGCAGCTACTTCGCCGTGCTTACCCGGGG

FiG. 3. Nucleotide sequence of the P. aeruginosa pheC gene
and of its lanking regions. The deduced amino acid sequence of
the gene along with its upstream flanking region is shown beneath
the corresponding codons. The Smal site of cistronic inactivation
midway through the pheC gene is also shown.

the purified enzyme by SDS-PAGE? (19). The sequence GAG-
GAG, located 6 base pairs upstream of the start codon is
presumbly the ribosome binding site (22). The open reading
frame was terminated by a TAA codon.

The G + C content of the cyclohexadienyl dehydratase gene
was 65.6% which falls within the 60.6-66.3% range for P.
aeruginosa genomic genes (23). The codon usage of the gene
was typical of P. aeruginosa (23), exhibiting a striking pref-
erence for G or C in the third base position in 91.1% of the
codons. As is the case for most P. aeruginosa genes, C (52.4%)
was utilized more frequently than G (38.7%) in the third
position.

A portion of an unidentified open reading frame encoding
atruncated peptide of 74 residues (Fig. 3) was found upstream
of pheC. A search of GenBank sequences did not reveal
obvious homology with any known gene sequences.

Characterization of the P. aeruginosa pheC Gene Product
Purified from E. coli and Comparison with the Cyclohexadienyl
Dehydratase Isolated Directly from P. aeruginosa—Purifica-
tion of the cyclohexadienyl dehydratase isolated from E. coli
JP2255(pJZ1g) is summarized in Table III. The ratio of 3:1
obtained for the activity of prephenate dehydratase compared

2 The abbreviation used is: SDS-PAGE, sodium dodecy! sulfate-
polyacrylamide gel electrophoresis.
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with that of arogenate dehydratase remained constant
throughout the process of purification. Only one major band
was resolved by SDS-PAGE after the Sephadex G-200 column
(Fig. 4). The subunit molecular weight of the cloned cycloh-
exadienyl dehydratase was 29,500 as determined by SDS-
PAGE, and the molecular weight of the native enzyme was
72,000 as determined by gel filtration on Sephadex G-200.

Purification of the cyclohexadienyl dehydratase from P.
aeruginosa was essentially carried out under identical condi-
tions as those used for its isolation from E. coli. Both of the
cylohexadienyl dehydratase preparations failed to bind to
DEAE-cellulose at pH values lower than 7.4, and they were
found to migrate into equivalent fractions throughout the
purification process. A specific activity ratio of prephenate
dehydratase to that of arogenate dehydratase of 3:1 was
maintained throughout the purification process, as found for
the P. ageruginosa enzyme isolated from E. coli (data not
shown). The native molecular weight of this enzyme was
found to be 72,000, a value identical to that obtained for the
cloned gene product. After the final step of purification, the
enzyme preparation obtained was not electrophoretically ho-
mogeneous (data not shown).

K., values of 0.42 mM for prephenate and of 0.22 mM for L-
arogenate were obtained for the enzyme produced from the
cloned gene (Fig. 5). The corresponding values obtained for
cyclohexadienyl dehydratase isolated directly from P. aeru-
ginosa were 0.40 and 0.19 mM, respectively. V... values of
307.7 umol/min/mg for prephenate and 102.8 umol/min/mg
for L-arogenate were obtained for the enzyme produced from
the cloned gene. Since the preparation of the cyclohexadienyl
dehydratase isolated from P. aeruginosa was not homogene-
ous, the V., values were not determined. Prephenate dehy-
dratase activity of both preparations was competitively inhib-
ited by L-arogenate with a K, value of 0.2 mM, whereas
arogenate dehydratase activity was competitively inhibited by
prephenate with a K; value of 0.40 mM. The P. aeruginosa
cyclohexadienyl dehydratase was not subject to allosteric con-
trol by phenylalanine, tyrosine, and tryptophan when present
singly or in combination.

DISCUSSION

The Identity of the Cloned Gene and Its Product—Cyclo-
hexadienyl dehydratase was first described in P. aeruginosa
(5), and the analysis has now been extended to the molecular-
genetic level. The successful cloning of P. aeruginosa pheC in
E. coli, in concert with the purification of a gene product
having all of the properties of partially purified cyclohexad-
ienyl dehydratase isolated directly from P. aeruginosa, proves
that a single protein possesses both prephenate dehydratase
and arogenate dehydratase activities as a consequence of
ambiguity for substrate recognition. This is consistent with
kinetic results showing that prephenate competitively inhib-
ited arogenate dehydratase activity, whereas L-arogenate com-
petitively inhibited prephenate dehydratase activity. Re-
cently, similar biochemical results have been obtained for the
cyclohexadienyl dehydratase purified from Erwinia herbicola
(24).

The in Vivo Function of Cyclohexadieny! Dehydratase—The
reluctant auxotrophy of P. aeruginosa for phenylalanine fol-
lowing otherwise successful mutagenesis protocols was ex-
plained as the consequence of independent dual pathways to
phenylalanine (25). A mutant lacking the bifunctional P-
protein has been identified (26). The mutant exhibited a leaky
requirement for phenylalanine, thus indicating that exclusive
dependence upon cyclohexadienyl dehydratase for biosyn-
thesis of phenylalanine is rate-limiting to growth. In contrast,
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a regulatory mutant of P. aeruginosa possessing a tyrosine-
insensitive DAHP synthase was found to excrete phenylala-
nine, presumably through the unregulated overflow pathway
(6). Thus, the capacity for generation of phenylalanine via
the overflow pathway is dramatically influenced by precursor
levels in vivo.

L-Arogenate is generated by transamination of prephenate.
Five aromatic aminotransferases capable of transamination
of prephenate have been isolated from P. aeruginosa (27) and
shown to have a relatively poor affinity for prephenate com-
pared with the prephenate dehydratase component of the
bifunctional P-protein. The most likely source of prephenate
molecules for transamination is via the catalytic action of a
monofunctional chorismate mutase denoted chorismate mu-
tase-F. However, it has a poor affinity for chorismate com-
pared with the chorismate mutase component of the bifunc-
tional P-protein.® Since the cyclohexadienyl dehydratase has
a relatively poor affinity for both of its substrates compared
with the competing P-protein prephenate dehydratase, it
would seem that most phenylalanine is ordinarily synthesized
via the bifunctional P-protein and that most phenylalanine
molecules are normally derived from phenylpyruvate rather
than from L-arogenate. Thus, under ordinary growth condi-
tions, the cyclohexadienyl dehydratase along with the mono-
functional chorismate mutase probably does not contribute
significantly to phenylalanine biosynthesis.

Perhaps the overflow pathway (the monofunctional chor-
ismate mutase and the cyclohexadienyl dehydratase) exists as
a backup system for phenylalanine biosynthesis, possibly in
relationship to differential carbon input into aromatic biosyn-
thesis during growth on different carbon sources. It is inter-
esting that P. stutzeri, a very close relative of P. aeruginosa,
lacks the overflow pathway altogether (28). The loss of the
prephenate dehydratase activity of the bifunctional P-protein
of P. stutzeri has yielded a tightly blocked phenylalanine
auxotroph (29), in contrast to the bradytrophy of the corre-
sponding mutant of P. aeruginosa (26). To have a better
understanding of the role of the cyclohexadienyl dehydratase
in vivo, mutants lacking this enzyme activity would be desir-
able, and such mutants now can be obtained by using the
cloned cyclohexadienyl dehydratase gene to target the corre-
sponding region of chromosome in P. aeruginosa through
gene-scrambling mutagenesis (30).

Basis for the Ability of P. aeruginosa pheC to Complement
pheA Defects in E. coli—E. coli JP2255 was initially employed
to select for the clones carrying the bifunctional P-protein
gene. Successful complementation of the pheA defect by P.
aeruginosa pheC was not anticipated, because strain JP2255
is deficient in the two chorismate mutase species encoded by
tyrA and pheA. Even though we did not detect chorismate
mutase activity under standard assay conditions, a low and
perhaps unstable level of enzyme must exist in strain JP2255
as was reported by Baldwin and Davidson (12) in order to
explain the slow-growing pheC transformants recovered.
When the original clones and the resulting subclones were
transformed into E. coli KA197, fast-growing strains were
obtained, an indication that the limitation of phenylalanine
in vivo was relieved due to the elevation of chorismate mutase
activity. Since KA197, a pheA mutant lacking a bifunctional
P-protein, still possesses an intact bifunctional T-protein
(chorismate mutase/cyclohexadienyl dehydrogenase), the pre-
phenate molecules generated in vivo were probably derived
from the catalytic activity of the chorismate mutase compo-
nent of the T-protein. Our results indicate that the chorismate

*@G. Zhao, T. Xia, R. S. Fischer, and R. A. Jensen, unpublished
results.
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mutase component of the T-protein has the potential to
participate in phenylalanine biosynthesis, even though the
activities of the two domains are tightly coupled (31-33).

Evolutionary Implications—The deduced amino acid se-
quence of the P. ageruginosa pheC gene product was pairwise
aligned with those of the Corynebacterium glutamicum and
Bacillus subtilis prephenate dehydratases (34, 35), and with
E. coli and P. stutzeri P-proteins (36, 37). The P. aeruginosa
enzyme was found to be only marginally similar to these four
proteins, ranging in identity from 16.5 to 18.9%. In contrast,
the monofunctional prephenate dehydratases of C. glutami-
cum and B. subtilis have shown significant identity to the two
bifunctional P-proteins of E. coli and P. stutzeri (34, 35, 37),
indicating that the prephenate dehydratases probably share a
common evolutionary origin. The marginal similarity of the
P. geruginosa cyclohexadienyl dehydratase to the prephenate
dehydratases as well as the bifunctional P-proteins might
suggest that the cyclohexadienyl dehydratase and the prephe-
nate dehydratases evolved independently. However, a more
detailed analysis, focusing on short highly conserved sequence
segments (previously established in Ref. 37), rather than the
total peptide, revealed a conserved motif which includes the
essential threonine residue demonstrated by Hudson and
Davidson (36) and a number of flanking residues. This motif,
shown in Fig. 6, suggests residues (within boxes) that may
prove to be common to all of the dehydratases. It is interesting
that all of the prephenate dehydratases share the TRF se-
quence, whereas the cyclohexadienyl dehydratase sequence is
TIF. It remains to be seen whether other cyclohexadienyl
dehydratases will also possess TIF sequences. Note that in
this alignment there was considerable conservation of amino
acid sequence between the peptides of the P. aeruginosa CDT
and the P. stutzeri P-protein. These organisms are more
closely related to one another than to any of the other orga-
nisms examined.

Two cyclohexadienyl dehydratases, one from E. herbicola
(24) and the other from P. aeruginosa, have now been char-
acterized in detail. The two enzymes are similar with respect
to a lack of allosteric control, the broad substrate utilization,
and the relative affinity for L-arogenate and prephenate.
However, the E. herbicola enzyme is a homotetramer, whereas
the P. aeruginosa enzyme appears to be a homodimer. Fur-
thermore, the subunit molecular weights of the two enzymes
also differed considerably, one being 18,000 (E. herbicola) and
one being 30,480 (P. aeruginosa). Since the two organisms
studied are relatively close to each other phylogenetically,
such results were unexpected. One explanation might be that
a small ancestral gene (retained in E. herbicola) underwent a
tandem duplication and fusion following divergence of the
lineage leading to P. aeruginosa. This would explain the larger
subunit size and the dimer instead of tetramer in P. aerugi-
nosa. However, a comparison of amino-terminal sequence
with carboxyl-terminal sequence did not reveal any striking

.
Bs PDT: 166 RDIQDYRDNH[T|IR[F]VI LS PDEN
Ccg PDT: 173 DD VA DV R G A R|T|R VAVQAQRAZR
Ec PDT: 268 RI EANQRQNFI|T|R VVLARKATI
Ps PDT: 255 EX f EDRP DN S|T|/R LIYTGSQEV
Pa CDT: 16 ARILVHPDREVITYI QQIVDGKA

Fi1G. 6. Multiple alignment of dehydratase sequences ori-
ented to the sequence motif (37) containing the threonine
residue (®) shown to be essential for catalysis (12, 36). Amino
acid residues, beginning as numbered on the left, are compared for B.
subtilis PDT (Bs PDT), Corynebacterium glutamicum PDT (Cg
PDT), E. coli P-protein (Ec PDT), P. stutzeri P-protein (Ps PDT),
and P. aeruginosa CDT (Pa CDT). Identities between the residues of
one or more of the P. aeruginosa CDT with those of the other four
dehydratases are shown by shading. Residues invariant in all se-
quences are represented by boxing.
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identities, and the motif illustrated in Fig. 6 was not present
in two places. If the pheC gene in P. aeruginosa enlarged by
gene duplication and gene fusion, the subsequent divergence
has been extensive. It should be instructive to obtain the pheC
gene sequence from E. herbicola.

10.

11.

12.

13.

14.

15.
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Prephenate Dehydratase/Arogenate Dehydratase Gene in P.

aeruginosa

SUPPLEMENTARY MATERIAL TO

Cyclohexadienyl Dehydratase from Pseudomonas aeruginosa:

Molecular

cloning of the Gene and Characterization of the Gene Product

Genshi zhao, Tianhui Xia,

MATERIALS AND METHODS
strains, Plasmids, and Media—All bacterial strains and plasmids used in
this study are listed in Table I.
TABLE 1

Bacterial strains and plasmids

Strain or plasmid Genotype or description Source
E. coli K-12
Jmal ara 8(lac-proAB) rpsL ¢80 lacZaMls BRL
Jp22ss 4roF363 pheA36l pheOls2 tyrA3s2
thi strr712 lac¥l xylS (12)
KA197 thil phea97 relil sporl CGSC 4243
P. aeruginosa
PAO1 Prototroph (38}
Plasmids
puUC18 Ap® lacZ (10)
puC19 Ap" lacz
pJz1, pJz2 original clone carrying pheC gene
isclated from PAOL library This study
pizla 2.0-kb derivative of pJ2z1 generated by
removal of a 3.8-kb EcoRI fragment This study
pJzib 4.0-kb derivative of pJZ1 generated by
removal of a 1.8-kb KpnI-KpnI fragment This study
pizic 5-kb derivative of pJZl generated by
removal of a 1259-bp Smal-Smal fragment This study
pJzid-s 1.8-kb Kpnl fragment of pJzl subcloned into
pUC18 with the same orientation as pJZl This study
pJZ1d-0 1.8-kb Kpnl fragment of pJZlsubcloned
into pUC18 with the opposite orientation
of pJzl This study
plzle 741-bp Smal fragment of pJzld-S subcloned
into puCl1s This study
pJIzZ1f 515-bp Smal fragment of pJZld-S subcloned
into pucis This study
pJzig 1110-bp SphI-Smal fragment of pJZ1d-S
subcloned into puC1y This study
LB (8) was used as a rich growth medium, and M9 (8) was used as a minimal
wedium for coli and P. aeruginosa. Ampicillin (50 ug/ml), tyrosine (50
ug/ml}, and thiamine (17 ug/ml) were supplemented when appropriate. Agar was

added at 15 g/liter for solid medium.

Isolation of P. aeruginosa (PAO1) Chromosomal DNA and Construction of a
Gene Library—Chromosomal DNA was isolated (9) and was partially digested with
sau3A. Fragments of 5 to 10 kilobases (kb) were isolated from agarose gel after
electrophoresis. The library was constructed by ligation of these fragments into
the dephosphorylated BamHI site of pUC18 (10). The ligation mixture was
transformed into E. coli JM83. The transformants obtained on LB plates
(supplemented with 50 kg/ ml ampicillin) were collected by means of a glass
spreader and stored in 50% glycerol at -75°C. Recombinant plasmids were purified
from this library as described by Davis et al. (11). The recombinant plasmids
were used to ¢transform E. coli JP2255 (12) to independence of its L-
phenylalanine requirement in order to select for clones having the pheC insert.

DNA Manipulations—All restriction enzymes, T4 DNA ligase, and calf
intestine phosphatase were obtained from Gibco BRL and Promega, and were used
according to the manufacturer instructions. Analyses of restriction sites and
subcloning were conducted by standard methods (8). Southern blot hybridization,
using biotinylated probes, was conducted under conditions of high stringency
following the instructions of Promega.

DNA Sequencing and Data Analysis—The subclones of pJZie, pJ2lf, and pJzlg
were first purified on a C€sCl gradient (13), and then sequenced in both
directions (14) at the DNA Core Facility of the University of Florida.
Nucleotide sequence, along with the corresponding deduced amino acid sequence,
was analyzed by using the University of Wisconsin Genetics Computer Group (GCG)
package (15).

Crude Extract Preparation and Enzyme Assay—Cultures of E. coli JP2255
transformed by various plasmids were grown at 37°C in 450 ml of LB broth
supplenented with ampicillin, and harvested by centrifugation during the late
exponential phase of growth. The cells were suspended in 3 ml of S0 m¥ potassium
phosphate buffer, pH 7.5, and disrupted by sgnication. The resulting suspension
was centrifuged at 150,000 g for 60 min at 4°C. The supernatant fraction, after
passage through a PD-10 Sephadex column to remove small molecules, is referred
to as crude extract.

Prephenate dehydratase was assayed as described by Cotton and Gibson (16) .
Reaction mixtures (200 ul) contained 1.0 m¥ prephenate, enzyme and 50 mM
potassium phosphate (pH 7.5). An extinction coefficient of 17,500 was used for
calculation of phenylpyruvate formation (16). Arogenate dehydratase was assayed
by measuring the formation of phenylalanine using HPLC (high performance liguid
chromatography) (17). A reaction mixture of 200 ul contained 1.0 m¥ arogenats,
enzyme and 50 mM potassium phosphate (pH 7.5). Reactions were incubated at 37°C
for 20 min. Protein was measured as described by Bradford (18). One unit of
enzyme activity was defined as the formation of 1 nanomole of phenylpyruvate
or phenylalanine per min at 37%C.

Purification of the Cyclohexadienyl Dehydratase Encoded by the Cloned pheC
Gene—E. coli JP2255 carrying the subclone pJzlg was grgwn in 2 liters of LB
broth supplemented with 50 wg/ml of ampicillin at 37°C, and harvested by
centrifugation during late exponential growth phase. The cells were washed once
with 20 mM potassium phosphate, 1 m¥ DTT, pH 8.5 (Buffer A), resuspended in
the same buffer, and disrupted by sonication. The resulting suspension was
centrifuged at 150,000 g for 60 min. The supernatant was applied to a DEAE-

Randy S.

Fischer and Roy A. Jensen
erllulose colunn (2.5 x 30 cn) that was previously equilibrated with Buffer A.
ae colurn was first washed with 100 ml of Buffer A, and then eluted with a

1000-m1 linear KC1 gyradient from 0-to-300 m¥ in Buffer A. Fractions of 2.8 ml
were collected, and those showing high cyclohexadienyl dehydratase activity were

soled and concentrated by use of an Amicon PM-10 membrane. The concentrated
;r(piratlon was washed twice with Buffer B (20 mM potassium phosphate, 1 mM DTT,
pH 7.2). It was then applied to a hydroxylapatite column (1.5 x 25 cm) which
was equilibrated with Buffer B. The column was eluted with a 600-ml linear
gradient of phosphate from 20 m¥ to 300 m4. Fractions of 2.8 ml were collected,
and those showing high cyclohexadienyl dehydratase activity were pooled. The
pooled fractions were concentrated as described before, and then applied to a
Sephadex G-200 column (2.5 x 98 cm) previously equilibrated with Buffer 8. The
colunn was eluted with Buffer B, and the fractions exhibiting cyclohexadienyl
dehydratase activity were collected for further study.

For purification of cyclohexadieny) dehydratase from P. aeruginosa PAOI,

4 3,000-ml culture grown in minimal medium was harvested by centrifugation
during the late exponential phase of growth. The crude extract was prepared in
tuftfer B described before. The supernatant fraction collected after ultra-
centrifugation was adjusted to 40% of saturation with solid ammonium sulfate.
Atter stirrirg for 10 min, the insoluble protein was removed by centrifugation.
supernatant fraction was collected and brought to 60% of saturation with

as

monium sulfate, The precipitate was dissolved in 20 ml of Buffer A and
dialyzed with severa) changes against 20 volumes of the same buffer. The
dialyzed eneyre proparation was applied to a DEAE-cellulose column and puritied

in the previous paragraph
25 of rative molecular mass were made by use of a calibrated

Cephidex G-20¢ colusn, and subunit molecular weight was determined by SDS-
ralyacryianide gel trophoresis (SDS-PAGE) (19).
Chemicals—Prephenate was prepared from a tyrosine

typhimurium (20), and L-arogenate was prepared from a
of Neurospora crassa (21). Sephadex G-200 was obtained from
company, DERE-cellulose ' was obtained trom Whatman, and
tained from Bic-Rad. Molecular weight standards for SDS-—
UJtherhcreslg (a-lactalbumin, 14,400; soybean trypsin
inhibitor, 20,100; carbonic anhydrase, 30,000; ovalbumin, 43,000; bovine serum
albumin, 67,000; and phosphorylase, 94,000), and for gel filtration (carbonic
anhydrase, 30,000; bovine serum albumin, 67,000; alcchol dehydrogenase, 150,000;
and B-amylase, 200,000) were obtained Pharmacia Fine Chemicals and Sigma
Chemical Company, respectively. Agar and LB medium were obtained from Difco.

All other biochemicals were purchased from Sigma Chemical Company.

triple auxctroph
gna Chemical

nydroxylapatite v
polyacrylamide gel

TABLE III
Purification of the cyclohexadienyl dehydratase expressed in E. coli
JP2255(pJIilg)
Total Specific activity Ratio Purification
protein _ (mmol/min/mg) of factor
(mg) PDT/ADT
PDT ADT
Crude
extract 1,118 1,319 381 3.46 1
DEAE-
cellulose 83.5 10,616 3,518 3.02 8.1
Hydroxyl-
apatite 4.83 87,750 26,340 3.32 67
Gel 3.25 158,242 48,352 3.27 120
tiltration
Abbreviations: PDT, prephenate dehydratase; ADT, arogenate dehydratase.
COMPLEMENTATION
. OF phe A
PR < Z
E & &
- Ay —— T VTS
, 2 3 4 5 Kb
paZia NO
pJZ1n NO
pizte . o
pIZ10 ___DRF YES
pizre no
a1t - )
piZ1g —— YES
008p
B
woep
Fig. 2. A. Physical localization of the P. aeruginosa pheC gene. Linear

maps of the various plasmids are shown, and the ability to complement the phea
defects of E. coli strains JP2255 and KA197 is also indicated. Restriction sites
are labeled in the P. aeruginosa DNA and in the flanking pUC18 multiple cloning
site (depicted by heavy lines). Abbreviation: ORF, open reading frame. B. The
sequencing strategy used for the pheC gene.
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_ Fig. 4. sDs-polyacrylamide gel electrophoresis of the pheC gene product
purified from E. coli JP2255(pJZ1g). The protein samples were run on a 15% gel
and stained with Coomassie blue. The first four lanes show results obtained when
samp;es collected after each of the fractionation steps shown in Table III were
applied: lane 1, crude extract; lane 2, DEAE-cellulose; lane 3,
hydroxylapatite; lane 4, gel filtration. The molecular-weight standards used
are shown in lane S.
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Fig. 5. Double reciprocal plots of P. aeruginosa cyclohexadienyl dehydratase
purified either from E. coli JP2255(pJZlg) (panels A and B) or directly from
P. aeruginosa (panels C and D). When assayed as prephenate (PPA) dehydratase
(panels A and C), v is expressed as nmoles of phenylpyruvate formed per min in
the presence (4) or absence (®) of 0.4 mM L-arogenate (AGN). When assayed as
arogenate dehydratase (panels B and D), v is expressed as nmoles of L-
phenylalanine formed per min in the presence (&) or absence (®) of 0.4 m¥ PPA.



