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Within the 5.9-kb DNA region between the ¢fdR and #fdK genes on the 2,4-dichlorophenoxyacetic acid (2,4-D)
catabolic plasmid pJP4 from Ralstonia eutropha JMP134, we identified five open reading frames (ORFs) with
significant homology to the genes for chlorocatechol and chlorophenol metabolism ((fdCDEF and tfdB) already
present elsewhere on pJP4. The five ORFs were organized and assigned as follows: ¢fdD,,C\E ', and tfdB; (in
short, the tfd,; cluster), by analogy to {fdCDEF and tfdB (the tfd; cluster). Primer extension analysis of mRNA
isolated from 2,4-D-grown R. eutropha JMP134 identified a single transcription start site in front of the first
gene of the cluster, tfdD,;, suggesting an operon-like organization for the #fd,; genes. By expressing each ORF
in Escherichia coli, we confirmed that ¢fdD;; coded for a chloromuconate cycloisomerase, fdC;; coded for a
chlorocatechol 1,2-dioxygenase, {fdE;; coded for a dienelactone hydrolase, fdF; coded for a maleylacetate
reductase, and fdB;; coded for a chlorophenol hydroxylase. Dot blot hybridizations of mRNA isolated from R.
eutropha JMP134 showed that both #fd; and tfd,; genes are transcribed upon induction with 2,4-D. Thus, the
functions encoded by the #fd,; genes seem to be redundant with respect to those of the #fd; cluster. One reason
why the #fd,; genes do not disappear from plasmid pJP4 might be the necessity for keeping the regulatory genes

for the 2,4-D pathway expression ¢fdR and ¢fdS.

Ralstonia eutropha JMP134(pJP4) was originally isolated in
Australia from an unspecified soil sample by selection for its
ability to use 2,4-dichlorophenoxyacetic acid (2,4-D) as sole
carbon and energy source (6). The genes necessary for the
metabolism of 2,4-D are located on a 22-kb DNA fragment of
plasmid pJP4 (6) (Fig. 1). Among these, #fdA (33), tfdB, and
tfdCDEF (8, 29) were the first genes to be identified. TfdA
catalyzes the conversion of 2,4-D to 2,4-dichlorophenol (2,4-
DCP) (13, 14), and TfdB catalyzes the conversion of 2,4-DCP
to 3,5-dichlorocatechol (3,5-DCC) (12). The TfdCDEF en-
zymes catalyze the transformation of 3,5-DCC via 2,4-dichlo-
romuconate (2,4-DCM) to 3-oxoadipate (12). Expression of
the tfd pathway genes is regulated by the two identical LysR-
type regulatory proteins, TfdR and TfdS (18, 19, 24, 27, 37).
TfdT was long suspected to be a regulatory protein of the
pathway as well, but it is actually a nonfunctional regulatory
due to a C-terminal deletion caused by insertion of the inser-
tion sequence (IS) element ISJP4 (24).

Plasmids for 2,4-D degradation such as pJP4 form a para-
digm for the evolution of new catabolic pathways. The current
hypothesis is that existing sets of genes from different organ-
isms can be assembled into new structures, processes often
catalyzed by mobile DNA elements (15). Indeed, mobile DNA
elements associated with 2,4-D degradative genes are found in
a number of plasmids such as pIJB1 and pJP4 (6, 36). In the
case of plasmid pJP4, the IS element ISJP4 is thought to have
been responsible for inserting a larger gene cassette containing
(among others) the genes #fdR and ¢fdS (Fig. 1). Preliminary
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evidence had been obtained that another set of genes for
chlorocatechol degradation might be present within this trans-
posable element (17, 27), which was just recently confirmed
(28), although this second cluster had not been previously
detected by transposon mutagenesis studies (8). In addition,
one novel function (#fdK) was discovered recently within this
region (25). Located adjacent to ISPJ4, fdK codes for an active
transporter of 2,4-D at low-millimolar concentrations. This
demonstrated that the 2,4-D pathway of R. eutropha JMP134
was even more complex than expected until then.

Here, we report the identification of a set of five genes in the
5.9-kb tfdR-tfdK intergenic region on plasmid pJP4. We pro-
vide evidence that this gene cluster, tfd,;, is actively transcribed
in its host R. eutropha JMP134 and that it encodes the enzymes
for the complete conversion of 2,4-DCP to B-ketoadipate. Al-
though similar in structure and function, #fd;; is not simply a
duplication of the tfdCDEF-tfdB (in short, tfd;) gene cluster. Its
role in 2,4-D degradation is subtle, redundant, and imperative
as well, all of which seems to be the consequence of the past
insertion of the ISJP4-flanked mobile element.

MATERIALS AND METHODS

Bacterial strains and growth conditions. R. eutropha JMP134(pJP4) is able to
use 2,4-D and 3-chlorobenzoate as sole carbon and energy source (6, 7). Esch-
erichia coli DH5a (30) was used for routine cloning purposes. E. coli
BL21(DE3)(pLysS) (34), which carries the T7 RNA polymerase gene under
control of the lacUVS5 promoter, was used for the T7-directed expression of
pRSETo6a-derived plasmids (31). E. coli cultures were grown in Luria-Bertani
(LB) medium supplemented with ampicillin (100 wg/ml). R. eutropha cultures
were grown in nutrient broth (Biolife, Milan, Italy) or in Pseudomonas mineral
medium (16) supplemented with 10 mM fructose. Induction experiments were
carried out with R. eutropha JMP134(pJP4) cultivated in a 1.5-liter chemostat on
10 mM fructose at a dilution rate of 0.05 h~'. Induction of the 2,4-D pathway was
achieved by addition of 2,4-D to the chemostat to a final concentration of 0.1 mM
(23).

DNA manipulations, PCR, and sequence analysis. Plasmid DNA isolations,
transformations, and other DNA manipulations were carried out according to
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FIG. 1. (A) Overview of the steps in 2,4-D degradation. Enzymes catalyzing the different conversion steps: TfdA, 2,4-D a-ketoglutarate dioxygenase; TfdByy),
chlorophenol hydroxylase; TfdCqy), chlorocatechol 1,2-dioxygenase; TfdD,yy), chloromuconate cycloisomerase; TfdEyyy, dienelactone hydrolase; TfdF qy), (chloro)ma-
leylacetate reductase. (B) Organization of the #fd genes on plasmid pJP4. Arrows indicate the sizes and orientations of all #fd genes currently known. The solid line
represents noncoding DNA regions of pJP4. The rectangle between #fdK and tfdT represents the IS element ISJP4; black triangles depict the inverted repeats (not to
scale). Positions of promoters regulated by TfdR(S) are indicated above the gene structure. All sites of the restriction enzymes BamHI and EcoRI are indicated. Not
all positions of the other depicted restriction enzymes are given. Abbreviations not given in the text: CDL, cis-DL; CMA, chloromaleylacetate; MA, maleylacetate; OA,

3-oxoadipate.

established procedures (30). Restriction enzymes and other DNA-modifying
enzymes were obtained from Amersham Pharmacia Life Science (Cleveland,
Ohio) or GIBCO/BRL Life Technologies Inc. (Gaithersburg, Md.) and used as
specified by the manufacturer. Oligonucleotides for the PCR were obtained from
Microsynth GmbH (Balgach, Switzerland). PCR mixtures contained 200 pmol of
each primer per ml, 20 mM Tris-HCI (pH 8.4), 50 mM KCl, 0.05% (vol/vol) W-1,
2 mM MgCl,, 0.25 mM each deoxynucleotide, and 30 U of Tag DNA polymerase
(Life Technologies). DNA sequencing was performed on double-stranded DNA
templates with a Thermo Sequenase cycle sequencing kit with 7-deaza-dGTP
(Amersham). For sequencing of the #fd; gene cluster, suitable overlapping sub-
clones were generated for use as templates in sequencing reactions. Primers for
sequencing were labeled with fluorescent dye IRD-800 or IRD-700 at the 5’ end
and were purchased from MWG Biotech (Ebersberg, Germany). Fragments
were separated on an automated DNA sequencer (model 4200 IR? LI-COR
Inc., Lincoln, Neb.). Sequence assembly and computer analysis of the DNA
sequences were done with the DNASTAR software (DNASTAR Inc., Madison,
Wis.).

RNA isolation and primer extension analysis. RNA was isolated from che-
mostat-grown cultures of R. eutropha JMP134(pJP4), either under uninduced
conditions (10 mM fructose) or induced with 0.1 mM 2,4-D, as described previ-
ously (2). DNase I-treated RNA samples were spotted on Hybond N+ mem-
branes (Amersham) and hybridized with biotin-labeled antisense RNAs for each
of the tfdy; open reading frames (ORFs) as described elsewhere (23). Primer
extension reactions were carried out as follows. One microgram of total RNA
from induced R. eutropha was annealed with 1 pmol of IRD800-labeled primer
(for tfdDyy, 5" CACGCTGCTCTGATGCTTGG 3') in annealing buffer (Amer-
sham) in a total volume of 5 pl. This amount was covered with one drop of
mineral oil (Sigma), heated for 5 min at 68°C, and then cooled to 42°C. The
reverse transcription reaction was started by addition of 3 pl of a mix containing
avian myeloblastosis virus reaction buffer (Amersham), 6 U of avian myeloblas-
tosis virus reverse transcriptase (Amersham), and 1.6 mM each deoxynucleotide.
Reverse transcription reaction mixtures were incubated for 1 h at 42°C, then
heated for 3 min at 95.5°C, and cooled on ice immediately. Samples of 1 wl from
the reverse transcriptase reaction were mixed with 0.5 pl of formamide loading
buffer and loaded onto a denaturing sequencing gel as described above. DNA
sequencing reactions were prepared with the same IRD-labeled primer on dou-
ble-stranded plasmid DNAs with the corresponding cloned pJP4 regions. Re-
gions tested for cDNA synthesis on total RNA from induced R. eutropha cultures
included tfdDyy, tfdCyy, tfdByy, tfdK, and tfdC.

Plasmids. Plasmid pUC28 (3) was used as general cloning vector. pRSET6a
(31) is a plasmid with a pBluescript (Stratagene, La Jolla, Calif.) backbone
containing the specific expression elements of the pET3 vectors (34) and a newly
designed multiple cloning site to facilitate cloning.

Translational fusions of each of the genes of the #fd, cluster individually were
constructed by fusing the ATG triplet of the Ndel site located in the multiple
cloning site downstream of the T7 promoter and ribosome binding site on
pRSET6a to the start codon of the respective #fd gene. DNA fragments contain-
ing either the (fdCy, tfdDy, or tfdE;; ORF were custom-amplified by PCR,
thereby introducing an Ndel site at the start codon and a BamHI site downstream
of the stop codon of each gene. The obtained PCR fragments were first cloned
into the Ndel/BamHI site of pUC28 and sequenced to confirm their identity with
the original nucleotide sequence. The fragments were then reisolated and cloned
into pRSET6a cut with Ndel and BamHI. This resulted in plasmids pCBA199

(tfdCyy), pCBA165 (tfdDyy), pCBA202 (tfdEy;). Note that the tfaDy; ORF starts at
the ATG codon at position 1610 (numbering according to U16782).

For cloning the #fdFy; gene, first a 240-bp fragment was amplified by PCR from
plasmid pCBAS83IV. The PCR-derived fragment was digested with Ndel and
BamHI and directly cloned to pRSET6a. A plasmid with the proper insert
determined by sequencing was named pCBA179. To complete the ORF of tfdFy,,
a 1.3-kb EcoRI fragment of pCBAS88 was cloned into the EcoRI site of pCBA179
to give rise to plasmid pCBA184. The tfdBy; gene was cloned as follows. First, a
620-bp fragment was amplified from plasmid pCBAS84IV, using primers 981203
(5 CGATAA GGA GAC CAT ATG AACG 3'; tfdBy; sequence) and 931011 (5’
TGA GCG GAT AAC AAT TT 3’; pUCI18 sequence), digested with Ndel-
EcoRI, and ligated into pUC28 cut with the same enzymes. After transformation,
this resulted in plasmid pCBA174. The insert of pCBA174 was sequenced to
confirm its identity. In a three-point ligation, the Ndel-EcoRI fragment of
pCBA174 and the EcoRI-Pst] fragment of pCBA90 were ligated to pRSET6atfdD
(U. Schell, Department of Microbiology, University of Stuttgart) cut with Ndel
and PstI to give pPCBA180 (Table 1).

We then prepared frameshift mutations in each of the ORFs of the individ-
ually cloned #fdy; genes. For this purpose, plasmids pCBA199 (¢fdCy;), pCBA165
(tfdDyy), pCBA202 (tfdE;), pCBA184 (tfdFy;), and pCBA180 (tfdBy;) were each
digested with a unique restriction site located in the respective tfdy; gene, treated
with Klenow DNA polymerase, and religated (Table 1). By analogy, the trun-
cated genes were named tfdCy A, tfdDy A, tfdE A, tfdFyA, and tfdBy A, and the
corresponding plasmids are pCBA200, pCBA196, pCBA201, pCBA197, and
pCBA198 (Table 1).

Expression in E. coli. E. coli BL21(DE3)(pLysS) strains harboring pRSET6a-
derived plasmids were grown in 50 ml of LB at 37°C to an optical density at 546
nm of between 0.5 and 0.6. To achieve induction, isopropyl-B-p-thiogalactopyr-
anoside (IPTG) was added to the medium at a final concentration of 0.4 mM,
and strains were incubated at 30°C for an additional 2.5 h. Cells were then
centrifuged for 15 min at 5,300 rpm (4°C), washed with 20 ml of washing buffer
(containing 20 mM Tris-HCI [pH 7.5] supplemented with 1 mM MnSO, in the
case of E. coli expressing tfdDy;), and resuspended in 1 ml of washing buffer.
Samples of 50 pl were taken from these cell suspensions for analysis by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), which was per-
formed by the method of Laemmli (22). Disruption of the remainder of the cell
suspensions was performed by sonication (Branson Sonifier 450; SCAN AG,
Basel, Switzerland). One-milliliter cell suspensions were sonicated (five pulses of
15 s each) on ice at an output of 30 to 40 W, with a 1-min pause between pulses.
Subsequently, suspensions were centrifuged at 4°C for 30 min at 15,000 X g. The
resulting supernatants, referred to as cell extracts, were used in enzyme assays.
Protein concentrations in the cell extracts were determined as described by
Bradford (5), using bovine serum albumin as a standard.

Enzyme assays. All enzyme assays were performed by spectrophotometric
methods in 0.5-ml quartz cuvettes at room temperature. Extinction coefficients
were taken from Dorn and Knackmuss (9).

Chlorocatechol 1,2-dioxygenase activity was measured by determining product
formation at 260 nm. Substrates tested included 3,5-DCC (&, 4. pcm = 12,000
M~! cm™1), 3-chlorocatechol (3-CC) (€. = 17,100 M~ ! em™ 1), or 4-CC
(Es.om = 12,400 M~ em ™). Reaction mixtures contained 40 mM Tris-HCI (pH
7.5), 0.3 mM EDTA, and 0.1 mM substrate. The reaction was started by adding
cell extract (0.01 to 0.2 mg of protein).

Chloromuconate cycloisomerase activity was measured by determining the
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TABLE 1. Plasmids constructed in this work

Plasmid Description
pCBAS3IV ................ pGEM-5Zf carrying the 870-bp Ncol-BamHI
fragment of pJP4 containing tfdE;; Ap"
pCBAB4IV ................ pUCI9 carrying the 1.3-kb BamHI-EcoRI

fragment of pJP4 containing part of tfdFy;
and #fdBy; Ap"
PCBASY.....c.cven 6.9-kb Sacl fragment of pJP4 in pUC
pUCI9 carrying the 1.4-kb EcoRI-PstI fragment
of pJP4 containing part of #fdB; and tfdK;

Ap"
pCBA122.......ceveuee 1-kb Sacll fragment of pCBAS89; contains tfdC;
pCBA174.......cccoou pUC28 carrying a 550-bp Ndel-EcoRI fragment

amplified by PCR from pCBA84IV; contains
part of tfdBy;, Ap*

pCBAILT9.........co... pRSET6a carrying a 100-bp Ndel-BamHI
fragment amplified by PCR from pCBAS31V;
contains part of fdFy; Ap"

pCBA16S........ pRSET6a carrying the 1.2-kb Ndel-BamHI
fragment amplified from pCBAS89; contains
1fdDyy; Ap"

pCBAI1S80..........co..e. pRSET6a carrying fragment Ndel-EcoRI from

pCBA174 and fragment EcoRI-PstI from
pCBA90; contains complete #fdB; Ap*

pCBA184................... pCBA179 with the 1.3-kb EcoRI fragment from
pCBASS; contains tfdFy; Ap®
pCBA192................... pUC28 carrying a 800-bp Ndel-BamHI
fragment amplified from pCBA122; contains
#fdCyy; Ap*
PCBA1%.........ccueuue pCBA165 with deletion of the Ncol site;
contains frameshift mutation in #fdDy;; Ap"
PCBA197 ... pCBA184 with deletion of the BstEII site;
contains frameshift mutation in #fdF;; Ap"
PpCBA198........covvee pCBA180 with deletion of the EcoRI site;
contains frameshift mutation in #fdBy; Ap"
pCBA199................... pRSET6a carrying the 800 bp Ndel-BamHI
fragment of pCBA192; contains #fdC,; Ap"
PCBA200.......ccccoueune pCBA199 with deletion of the BstXI site;
contains frameshift mutation in #fdCy; Ap"
PCBA201 ... pCBA202 with deletion of the Xhol site;
contains frameshift mutation in tfdE;; Ap"
pCBA202................... pRSET6a carrying a 700-bp Ndel-BamHI
fragment amplified from pCBAS89; contains
ffdEy; Ap"

disappearance rate of substrate at 260 nm. Substrates used were 2-chloromu-
conate (2-CM), 3-CM, or freshly made 2,4-DCM (see below). Reaction mixtures
contained 30 mM Tris-HCI (pH 7.5), 1 mM MnSO,, and 0.1 mM substrate.
Cycloisomerization of chloromuconates was assayed in the presence of an excess
of dienelactone hydrolase to avoid accumulation of 4-carboxymethylene-but-2-
en-4-olides. For the conversion of 2,4-DCM, an extinction coefficient of 5,800
M~ cm™! was used (21). The reaction was started by adding cell extract (0.01 to
0.2 mg of protein).

Dienelactone hydrolase activity was measured at 280 nm by determining the
disappearance rate of substrate (cis-dienelactone [DL] [ep;. = 17,000 M~ ' cm™!]
or trans-DL). Reaction mixtures contained 10 mM histidine-HCI (pH 6.5) and
0.1 mM substrate. The reaction was started by adding cell extract (0.01 to 0.2 mg
of protein).

Maleylacetate reductase activity was measured by determining maleylacetate-
dependent NADH oxidation at 340 nm. Reaction mixtures contained 50 mM
Tris-HCI (pH 7), 0.4 mM NADH, and cell extract (0.01 to 0.2 mg of protein).
After the unspecific oxidation rate of NADH (gxyapy = 6,300 M~ cm™') was
determined, the reaction was started by adding 0.4 mM freshly prepared maley-
lacetate (see below).

2,4-DCP dioxygenase was measured by determining 2,4-DCP-dependent
NADPH oxidation at 340 nm. Reaction mixtures contained 60 mM phosphate
buffer (pH 7.6), 0.03 mM flavin adenine dinucleotide, 0.3 mM NADPH, and cell
extract (0.01 to 0.2 mg of protein). After the unspecific oxidation rate of NADPH
(Enappi = 6,300 M~ ! cm™!) was determined, the reaction was started by adding
0.05 mM 2,4-DCP.

Chemicals. 3-CC was a kind gift of Barbara Jakobs, GFB, Braunschweig,
Germany. 4-CC and 3,5-DCC were purchased from Promochem GmbH (Wesel,
Germany). 3-CM, cis-DL, and trans-DL were a kind gift from Walter Reineke,
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Bergische Universitat-Gesamthochschule Wuppertal, Wuppertal, Germany. 2,4-
DCM was prepared by incubation of a solution of 1 mM 3,5-DCC in 30 mM
Tris-HCI (pH 8) with cell extract of E. coli BL21(pCBA199) expressing tfdCy,.
The formation of 2,4-DCM was followed spectrophotometrically at 260 nm.
After 20 min, the reaction mixture was centrifuged through a Centricon-10
(Amicon, Inc., Beverly, Mass.) filter at 5,000 X g. Maleylacetate was prepared by
alkaline hydrolysis of cis-DL, as described elsewhere (11), by mixing 1 ml of 5
mM cis-DL with 7.5 pl of 2 N NaOH and incubating for 15 min at room
temperature. 2,4-DCP was purchased from Fluka Chemie AG (Buchs, Switzer-
land).

Digital imaging. Sequence images were exported as TIFF files. Autoradio-
graphic films and protein gels were scanned on a laser densitometer (Molecular
Dynamics, Sunnyvale, Calif.) and exported as TIFF files. All TIFF files were
imported into Adobe Photoshop (version 4.0; Adobe Systems, Inc., Mountain
View, Calif.), cropped to the appropriate size, enhanced whenever necessary for
reproduction, saved as gray scale TIFF files, and placed into Adobe Illustrator
(version 8.0) for text additions.

Nucleotide sequence accession number. The sequence of the #fd;; gene cluster
was deposited in GenBank under accession number U16782.

RESULTS

Identification of a second gene cluster for chlorophenol and
chlorocatechol metabolism on pJP4. In the #fdR-tfdK inter-
genic region of plasmid pJP4, we located five ORFs with sig-
nificant homology to genes for the metabolism of chlorinated
phenols and catechols. The ORFs were arranged serially and in
an orientation opposite that of the #fdR gene (Fig. 1). To
signify their resemblance to genes from the tfdCDEFB cluster
on pJP4, the ORFs were sequentially labeled tfdDy,, tfdCyy,
tfdE, tfdF\, and tfdBy;. The percentages of amino acid identity
between the predicted polypeptides from the #fd;; genes and
their counterparts from the #fdCDEFB genes varied substan-
tially (Table 2). For example, TfdE;; had only 15% predicted
identical amino acids with TfdE, whereas TfdC;; and TfdC
shared 60% amino acid identity. The evolutionary relation-
ships of the Tfd;; and Tfd, gene products with other related
proteins have been clearly pointed out elsewhere (10). These
sequence comparisons indicated quite well that the #fd;; genes
were not simply a duplication of the #fd, cluster, or vice versa,
but had a different evolutionary origin.

This became evident also from a comparison of the gene
organization of the two clusters. In the ¢fd,; cluster, the #fdDy;
ORF preceded that of #fdC};, whereas the opposite was found
in the #fd; cluster. Furthermore, no ORFs overlapped in the
tfd, cluster, whereas two cases of translational coupling (i.e.,
tfdCD and tfdEF) occur in the #fd; cluster. In addition, the
remainder of an ORF with unknown function exists between
tfdD and tfdE which is similar to the tcbCDEF and clcABDE
clusters but was absent in the #fd;; cluster. The tfd;; cluster
showed highest percentages of identity to a set of #fd genes
on plasmid pEST4011 of Pseudomonas putida and of Vario-
vorax paradoxus (T. Valleys, L. Shengao, and K. Miyashita,
unpublished data [DDBJ/EMBL/GenBank accession no.
AB028643]). although smaller deletions or frameshift muta-
tions must have occurred there. For example, the first 131 bp
of the #fdD;; ORF had 74% sequence identity to a region
upstream of the #fdC gene of pEST4011, but no complete
tfdD ORF exists. TfdC,; had only 60% identical amino acids
with TfdC, whereas it showed 83.5% identity with TfdC of
pEST4011 (26). TfdE,; carried 79.6% identical amino acid
residues with the predicted polypeptide encoded by #fdE from
V. paradoxus. Interestingly, the TfdE polypeptide predicted
from tfdE on pEST4011 (26) had no significant similarity with
TfdE,; except for the first 22 amino acids, although the DNA
sequence identity along the total 708-bp region in common was
77.4%. However, introducing a 2-bp frameshift into the #fdE
OREF 66 bp downstream of the ATG start codon on pEST4011
would again result in a theoretical polypeptide with 79.6%
similarity to TfdE,; and 100% identity to TfdE of V. paradoxus.
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TABLE 2. Features of the ORFs of the #fd; and tfd,; gene clusters

ORF Ribosome bp between RBS Start codon Location on Length of Predicted molecular Pairwise
binding site and start codon sequence” OREF (bp) mass (kDa) identity (%)®

tfdC GGAGG 4 GTG 337-1104 765 28.3

tfdCyy GAAGAG 8 ATG 2856-3617 759 28.1 60
tfdD GGGGG 7 GTG 1101-2213 1,110 39.7

tfdD ¢ —/GAAGCG -/9 ATG/GTG 1610/1694-2659 1,047/963 36.9 35
tfdE GGAG 7 ATG 2288-2992 702 254

tfdE GAAGG 7 ATG 3639-4346 705 254 15
tfdF GAAGG 7 ATG 2989-4053 1,062 37.9

tfdFy, GGGGG 5 GTG 4348-5427 1,077 375 45
tfdB GGAGG 5 ATG 4398-6194 1,794 65.4

tfdBy, GGAG 5 ATG 5495-7255 1,758 64.4 62

¢ GenBank accession no. M35097 (#fdCDEFB) and U16782 (tfdy; cluster).
b Calculated at the amino acid level.

¢ The slash indicates that there is no ribosome binding site corresponding to the ATG codon.

Finally, TfdB,, carried 90.8% amino acid identity to TfdB of
pEST4011.

Codon usage among genes of the #fd;; genes differed slightly
from that of #fd;: the two lysine codons TTA and TCT, the two
serine codons TCT and AGT, and the two stop codons TAG
and TAA did not occur in any of the #fd;; genes, whereas all
possible codons occurred at least once in the #fd, genes (Fig.
2B). This difference in codon usage may have effects on rela-
tive translation efficiency of the #fdy; or tfd; mRNAs, for exam-
ple, when codon demand does not coincide with specific tRNA
abundance in the cell (35). Both clusters tended to use the
codons containing a G or C wobble base more abundantly than
those with A or T (Fig. 2B). This bias was reflected in the high
average G+C content of both gene clusters; for (fdCDEFB,

|
A UGHC
[ 80

r70

r 60

50

tdA S R Dy ChEyFy By K TCDEF B L0
ISJP4-part ISJP4
B °sfdj-cluster

*tfdjj-cluster

FIG. 2. (A) G+C content of the #fd region on plasmid pJP4. The graph was
created using the program Curve.It (ICGEB, Trieste, Italy) with a window of 100
bp. Dotted lines indicate the average G+C content for distinct fragments. (B)
Codon usage of the #fd; and tfd;; gene clusters. The black and white bars
represent the fraction of usage of a certain codon among all possible codons for
a certain amino acid. Addition of all fractions of all possible codons for a certain
amino acid gives a total fraction of 1. The codons are ordered by G+C content
and wobble base, rich G+C content (left) to poor G+C content (right).

however, the G+C content was remarkably lower (56%) than
that for the #fd}; cluster (66%) (Fig. 2A).

Expression of each of the tfd;; genes in E. coli. Cell extracts
of E. coli BL21 cultures overexpressing each #fd,, gene individ-
ually were analyzed by SDS-PAGE (Fig. 3) and assayed for
enzyme activities from the chlorocatechol and chlorophenol
oxidative pathway (Table 3). As negative controls, induced
cultures of each of the E. coli strains containing the plasmids
with mutated #fd,; ORFs were used, along with E. coli BL21
without any pRSET plasmid. In total cell extract of E. coli
BL21(pCBA165) expressing the #fdD;; gene from its ATG
start, we detected an overproduced polypeptide of about 42
kDa (Fig. 3, lane 5) which was absent in extracts of E. coli
BL21(pCBA196) harboring a frameshift mutation in #dD,
(Fig. 3, lane 4). Chloromuconate cycloisomerase activity with
2,4-DCM and 3-CM as substrates was indeed detected in cell
extracts of E. coli cultures harboring pCBA165 (Table 3). Sig-
nificantly lower values were obtained when 2-CM was used as
substrate. In cell extracts from cultures expressing the #fdD,
frameshift mutant, however, no activity was found. Chlorocat-
echol 1,2-dioxygenase activity was clearly present in cell ex-
tracts from cultures expressing the #fdC,; gene, with either
3,5-DCC, 3-CC, or 4-CC as substrate (Table 3). The predicted
molecular mass of the polypeptide encoded by this ORF (28.1
kDa) fit well with the 27-kDa protein band determined by
SDS-PAGE (Fig. 3, lane 2). No activity was detected in ex-
tracts of E. coli BL21 harboring the truncated gene #fdCA.
The observed peptide of 27 kDa in cell extracts of E. coli
expressing #fdC;A is caused by the frameshift at the Bs¢XI site,
accidentally resulting in a peptide of the same size as TfdC;.

With cis- and trans-DL as substrates, dienelactone hydrolase
activity was clearly detected in cell extracts from cultures ex-
pressing tfdE ;. This activity coincided with the production of a
25-kDa protein (Fig. 3, lane 8). In contrast, we found no such
polypeptide (Fig. 3, lane 7) and also no hydrolase activity with
cells expressing #fdE ;A from plasmid pCBA201. Maleylacetate
reductase activity was detected in cell extracts of E. coli BL21
harboring #fdF,; by monitoring the maleylacetate-dependent
oxidation of NADH (Table 3). In these cell extracts, SDS-
PAGE revealed a protein with an apparent mass of about 37
kDa, which is close to the theoretically predicted mass of 37.5
kDa (Fig. 3, lane 10). This protein band was absent in total cell
extracts of E. coli BL21(pCBA197), carrying a frameshift mu-
tation in #fdF; (Fig. 3, lane 9). Both E. coli BL21(pCBA184)
and E. coli (pCBA197) strongly produced a 27-kDa protein,
which might be the result of a translational fusion protein
starting at nucleotide position 3844 (numbering according to
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TABLE 3. Enzyme specific activities encoded by the #fd;; genes measured in cell extracts of E. coli BL21
Sp act (mU/mg of protein)”
b

Gene  Plasmid ceLb Me bt MAR,  24DPH,

3,5-DCC 3-CC 4-CC 24-DCM  2-CM 3-CM cis-DL ”I‘;’f' MA 2,4-DCP
tfdCyy pCBA199 10° 0.8 x 10> 0.6 x 10° — — — —
tfdC A pCBA200 2 4 2 —_ — — _
tfdDy, pCBA165 — 4.4 x10° 60  2x10° — — —
tfdDy A pCBA196 — -3 -1 6 — — _
YdEy, pCBA202 - — 26 x10°  2x10° — —
tfdE A pCBA201 — — 17 4 — —
ydFy pCBA184 — — 3.6 X 10° —
tfdFy A pCBA197 — — — 37 _
tfdBy, pCBA180 — — — _ 7
tfdB A pCBA198 — — — — 2
None — 1.1 — — — 1.7 1.1 — 31 —

“1U = 1 umol of substrate disappearance or product formation per min. Shown are representative values from one activity assay. Assays were performed at least

in independent triplicates.

> CC 1,2-D, chlorocatechol 1,2-dioxygenase; CMC, chloromuconate cycloisomerase; DLH, dienelactone hydrolase; MAR, maleylacetate reductase; 2,4-DPH,
2,4-dichlorophenol hydroxylase; DCC, dichlorocatechol; CC, chlorocatechol; DCM, dichloromuconate; CM, chloromuconate; DL, dienelactone; MA, maleylacetate;

DCP, dichlorophenol
¢ Frameshift in #fdCy,.
4 __ not measured.

GenBank entry U16782) and continuing in pRSET6a. A slight
background activity was found with cell extracts expressing a
frameshift mutated #fdF;; and in cell extracts from E. coli
without any pRSET-type plasmid (Table 3). We suppose,
therefore, that this low activity is due to native proteins from E.
coli itself. Finally, the activity of TfdB,; was determined in cell
extracts of E. coli BL21 harboring #fdBy; and compared to that
in cell extracts of E. coli BL21 containing the frameshift mu-
tated tfdB;;A. The activities measured for TfdB,; were lower
than those of the other Tfd,; enzymes but still higher than the
activities measured in the negative control. The molecular
mass of the TfdB; protein in cells harboring pCBA180 was as
predicted (65 kDa) (Fig. 3, lane 13). In E. coli(pCBA198)
containing a frameshift mutation in the #fdB,;; gene, we ob-
served a protein of 24 kDa, which is the size of the generated
truncated TfdBj;A protein (Fig. 3, lane 12). Based on these

3 4 5

kDa
97
68
43
29
18

14

results, we conclude that the Tfd,, enzymes catalyzed the trans-
formations expected from their similarities to the Tfd; coun-
terparts.

Expression of the #fd;; genes in R. eutropha JMP134(pJP4).
Since enzyme assays in extracts from R. eutropha JMP134 do
not allow us to distinguish between activities from the #fd,
cluster and the corresponding ones from the #fd;; cluster, we
relied on specific mRNA analysis to determine if transcription
from the #fd;; genes occurred. Induction of transcription was
shown by hybridizing total RNA, isolated from a continuous
culture at different time points after addition of 0.1 mM 2,4-D
to the medium, with probes for the different #fd;; genes. Im-
mediately after addition of 2,4-D, levels of mRNA of the #fdC/;
gene increased rapidly, followed shortly by those of ¢dEy,
tfdBy;, and #fdK (Fig. 4). Maximum levels of mRNA were
reached 14 min after induction, after which there was a de-

12 13

kDa
—97
— 68
'—43

—29

FIG. 3. SDS-polyacrylamide gel of total cell extracts of IPTG-induced E. coli BL21(DE3)(pLysS) strains harboring pRSET6a-derived plasmids carrying one of the
tfdyy genes or its truncated derivative. Lanes: 1, pCBA200 (tfdCy;A); 2, pCBA199 (tfdCyy); 3, molecular size marker; 4, pCBA196 (tfdDyA); 5, pCBA165 (tfdDyy); 6,
molecular size marker; 7, pCBA201 (tfdEA); 8, pCBA202 (tfdEy;); 9, pPCBA197 (tfdF;A); 10, pCBA184 (tfdFyy); 11, molecular size marker; 12, pCBA198 (tfdByA);
13, pCBA180 (tfdBy;). Positions of molecular masses are indicated on the left and right. The arrow in lane 10 points to the putative TfdFy; protein. (Digital image was
recorded as a TIFF file; background was enhanced for reproduction in Adobe Photoshop.)
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FIG. 4. Dot blot hybridizations of total RNA isolated from a chemostat-
grown culture of R. eutropha JMP134 before and after induction with 2,4-D.
Antisense RNA probes are indicated on the left. Times at which the samples
were taken from the chemostat are indicated at the bottom. 2,4-D was intro-
duced into the chemostat at time zero. Panels for each hybridization were
obtained in independent hybridization experiments; therefore, signal intensities
cannot be directly compared between different probes. In addition, spot densities
were not corrected for small differences among total RNA amounts spotted at
each position. Note the distinct and immediate strong induction for all markers
except tfdR and EUB (=16S rRNA). (Digital image was obtained by scanning of
original autoradiograms; individual TIFF files were compiled in Adobe Photo-
shop.)

crease in mMRNA to a stable level that remained unchanged for
over 10 h. We observed a similar pattern of gene induction for
the #fdA and tfdCD genes (Fig. 4). Expression of #fdR, as well
as that of the gene for 16S rRNA, remained essentially un-
changed upon addition of 2,4-D (Fig. 4).

To map transcriptional start sites of the #fd;; gene cluster,
we performed primer extension analysis on total RNA that
was isolated from chemostat-grown cells of R. eutropha
JMP134(pJP4) under uninduced and induced (i.e., with 2,4-D)
conditions. Using a primer positioned in the #fdD,; gene, we

A B

ACGTunin

RBS

v|ii v D L P

I
C TfdR binding site
‘ >
ACTACCGCCAT
L}
TGATGGCGGTA

J. BACTERIOL.

were able to detect a specific cDNA transcript which was not
observed from an uninduced culture (Fig. 5). The product
identified a single transcription start site at a G residue at
position —82 relative to the putative GTG or +3 relative to the
postulated ATG translation start codon of fdDy; (Fig. 5). This
makes the GTG a more likely candidate for the translation
start codon of the #fdD,; gene (Fig. 5). We found no primer
extension products from primers positioned in the reading
frames of any of the other genes of the #fd}; cluster, including
tfdK. These results suggest an operon-like organization for the
genes tfdDy; to tfdK. From the location of the transcriptional
start site, we propose a TTAGAC/TAGACT promoter se-
quence for tfdDy, (Fig. 5). Control primer extension reactions
with a primer complementary to #fdC resulted in transcription
starts at T and G (nucleotides 286 and 287), 4 nucleotides
downstream of the —10 region proposed by Perkins (29) (not
shown).

DISCUSSION

Further exploration of the ISJP4-flanked transposable ele-
ment on pJP4 led us to discover five ORFs, potentially encod-
ing the metabolism of chlorocatechols and of chlorophenols.
The ORFs were designated tfdDy,, tfdCyy, tfdE,,, tfdFy;, and
tfdB,,, by analogy to the tfdCDEFB genes on pJP4. We dem-
onstrated by expressing each individual ORF in E. coli that the
OREF designated tfdD,; codes for a chloromuconate cyclo-
isomerase, tfdCy; codes for a chlorocatechol 1,2-dioxygenase,
tfdE,; codes for a dienelactone hydrolase, #fdF;; codes for a
maleylacetate reductase, and #fdBy; codes for a chlorophenol
hydroxylase. Together with the previously characterized tfd
genes, this brings to eight the number of genes that are pres-
ently included in the transposable DNA: #fdS, tfdR, and tfdD ;-
CuEFiB K. Substantial evidence leads us to believe that the
tfd; and tfd,; genes were acquired from different origins rather
than evolved by duplication and divergence within one host.
First, the actual percentages of identity among counterparts in
the #fd, and tfd,; clusters were rather low (15 to 62% at the
amino acid level). Second, the G+C content of the #fd;; genes

CCGGCTGCCGGAGAGCCATACCGATCCCGTATCGCTCGCGCTGATGGAAGGTATTAGACCATATGGCCCGGCATTTCI&S 1600
GGCCGACGGCCTCTCGGTATGGCTAGGGCATAGCGAGCGCGACTACCTTCCATAATCTGGTATACCGGGCCGTAAAGATC

-35 -10

G{ TCACAGAAAAAGCCATTGCCGACAGCCCCAACGGCGGCGACGCCGATCGCAAGGCGGCGCAGATCG_A 1680
CEAGTGTCTTTTTCGGTAACGGCTGTCGGGGTTGCCGCCGCTGCGGCTAGCGTTCCGCCGCGTCTAGCT

AGCGATCGARACGGTGRTCGTCGATCTGCCGCTGCGCCGCATCCAGCAGTTCGCCCGCCTGGGCGCCARGCATCAGAGCA 1760
TCGCTAGCTTTGCICACITAGCAGCTAGACGGCGACGCGGCGTAGGTCGTCAAGCGGGCGGACCCGCGGTTCGTAGTCTCGT
L R R I

Q ¢ F A R L G A K H Q S

tfdDy

FIG. 5. (A) Digital image from the gel region showing the size of the transcript synthesized from the tfd;; mRNA and the sequence derived with the same primer.
(Image recorded as a TIFF file on a LI-COR IR? sequencer; background enhanced for reproduction purposes in Adobe Photoshop). The arrow points to the specific
transcript observed under induced (in; with 2,4-D) conditions. un, uninduced. (B) Relevant part of the DNA sequence upstream of the ¢fdDy; ORF. Translation of tfdD
is shown from the second possible start (Val at position 1694). The dotted line represents continuation of the ORF in the upstream direction. The first start codon (ATG
at position 1612), however, was identified as the position of the transcription start (indicated with +1). Possible promoter elements and the TfdR binding site are
indicated. The shaded region represents the sequence showed in the digital image.
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FIG. 6. (A) Comparison of the genetic organizations of the tfdy; clusters of R. eutropha JMP134, V. paradoxus (Valleys et al., unpublished), and P. putida

(pEST4011) (20). Connecting lines point to regions of high sequence identity among the different gene clusters. Percentages of sequence identity are given between
the gene maps. The striped areas indicate regions deleted from the tfdy; cluster of R. eutropha compared to the others. GenBank accession numbers are given in panel
A. (B) Sequence alignment of the intergenic regions directly upstream of #fdR in the direction of fdDy; (for R. eutropha) or tfdC (for V. paradoxus and pEST4011). Boxed
regions point to the conserved TfdR binding motif and to the —35 and —10 promoter sequences. The asterisk indicates the mapped transcription start site for the R.

eutropha tfdy; operon.

is significantly higher (Fig. 2). Since #fdS and tfdR are fully
identical, and perhaps themselves the result of a duplication
event, we suppose that at one point a DNA fragment contain-
ing #fdR and tfdD,CEF ;B K}, flanked by ISJP4 was mobi-
lized into an ancestor pJP4 plasmid.

The results obtained with expression in E. coli showed that
the #fd;; genes can encode 2,4-DCP-metabolizing enzymes.
Furthermore, we showed that the #fd;; genes are transcribed in
R. eutropha when cells are exposed to 2,4-D. Although we
could not directly demonstrate that the #fd,; genes are indeed
translated into functional enzymes in R. eutropha JMP134, it
seems rather unlikely that they would not be. First, all of the
tfd,; genes are transcribed and induced upon exposure of the
cells to 2,4-D, and as strongly as the genes from the cluster #fd;
(Fig. 5). Second, at least three gene products from the #fd,;
cluster are synthesized during growth on 2,4-D: TfdR, the
regulatory protein of all the pathway genes; TfdK, a trans-
porter protein for 2,4-D; and TfdF};, the maleylacetate reduc-
tase (19, 24, 25, 27, 32). Accidentally, the purified active en-
zyme catalyzing 2-chloromaleylacetate reduction in R. eutropha
JMP134 turned out to be TfdF,;, which was proven by NH,-
terminal sequencing of the purified protein (32). Moreover, it
was recently demonstrated that R. eutropha strains with a plas-
mid containing the tfd;; gene cluster could actually grow on
3-chlorobenzoate (28). This makes it unlikely that the #fd,
genes would not be translated in R. eutropha JMP134, although
especially the #fdD;; ORF has a very poor ribosome binding
site. Strangely enough, the #fd,; genes were not detected along
with the #fd; genes in the original transposon mutagenesis stud-
ies performed by Don et al. (8). We can at least rule out that
the #fd,, cluster was inserted on pJP4 after their analysis, since
the physical map of plasmid pJP4 as drawn by Don and Pem-
berton in 1985 (6) is identical to the current map determined
from DNA sequencing data.

At this point, the question arises as to why the present-day
configuration of the #fd genes with two sets of homologous

genes is kept on plasmid pJP4 as it is. One answer is that at
least some of the functions encoded within the #fd}; cluster are
favorable for growth on 2,4-D. Such a function might indeed be
the chloromaleylacetate reductase TfdF,;. TfdF transposon
mutants grew poorly on 2,4-D but well on 3-chlorobenzoate
(8), which suggests that not TfdF but TfdF,; actually catalyzes
the dechlorination of 2-chloromaleylacetate during growth on
2,4-D. Another function specific for the #fdy; cluster is TfdK, a
transporter protein which facilitates uptake of 2,4-D at low
extracellular concentrations. However, TfdK does not seem to
be indispensable for growth (25). A more important function,
however, is carried by the regulatory protein TfdR (or its
identical twin TfdS). Since TfdR is the transcriptional activator
for #fdA expression and for both the #fd; and the tfd,; genes (19,
24, 27), its loss would abolish 2,4-D pathway induction. Most
likely, if the tfd,, cluster were to become lost from pJP4, this
would occur through recombination of homologous regions or
activity of the ISJP4 element. Recombination between the
right-end partial copy of ISJP4 (located between #fdS and tfdA)
and ISJP4 (downstream of #fdK) would lead to loss of the
regulatory genes. An alternative, perhaps more seldom, recom-
bination between #fdT and #fdR would lead to loss of the #fd;
cluster but could still restore the regulatory function. At least
one plasmid with this type of recombination seems to exist, i.e.,
PMABI. Restriction analysis of pMABI suggests identical #fd-
CDEF genes as on pJP4 but a recombination between #fdT and
tfdR (21). This again points to the importance of maintaining
proper regulation of the #fd pathway genes. Therefore, it seems
that the current configuration is locked into a semistable state,
due to the presence of the current regulatory genes within the
tfd,, cluster and the inactivated original regulatory gene (¢fdT)
lying in the #fd, cluster.

We can speculate a little on the genealogy of the tfd,, cluster,
since at least two other genetic systems for 2,4-D degradation
are known to carry tfd-type genes with higher identities to the
tfdy; cluster of pJP4 than to the #fd; cluster (Fig. 6). One of
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these occurs on plasmid pEST4011, which is a derivative of a
plasmid (pEST4002) originally isolated from P. putida strain
EST4002 from 2,4-D-treated soils in Estonia (1). One region
on this plasmid contains #fd,;-type genes, although in a config-
uration, tfdR-tfdC-(tfdE)-tfdB, without tfdDy,, tfdFy, or tfdK
(20). Regulatable expression of chlorocatechol 1,2-dioxygen-
ase and chlorophenol hydroxylase activities was demonstrated
for this region of plasmid pEST4011 (26). The other system
from V. paradoxus is basically identical to the tfd genes of
pEST4011, although more sequence information is available
on regions upstream of #fdR and downstream of #fdB (Valleys
et al., unpublished). This indicated that a #fdK-like gene was
downstream of #fdB and a tfdD-like gene was further upstream
of fdR (Fig. 6). Interestingly, in at least one region (between
tfdR and tfdC), a deletion has occurred which removed part of
the #fdD; ORF on pEST4011, leaving only 131 bp of the ¢fdD,,
ORF and the intergenic region between #fdR and tfdD,, (Fig.
6A). This part, however, might be still important for a proper
regulation of #fd gene expression, since it carries the TfdR
binding site (Fig. 6B). At least in the V. paradoxus system, a
complete #fdD gene copy exists, which, however, has a higher
percentage sequence identity to #fdD; (64.2) than to tfdDy,
(55.2). Between tfdC and tfdB is a 708-bp sequence with 77.4%
identity with #fdE;, but a frameshift hinders the production of
a TfdE,;-like polypeptide. This frameshift is not present in the
V. paradoxus sequence. Curiously, no traces of the fdF; gene
can be found in the V. paradoxus or pEST4011 sequence. This
finding suggests that this region of pEST4011 and of V. para-
doxus was derived from a tfd;-like cluster and points to a wider
distribution of the #fd;;-type cluster among soil microorganisms
rather than a single occurrence on pJP4.
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