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Biochemical investigations of the muconate and chloromuconate cycloisomerases from the chlorophenol-
utilizing strain Rhodococcus opacus (erythropolis) 1CP had previously indicated that the chlorocatechol cata-
bolic pathway of this strain may have developed independently from the corresponding pathways of proteobac-
teria. To test this hypothesis, we cloned the chlorocatechol catabolic gene cluster of strain 1CP by using PCR
with primers derived from sequences of N termini and peptides of purified chlorocatechol 1,2-dioxygenase and
chloromuconate cycloisomerase. Sequencing of the clones revealed that they comprise different parts of the
same gene cluster in which five open reading frames have been identified. The clcB gene for chloromuconate
cycloisomerase is transcribed divergently from a gene which codes for a LysR-type regulatory protein, the
presumed ClcR. Downstream of clcR but separated from it by 222 bp, we detected the clcA and cleD genes, which
could unambiguously be assigned to chlorocatechol 1,2-dioxygenase and dienelactone hydrolase. A gene coding
for a maleylacetate reductase could not be detected. Instead, the product encoded by the fifth open reading
frame turned out to be homologous to transposition-related proteins of IS1031 and Tn4811. Sequence com-
parisons of ClcA and ClcB to other 1,2-dioxygenases and cycloisomerases, respectively, clearly showed that the
chlorocatechol catabolic enzymes of R. opacus 1CP represent different branches in the dendrograms than their
proteobacterial counterparts. Thus, while the sequences diverged, the functional adaptation to efficient chlo-
rocatechol metabolization occurred independently in proteobacteria and gram-positive bacteria, that is, by

functionally convergent evolution.

Although various chloroaromatic compounds are known to
be degraded slowly or incompletely under certain conditions
(23), numerous bacteria are able to utilize some representa-
tives of this class of chemicals as sole sources of carbon and
energy (26, 54). In many of the cases where growth occurs, the
chloroaromatic substrates are initially converted to chloro-
catechols. These can be cleaved in ortho position, i.e., between
the hydroxyl groups, to chlorosubstituted cis,cis-muconates.
Cycloisomerization of the latter and concomitant chloride
elimination will yield dienelactones (4-carboxymethylenebut-
2-en-4-olides) which may still carry the remaining chlorine
substituents (Fig. 1). Subsequent hydrolysis of the lactone and
reduction of the resulting maleylacetate, in most cases, gener-
ate 3-oxoadipate, an intermediate also of the catechol and the
protocatechuate branch of the ubiquitous 3-oxoadipate path-
way (Fig. 1).

As initially shown especially for the 3-chlorobenzoate-utiliz-
ing Pseudomonas sp. strain B13 and for the 2,4-dichlorophen-
oxyacetate-degrading strain Ralstonia eutropha (Alcaligenes eu-
trophus) JMP134(pJP4), different sets of enzymes are induced
for catechol catabolism on the one hand and for chlorocat-
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echol catabolism on the other (13, 39, 53, 59, 60). Thus, chlo-
rocatechol 1,2-dioxygenase (EC 1.13.11.-), chloromuconate cy-
cloisomerase (EC 5.5.1.7), and dienelactone hydrolase (EC
3.1.1.45) catalyze reactions analogous to those of catechol 1,2-
dioxygenase (EC 1.13.11.1), muconate cycloisomerase (EC
5.5.1.1), and 3-oxoadipate enol-lactone hydrolase (EC 3.1.1.24).
They differ from the latter, however, in having higher relative
turnover numbers and/or lower K, values for chlorosubstitut-
ed substrates or the metabolites generated from them by chlo-
ride elimination. The fourth enzyme characteristic for chloro-
catechol catabolism, maleylacetate reductase (EC 1.3.1.32),
has no equivalent among catechol catabolic enzymes and com-
pensates for the different oxidation states of the metabolites of
the two pathways.

Genetic studies, which have so far focused on gram-negative
bacteria, have shown that the enzymes of chlorocatechol path-
ways are often encoded by catabolic plasmids such as pJP4 of
R. eutropha JMP134 (11), pAC27 of the 3-chlorobenzoate-
utilizing Pseudomonas putida AC866 (6), pP51 of the 1,2,4-tri-
chlorobenzene-mineralizing Pseudomonas sp. strain P51 (68),
and pEST4011 isolated from the 2,4-dichlorophenoxyacetate-
degrading P. putida EST4021 (42). Several years ago, sequenc-
ing of chlorocatechol gene clusters from the former three plas-
mids (20, 52, 69) showed the chlorocatechol 1,2-dioxygenases
and chloromuconate cycloisomerases to be homologous to cat-
echol 1,2-dioxygenases and muconate cycloisomerases, respec-
tively. More interestingly, the chlorocatechol 1,2-dioxygenases of
these plasmids were derived from a common ancestor not
shared by the catechol 1,2-dioxygenases, as the chloromuco-
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OH oH OH TABLE 1. Plasmids used in this study
OH OH OH S
Plasmid Relevant characteristics® (ref(;l;ie)
cl ct cl
l ??Z?gsylgenase 1C2h|g|r:xcyag:Zﬁch)cle l pBluescript I~ Phagemid derived from pUC19; P, Stratagene (2)
(CatA, PheB) l (ClcA, TfdC, TebC) KS (+) lacZ' Ap"; f1(+) origin; ColE1
(olele) coo Ccoo™ origin
UOO [ go° o0 pRERDI Ap'; ca. 220-bp PCR product ob- This study
e cl # ct 7 tained with dioxygenase-derived
Muconate Chloromuconate primers in EcoRV site of pBlue-
} cragsomerase Sosomesse Ceript 11K (+)
(Ca )
{.o pRERCI1 Ap*; ca. 60-bp PCR product ob- This study
/—A\_7= tained with cycloisomerase-derived
Muconolactone primers in EcoRV site of pBlue-
l ;sg);g)rase or script II KS (+)
o o pRERS Ap'; ca. 2.9-kb PstI fragment of This study
/—W wod O ,OOC _ R. opacus 1CP DNA in pBlue-
3-Oxoadipate enol- Dienelactone cl script IT KS (+)
l lactone hydrolase l hydrolase ‘ pRER6 Ap'; ca. 10-kb HindIII fragment of This study
(CatD,PcaD) (CleD, TfdE, TcbE) R. opacus 1CP DNA in pBlue-
coo CO% o 0% script IT KS (+)
~-—— 7—— pRERG61 Ap'; ca. 2.4-kb Sacll fragment of This study
Z #
Maleylacetate Maleylacetate ¢ pRER6 in pBlue@cript I KS (+)
reductase reductase . - N
(CIcE, TfdF, TcbF) (CIcE, TfdF, TebF) pRER7 Ap'; ca. 3.7-kb EcoRI fragment of This study

l

Tricarboxylic
acid cycle

FIG. 1. Degradative pathways for catechol, 4-chlorocatechol, and 3,5-dichlo-
rocatechol. Designations as gene products, as previously assigned for gram-
negative or gram-positive bacteria, are given in parentheses. Enzymes with a
specific function in chlorocatechol catabolism are set off by heavy arrows.

nate cycloisomerases diverged from an ancestral enzyme not in
the line of descent of known muconate cycloisomerases (58).
The dienelactone hydrolases are evolutionarily so remote from
the 3-oxoadipate enol-lactone hydrolases that their common
evolutionary background could be identified only by their
three-dimensional structure or sequence signatures related to
it (29, 50, 58). These observations, as well as conserved struc-
tures of the gene clusters, suggested that the proteobacterial

R. opacus 1CP DNA in pBlue-
script IT KS (+)

“ Ap", plasmid carries information for ampicillin resistance.

chlorocatechol pathways, as represented by those on pAC27,
pJP4, and pP51, diverged from the same ancestral pathway
(58). The catabolic genes from many other strains were shown
by hybridization to be related to those of the plasmids men-
tioned above (4, 21, 36, 42, 65). In other cases, no hybridization
was found under the conditions used (4, 21, 34, 36).

The gram-positive bacterium Rhodococcus opacus (erythro-
polis) 1CP has previously been isolated with 2,4-dichlorophe-
nol as the carbon source (25). Purification and characterization
of its chlorocatechol 1,2-dioxygenase, chloromuconate cyclo-
isomerase, and dienelactone hydrolase revealed unusual prop-
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FIG. 2. Restriction map of the inserts of pRERS, pRER7, and pRERG61 carrying 7,240 bp of R. opacus 1CP DNA in the multiple cloning site of pBluescript IT KS
(+). The lengths and orientations of open reading frames are indicated by large arrows. Two small arrows indicate the locations of the imperfect inverted repeats.
Between the presumed clcR and clcA was found a hairpin structure that possibly represents a transcription terminator.
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1 GAATTCAATGCCATCCCGATCGAGAAATACGCCGTCACGCGAGCGGTCAACGACCTACTGCGCTGCTCGGTCCGCCCGCATTCCGCGATCACCTCATCGACCAGGGACGCGGGAAACACC
121 CTGGTCAACAACCCCACCGACACCACATCCGACAACCGCCGATCCGAGACCGGTTTCACCCATCCGCTCCGAGGCACACCTCATCGTAACGCAACCCGCACTAACTGAACGGTATTGCAC
241 CTAAACGACCACAGCACTGCCTGCGGCCAGTTCATCGTGTACGTATCGTCTGCCGCCGGGCGACTGTGGTGTCCGGTGCACGGCGTAGCCCATGAACCGTCGGGTCGATCGGCTCCGCAC
361 AGCAAATACTGCACTTTAGCGCTCCCGGAAGGTGCAAGGTGATGGGAGCACGGGCTCCCATGCTGCAAGTTGCGCTGTTCGTCGGGGCTCGTCAGGATCAATTCGACTACGTCGTCCGCG

ATCTTGTTCTTCTCGGAGAéGACAAGTTCGCGGCGGGTGéCGGGTTTGTéCATGGATAC@TAACCTGTCACGAGTGGAA@GTTGGGCGG&GTAGGCCGTéAGCGTCTGCéGTAGCGGTCé
AGTCGCAGACGCCATCGCCAGC
STOP R R R Y R D

48

-

60

prt

ACCTTGTCGTGETCCAGCCGCACCCCCAGACCGGGACCCGTTGGAACCGTGAGTATTCCGTCAGTATAGGCGAGCGECTCGETGATCACCGAGTCGGCCAGCAGCAACGGGCCCACCAGE
TGGAACAGCACCAGGTCGGCGTGGGGGTCTGGCCCTGGGCAACCTTGGCACTCATAAGGCAGTCATATCCGCTCGCCGAGCCACTAGTGGCTCAGCCGGTCGTCGTTGCCCGGGTGGTCG
v K D E DL RV GLGEPGTT®P®UVTTZLTIG DTJ YA ATLTE®ETTIVSDATLTLTLTPGV L

TCGCAGCCGTGEAGCAGCCTCGGGARTGTGGCGAACAGGTGCGCGGAGGCCGCCGTACCGACCGGGCTTTCCAGCGCCGTACCGCCGTAAGGACCGATCGAAGCGGTGTCGAGTATGGCC
AGCGTCGGCACCTCGTCGGAGCCCTTACACCGCTTGTCCACGCGCCTCCGGCGECATGGCTGGCCCGARAGGTCECGGCATGECEGCATTCCTGGCTAGCTTCGCCACAGCTCATACCGG
E ¢c 6 H L L R P F T A F L HAGSAATGUV P SELATTGTGJYUPGTI S ATTDTL I A

72

-

841 GCGATCAACGCCGCAGCCCGCAAGCCTCCGGCCTTTCCGGETTTGACCGEGACCGAGTCGCAGGCTCGTTCGCGTACGACCTCGAGCECGTCTGCAGGCACGCATACCGACTCGTCGGCE
CGCTAGTTGCGGCGTCEGECGTTCGGAGGCCGGARAGGCCCARACTGGCGCTGGCTCAGCGTCCGAGCARGCGCATGCTGGAGCT CGCGCAGACGTCCGTGCGTATGGCTGAGCAGCCGG
A I L AAATZRTULTGCGTGATEKTGT®PE KV AVY S DGCARTET RTYUVETLA ATDA ATPTVCV S E D A

961 ATGATGTCGATGCGATCGGCTCGCGACCETAGTTCGGCAAGCCCGCGCACGTCGCGGCGCTCGACCGGCTGCTCGACCGCGCTGAGGCCGATGGCCTCGAGTTCTCGCACGGCCCAGGTE
TACTACAGCTACGCTAGCCGAGCGCTGECATCAAGCCGTTCGGGCGCETGCAGCGCCGCGAGCTGGCCGACGAGCTEGCGCGACTCCGGCTACCGGAGCTCARGAGCGTGCCGGGTCCAG
M I DI RDATRTGST RTULTETBATLTGE RV YUDTRIERTETVTPOQETUVASTLGTIAETLETRVATWT

1081 GCAGTCCGCAGATCCCACGTGCCETTGGGGTCGCCAAGGTAGTCGACGCCGTCGCCGATCTTGTCGACCAGTTCCCCGACGCGETCGATATCCTCGCGCGGGGCARGCGCCCCCATCTTG
CGTCAGGCGTCTAGGGTGCACGGCAACCCCAGCGGTTCCATCAGCTGCGGCAGCGGCTAGAACAGCTGGTCAAGGGECTGCGCCAGCTATAGGAGCGCGCCCCGTTCGCGGGGGTAGAAC
A TR ULDGWTOGNT P?ODGTLTYODVGDGTIIK KT DV ILETGV VI RTDTITUDET RTEPEATLAGMK

1201 AACTTGATCéTGCGGTAGCéAGCCGCCACTCGTTCCGCA@CCTCTTCGAGTGTCCCCCCéGTCCCGGCGéCGCTGAGCGéCCAGCGCAGéGGCAGTTCGéTACGGGTGGéACCGCCTAGé
TTGAACTAGGACGCCATCGGTCGGCGGTGAGCAAGGCGTCGGAGAAGCTCACAGGGGGGCCAGGGCCGCGGCGACTCGCCGGTCGCGTCGCCGTCAAGCCATGCCCACCEGTGGCGGATCG
F K I R R Y 6 A AV REAAZETZETULTGGT GAG S L P W RULPLIETRTAG G L

1321 AGGGTCGACAGGGCAACGTTGTGTGCCTGECCEATCGCATCGAGCARCGCGGTCTCGAGCGCGGCCTTGGCGAACAGETTGGCGAACGCAATCCGGTCTAGTTGTCGACGGGTCCCGECG
TCOCAGCTGTCCCGTTGCAACACACGGACGGGCTAGCGTAGE TCGTTGCGCCAGAGCTCGCGCCGGARCCGCTTGTCCAACCGCTTGCGTTAGGCCAGATCAACAGCTGCCCAGGGCCGE
L T S L AV NUHUBAGQTGTIA ATDTLTLA ATTETLA AA AT KT ATFTILDNA ATFA ATIRTUIDTILGOQT RURT G A

1441 AGGTCTTCGACGTCGCTGCEGATCAGTGCGGGECAAGGTAGCAGTCGATGATCTGCT TP TGCCCTTCGATACTTTCTCEGCCCCACCACGGTCCGCCTGGTGATACCCCTTCGCCGAGS
TCCAGAAGCTGCAGCGACGGCTAGTCACGGCCCCGTTCCATCGTCAGCTACTAGACGARRACGGGAAGCTATGAAAGAGGCGGGGTGGTGCCAGGCGGACCACTATGGGGAAGCGGCTCC
L. D F VDS G I L AP ATLTZYS CODTITIOZXSO QOGETITSETGTEGUWWEPGG®P S VY G E G L

1561 CCGACGAATECGGCGTCTGTGACGACCTCGACGAGEAGGTAAGTTTGTGEGTCGATGCTGTGGTTCGCGARTCGGTGTGEGCGCAGGATCGGTAGGTCGACGATCGTGGTCCGCACACCG
GGCTGCTTAGGCCGCAGACACTGCTGGAGCTGCTCCTCCATTCAAACACGCAGC TACGACACCAAGCGCTTAGCCACACCCGCGTCCTAGCCATCCAGCTGCTAGCACCAGGCGTGTGGC
6 VF GADTVVEVILZLJYT QA ATDTI S HNATFIRIETEPIRTILTIZ®PILDVTITTRUVG

1681 CTGACGGTGAGGTTCGGCATGGCCGCTCGETCTCGTTETETAGT TAGGGACARAAGGACCGGTGGGTCAGATCGGTGTGACARGCAACGTT TGGTCCCGACTCGCAATCGCACCTCGGTG
GACTGCCACTCCAAGCCGTA
S VT L N P M <« clcB

1801 GCGGTCACATCCGCGTCGGTGTCAGTCGGTCCATCCAGGCTTGGGAGTTGTCTCCGGTCTGCCAAACGGGTGGGACGGCCACGGCGTCCAACCCATTGCGGTGGGCCCGGGCCATGTGAC
1921 GACGGTAGGACCGCGGTGAGTGAGACCGCCAATACCCATGCAGTTGCCCGGGCCCCTGATCTCGGTATCGGCTGACATCCCAACAGCGGCCGTGTGCTTGACTGCGACCATGACATCGCC
2041 GATATCGGCGGCACCACTCGACGCCCGCAAAACCCGATGGCGGGGTGTAGTTGGGGCGGCGTGTTTCCTTCCCGTCTACCACCACGCACCATGGCGCTTTGTCCGACCTGAGGGATTCGA
2161 CCACGCGCTGATCAGCATCGGCGTCGACATTCGCTCGACCCCCGCCCTCGAGTACCTCGACCAGCTACCGCTGCAGTTCGTTCGGATCGTTGCACCCGACGAGGGCTCGGAAGGGTACTG
2281 CGATCTCGACTTCGCATACGCAGCGGTGCTGGCCAGCCATCACCGCCAGGCTGCCCGGGTGTTCCCCGACGGGCGGATCGCCGGCTCCGTCGCCGCCCCTGCTCCTGATTGCCAGCCTGC

2401 GCGCCGAGCTGCTCGTCGEECTGAGATTCTCCTCGGCGGEACCEAGACCCARTCGGTACCGACATCTCATTCGCGCCAGGCTCCGGCCGGTGCGCTTACTATCCGATCATGATTCCTCTC
ClecR - M 1 P L

2521 GACGTACGC&AGTTGGAGTGTTTCATCGCfGTCGCCGAAéAACGCCACGTCGGCCATGCéGCAGCCCGGéTGCACATGAéCCAGCCGCC&TTGACCCGC&GAATCTCGCGCCTCGAACG&
D VR Q L E C F I AV A EEIRUHEVYV GHAAAIRTLMHEMT ?P P L TIR®RTI S RL ER

2641 GAAATCGGCGCACAGCTGTTCGTGCGCACTCTGACCGEGETCGAACTGACCGCCGCCGGGCTCGTACTGETCGACCGCGCCTACCGAATTGTGGCGCTGECCGAGAACACCCTCGAACGE
E I G A QLT F UV RTTULTTGJVTETLTA AA AG®GTLJVYVTLILDTE RATYR RTIVATLA ATETNTTLE R

2761 GTGCGCCTGGCCGACGCCGETGAAGCGEGCGCECTGECCGTCGECTACTTCGGCTCGACGATCTTCGGACTCGTCCCCCGCCTACTECGTCTCTTCCTCGACACTCGCCCCGAAGTGCGE
vV R L ADAGTETGATG A ATLATYVTGYTFGSTTITFGT LV ?P?RZILULRILTFTLTUDTTRTPE VR

2881 ATCGTCATCGARCGCGCGACCAGGGACATECAGGCCCAGGCCATTCGCGATGECCGCATGCACATTGGATTCAGTCGCCARTACCCCGCCGAACCTGACCTGGCGGTGCGCARCATCGEE
I v I ERA AT RTDMMG©OQAGOA ATILITRTDTGT RMEH TIGTFSRO QY PAETPTDTILATYVRNTIA

3001 TCCGAGCCGETGTATGTGGEACTGCCCGARACACATCCACTACTGAGCAAGCAGAAGGTGCTGCTCGCCGACATCCAGAACGAACCGCTGGTGCTGTTCCCTTCGGCACCCAGGCCAGET
s E P L YV ATLT PTETH H®P?PLLSE KO QX XV LLADTIGONTET?P?TLTVTILTFTZ®PSATPT RTPG

3121 TTCGCCGACGARGTCGTTCAATTACTCATECGCACCGECGGTGAACCGCECATCGAAGCCGAAGCAAGCGACGTCGTCACCGCCTTAGCCTACGTGGCCATCGCACAATTGTGCGCGGTG
F A DEJVVQLTLMT®RTTGGTET PR RTIEA AEA AST DV VYV TALATYV VATILIABAOQTLTCAV

3241 GTCCCCCGTTCCGCCAGCAACATTGCACTECCCGECETGETGTACGTCCETCTGGCCEACGCCCCGCCGGAATCGCTGAGCTGCATCTACCGGGCAATCGAGACACCGACGTTGGTGCGT
v PR SASNTIATLTPGT YV YV PLATDTA ATPTPEST STLSCTIVYRATILIETT®P®TTZLVR

3361 GCCTTCCTCéACCATCTTGACCTCCTGGATCCGGCGACGCTCGACCTATACGAGGACTGACCGATACCCACACCGACGT@ACGACGGTGéGGTGTTGGTATTGGCCCACéCGAGCTGCGé
A F L D H L D L L D P A T L D L Y E D STOP

3481 CTGGCTACGCTTCACCCAGECGCATCARAGCCCCTCOGTECCCGCAGCACCTTCCGACGCGAGGCCCGTCGCGACAGCARCGGATTCGECTTTCCGCGCGTGCAGTGCCTCTTTGTCGE
—_—

3601 CGGCARAGAGGCACTGCGTAAGAGATATCCARGGAGTTARACATGGCCAATACACGCGTGATCGAGTTGTTCGACGAATTCACCGATCTCATCCGTGATTTCATCGTCCGTCACGAGATC
D — ¢lcA > M A N T R V I E L F D E F T D L I R D F I V R H E I

FIG. 3. Sequence of the 7,240 bp of R. opacus 1CP DNA cloned in pRERS5, pRER7, and pRERG61. The predicted amino acid sequences of the open reading frames
are shown below the DNA sequence. Amino acid sequences obtained by direct sequencing of proteins or tryptic peptides are underlined. For clcB, which is divergently
transcribed from all other open reading frames, the complementary (in this case, coding) strand is also given. A segment between clcR and clcA, which forms a hairpin
structure and possibly represents a transcription terminator, is indicated by two arrows of opposite orientation. An imperfect inverted repeat is represented by
underlined and italicized bases between clcB and clcR as well as downstream of ORFS5.
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erties (43, 44, 63). Especially interesting was the observation
that with respect to the conversion of 2-chloro-cis,cis-muco-
nate and the chloromuconolactones derived from it, the muco-
nate, and the chloromuconate cycloisomerase of R. opacus
1CP were more similar to each other than to proteobacterial
muconate or chloromuconate cycloisomerases characterized
thus far (63). If these phenotypic similarities of the Rhodococ-
cus enzymes resulted from a closer evolutionary relationship,
then this would mean that the adaptation to chlorosubstituted
substrates occurred independently among the proteobacteria

ACCACACCGGAGTACGAAACGATCATGCAATACATGATCAGCGTCGGCGAGGCCGGCGAGTGGCCGCTGTGGCTCGACGéGTTCTTCGAAACCACCGTCéACTCCGTGAéCTACGGCAAé
T T P E Y E T I M Q YM I S$ V G EAGEWUPULWLDATFT FETTV D S V S Y G K

GGAARACTGGACCTCCAGTGCGATCCAAGGACCGTTCTTCARAGAAGGTGCCCCGETGCTGACCGGCARACCGGCCACCCTGCCGATGCGGGCAGACGAGCECTGGCGACCEGATGCGGTTE
G N W TS S A I QG P F F KETGA ATPTZLTLTTGTE KT PATTLTPMTZERATDTET PTG DT RMER F

ACCGGGAGCGTGCGCGACACGTCGGGAACTCCGATCACCGGCGCGGTCATCGATGTGTGGCACTCCACCAACGACGGCAACTACAGCTTT TTCTCCCCCGCTCTGCCCGACCAGTACCTS
G s VRDTSOGTOP®» I T GAV IDVTWWEHSTNTGDTGNTYSTFTFSTPATLTFPTDOQ Y L

CTGCGCGGCAGGGTCGTCCéCGCCGAAGAéGGCAGCATCéAGTTCCACAéCATCCGACCéGTGCCCTACéAAATCCCGAAAGCTGGCCC&ACGGGCCAGéTCATGAACTéATACCTCGGé
L R G R V VP A E DG S I E F¥F HS I R PV P Y ETIT P KA AGZ PTG QL MUN S Y L G

CGGCACTCCTGECGCCCCGCACACATCCACATCCGCATCACCGCCGACGGETACCGGCCACTGATCACCCAGCTCTACTTCGAGGGCGACCCGTACCTGGACAGCGACTCCTGCTCGGTA
R H S WR PAHTIUHTI®RTITADTGT YU RTPTLTITOGQQTLZYT FTETGT DT PTYTILDSTDSC S A

GTCAAGAGCGAACTGGTTCTGCCGGTCARACARGATCGACATCGACGGCGARACATGGCAGCTAGTCGACTTCAACTTCAT TCTCCAGCACAACTGATCGCGAGACATCATGTGCCACAAC
V K s E LV LPVDNJZ XTI DTITDGETT®¥OQTLJVDTFNTFTITLGOTEHNSOPCGCD-> M c HN

AAATCATCCGCGCCTCCCACACCCGCACACATATCGATACAGCARAACCGGACTCCCGECACCGACCCCGTTCCCTACCTGCACGCGTCETCGGACACCGGGAGCGGTGACACGATCGTC
K s S A P P T P A H I 8 I Q QN RTP G T D P YV P YL HASSDTGSGDTTIV

CTCCTCACCGACATCTTCGGTGTGACCCCETTCTATCGACACCTGGCTGCCATGCTCGCCGAGARAGGCCACGACGTCGTCATTCCCGACGTATTCCACCGAGTAGGCCACGCCACCGAC
L L TDTIFGV TPFJYRUHTLAAMTLAETKTGHTDVJVY I PDVFTUHE RTYTGHA AT D

CCGGGCCGCGACGCGECCTTGGCCAGACGCCGCCART TGGACGACCGTCTCGCGAT CGAGGACATCGAACGCACCGTCGCCCACACCGTCGATGAT CAACAGACATTCGGT GTACTCGGA
P 6 R DA ALAURU RIRD©OQLDD RILATIZEDTIEI RTUVAUHTV DDQQTF G V L G

TTCTGCCTCGGCGGARGCTTCGCCCTGCTGACCGCGGCCGCACACCCCARTCAGGTCACCGCCACCTACTACGCCTTCCCTARAGGCGCGCCAGGAGCGARAGTGCCTGTCAAACCGCCA
F C L 6 6§ P AL L TAAA AHU®PNOGQVTA ATYYAUVFUPIKGA AU®PGAI KV P V K P P

CTTGAGGCTGCCGATGCGATCGACGGGCCEGTCCTGTGCEACTGGGGGCGAGACGACTACATCGATCACGAGGAAATTGACCAACTGGAACAGATACTCGCGTCGGCT CCCGGTCCCAGE
L EA A DA I D G P V L C HWGRDD Y I DHEETIDSOGQTLETOGQTITLASAUP G P S

GAGATCCGGTGGTACGACAACGCCGEECACAGCTTCCTCGCCGGACTAACAGARCCGAACCACCCCAGCACTGCAGCCGCCCACGACTCCTGGCAGCGCACAGT GGAATTCTTCGAACGS
E I R W JYDNAGTEH S F L A G LTEZPNTHTZEPSTAARBARTETDTSTW®WOTRTTVTETFTFE R

TACCTCACCGTAGGATCCGCCAACTGAACGGAACGGCGCECTGCCGGCGACCACACAGGCCCATTTGCCCATACCATTCCTGGTATACGTTGCAGAGCAACGGACTGATCACT GCCTTGT
Y L T V G S A N STOP

GGCGTGCCCGTCACCGGGCGGCGCAGCTGCTGTCACCTCTCTCCGGCTTACCCGCTGAGTCTGCTCACAGCACCAACGCGCAACCTCGAGCGTCGGCTCCTCGTGCCATTCACGACCGGC
CCCGGTATTCAGAACCCGCCTGCGGACCAGTCCGCCTGCEGTTGGGTGGTTGTTGTCGTCGGGTGGAGAACTCGCGAGARCTGGGCCCCACTCAGCGCCGGGGTCGGGAAACATCGTTGT

CGGAGTCACGCGTTCGGCACTCGCCGETCGACCAGGCGCACTCAGTAGGTGTTTGGARAGCTGTGCGATTTCGGCCCCGAAGCGGATCGGTGACATCATGATGGGGCATGGGTTCTCGTA
ORF5 — M G S R K

AGCAGCATCGCAAGCCGAAGCCGTATCCGTCCGATTTGACCGATGCGCAGTGGGAGTTGATCGCACCGATGGTCCCTGTATCTTCGGCTGGTCGCCCGCECATTCACTCGCGCCGCCGGA
Q HR KP K P Y P S DLTDA ATG QUWTETLTITA ATPMMTYT®PVS S AGI R PPTIUHST RTI RTRI

TCGTGGACGEGATCTTGTATGTCARCCGCACCGGCTGTTECTGGCGCCAGTTGCCGCATGATTTTCCGAAGTGGGAGACGGTGTACTGGTACTTCAAGGTGTGGAACGAGTCTGGGGTGA
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ATACGCGCGETTGGGACGGCGCGAARCGAGTCAATGGGCECARAAGGCACTTGGTGACCGACACGCTCGGCCTACTCGTGGTGGTGTTGGTGACGGCGGGGAGTGTGCAGGACCGTGACG
T R G WD GA KRV NGIRIKZ RUHETLVYTTDTTILTGTZLTLV YV VL VTA AGT SJTV O0DTZ RTD G

GCGGACGCCEGETGCTGGCECGGGCGAAGACGGCGATGCCGTCEATGETCATGGTGTGEGCCGACGGCGGCTACGCCGGEARGCTGETCECCTGGETCGACACGCTGCCGCATCGCAGTS
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AACACTTAGTCAGAGGCATCTAGCGGCGCTCCGGCATGTACTCGGGATACTCAGCCGGTGGTGCAATCTAGAAGACAGCTTGGTGAAGCCCTGGGGCCATCCGATATGGACCTGGTCTAC
CTGTACTGCCACGGAGAGCGGTACAACCCCCCGGGAGCATCCGTGTCCGACCCCCTCCTGGTCCTCGGGTCCGGCGAATCGTTCACACCCCAGGACGTCAGCGGATGGTCCCAGCTCTAC
GATTGGCCCGATCCGCACTGGCGCGACCGCCCGCCCCTCGTCGTGCTAAACGCCTGCCACTCCGGAGCGAGCCTGGCGACAACCCTCGCTGATTTCGTAGGAGTCTTCACGCAAACCGCC
GGCGCCGCTGGGGTCATCGCCACCGAGGTCGCGCTTGAGCAGAAAGTGGCCGGACTCGCCATGGAAACCTTCCTGACGGAGCTCGTCATCCCCCGCATCTCCGTCGGCGAGGCCATGCGC
CGCATGCGCTGGACGCTCCTCAAGCGTGGAAATCTCATGGGTCTCGCCTACTCGCCGTACTGCGCAGCAGACCTGCTGCTGTGGCCTGCAACGACTCTGCAACACAGAGCCGACGAAGCG
CTAAGCCTGGATCCGTGGAGCTACGCCAGGCCGTAACGACGTGTGACTAACGAAAGCGCCTCCCGTAGTGAGACAATCAAGATTCTCACGTCACAATTGTCCACATACGGAAGGGCACTT
TCAGTGCAATCATCGCACACGTTCACGGCTGGGTCCGCGE

FIG. 3—Continued.

and the gram-positive bacteria. Thus, on the basis of a se- pJP4, and pP51.

quence divergence, a functional convergence (12) would

have to be assumed. Proof of this hypothesis would require sented in a preliminary communication [16].)
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sequence information from both the enzymes involved in
catechol catabolism and those involved in chlorocatechol ca-
tabolism of Rhodococcus. We recently reported on the char-
acterization of the catechol gene cluster (17), and in the ac-
companying report (18) we present sequences of enzymes for
protocatechuate degradation, some of which also contribute to
the catechol branch of the 3-oxoadipate pathway. In this com-
munication, we show that the chlorocatechol enzymes of
R. opacus 1CP do indeed represent different branches than the
previously characterized enzymes encoded on plasmids pAC27,

(Some of the results reported here have recently been pre-
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TABLE 2. Sequences of N termini, tryptic peptides, and deduced primers

Protein or peptide

Amino acid sequence”

Deduced primer sequence

Chlorocatechol 1,2-dioxygenase

AASGGBCCYTGKATNGC

CCD67.8 VVPAEDG(V)(I)(P)F(H)SIR
CCD72.0 GNWT(D)(L)AIQGPF
CCD82.6 VIELFDEF(T)DL(R)

Chloromuconate cycloisomerase

GTSATCGAGYTNTTYGAYGA

N terminus” PNLTVSGVRTTIVDLPIL(R)P ACSACSATCGTSGAYYTNCC

CMCI65.74 ELEAIGLSAVPVEEQR

CMCI76.33 QIIDEYLAPALIGSDVEDLAGTR

CMCI79.76 VEVVT(D)AGFVGLGEGV

CMI85.33 FANHSIDAQTYLLVEVVTDAGFVGL TCKATBSWGTGGTTBGCRAA
Dienelactone hydrolase

DLH49.82 SXAPPTPAHISIOQQONR

DLH71.46 XYDNAGHSFLAGLTEPNHPSTAAAH

DLH84.65 TPGTDPVPYLHASSDTG

“ Segments used for the design of oligonucleotides for cloning are underlined. Letters in parentheses indicate uncertain amino acids.
 From reference 63. The published N-terminal sequence had an aspartate in the second position instead of the asparagine shown here.

MATERIALS AND METHODS

Strains, plasmids, and cultivation conditions. R. opacus 1CP was isolated with
2,4-dichlorophenol as the carbon source (25, 66). To obtain biomass for the
enzyme purifications, the strain was cultivated in a mineral medium with 4-chlo-
rophenol as described previously (63). Escherichia coli DH5a (5), obtained from
Gibco BRL, was grown aerobically at 37°C with constant shaking in LB (Luria-
Bertani) medium (56) supplied with ampicillin (100 pg/ml), if appropriate. The
plasmids used in this study are described in Table 1.

Enzyme assays and estimation of protein concentration. The activity of chlo-
romuconate cycloisomerase was measured spectrophotometrically at 260 nm as
described by Schlomann et al. (59), using 0.1 mM 2-chloro-cis,cis-muconate as
the substrate (extinction coefficient, 17,100 M~! - cm ™! [13]). The latter was
available from a previous preparation (72). Dienelactone hydrolase was assayed
at 280 nm, using a modification of the procedure of Schmidt and Knackmuss (60)
in the presence of 50 mM Tris-HCl (pH 7.5) and 0.05 mM cis-dienelactone
(cis-4-carboxymethylenebut-2-en-4-olide) (extinction coefficient, 17,000 M ™" -
cm™! [59]; obtained from S. R. Kaschabek and W. Reineke, Wuppertal, Ger-
many).

Protein purifications. Chlorocatechol 1,2-dioxygenase was purified basically as
described previously (43).

For the purification of chloromuconate cycloisomerase, a cell extract was
prepared in 50 mM BisTris-HCI (bis-[2-hydroxyethyl]-imino-tris[hydroxymethyl-
Jmethane-HCI; pH 6.5) plus 1 mM dithiothreitol (DTT) by grinding the cells with
glass beads and clarifying the crude extract as described previously (17). The
extract (volume, 250 ml; protein, 800 mg; total activity, 14.6 U; specific activity,
0.018 U/mg) was subjected to a purification scheme which differed from that of
Solyanikova et al. (63) especially in the first step and in the additional reversed-
phase chromatography. From a Pharmacia Q Sepharose High Performance HR
16/10 column (bed volume, 20 ml), used with 50 mM BisTris-HCI (pH 6.5), 1 mM
DTT, and a linear NaCl gradient (0 to 0.5 M NaCl over 300 ml), the most active
fractions eluted at ca. 0.35 M NaCl. (NH,),SO, was added to 1.6 M (final
concentration), and the preparation was chromatographed on a Pharmacia Phe-
nyl Superose HR 10/10 column. Elution with a linear gradient of (NH,),SO, (1.6
to 0 M over 104 ml) in 50 mM Tris-HCI (pH 7.5), 2 mM MnSO, yielded
cycloisomerase-containing fractions at about 0.35 to 0.4 M (NH,),SO,. The
preparation was subjected to gel filtration on a Pharmacia Superdex 200 prep-
grade HiLoad 16/60 column (bed length, 60 cm), using 50 mM Tris-HCI (pH
7.5)-2 mM MnSO,-0.2 M NacCl for elution. The resulting preparation (volume,
9 ml; protein, 12.3 mg; total activity, 8.25 U) had a specific activity of 0.67 U/mg,
equivalent to a 37-fold purification. The purified enzyme was prepared for tryptic
digestion by reversed-phase chromatography. A ca. 0.2-mg aliquot of the purified
enzyme was loaded onto a Pharmacia ProRPC HR 5/10 column with 0.1%
(vol/vol) trifluoroacetic acid in H,O and eluted with a linear gradient (over 18
ml) to 0.1% (vol/vol) trifluoroacetic acid in acetonitrile. The absorption peak at
ca. 65% (vol/vol) acetonitrile was collected and concentrated in a vacuum cen-
trifuge.

For purification of dienelactone hydrolase, an extract (volume, 65 ml; protein,
124 mg; total activity, 51.9 U; specific activity, 0.42 U/mg) was prepared in 50 mM
Tris-HCI (pH 7.2) with 0.1 mM DTT. Compared to a previous purification (44),
more advanced chromatographic media were used. Chromatography with Q
Sepharose High Performance HR16/10 and a gradient from 0 to 0.75 M NaCl
over 400 ml was followed by Phenyl Sepharose Fast Flow HR16/10 chromatog-
raphy using a gradient from 2 to 0 M (NH,),SO, over 280 ml. The final Superdex
75 HR10/30 (bed length, 30 cm) step yielded a preparation (volume, 1.5 ml;

protein, 0.28 mg; total activity, 8.3 U) with a specific activity of 29.7 U/mg,
equivalent to a 71-fold purification.

The purity of enzyme preparations was investigated by discontinuous sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis as described previously
(17). The gels were stained with a Pharmacia silver-staining kit.

Protein cleavage, isolation of peptides, and sequencing of peptides and N
termini. Trypsin digestion of chlorocatechol dioxygenase, chloromuconate cyc-
loisomerase, and dienelactone hydrolase as well as subsequent separation of
tryptic peptides by reversed-phase high-pressure liquid chromatography were
performed by the procedure of Stone et al. (64), with details as described by
Eulberg et al. (17). The amounts of chlorocatechol dioxygenase, chloromuconate
cycloisomerase, and dienelactone hydrolase after precipitation, washing, and
drying were 66, 90, and 30 pg, respectively.

Purification and general in vitro manipulations of DNA. Genomic DNA of R.
opacus 1CP was obtained as described previously (17). Plasmid DNA from E. coli
DH5a was isolated with Pharmacia Flexiprep kits. For other general methods,
see the accompanying report (18).

Amplification of segments of the chlorocatechol 1,2-dioxygenase gene and of
the chloromuconate cycloisomerase gene. Oligonucleotides were custom synthe-
sized according to the sequences of an N terminus and of several internal
peptides (Table 2). To reduce the degeneracy of the oligonucleotides, a codon
usage table for the previously sequenced genes catA, catB, and catC of strain 1CP
(17) was used. The 50-pl PCR mixtures contained 50 pmol of each primer, ca.
0.25 pg of genomic template DNA, 0.1 mM each deoxynucleotide triphosphate,
Goldstar DNA polymerase buffer [75 mM Tris-HCI (pH 9), 20 mM (NH,),SO,,
0.01% (wt/vol) Tween 20], 1.5 mM MgCl,, and 0.5 U of Goldstar DNA poly-
merase (Eurogentech). A denaturing agent (dimethyl sulfoxide or formamide)
(71) was added to the reaction mixtures to enhance the specificity of hybridiza-
tion (2 to 8% [vol/vol] dimethyl sulfoxide or formamide for amplification of a
fragment of the dioxygenase gene; 3 and 6% [vol/vol] dimethyl sulfoxide for the
amplification of a cycloisomerase gene fragment). The thermocycling parameters
for amplification of the chlorocatechol 1,2-dioxygenase gene fragment were
as follows: 30 cycles of denaturing (95°C, 30 s), annealing (48°C, 2 min), and
polymerization (72°C, 45 s), with an additional 2.5 min of denaturing before
addition of the polymerase during the first cycle (10) and an additional 4.25
min of polymerization during the last cycle. For amplification of the chloro-
muconate cycloisomerase fragment, a thermocycling program without a sep-
arate polymerization step was used as appropriate for the small size of the
product expected: 30 cycles of denaturing (95°C, 30 s) and annealing (48°C,
1 min), with an additional 2.5 min of denaturing before addition of the poly-
merase during the first cycle and 20 s of polymerization at 72°C after the last
cycle.

Cloning strategy and hybridization procedures. PCR products were ligated
into a T-tailed vector (45). The plasmids containing the ca. 220-bp product
obtained with the chlorocatechol 1,2-dioxygenase-derived primers and the ca.
60-bp product obtained with the chloromuconate cycloisomerase-derived
primers were designated pRERD1 and pRERCI, respectively. The insert of
pRERDI was digoxigenin labeled by using a DIG DNA Labeling and Detection
Kit Nonradioactive (Boehringer), while the insert of pRERCI1 was labeled, after
denaturation (100°C, 10 min) and immediate chilling on ice, by tailing with
digoxigenin-dUTP using a DIG Oligonucleotide Tailing Kit (Boehringer). On
Southern blots of genomic DNA of strain 1CP digested with PstI or EcoRI, we
could identify a ca. 2.9-kb PstI fragment by hybridization with the labeled insert
of pRERD1 and a ca. 3.7-kb EcoRI fragment by hybridization with the labeled



VoL. 180, 1998 R. OPACUS CHLOROCATECHOL GENE CLUSTER 1087

. . . . . . . . . 100
ClcB R. opacus 1CP W----------------- PNLTVSGVRTTIR-BLRT LB - HRFANHS IDARTE L LVEVYTDARF VE L BEG VP PWWGGSIGOKOIIDCYLAAI
TfdD, pJP4 WLTEKATADSPNGGDADRKAAQIEATETVIY-WLIE- LIBRIQQFARLGAKHESSYLIRLHTKGEI VIS I TPCEPWWSGDSVIMATQATINHY LAGLYV[E
CleB pAC27 M K’“IEAIDVTL*VASIO»MSFTTVQKS%AIVOIR'AGLCIGS;VPTWSSCATIKVIIETYLALI
TcbD pP51 W----------------- K---TEAISTTIH- BVIITRIGEL Q-MSFTTVHKWISYV IVQVK-AGEL V(! EAGGS VEEP THGSESAET [KV I TDNY LAJ! IVlE
TfdD pJP4 Vormmomm e K*“IDAIEAVI'VTKIQ-MSITTVHOS%VIVRVY'SELVVGG VP VIWSAIZCAIT I KT IVERY LA[ZH[EL{
CatB R. opacus 1CP W----------------- TDLSIVSVETTIL -[vIgi VI4R- HZFATTS:@TAP%LLVAVTTAGVTYGVVPPWNGGSVTMQT‘IVERY IV[gVIRL(E
CatB A. calcoaceticus W---------ee e VKSVETIL*ITI-H?(//LSVTT//OTT{ZVLIKIITEDIVWATTILNYGESPSVK%NIDTYFKLLS
CatB P. putida PRS2000 W----------------- TSALIERIDAII*LTI-H%LAMHT OOT'VVLRVRCSDVEIATTILAYGYSPGIKgNIDAHLAAI
CatB P. putida RB1 W---—-—------------ TSVLIERTEAT IGHELIGT I[IGPHELAMHTHOSETLVLIRVRCSDEV EE I GIATTI{EELAY GY[AT PG KN I DAHLAARV(E

. 200
M

ClcB R. opacus 1CP AT] TELPLRPSGAGTGGTLEEAgRVAAGYR'glF [EALAPREWID
EPALDASRIMAKLHGRVA- GIHAFINIAG T EMENL WAV GKIVDAP THV[BLIEIER FIRDR L SVARNPIBATGDVNQEVDERFRML[BAGKAGARNLIAMEA L P LAQELR
K§ATNLR*ELQHLMERAVTGYSAAIDVHLKAHSLNLPLSDIAIOOGIPIATASGDTORDIAIE%MIRRRHNILVRSPADLR

TidD, pJP4

ClcB pAC27 5 5

TcbD pP51 KBASNLS - QARVLMDRAVT G SIY8AA 10 1/JEHML kaRALNLS TAD IRETMETS 1P 1 ARTHASGDTARD TDSIL EMIEET RRNEAVILBART P AGELE
TidD pJP4 THAFNYS-GALQTMARAY TGIASIYRAAY EMENLI KARALGYS TAEUEER LBSA TP 1 ARTHASGOTKROLOSEVEM I[RRRUNGEAVI L8R RSP 1

CatB R. opacus 1CP
CatB A. calcoaceticus
CatB P. putida PRS2000
CatB P. putida RB1

BALDPAVEITA
ESNPLQHEYVD
TEANPVEQELK
LISTEANPLACELK

RGVDET -TGIMPDIERVVANARFAAVDVHAWARSLGVP}%HTLAFKSVD?;TAGAAPAEEI TEERLDLVESKRHF SIEN| [4M
IKAPLNVAOTLKLIRKSINGRFCAIOTLEIOAKRLNVP;@SELRIDRLP /L LHTRASGDTDKDTAERIKKMIE KRHNT@NL ST
LAADNINAAMLKL - OKLAKGTFINSSG T ESINNLIBAQGKRLGLPESE[MLIIERVIND S L EYARITIRASGDTARDIAEIARHMLIETRRHRVZLI
LPADNINAAMLKL -DKLAKGIT FINSSGT ESYRL, g

SEVEDL AGTRRQLDRIAFALFAALETLAIGOAHNVALSTL

AOGKRLGLP?SE LEERVIDS LEZAZI TIJASGOTARDIAERJQHMLIST RRHR V[N

CleB R. opacus 1CP pa THELRTATWAVRERE

TfdD, pJP4 VIJPRIEAMEE PTTMRALAPIREAAGVE T [[H0EYARWNLDAMARIHROARSM - LLIH3GVOSLHDRSEVVKRAAAGLY S LIJIMKT(EE
ClcB pAC27 HIEKTTERVGDRAAVIVIEIRIQARIMENTASYWI PR VELVEMZYARSNFDALRRIBSAD-NGVAT LS L SSLASHRFELARHHCVDAFS LIRL CNMEE
TcbD pP51 HIRSIVKAVGDRASVRVIEVRIQGEINE QTASIWI PR VELV[ENEEPRANFGALRRIBTEQ-NGVAT LEWESE SSLSSIAFELARDHAVDAF S LL CNMEE
TfdD pJP4 HMEALSNSLGSKAY LIRVIEVIIOAZIBE QVASVY I PE| VELT{AMZEGRENTQALRRIMSDN -NRYATMENIRS | STLASEIFDLARDRSVDVFS LQL CNMele

CatB R. opacus 1CP
CatB A. calcoaceticus
CatB P. putida PRS2000
CatB P. putida RB1

VEGEVELISAITPGEQLEVLAEM-NRLVPYPYMERIASVOTPHDRIL EVARRGAZDV IALISTTKCHE
ODGIDLICAIENTDALARTAR-FDVAIMVLTGPDSYRIAKKSG;DVFAVVEQS
GONEIOLI{AMET SRINRGGQVRIINGR - SPAP IMENIAS T SVEDRFSLAADGAAS I FALIAKN[He
GDNIDLIISRINRSGOVRNOR*SPAPIMSIESVEDFSLAADGA%SI FALLS

ClcB R. opacus 1CP
TfdD, pJP4

CleB pAC27

TcbD pP51

TfdD pJP4

CatB R. opacus 1CP
CatB A. calcoaceticus
CatB P. putida PRS2000
CatB P. putida RB1

LOKSREVVATAKAARNACHEAYS T E

PRAVLRTRQTIIE AACHIG L igeteqiM[R

PRAVLRTIRQ IEIE AAICHIA LpAeieRMBE

LRAAALIBATLOTASTG PRI B &P VR ARSAHLFATFPRLLHECERVEIRL LLABSY ITEPLAYTOGI LTVITGPELEVRLDHDKVORY RER -
MRPARAMADIINAGGMHVYMGTFLETSIGTA NMQLAASTESLPTRAKSSEE- - - - - - - mmmm oo c

wPIASIHFACAEPGIDF
LIEACEVKIRLASLMEGAVSISAHAFSTFETLEF

3S T LI@SAHAF LT LRQLTWEFAE

395

VANTLKVEIA TRIE ASERA SUEEIMEDS S A ALHVYATLPTMPFECLNVLA;@TLTOTQLEIKDFEIRLSGPLVDIDPDKLRHFTAG
TANTLKVEIAVISE AAIRES SCTERIMIBD S TV [ElA| LHVYATLPSLPYCINVLGgRLTOQDLEIKDFEVHLLGSLVDLDHDKVRHYTAA
VSATOKIAVEASASMD§TISVALQLYSTVPSLPFC FVLAﬁTLSHEPLEIRDYELOVTGVHMTLDEDKVRQYAVS

{ely! L FSEELLOQEPIRYADGQVFL[JEGPELIEVE LNMDAVKTWT[N -

[ AREE( L TQSTLKTPLQYENFELVVENTPEILIEI EVDEDKLEQLREH -

E%SILSAHAFLTLROLTW Iy LLTEEIVNEPPQYRDFQLHI[ERTPELEL TLDEQRLARFANRR -

PEIYLLLTEEIVNEPPQYRDFQLHIERTPELELTLDEQRLARFARR -

FIG. 4. Sequence alignment of muconate cycloisomerases (CatB), chloromuconate cycloisomerases (TfdD, ClcB, and TcbD), and a cycloisomerase of unknown
biochemistry (TfdDy;) as calculated by the CLUSTAL program. Numbering above the sequences refers to positions in the alignment, not in single sequences. Amino
acids in positions in which at least eight of the nine aligned sequences are identical are highlighted. Amino acids that are identical in all muconate but different in all
chloromuconate cycloisomerases (or vice versa) are shaded. (TfdDy; was not included because of the lack of biochemical data for this hypothetical protein.) Aspartate
and glutamate residues involved in manganese coordination (arrows pointing upward), as well as lysine and glutamate residues directly involved in the enzyme
mechanism (arrows pointing downward), are indicated (22, 30, 33). Accession numbers and references for the published sequences: TfdDy;, U16782 (67); ClcB of
pAC27, M16964 (20); TcbD, M57629 (69); TfdD, M35097 (52); CatB R. opacus 1CP, X99622 (17); CatB A. (Acinetobacter) calcoaceticus, M76991 (62); CatB P. putida
PRS2000, U12557 (35) with two corrections in positions 158 and 263 of the alignment (57); CatB P. putida RB1, M19460 (1). The N-terminal amino acid of TfdD has

been determined to be methionine, although the associated codon is GTG (27).

insert of pPRERCI1 (procedure as described in the Boehringer manual). Identical
digests were loaded onto second gels, and slices that corresponded in size to the
positions of the respective hybridization signals were excised. The DNA was
eluted from the gel slices and ligated into the dephosphorylated PstI or EcoRI
site of pBluescript IT KS (+). The resulting gene banks were transformed into
cells of E. coli DH5a. The clones which carried the DNA of interest were then
identified with the corresponding probe (performed by a procedure analo-
gous to that described in reference 17). The plasmid hybridizing to the
labeled insert of pPRERD1 was designated pRERS; the one which hybridized
with pPRERC1 was designated pRER7. An adjacent clone, pRER6, which
completed the open reading frame for dienelactone hydrolase on pRERS,
was obtained by digoxigenin labeling a ca. 300-bp NotI-PstI fragment of the
open reading frame and by using that to identify a ca. 10-kb HindIII fragment.
A 2,409-bp SacIl subclone of pRER6 which overlaps with pRERS5 was also
identified by hybridization with the labeled ca. 300-bp NotI-PstI fragment and
was designated pRERG61.

DNA sequence analysis. The nucleotide sequences of the overlapping inserts
of pRERS, pRER?7, and a part of pPRER6 were determined partly by sequencing
nested deletions or subclones and partly by sequencing with custom-synthesized
primers. For the sequencing reactions, an Applied Biosystems Prizm kit was
used, with subsequent electrophoresis and analysis in an Applied Biosystems
A373 sequencer. Computer-based sequence analyses were done with the PC/
GENE program package (Intelligenetics Inc., Mountain View, Calif.). Database
searches were performed by the programs BLASTX (3, 24) and FASTA (51).
Multiple sequence alignments were performed by the PC/GENE version of
CLUSTAL (31), with open and unit gap costs set to 10. Dendrograms based
on the Fitch-Margoliash algorithm were obtained by using the programs
PROTDIST, FITCH, and DRAWTREE, and bootstrap data were obtained by

additionally using the programs SEQBOOT and CONSENSE, all from the
PHYLIP program package (19).

Nucleotide sequence accession number. The 7,240-bp sequence of the over-
lapping inserts of pRER7, pRERS, and pRERG61 shown in Fig. 3 will appear in
the EMBL, GenBank, and DDBJ nucleotide sequence databases under acces-
sion no. AF003948.

RESULTS

Cloning of the clc gene cluster from R. opacus 1CP. As a
basis for the cloning of the clc gene cluster, the chlorocatechol
1,2-dioxygenase, the chloromuconate cycloisomerase, and the
dienelactone hydrolase from strain 1CP, which previously had
been purified and characterized biochemically (43, 44, 63),
were purified again from 4-chlorophenol-grown R. opacus 1CP
cells. Aliquots of the purified proteins were subjected to tryp-
sin digestion, and selected isolated peptides were sequenced
(Table 2). Some of these peptide sequences, as well as the pre-
viously sequenced N terminus of the chloromuconate cyclo-
isomerase (63), served for the design of degenerate primers
for PCR experiments (Table 2). PCR products were obtained
independently for the chlorocatechol 1,2-dioxygenase gene (a
ca. 220-bp fragment) and for the chloromuconate cycloisomer-
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LGTAIYQTV[RALLHAFTQAVEGATLSLALMPKVREI EABRART IHLEVCREFYPOEPGITVEHLHYARMY TAAGSSTARQ- - LRODPTLLRLKSESLVRF(Z
LGTAIYQTVRALLHAFTQAVEEGTTLSLAQMSKVRIMEAMRAIST THVIEVCRFYPOETGITVEHLHI[ARMY TAASSSYARH - - LSREPTLLRLKSESLVHFL
FGTVVLHTLELLLRQLLSVARSATVSLTOMSKNR I EADABIT IDI[®FGIFYPYQEGYVVRNYTRIERIF L GAQKSRARS - -
FGTPIYRS{[ELLLRAFLTSTERTATVSLTHMTKDEY EGHL AT THV[EF S[RFFPRHPGIETVNIAQIEDIY LAVHRSQSGK - - FGKTCKLADLRAVELTNFIY
FGTPVFETV[RAFVRTFLATY[RDATVAVSHMTKEAW L ESIL SIBVVD I[EFGRFYPVTEGVSSWNIGTIATIRHVAAADPWDTR - - VSRARAVVDLLDVPLI[NY G
VSSLLYGLL[GETTY LFRQONFEIHIELIECGTKDWI NAKQEK I D LEF GRILKI TDPATRRIVLHK{FOMKLATHKHHHLNQFAATGVHLSQITDEPML[NY [y
APSTLYNVL{gELIRELRQDS -ELELGLSEMTTLOWVEAKSERIDIAFGRIRIEDAATAQQV LREDPEVAVLPKGHPL - - -AGSPLSLAQLAGEAF T[RY[§

FGEQVHCSALRNEPFI{iF]Y

. . . . . . . . . 300
SAPRRGNERV QL LMRTGGEP - RTEAEASDVVTIALAY VATAQLCAVIERSASNIALPGVVYVPLADAPPE-SLSCTYRATETPTLVRAFLOHLDLLDPA
KEGREESIEINEN I ALMRRAGVEP -RYTATVEDYNARLGLVAAGAGV T LIRJASVAATRRPFVRTMEMADASDKVPVSLTYLTDSRVPVLRAFLDVARRGK - -
QEGIRESIHANENY 1 ALMRRAGVEP -RYTATVEDVNAINL GLVAAGAGY T LERGASVAMLRRPFVRMIEMTAASAQVPYSLTYLTOSRVPVLRAFLDAARRLKPG

ClcR pAC27

TcbR pP51

TfdT pJP4

CatM A. calcoaceticus
CatR P. putida

311
ClcR R. opacus 1CP TLDLYED----
TfdR pJP4 SGOK- -
TfdR pEST 4011 VOAQRARPL- -
CicR pAC27 RESQ-------
TebRpPST e
TaTpdP4 -
CatM A. calcoaceticus FATHHIRPLIE
CatR P. putida IALG----- v

VSOKENEATFIQSLFTELGLYPSKLTE - IRETQLALGLVAAGEGVC IJIRASAMDIGVKNLLY IPTLDDDAY SPISLAVANMDHSNY TPKTLACVQEV - - -
ANPSVHLALFAOHGM'SIRVSOWANELOTIGLVAVGVGVTL

REGIES M EMI GV FKNARVEP - KVVATVEDYNARMALALAGYGY TIHIIE TYAMISWPDFGFTELVGSKATVPYSCIYRHDHIAPTLKTFINLL----P1
RGOS EMEM T GLFKHAGIEP - RIARVVEDATARLALTMAGAASS IRIASYAATRWPDTAFARIVGTRVKVP ISCTFRKEKQPP T LARFYEHVRRSAKD

ASVQQQHRTDIEYVGLLDSSAVSPITLSRRKGDVSPIVARCLG----L- -~

FIG. 5. Sequence alignment of the presumed CIcR of R. opacus to known LysR-type regulatory proteins that govern operons for catechol catabolism (CatM and
CatR) or chlorocatechol catabolism (CIcR, TfdR, TcbR, and TfdT). Numbers above the sequences refer to positions in the alignment, not in single sequences. Amino
acids in positions in which at least seven of the eight sequences are identical are highlighted. Accession numbers and references for the published sequences: TfdR of
pJP4, M98445 (46); CIcR of pAC27, L06464 (8); TcbR, M57629 (70); TfdT, U16782 (40); CatM, M76991 (55); CatR, U12557 (35). The amino acid sequence of TfdR
from pEST4011 was obtained by translating the DNA sequence after generating a frameshift by insertion of one nucleotide behind position 726 of the submitted

sequence (U32188 [38]).

ase gene (a ca. 60-bp fragment). The plasmids that resulted
from the ligation of the PCR products into pBluescript II KS
(+), designated pRERD1 and pRERCI, respectively, were
checked by sequencing to contain the fragment of interest. The
inserts of pPRERD1 and pRERC1 were labeled with digoxige-
nin and were used to identify a ca. 2.9-kb PstI clone and a ca.
3.7-kb EcoRI clone (designated pRERS and pRER?7, respec-
tively). By DNA sequence analysis, it was shown that the in-
serts of the two plasmids overlap, which means that the chlo-
rocatechol 1,2-dioxygenase gene and the chloromuconate
cycloisomerase gene are part of the same cluster of chlorocat-
echol catabolic genes. A major clone with an insert overlapping
that of pRERS, pRERGS, and its subclone, pPRER61, were con-
structed to allow the complete sequencing of this gene cluster.

Sequence analysis of pRERS5, pRER7, and pRERG61. The
sequenced 7,240 bp of the overlapping inserts of pRERS,
pRER7, and pRERG61 comprised five complete open reading
frames (Fig. 2 and 3). The first open reading frame (position
1,700 to 579) is transcribed in the opposite direction of the
other open reading frames. It was identified as clcB, the gene
of the chloromuconate cycloisomerase, by showing that the
sequence of its predicted gene product contains all determined
peptide sequences as well as the reported N-terminal sequence
(63) in which one position turned out to be wrong (Table 2;
Fig. 3). In addition, the predicted subunit molecular mass of
the protein encoded by this open reading frame (39,532 Da)
fits well with the 40 to 42 kDa determined by SDS-poly-
acrylamide gel electrophoresis of purified chloromuconate cy-
cloisomerase (63). The product of the clcB gene shows high

sequence similarities to known bacterial muconate and chlo-
romuconate cycloisomerases: 41.8% identical positions with R.
opacus CatB (in the alignment of Fig. 4), 36.2 to 38.3% with
muconate cycloisomerases of y-proteobacteria, and 36.5 to
40.3% identical positions with chloromuconate cycloisomer-
ases of proteobacterial plasmids (excluding TfdDy;, for which
no biochemical data have been reported [33.9%]). The resi-
dues which are involved in manganese coordination, as well as
those which are directly involved in the enzyme mechanism
(22, 30, 33), are conserved throughout the known muconate
and chloromuconate cycloisomerases, including ClcB from
Rhodococcus (but excepting TfdDy;) (Fig. 4).

Divergently transcribed from clcB, a second open reading
frame, coding for a protein with a molecular mass of 33,261
Da, was found to extend from positions 2509 to 3420. It is
similar to transcriptional activators of the LysR type, especially
to those regulating chlorocatechol catabolic gene clusters on
proteobacterial plasmids (36.8 to 39.0% identical positions in
the alignment of Fig. 5) and to y-proteobacterial regulators of
catechol catabolism (29.8 and 26.7% identical positions, re-
spectively, with CatR and CatM). Thus, this open reading
frame was considered to represent the clcR gene, coding for a
regulatory protein.

The product predicted from the third open reading frame,
positions 3643 to 4416, contains all of tryptic peptides that
were sequenced of chlorocatechol 1,2-dioxygenase (Table 2;
Fig. 3). The gene was thus designated clcA, although the de-
duced N-terminal amino acid sequence differed in 10 of 26
positions from the previously published, obviously incorrect
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CicA R. opacus 1CP

R. OPACUS CHLOROCATECHOL GENE CLUSTER

TfdC, pJP4

TfdC pEST4011

CicA pAC27

TcbC pP51 LOAFFNHEIVDLKA
TfC pdP4 WNK - - - mmmm e VKDVVDATVAAVQRYLDQKEVIEAlY RTAVHY LMQVAEQRIETALL - - - - - COVFFNSEVAATKA
CatA R. opacus 1CP TTTES - -PTAAGSGSAATDKFKAER-ATADTSPERLAATAKDALGALNDY I LKHGVRY PY RVFKQULIDVGEGGEWPLF - - - - - LOVFIEHSVEEVLA

CatA R. erythropolis AN-13 TDIDTAVATAHASGNAATDKFKTAR-VSCDTSPERAAATYRDVLSALGEVIHRHEVIEY DIAY RV LKQWMIDVGEY GAWP LW - - - - - LOVFVEHQVEDVNY
CatA Arthrobacter sp. mA3 STETE - - ATAAASGAGATARFRETKHVAAGTSKERVSALAGRVIKAINDTVLEEKVEY DI@YNALKAWLISYGETG@WPLF - - - - - LOVWVEHSVEEVAN
CatA A. calcoaceticus EVKIFNTQDYQDFLRVASG------ LEQEGG-NPRVKQTITHRVLSDLYKATEDLNIQISDYWAGVAY LNQLGANQIBAGLLSPGLGFDHY LDMRMDAEDA
CatA A. calcoaceticus Phenol MM - - -NRQQIDSLVOQMNY - - - - - - ATATGEVNLIGVQQIVVRLLGDLFQATEDLNMSQTALWKGLEY LTDAGQANIRLGLLAAGLGLEHYLDLRADEADA
CatA P. putida PR§2000 [TVKISHTADIQAFFNKVAG------ LDHAEG-NPFKQIILRVLODTARLVEDLEIEEDFWHAIDYLNRLGGRNAGLLAAGLGIEHFLDLLQDAKDA
PheB Pseudomonas sp. EST1001[JTVKIYDTPEVADFLKIVAG------ LDOEGG-ND[GKQI THRILSDLYRTIDDFDIPAEQYWSAVSLLNALGQASQFGLLSPGLGFOHYMDMRMDAADA
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ClcA R. opacus 1CP GKGNW“TSS; OEF FREGIXELLTGKPATLPMRADEP - GDRMRFTEISHRDTSETPITGAV IDVERI: ENDEINMSIFF - - - SPALPDQY LLINGRVVPAED[ES
TfdC, pJP4 AAT - -RGSAPANQEIZY F KEELSFVOGKLKTY - - - -DSDDHKP LLLHESEKDEARYVTDAVIOIERIE £ P DERMNGFGGY HGDMPVDYY - [GKVRTDAQER
TfdC pEST4011 ANT - -HGSAPANQRIEY FKEDINEFVDGKLKTY - - - - DSDDHKP LLLHETIKDEABGY VSDAV I DI 2 PDERESG F GGY HGDMPVEYY - RGKIRTDSQER
ClcA pAC27 ORS"RTSAP;) QeJaY F LEGEYEVVEGVLKTY - - - -DTODHKPLI IRETIHRSDTIEE LLAGAV TDOVERIS #PDELANGT - - -HDNIPVDYY -GKLVTDSQEN
TebC pP51 QAT - -RGSRPAMQEIZY F LEGLYYVVAGALKTY - - - - EDDSHHP LV I RBAMRTOD[EAP AAGAV IDVEIES € PDEKIESG I - - - HDQTPTOMY -[RGKVVADAQIEK
TfdC pJP4 RIS--EGSTPAJIEIEY Y RDDRMALVODRLKTY - - - -DTDDHKP LL T QETHKAVDESVVEDVT IDVERZS 2P DEKMIGF - - -HDDIPTDFY -[RGKLRVGTDES
CatA R. opacus 1CP RSR--KGTMGSPERTEY Y TENS[HELPS-KCTLPMREEDEKITPLVFSEOMTOLOENGLAGAKYV ELIEHADNDEY QF---APHLPE-WgLGTIIADEE R
CatA R. erythropolis AN-13 SRNGLAGTKGSHREEY Y vPO[EQLPA - VCTMPMREQDRRSTP LY FSEQTOLOENG LGGATVE LRIADEDEFMESOF - - -APNTPE - WRLIRATTVCDDEER
CatA Arthrobacter sp. mA3 ENR- -HGSKGTIEREIEY Y I PNEYETONT - PATLPMRDDEP - GTPLLFQEQURNLABIEP LAGAKTE LA DD LGF| OF---APGLPE-N%LGSIIADDO N
CatA A. calcoaceticus ALGTENATPRTYEIELY vVAGLYRESVG - YARMDDGSDP -NGHT LT LHET 1 FDADKP LPNAKVE IERIANT KI8IF --PTGEOOAF@MRSHTDEN Q
CatA A. calcoaceticus Phenol KAGITGGTPRTIEEELY VAGIYRE SV G- FARMDDGSESAHVDALT TEENMTOTARQT IPNAKVE IQIIANS LEEN RRSIFTDTQEQ
CatA P. putida PRS2000 EAGLGGGTPRTHEMELY VAGIYELY QG- ERRMDDGTDP - - GVVMF LKEQMF DAEEKPLAGATVDLZIANT OfT] RRIITDAEER
PheB Pseudomonas sp. EST1001EAKRTGGTPRTHE[IEL Y vAGKYEEAEG - FARMDDDPDT - DGETMW L HEQROTAGKP I PGAKV E IIICNSKEG [MRTITADNEEY

. . . . . . . . . 300
ClcA R. opacus 1CP TEFHSTR{ZVPYE THKAEPIGQLMNSY LIER TRITADEYRPLIJMELY FE| DPYLDSS%SAVKSE YNKT--------- DIDGETWQLVD
TfdC, pJP4 WRVQTTLIZAPHQIGNKEPHGAL LTM-MES) FKVRKDEFEALDRENY Y FEEGEWVDSHCEONGY KPE[IVMBAAME - - - - - - - - - Q----GMQAMA
TfdC pEST4011 WRVOTTLEAPHQ IENKIEPHIGALLTM - MES FKIRKD[EFEP LYWENY ¥ FEBGEWVDSECENGYQPE] VMBAATE--------- Q----NMQVMV
ClcA pAC27 YRYRTTMEYPIQTIRY EEPHIGRLLGH - LIS FKVRKD) GKWVDDC%}HG\ITPD ETIE--------- D----GVRVMT
TebC pP51 YAVRTTMZAPHC T INKIEPHGY LLEM - MES) FKVRKOHFAP LIRKNY Y FEBGOWYDSHCELKGYAPD) TKTE-----mm - - G- - --GAQVMD
TfdC pJP4 FRVRTTMEVPHQ I [DOEPYGALLET - MG FKYKAPRYET LIMRYYYFE GDWITDC;NGVOSS ITRDIVE--------- E----GVRLMN
CatA R. opacus 1CP YEITTIO[APMQIETORPYUGOFTEAG-NG LIVSAPEKESVEREULY FKEGEWIDSEVASATKPEMILDPKTG- - ----- -~ D-DGKNY--VT
CatA R. erythropolis AN-13 YEITTIOAPYCIHOEPLIGWF TESH -[&G] LMVKAPERLP IEREELY FR GDNVETV§TAVKPE VLDPVRG--------- A-DGVNR--VA
CatA Arthrobacter sp. mA3 FQINTMO[RAPHMOI[ITDEACGAL TAAA -[BW LKVSAPEHQLI|mEELY FE] DEHVADIéSAVKPE VLAPTOR--------- A-DGHGRE-VT

YRVRTI L{gAGHGCIEP EEPHQQLLNQ - LISR]
CatA A. calcoaceticus Phenol YIAQTTMEVGHGCIEPEETHICAL LNL - LIER]
CatA P. putida PRS2000 YRARSIVESGYGCOPQEPYAECLDL - LER]
PheB Pseudomonas sp. EST1001YRARSY I[§S GffcVEGAPYDQV LKL - LIER

CatA A. calcoaceticus

326
ClcA R. opacus 1CP FNFILQ------ HN---mmemmmees
TfdC, pJP4 LDFVIEK----~ SRA----------
TfdC pEST4011 LDFVIEK----~ PRA=-------- -
CicA pAC27 LDFVIER----- EQAEQRKSATETVA
TebC pP51 IDFVIER----- AREH--------- v
TfdC pJP4 INFVIEP----~ ARAQ- - - - - AGANP
CatA R. opacus 1CP YNFVLDP----- [SEEEEEREEEEE
CatA R. erythropolis AN-13 YDFALDP----- TP
CatA Arthrobacter sp. mA3 YHFVLDP----- Q0-------roeo
CatA A. calcoaceticus FDLKLTRLVDGYDNQVVDRPRL--AV
CatA A. calcoaceticus Phenol FNFQL----- VODADQVPLQRLIVVE

CatA P. putida PRS2000 FOFHLQGATAVEAEARSHRPRALQEG
PheB Pseudomonas sp. EST1001FNIELSP- - -TAEEELQARP------

Y FVSADEHRK LIMRG I NV A DPYTYDF§YATREG VVDAVEHTOPEATKANDVEGP - FAEMY
Y FVSAPEYRKLIRESFN T EEDKY LWOFAFATROGIIATALDVTDLAKIKQYNLNKA - FKHIK
FFISAPEHRHLLREY I NF EEDKY LWDJFAYATRDGIGELRFVEDAAAARDRGYQGARFAQLA

Y FISAPRHOH LEROI N LAEDPY TYDF&FATRODIMAAEGKRVENHPAAQQYGVEGT -VTEV]

FIG. 6. Sequence alignment of catechol 1,2-dioxygenases (CatA and PheB) and chlorocatechol 1,2-dioxygenases (ClcA, TcbC, TfdC, and TfdCy;) as calculated by
the CLUSTAL program. The numbering above the sequences refers to positions in the alignment, not in single sequences. Amino acids in which at least 12 of the 13
sequences are identical are highlighted. Amino acids that are identical in all catechol but different in all chlorocatechol 1,2-dioxygenases (or vice versa) are shaded.
Histidine and tyrosine residues that were previously reported to be involved in iron binding (28, 41) are indicated by arrows. Accession numbers and references for the
published sequences: TfdCyy, U16782 (67); TfdC of pEST4011, U32188 (38); ClcA of pAC27, M16964 (20); TcbC, M57629 (69); TfdC of pJP4, M35097 (52); CatA R.
opacus 1CP, X99622 (17); CatA R. erythropolis AN-13, D83237 (47); CatA Arthrobacter sp. mA3, M94318 (14); CatA A. calcoaceticus ADP1, M76991 (49); CatA for
phenol degradation by A. calcoaceticus NCIB8250, Z36909 (15); CatA P. putida PRS2000, U12557 (35); PheB Pseudomonas sp. EST1001, M57500 (37). Two sequences
of catechol 1,2-dioxygenases from Pseudomonas strains (48) which are very similar to the sequence of CatA from P. putida PRS2000 have been omitted for clarity.

N-terminal sequence of the purified protein (43). ClcA shows
high sequence similarities to bacterial catechol and chlorocat-
echol 1,2-dioxygenases: 38.9 to 40.5% identical positions with
Rhodococcus or Arthrobacter CatA (in the alignment of Fig. 6),
29.2 to 33.3% with catechol 1,2-dioxygenases of y-proteobac-
teria, and 34.1 to 39.5% identical positions with chlorocatechol
dioxygenases of proteobacterial plasmids. The amino acids that
have been reported to be involved in iron binding (28, 41) are
also conserved in the sequence predicted for chlorocatechol
1,2-dioxygenase of strain 1CP. The calculated molecular mass
of ClIcA is 28,952 Da, which is consistent with calculated mo-
lecular masses of other chlorocatechol dioxygenases (27.6 to

29.0 kDa). The rhodococcal CIcA thus does not seem to be
significantly shorter than its counterparts from gram-negative
strains as suggested by Maltseva et al. (43), who reported to
have determined a molecular mass of 26.5 kDa for the purified
enzyme by SDS-polyacrylamide gel electrophoresis.

The fourth open reading frame, between positions 4429 and
5187, represents clcD, the gene of the dienelactone hydrolase.
All tryptic peptides obtained from the purified enzyme occur
within the predicted sequence (Table 2; Fig. 3). The calculated
molecular mass of the clcD gene product (27,304 Da) is some-
what lower than the one (30 kDa) determined for the purified
protein (44). With the dienelactone hydrolases TfdE of pJP4,
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CleD R. opacus 1CP WCHNKSSA--PPTPAHISIQONRTPGTOPVPY LHASSDTGSGETIVLLTOMFEV TPIRYIHLAAMBAEKISH -DY - - - - - VIPDVFHRVGHATOPGRDARILA
TfdE, pJP4 WCHDTAPALFPRTASTGSIDGAIC- ---ALCY-- - -AGATRGERLLY LPDYYRICNAIRY[NGY AAY[JAEQEAGEN- - - - - LLVDgFAAFGELATVTRNEARIFQ
TfdE pEST4011 - - QPGASMVPSAP-------ommmmmn- CY----AGASNGERLLVLPDRYECNGHFYINGY AAYAEQRASEN- - - - - LLVD[gF AAFGELPQATIREA FQ
ClcD pAC27 LTEGISIQSYDGHTFGALV -GSPAKAPAIRVIVIAQENFIEVNASMRE TV SWVOCQEY AAJCPDLYARQAIZGTALDPQDERQIAE QY K
TebE pP51 LTEGLSIDAKGGGRFGAHL - QLPARGRGIZVVMVAQENFIEVNPEMTEV LAWBASE®FVGLCPDLYWRHGHGT EFDPNDEVQEARRLG
TidE pJP4 W------------ LSDGVEITSRSGGRFGAVL’GKPTTDSAIVVIAOEFITPIHETVEWVGAFGCCPDLYNRQANIELDANVPSEEOLA

. . . . . . . . . 200
CleD R. opacus 1CP RRRQLDDRLAIEDIERTVAHTVOO®AT - - - - FGYLEFReteS F AL L TRYIAHPNQVTATRRMAF PKGAPGAKVPYKPPLEAADATDGPVLCHWERDE - Y IDH
TfdE, pJP4 RRHRLADRAYMEEM- - - - IDFIDGERI - - - - EGYVEFRe® L FVFELRRQQVVSRLYAMREPFPQGL - ENRDPLDVPFDY LPALRSRHTVIVEDDEALLGT
TfdE pEST4011 RRHRLADRAFKNIR- - - - TAFTES®RI - - - -DGVYLFVFECTGRVA- LLAYMPFPQGL - ENHOPVOVPFDYLPEVRSRHTV IVEDNET LLGA
CleD pAC27 LWQAFOMEAGHGDI®- EAATRYARHGP Y SNGKV GRV{ely[@ReteA | AF L VEYAKGY VDRAVGAREG - - - - - - - - - VGLEKQLKKVPEVKHPALFHMEGQEHFVPA
TcbE pP51 MFRDYKLEDGHAD[E- RATVAYAASEPFCDGGVAY I EIY(MRE®A LAY EVRRIEGFAQCCYGAREG- - - - - - - - - VGFEKRLERARLVKTPSMFHMETNEHFVTA
TidE pJP4 LFRDFOMEAGYNO[R- SCATEYARALPFSNGRVAQVEYoRESA LAFDVERIRS LADCSIGYRG--------- VGLEKKVSLVPAITRPAMFHMETKHYVTE

ClcD R. opacus 1CP

266

EEIDQLEQILASAPGPSETRWYDNIXERISIEI AGLTEPNHPSTAAAHDSWQR-TVEFFERYLTVGSAN
TidE, pJP4 QNLQRLQAQ-ARANDATDLGITMNGRYERIGIIL ADLESPOTARRAVAKRGLRIGTTTLLGG- -------
TidE pEST4011 QNLLQLESQ-ARANDATDLEIVMKGIYSLIGIFL ADLE SVDADRIMAMARQALLIGTNTLFGR- - ------
CleD pAC27 PSRQLITEGFGANPL- LQVEIWY EELYERISIIART SSSGY VASIIAALANERRLDFLAPLASKKP - - - - -
TcbE pP51 EARQLITNAFEANPA-TALBWYD - [RERISIFARASSPNF SPERITRTANARTLEMLKRMKPIGTIG- -0
TidE pJP4 EARSTLEEHFGRNKN- LSLEWYP - VERIS[RARS SSPNFDOQARTTVANARTLELLAMLKDPS - - - - - -

FIG. 7. Sequence alignment of dienelactone hydrolases as calculated by the CLUSTAL program. Numbers above the sequences refer to positions in the alignment,
not in individual sequences. Amino acids in those positions in which at least five of the six sequences are identical are highlighted. Presumed catalytic triad residues
(50) are indicated by arrows. Accession numbers and references for the published sequences: TfdEy;, U16782 (67); TfdE of pEST4011, U32188 (38); ClcD of pAC27,

M16964 (20); TcbE, M57629 (69); TEdE of pIP4, M35097 (52).

TcbE of pP51, and ClecD of pAC27, ClcD from Rhodococcus
shares between 17.9 and 22.2% identical positions in the align-
ment of Fig. 7. This is considerably less than the respective
scores obtained for comparisons of chlorocatechol 1,2-dioxy-
genases or chloromuconate cycloisomerases from the same
sources. The protein predicted from clcD was found to be most
similar to the dienelactone hydrolases TfdE of pEST4011 and
TfdE;; of module 2 on pJP4, with which it shares 30.0 and
31.1% identical positions, respectively. Thus, while the rhodo-
coccal dienelactone hydrolase in the dendrogram of Fig. 8
resides on the same branch as two proteobacterial enzymes,
TfdE of pEST4011 and TfdE; of module 2 on pJP4, the
sequence similarity to them is still significantly less than the
similarity between the rhodococcal chloromuconate cyclo-
isomerase or chlorocatechol 1,2-dioxygenase and their pro-
teobacterial counterparts. The catalytic triad residues identi-
fied for ClcD of pAC27 (50) are also contained in ClcD from
Rhodococcus (Fig. 7).

A fifth open reading frame (ORFS5; bases 5628 to 6356) was
detected 441 bp downstream of clcD. Its predicted gene product
shows significant sequence similarity to putative transposition-
related proteins, especially to those of Tn4811 from Streptomyces
lividans 66 (7) (42.2% identical positions) and of IS/031C from
Acetobacter xylinum (9) (38.0% identical positions). Comparison
of the sequences of the inverted repeats of IS/031C to the se-
quence in Fig. 3 indicated that the left inverted repeat is most
similar (10 out of 21 bases identical) to the segment directly
following the stop codon of ORFS (positions 6357 to 6377). This
corresponds to the arrangement in IS7031C. The right inverted
repeat is most similar (8 out of 21 bases identical) to a segment of
the intergenic region between clcB and clcR (positions 2002 to
2022). Comparison of the R. opacus 1CP sequences of the two
regions to each other revealed that they form an imperfect in-
verted repeat as indicated in Fig. 3.

A hairpin structure could be detected between catR and
catA, suggesting that the presumed clcR gene might be tran-
scribed independently from the clcAD genes (Fig. 3).

DISCUSSION

The chlorocatechol degradative pathways which are repre-
sented by the clcR,ABDE gene cluster of plasmid pAC27 (8,

20), by the tfdT,CDEF cluster (module 1) of pJP4 (40, 52), and
by the tcbR,CDEF cluster of pP51 (69, 70) diverged from a
common ancestral pathway already adapted for chlorocatechol
catabolism (58). This conclusion could be drawn basically from
two sorts of evidence. (i) The proteins encoded by the genes
mentioned above are more similar to each other than to their
counterparts in catechol degradation or to enzymes of other
pathways. Correspondingly, they belong to the same branches
in all four dendrograms depicted in Fig. 8. (ii) The three gene
clusters referred to above show a marked similarity (Fig. 9). All
three consist of a LysR-type regulatory gene divergently tran-
scribed from an operon comprising, in that order, genes for
a chlorocatechol 1,2-dioxygenase, a chloromuconate cyclo-
isomerase, a dienelactone hydrolase, and a maleylacetate re-
ductase, with an additional ORF between the cycloisomerase
and the hydrolase genes of pAC27 and pP51. Since such a
similar genetic structure is unlikely to have evolved two or
more times independently, it should have occurred prior to the
divergence of the lines giving rise to the gene clusters now
present on pAC27, pJP4, and pP51.

In concordance with our hypothesis derived from biochem-
ical evidence (63), the sequences of all four rhodococcal pro-
teins involved in chlorocatechol degradation differed consider-
ably from those of their protobacterial counterparts, but still
proved to be homologous to the respective proteins of catechol
and other chlorocatechol pathways (Fig. 4 to 8). In fact, in the
dendrograms which illustrate the relatedness of the respective
gene products, the Rhodococcus proteins represent branches
separate from those of the corresponding proteins from pro-
teobacteria (Fig. 8). In accordance with the sequence differ-
ences, the structure of the chlorocatechol gene cluster of strain
1CP also differs from those of pAC27, pP51, and module 1 of
pJP4 (Fig. 9). The cycloisomerase gene cleB is transcribed
divergently from clcR,AD, and a maleylacetate reductase gene
could not be detected in this gene cluster and was cloned on a
separate fragment (61). Thus, the organization of the genes
does not provide any indication that the Rhodococcus pathway
may have evolved from the same origin as the chlorocatechol
pathways of the plasmids pAC27, pP51, and pJP4 (module 1).

The deep branching of the enzymes and regulatory proteins
of chlorocatechol pathways in Fig. 8 challenges the general
opinion that catechol catabolism evolved first and then gave
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review (58) as well as from references 17, 35, 38, 40, 55, and 67.

rise to chlorocatechol catabolism. However, the two different
known branches of catechol degradative pathways, from gram-
positive bacteria on the one hand and from +y-proteobacteria
on the other, have one feature in common: catC directly fol-
lows catB (Fig. 9). This feature is also conserved in R. eutropha,
a B-proteobacterium (32). Since the carC product, muconolac-
tone isomerase, is an enzyme characteristic of catechol catab-
olism (Fig. 1), this conserved structure suggests that the cate-
chol pathway has indeed evolved first. This conclusion is
consistent with aromatic compounds, which give rise to cate-
chol during their degradation, being more common in nature
than chloroaromatic compounds that are degraded via chloro-
catechols. Thus, according to present knowledge, chlorocat-
echol degradation did in fact evolve from catechol degrada-
tion. And obviously, it did so independently in gram-positive
bacteria and proteobacteria, that is, by functionally convergent
evolution.

The sequences of proteobacterial dienelactone hydrolases
are known to be so dissimilar to those of their counterparts in
catechol pathways, the 3-oxoadipate enol-lactone hydrolases,
that recruitment of a dienelactone hydrolase from a preexisting
pathway other than for catechol or protocatechuate turnover
had to be postulated (58). Given that the Rhodococcus chlo-
rocatechol pathway evolved independently from that of
pAC27, pP51, and pJP4 (module 1), it was considered possible
that Rhodococcus found a completely different solution for
lactone hydrolysis. It was therefore interesting to find that
ClcD of strain 1CP is, in fact, related to other dienelactone
hydrolases and not, for example, to 3-oxoadipate enol-lactone
hydrolases. However, in contrast to the chlorocatechol 1,2-
dioxygenase and chloromuconate cycloisomerase of R. opacus
1CP, its dienelactone hydrolase resides on the same branch of
the dendrogram as two putative isofunctional enzymes of pro-
teobacterial origin (Fig. 8C). These putative dienelactone hy-
drolases are encoded by plasmid pEST4011 and by a second
chlorocatechol module on pJP4, respectively (38, 67 [U16782]).
The respective catabolic genes have only very recently been
characterized, and no biochemical evidence has yet been re-
ported for the function of either of the putative dienelactone
hydrolases. But even if one accepts that these gene products
are dienelactone-hydrolyzing enzymes, their relatively close
evolutionary relationship to the dienelactone hydrolase of R.

opacus 1CP does not call into question the conclusion that the
chlorocatechol pathway of this strain evolved independently
from that of proteobacterial plasmids. Considering that the
absolute evolutionary distance between Rhodococcus ClcD and
TfdE of pEST4011 or TfdE,; of pJP4 is even greater than that
between the major groups of dioxygenases and cycloisomer-
ases, a plausible interpretation of the similarity pattern of the
dienelactone hydrolases would be that similar enzymes and
their genes were independently recruited into the gene clusters
of pEST4011 and module 2 of pJP4 on the one hand and R.
opacus 1CP on the other.

It is interesting that while the putative dienelactone hydro-
lases of pEST4011 and module 2 of pJP4 are relatively similar
to the Rhodococcus enzyme, the respective chlorocatechol 1,2-
dioxygenases are more closely related to the other proteobac-
terial dioxygenases (Fig. 8A). The latter is also true for the
LysR-type regulator TfdR of pJP4 (46, 74) and for a presumed
analogous regulator which may be deduced from the reported
sequence of pEST4011 when allowing for one frameshift (Fig.
8D). As argued above, the ancestral chlorocatechol gene clus-
ter from which those of pAC27, pP51, and module 1 of pJP4
diverged must be assumed to have included all necessary
genes, among them those coding for chloromuconate cyclo-
isomerase and dienelactone hydrolase. Since the dioxygenases
of pEST4011 and of module 2 of pJP4 diverged from that same
origin (Fig. 8A), they should, at some time, have been associ-
ated with cycloisomerases and hydrolases closely related to
those of pAC27, pP51, and module 1 of pJP4. By some sort of
gene shuffling, the hydrolase genes have apparently been re-
placed by those more closely related to the corresponding
Rhodococcus gene. A cycloisomerase gene has so far not been
found in the gene cluster of pEST4011. The presumed chlo-
romuconate cycloisomerase of module 2 of pJP4, TfdD,,,
might even represent a new branch of cycloisomerizing en-
zymes (Fig. 8B). This, however, must be considered specula-
tion because of the absence of biochemical data on TfdDy,.

Not only with respect to the evolution of whole pathways but
also for the constituting groups of enzymes, the sequence in-
formation from R. opacus 1CP bears potentially significant new
information. Comparison of the dioxygenase sequences re-
vealed that even though they represent different evolutionary
groups, the chlorocatechol 1,2-dioxygenases of R. opacus and



Vor. 180, 1998

of proteobacterial plasmids are considerably shorter at the N
termini than are catechol 1,2-dioxygenases. It would be inter-
esting to see whether this feature influences the catalytic prop-
erties. Especially informative should be those positions in the
dioxygenases and cycloisomerases in which the chlorocatechol
enzymes of Rhodococcus and proteobacteria carry the same
amino acids but different ones than the respective catechol
enzymes (Fig. 4 and 6). These positions either may have been
conserved or may have been gained independently because of
their importance for the turnover of chlorinated substrates.
Based on structural data of muconate and chloromuconate
cycloisomerases (30, 33), we have previously identified some of
the amino acids relevant for substrate specificity by using site-
directed mutagenesis (73). The occurrence of functionally con-
vergent evolution should allow us to obtain new insight into the
adaptations which are necessary at the molecular level to yield
an enzyme with altered catalytic properties.
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