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The clcD structural gene encodes dienelactone hydrolase (EC 3.1.1.45), an enzyme that catalyzes the
conversion of dienelactones to maleylacetate. The gene is part of the clc gene cluster involved in the utilization
of chlorocatechol and is carried on a 4.3-kilobase-pair BgIII fragment subcloned from the Pseudomonas
degradative plasmid pAC27. A 1.9-kilobase-pair PstI-EcoRI segment subcloned from the BglIl fragment was
shown to carry the clcD gene, which was expressed inducibly under the tac promoter at levels similar to those
found in 3-chlorobenzoate-grown Pseudomonas cells carrying the plasmid pAC27. In this study, we present the
complete nucleotide sequence of the clcD gene and the amino acid sequence of dienelactone hydrolase deduced
from the DNA sequence. The NH2-terminal amino acid sequence encoded by the clcD gene from plasmid pAC27
corresponds to a 33-residue sequence established for dienelactone hydrolase encoded by the Pseudomonas sp.
strain B13 plasmid pWR1. A possible relationship between the clcD gene and peaD, a Pseudomonas putida
chromosomal gene encoding enol-lactone hydrolase (EC 3.1.1.24) is suggested by the fact that the gene products
contain an apparently conserved pentapeptide neighboring a cysteinyl side chain that presumably lies at or near
the active sites; the cysteinyl residue occupies position 60 in the predicted amino acid sequence of dienelactone
hydrolase.

Dienelactone hydrolase (EC 3.1.1.45) catalyzes the hydro-
lysis of dienelactone to maleylacetate (26), a step in the
metabolic utilization of halogenated aromatic compounds via
3-chlorocatechol (Fig. 1). The enzyme has been purified to
homogeneity from Pseudomonas sp. strain B13 and shown
to be a monomer with a molecular weight of approximately
28,000 (20). The hydrolase acts on both cis and tr-ans isomers
of dienelactone but exhibits no activity when incubated with
the substrate analogs muconolactone or 3-ketoadipate enol-
lactone (20, 26).
The structural gene c1cD encodes dienelactone hydrolase

and is carried with other genes associated with catabolism of
chlorocatechols (cic genes) on the 110-kilobase-pair (kbp)
Pseudomonas plasmid pAC25 (10). Genes for these func-
tions also are carried on the plasmid pWR1 in an indepen-
dently isolated Pseudomonas sp. strain B13 (22). Compari-
son of pWR1 with pAC25 revealed nearly identical restric-
tion patterns; with the exception of a 6-kbp deletion in
pWR1, the two plasmids appear to be indistinguishable (8).
The plasmid pAC27, derived from pAC25, yielded a

4.3-kbp BglII fragment containing the clc gene cluster that is
essential for the utilization of chlorocatechol (Fig. 1; 15).
This cluster includes cicA, the gene for catechol oxygenase
II (EC 1.13.11.1 or EC 1.13.11.- [chlorocatechol-1,2-dioxy-
genase or chlorocatechol oxygenase, respectively]); clcB,
the gene for muconate cycloisomerase II (EC 5.5.1.7 [chlo-
romuconate cycloisomerase, muconate lactonizing enzyme
II]); and clcD, the gene for dienelactone hydrolase (Fig. 2).

In this report, we present the complete nucleotide se-
quence of the 1.9-kbp PstI-EcoRI segment of pDC100 which
encodes a dienelactone hydrolase that, consonant with the
structural similarity of plasmids pWR1 and pAC25, resem-
bles the Pseudomonas sp. strain B13 dienelactone hydrolase
in every discernible respect. When placed under the tac
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promoter both in Pseudomonas putida and Escherichia coli,
the clcD gene is expressed inducibly at levels comparable to
those found in 3-chlorobenzoate-grown cultures of P. putida
carrying the plasmid pAC27.

MATERIALS AND METHODS
Bacteria, plasmids, and phage. The bacteria, plasmids, and

phages used in this study are listed in Table 1. Cloning,
transformation, and plasmid purification procedures have
been described (13, 17). Screening of strains for recombinant
plasmids was carried out by the modified Birnboim and Doly
alkaline lysis method (17).

Media, chemicals, and enzymes. E. coli strains were grown
in L broth (GIBCO Diagnostics). Solid media contained
1.5% agar (GIBCO) except for plaque lawns, which con-
tained 0.65% agar. When required, ampicillin (Sigma Chem-
ical Co.) was added at 100 ,ug/ml. Isopropyl-3-D-
thiogalactosylpyranoside (IPTG; Sigma) was added to a final
concentration of 1 mM. Protein assay kits and the bovine
serum albumin standard were from Bio-Rad Laboratories.
Restriction enzymes were purchased from New England
BioLabs or Bethesda Research Laboratories. Terminal
deoxynucleotidyl transferase, T4 polymerase, and subclon-
ing primers for deletion cloning were from International
Biotechnologies, Inc. All nucleotides, the Klenow fragment
of DNA polymerase I, 5-bromo-4-chloro-3-indolyl-p-D-
galactopyranoside (X-Gal), and 15- and 17-mer M13 se-
quencing primers were purchased from Bethesda Research
Laboratories. 2'-Deoxyinosine 5'-triphosphate was pur-
chased from Pharmacia, Inc. Radiochemicals were pur-
chased from Amersham Corp. cis- and trans-diene-lactones
were kindly supplied by H.-J. Knackmuss.
HPLC. High-performance liquid chromatography (HPLC)

was conducted with a Waters system (Waters Associates,
Inc.) with the following accessories: Toya Soda TSK DEAE-
5PW anion-exchange columns (21.5 mm by 15 cm) from
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FIG. 1. Metabolic steps in the conversion of chlorocatechol to
maleylacetate. 3-Chlorobenzoate is metabolized via 3-chloro-
catechol and is used as a growth substrate to induce the clc genes in
Pseudomonas cells with the plasmid pAC27 or pWR1. Specific
designations for c1c genes and for the enzymes that they encode are
shown with the corresponding metabolic steps.

Bio-Rad and Zorbax Bio-Series GF-250 (9.4 mm by 24 cm;

molecular separation range of 4,000 to 400,000) and GF-450
(9.4 mm by 25 cm; molecular separation range of up to
900,000) size-exclusion columns from E. I. du Pont de
Nemours & Co. HPLC-grade water was from a Milli-Q
water system (Millipore Corp.). The Centricon-10 (10,000-
molecular-weight cutoff) ultrafilter was from Amicon Corp.,
and the 0.45-,um (pore size) cellulose acetate membrane unit
was provided by Nalgene Labware Div., Nalge/Sybron
Corp.

Maxicell labeling of plasmid-encoded protein. Plasmid-
encoded proteins were labeled with L-[35S]methionine in E.
coli maxicells as described by Sancar et al. (24). The proteins
were separated by electrophoresis on sodium dodecyl sul-
fate-polyacrylamide gels and visualized by autoradiography.
Growth of cells, extraction, enzyme purification, and pro-
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tein characterization. P. putida cultures were grown at 30°C
in minimal medium containing 5 mM 3-chlorobenzoate. E.
coli cultures were grown at 37°C in L broth containing 100 jig
of ampicillin per ml and, where indicated, 1 mM of the
inducer IPTG. Cells were harvested by centrifugation and
stored at -20°C.
The buffer used for extraction of cells for comparison of

enzyme levels contained 50 mM sodium ethylenediamine, 1
mM MnCl2, and 1 mM 2-mercaptoethanol (pH 7.3). Extracts
were maintained at or below 4°C. Frozen cells from 1-liter
cultures were suspended in 1 ml of buffer and extracted by
sonication. The suspension, after centrifugation at 15,000 x
g for 15 min, was used to determine enzyme levels and
protein concentration in induced and uninduced cells.
Catechol oxygenase activity (14), dienelactone hydrolase
activity (26), and protein concentrations (5, 28) were deter-
mined by published procedures.
EDA buffer (10 mM sodium ethylenediamine [pH 7.3] with

1 mM MnCl2 and 1 mM 2-mercaptoethanol) was used
throughout the HPLC purification of dienelactone
hydrolase. HPLC was performed at room temperature; with
this exception, enzyme preparations were maintained at or
below 4°C. Frozen cells were suspended in EDA buffer (2.5
g of cells per 10 ml of buffer) and extracted by sonication.
The extract was clarified by centrifugation, treated with 0.25
M NaCl to dissociate enzyme aggregates, and dialyzed
against several changes of 1 liter of EDA buffer. The
dialysate was centrifuged at 100,000 x g for 1 h, and the
supernatant liquid was filtered through a 0.45-pLm (pore size)
cellulose acetate membrane unit. About 10 ml of the filtrate
containing 200 to 250 mg of protein was injected into a TSK
DEAE-5PW column (19) (Bio-Rad technical bulletin no.
1150) which had been equilibrated with EDA buffer. The
column was washed for 10 min, and enzyme was eluted with
the same buffer containing 0 to 0.3 M sodium chloride in a
linear gradient over 120 min at a flow rate of 5 ml/min.
Fractions containing dienelactone hydrolase activity were
pooled and concentrated to 100 pul with a Centricon-10 unit.
The concentrate was eluted through GF-250 and GF-450
columns in series (30) (Dupont Zorbax user guide). Elution
was conducted at a flow rate of 0.5 ml/min with EDA buffer
containing 0.25 M NaCl. Fractions of 0.5 ml were monitored
for protein by measurement of A280. Hydrolase activity was
determined in fractions containing protein. Fractions with
hydrolase activity were pooled and concentrated to 100 1.l
with a Centricon-10 unit. The concentrate was subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(31) to check for purity.

Determination of amino acid compositions. HPLC-purified
protein was desalted in an Amicon ultrafilter, lyophilized,
and hydrolyzed in 6 M HCl containing 1% (vol/vol) liquified
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FIG. 2. Restriction map and organization of clc degradative genes from the 4.3-kbp BgIII fragment cloned into pDC100. Genes have been
assigned on the map by correlation of nucleotide sequence with the amino acid composition and NH2-terminal amino acid sequence of the
purified enzymes. Restriction sites: Bg, BgllI; E, EcoRI; H, HindIlI; P, PstI; Pv, PvuII; S, Sall.
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phenol in vacuo at 115°C for 20 h. Amino acid compositions
were then determined with a Waters PICO-TAG amino acid
analysis system. Amino acids from the hydrolysate were
derivatized with phenylisothiocyanate for separation and
quantitation by reversed-phase HPLC against external
phenylthiocarbamyl amino acid standards (16; Waters PICO-
TAG amino acid analysis system operator manual).
DNA sequence analysis. DNA sequences were determined

by the dideoxy chain termination procedure described by
Sanger et al. (25). The 1.9-kbp PstI-EcoRI segment from the
4.3-kbp BglII-EcoRI fragment of pDC100 was cloned into
both M13mp18 and M13mpl9. Deletion subcloning of the
fragment in both phages by the method of Dale et al. (11)
gave the fully overlapped sequence of both strands. Ligation
mixtures of M13 recombinants were transformed into E. coli
strain JM103. We have found better yields, however, of both
mature and replicative form M13 DNAs for both analytical
determination and template isolation if plaques have been
inoculated for 6 to 7 h into overnight cultures of E. coli
C600F+ cells rather than into JM103 cells. Sequencing
reactions with [32P]dCTP (800 Ci/mmol; Amersham) were
carried out by the methods described in the Bethesda
Research Laboratories M13 Cloning/Dideoxy Sequencing
Instruction Manual with the following modifications: molar
ratios of dGTP and dCTP were increased twofold to allow
for the high G+C content of Pseudomonas DNA. Polymer-
ization reactions were performed at 37°C. When required,
the following dITP reaction mixtures were used to alleviate
GC compression: (i) G, 0.02 mM dITP-0.005 mM
dGTP-0.075 mM dATP-0.075 mM dTTP-0.005 mM
dCTP-0.05 mM ddGTP; (ii) A, 0.1 mM dITP-0.035 mM
dGTP-0.005 mM dATP-0.075 mM dTTP-0.005 mM
dCTP-0.5 mM ddATP; (iii) T, 0.1 mM dITP-0.035 mM
dGTP-0.075 mM dATP-0.005 mM dTTP-0.005 mM
dCTP-0.6 mM ddTTP; (iv) C, 0.1 mM dITP-0.035 mM
dGTP-0.075 mM dATP-0.075 mM dTTP-0.005 mM
dCTP-0.2 mM ddCTP.
Urea gels containing 7% polyacrylamide (1:20 N,N'-

methylene-bisacrylamide linkage) were subjected to electro-
phoresis with 100 mM Tris-borate-2 mM EDTA buffer (pH

TABLE 1. Bacterial strains, plasmids, and phages

Strain, plasmid, Source or
or phage Genotype/phenotype reference

Strains
P. putida PRS2015 catB 32
E. coli
C600 F+ leuB6fhuA21 thi-J 2

thr-I lacYl supE44
JM103 A(lac-pro) thi supE rpsL 18

endA sbcB15 hsdR4/F'
traD36 proAB
lacIqZAM15

CSR603 recAl uvrA6 phr-J 24
AC80 thr leu met hsdR 7

Plasmids
pKK223-3 Apr Ptac Pharmacia
pMMB22 IncQ Apr Smr Ptac laCIq 3
pAC27 3Cba+ 15
pDC25 3Cba+, Tcr 15
pDC100 3Cba+ Apr Ptac laCIq This study

Phages
M13mpl8 Plac lacZ 21
M13mpl9 Plac lacZ 21

1 2 3 4 5 6

69K -

45K *40 qwww-mm

30K 4 __ -lm -1-

14K

FIG. 3. Autoradiogram of L-[35S]methionine-labeled proteins af-
ter UV irradiation of E. coli maxicells carrying various plasmids.
Lanes: 1, 14C-labeled molecular weight protein standards; 2,
pMMB22 induced with IPTG; 3, pDC100 uninduced; 4, pDC100
induced with IPTG; 5, pKK223-3 induced with IPTG; 6, pKK223-3
carrying the 1.9-kbp PstI-EcoRI fragment induced with IPTG. The
three major polypeptides produced by pDC100 in response to IPTG
and their apparent molecular weights are dienelactone hydrolase
(28,000) (arrow), catechol oxygenase 11 (33,000), and muconate
cycloisomerase 11 (40,000). The functions of minor products with
apparent molecular weights of 29,000 and 32,000 have not been
defined.

8.3) at a constant power of 55 W. Gels were fixed in 10%
acetic acid, dried on Whatman no. 1 paper, and exposed to
XAR-5 or SB-5 film (Eastman Kodak Co.) overnight at room
temperature.

RESULTS

Cloning and expression of genes for catabolism of
chlorocatechol. The recombinant plasmid pDC25 carries the
4.3-kbp BglII fragment (fragment E) from the 3-chlorobenz-
oate degradative plasmid pAC27 (9, 15). This fragment was
cloned into the broad-host-range expression vector
pMMB22 (3) after addition of EcoRI linkers to produce the
recombinant plasmid pDC100. Expression of pDC100 in E.
coli CSR603 maxicells produced three major polypeptides
that exhibited apparent MrS of 28,000, 33,000, and 40,000
(Fig. 3, lane 4). In a separate investigation, the larger
polypeptides were shown to be catechol oxygenase II and
muconate cycloisomerase II, respectively. The molecular
weight of dienelactone hydrolase, encoded by plasmid
pWR1 in Pseudomonas sp. strain B13, is known to be
approximately 28,000 (20), which suggested that the
28,000-Mr polypeptide might be dienelactone hydrolase, the
product of the clcD structural gene. Evidence presented
below demonstrates that this was indeed the case. The
1.9-kbp PstI-EcoRI fragment from pDC100 was subcloned in
pKK223-3 (Pharmacia), and expression of this plasmid in
maxicells produced only the 28,000-Mr polypeptide (Fig. 3,
lane 6). This evidence places the coding region for clcD
toward the 3' end of the 4.3-kbp BglII fragment.

Expression of ckc genes in E. coli and P. putida. When
placed under control of the tac promoter of recombinant
plasmid pDC100 in E. coli AC80, the cicA and clcD genes
were expressed in response to IPTG. Respective uninduced
levels of 0.0015 and 0.05 U/mg of protein increased about
40-fold to respective levels of 0.06 and 2.1 U/mg of protein
when cells were grown in the presence of inducer IPTG. This

J. BACTERIOL.
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Pst I Pvu II
CTGCAGGCATGGGGACGTCGATCCATCTGGCGGCCGCTCTGCTGGCCGCTCAGGCCGGGGTTGACCTGCTCCACGTGCCCTACAAAGGGAGCACGCCAGCTGCCGCCGACCTGATCGCGG
GGCGACTCTCCATGATGGTCGATITCGATCACCGCACAGCAGTCGTTTATCAAATCTGGACGGGTGCGTGCGCTGGGTGTCACCAGCTTGCAACCCGCGCCCTCATTGCCTGGGATTCCTC
CCCTGGCGCAAGCAGCCGACCAACCGAACTTCGAGGTCCTGACATGGTTTGGCTTATTTGTGCCGTCACGTACCTCGCCGGACATCGTCAAGGTGCTCAACACAGCAATGAATGAAGCAC
TGAAGACCCCGGAGGTACAAAAGGCGCTGGCGGATATCGGCGCTTCAGCGCAGGGGGGAACATCGCAAGCTCTGGGCGTCTTATGGGACAACGAGATCGACCGATGGGGCCAGTTGATCG
TCCACCATCGACTCAACACCAATGAACTGTAATCGGGAGAGATGGGAAG ATG TTG ACT GAA GGG ATA TCG ATT CAA TCG TAT GAC GGG CAT ACA TTC GGC

Met Leu Thr Glu Gly Ile Ser Ile Gln Ser Tyr Asp Gly His Thr Phe Gly
1 10

GCG CTC GTG GGC TCG CCG GCC AAA GCG CCC GCT CCC GTG ATT GTG ATC GCT CAA GAA ATA TTT GGT GTG AAC GCG TTC ATG CGA GAA ACG
Ala Leu Val Gly Ser Pro Ala Lys Ala Pro Ala Pro Val Ile Val Ile Ala Gln Glu Ile Phe Gly Val Asn Ala Phe Met Arg Glu Thr

20 Sal I 30 40
GTG TCA TGG CTG GTC GAC CAG GGG TAT GCG GCA GTT TGC CCT GAT CTG TAC GCG CGC CAG GCG CCA GGT ACA GCA CTC GAT CCG CAG GAT
Val Ser Trp Leu Val Asp Gln Gly Tyr Ala Ala Val Cys Pro Asp Leu Tyr Ala Arg Gln Ala Pro Gly Thr Ala Leu Asp Pro Gln Asp

50 60 70
GAG CGC CAG AGA GAG CAA GCC TAC AAG CTC TGG CAG GCC TTC GAC ATG GAG GCC GGC GTG GGC GAT CTG GAG GCT GCT ATC CGC TAT GCG
Glu Arg Gln Arg Glu Gln Ala Tyr Lys Leu Trp Gin Ala Phe Asp Met Glu Ala Gly Val Gly Asp Leu Glu Ala Ala Ile Arg Tyr Ala

80 90 100
CGA CAC CAA CCC TAC AGC AAC GGC AAG GTG GGA TTG GTG GGG TAT TGC CTG GGC GGT GCG CTT GCC TTT CTA GTG GCC GCC AAA GGA TAC
Arg His Gln Pro Tyr Ser Asn Gly Lys Val Gly Leu Val Gly Tyr Cys Leu Gly Gly Ala Leu Ala Phe Leu Val Ala Ala Lys Gly Tyr

110 120 130
GTG GAT CGC GCC GTA GGC TAC TAC GGT GTT GGA CTG GAG AAG CAG CTC AAG AAG GTC CCG GAA GTC AAG CAT CCG GCG TTG TTT CAC ATG
Val Asp Arg Ala Val Gly Tyr Tyr Gly Val Gly Leu Glu Lys Gln Leu Asn Lys Val Pro Glu Val Lys His Pro Ala Leu Phe His Met

140 Pvu II 160
GGC GGC CAA GAC CAC TTC GTG CCC GCG CCA AGC CGC CAG CTG ATT ACT GAA GGC TTC GGT GCC AAT CCA TTG CTG CAA GTG CAC TGG TAC
Gly Gly Gln Asp His Phe Val Pro Ala Pro Ser Arg Gln Leu Ile Thr Glu Gly Phe Gly Ala Asn Pro Leu Leu Gln Val His Trp Tyr

170 180 190
GAA GAG GCC GGA CAC TCG TTC GCC AGG ACG AGC AGT TCG GGC TAT GTG GCG AGT GCC GCG GCG TTG GCC AAC GAA CGT AGA CTG GAT TTC
Glu Glu Ala Gly His Ser Phe Ala Arg Thr Ser Ser Ser Gly Tyr Vpl Ala Ser Ala Ala Ala Leu Ala Asn Glu Arg Thr Leu Asp Phe

200 210 220
CTG GCG CCC TTG CAG AGC AAG AAG CCA TGA ATTTCATTCACGACTATCGTTCCCCGCGGOTGATTTTTGGACCCGACAGCCTCGCCCGATTGCCGAGGAACTGGAACGTCT
Leu Ala Pro Leu Gln Ser Lys Lys Pro *

230
CGGCATTGACCGGGCGCTCGTGTTGACCACGCCTGACGAGGCGCCCCTGGGACGGCAAGTAGCCGAGCCGGTCATCGGCCACGTGGCAGCCTTGTACGATGGTGCGACCATGCATGTACC
CGCTTTGGTGGCTGAGGAGGCCTGCAAGATTGCGCGCACGAGTGAGGCTAATCGGCGGTCATTGCGATTGGTGGGGGATCTACTATCGGACTCGCTAAGATCGTGGCGCTCCGTACAGAG
TTGCCCATCGTCGCTGTGCCCACGACATATGCAGGTAGCGAGATGACGTCCATCTTrCGGTATCACAGAGGGTGGCGTCAAGAAAACCGGCCGCGACGCGCGTGTCATGCCCCGTGCAGTT
ATCTACGAGCCCCGGCTGACCCTAGAGCTACCCCTTAGCATCAGCGTGACCAGCGCGATCAATGCAATAGCCCATGCAGTTGAAGGCCTGTATGCGCCAGAI'GCCACGCCGCTGCTTACC

Bgl II
ATCATGGCCCAGGAAGGAATCGCAGCGACGGTACGCGCGATTTCCAGAATGTATCAATCACCAAGAGATCT 1871

120
240
360
480
580

670

760

850

940

1030

1120
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1320

1440
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1680
1800

FIG. 4. Nucleotide sequence of the clcD gene coding and flanking regions and deduced amino acid sequences of dienelactone hydrolase.
Numbering of the amino acid sequence begins with the first methionine amino acid residue determined by the NH2-terminal amino acid
sequence of the enzyme purified from Pseudomonas sp. strain B13 (20). Major restriction sites are indicated over the DNA sequence.
Overlined upstream from the structural gene is a putative Shine-Dalgarno sequence, and downstream is a putative rho-independent
transcription termination sequence.

evidence indicates that the genes may be controlled as a
transcriptional unit. Comparable specific activity for the
clcD gene product (1.8 U/mg of protein) was observed in
extracts of P. putida PRS2015 containing the plasmid pAC27
after growth with chlorobenzoate. Thus, the tac promoter in
E. coli can be as effective as the natural promoter for the clc
gene cluster on the plasmid pAC27. Purification of about
35-fold from induced cultures of either E. coli AC80 with
recombinant plasmid pDC100 or P. putida PRS2015 with
plasmid pAC27 yielded a homogeneous preparation of
dienelactone hydrolase. Properties of the purified hydrolases
were compared with those of dienelactone hydrolase en-
coded on plasmid pWR1 in Pseudomonas sp. strain B13 (20).
The enzymes from the three biological sources were indis-
tinguishable in every respect determined: the specific activ-
ities of the purified enzymes, the pH optima, the relative
activities with cis and trans substrates, and the molecular
weights of 28,000 (20).

Nucleotide sequence of the clcD structural gene. Sequencing
of the 1.9-kbp PstI-EcoRI fragment of the recombinant
plasmid pDC100 revealed an open reading frame of 711 bases
(Fig. 4), which can be assigned to the clcD structural gene
based on the following evidence. The nucleotide sequence
allows us to deduce a 236-residue amino acid sequence with
an amino acid composition that closely resembles that de-
termined for the protein purified from E. coli (Table 2). The
first 34 residues of the amino acid sequence from the
nucleotide sequence are identical to the NH2-terminal amino
acid sequence of dienelactone hydrolase purified from Pseu-

domonas sp. strain B13 (20) (Fig. 4). The calculated molec-
ular weight of the clcD gene product is 25,489, somewhat
lower than the Mr of 28,000 that is consistently observed
after sodium dodecyl sulfate-polyacrylamide gel electropho-
resis of dienelactone hydrolase.

DISCUSSION

Properties of the clcD gene. The G+C content of the clcD
gene is 59.8%, similar to the 60 to 62.5% G+C content of the
P. putida chromosome (29). Thus the chromosomal G+C
content of the host appears to be maintained even at the level
of a structural gene carried on a plasmid. As would be
predicted from the high G+C content of the clcD gene, its
codon usage is highly biased (68.6%) in favor of G or C in the
wobble base as determined for other Pseudomonas genes
(12). The 5' region flanking the clcD gene contains the
putative Shine-Dalgarno sequence (4, 27) GGAGAGA 8 base
pairs upstream from the initiation codon ATG (Fig. 4). A
p,utative rho-independent transcription termination sequence
(1, 6, 23) was found in the 3' flanking region 20 base pairs
downstream from the termination codon TGA of the clcD
gene. The putative termination sequence contains a region of
GC-rich dyad symmetry followed by the sequence TTTTT
(Fig. 4).

Properties of dienelactone hydrolase. Dienelactone
hydrolase encoded by the plasmid pAC27 clcD structural
gene in P. putida is a single polypeptide chain with 236
amino acid residues and an Mr of 25,489. The physical and
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Dienelactone 50 60

hyrolseI Met Arg Glu Thr Val Ser Trp Lau Val Asp Gin Gly Tyr Ala Ala Val y Pro Asp Lau Tyr

Enol-lactone lie Cys Gln Met Lau Ala His Thr Ser Pro Gin Gly Tyr Ala Ala Asn Cy Ala Ala Val Arg
hydrolase

FIG. 5. Similar amino acid sequences lying near cysteinyl residues in dienelactone hydrolase and enol-lactone hydrolase. The cysteinyl
residue occupies position 60 in the dienelactone hydrolase sequence. The sequence from enol-lactone hydrolase was determined with a tryp-tic
peptide, and its location within the enzyme is not known.

chemical properties of the protein did not appear to be
altered when the gene was expressed in E. coli. Because the
protein can be readily purified from E. coli organisms, it is a
promising subject for analysis of the structural basis of its
substrate specificity by directed mutagenesis.
The dienelactone hydrolases from two Pseudomonas

strains, isolated on separate continents, appear to be identi-
cal in every discernible respect. It is noteworthy that the
NH2-terminal amino acid sequence determined for the
hydrolase from Pseudomonas sp. strain B13 is identical to
the amino acid sequence deduced from the DNA sequence of
the plasmid pAC27 clcD structural gene.
The available evidence indicates that the dienelactone

hydrolase and enollactone hydrolase of P. putida have
diverged widely. The NH2-terminal amino acid sequences of
the enzymes are dissimilar, even though the proteins share
similar molecular weights and amino acid compositions (20).
Both hydrQlases are inactivated by stoichiometric amounts
of p-chloromercuribenzoate (20, 33), suggesting that each
hydrolase contains a cysteinyl side chain lying at or near the
active site (20). The complete amino acid sequence of the
enol-lactone hydrolase is not yet known, but Wu-Kuang Yeh
has determined the amino acid sequence of cysteine-con-
taining tryptic peptides for the enzyme and has generously
shared this information with us. The amino acid sequence
surrounding one of the cysteine residues in enol-lactone

TABLE 2. Comparison of determined and predicted amino acid
composition of Pseudomonas plasmid pAC27 dienelactone

hydrolase

No. of residues
Amino acid

Determineqa Predictedb

Cys ND 2
Asnc 10
Aspc 16.3 5
Thr 7.7 7
Ser 10.8 12
Glnd 14
Glu" 26.9 13
Pro 17.4 14
Gly 24.5 24
Ala 32.6 33
Val 15.6 19
Met 3.4 4
Ile 5.9 7
Leu 21.4 21
Tyr 8.0 12
Phe 8.9 10
His 4.8 7
Lys 9.2 9
Arg 9.4 10
Trp ND 3

a Based on a total of 227 residues, with predicted rather than experimentally
determiqed values used for Cys and Trp; ND, not determined.

b The total number of predicted residues from the DNA sequence was 236.
c The predicted value for Asx (Asn plus Asp) was 15 residues.
dThe predicted value for Glx (Gin plus Glu) was 27 residues.

hydrolase closely resembles the amino acid sequence neigh-
boring Cys-60 in dienelactone hydrolase (Fig. 5). Conserva-
tion of these sequences suggests that they have been con-
strained against divergence, probably because they play a
critical role in the function of the hydrolases.

Further information on mechanisms that underlie diver-
gence of the hydrolase structural genes awaits determination
of the complete sequence of the Pseudomonas enol-lactone
hydrolase structural genes, and this investigation is in
progress.
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