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Abstract : The major portions of two DNA fragments, one from degradative plasmid, pRA4000 from Pseu-
domonas putida NCIMB 9866, and the other from degradative plasmid, pRA500 from P. putida NCIMB 9869,
which harbor the structural genes for the flavoprotein (pchF) and cytochrome (pchC) subunits of p-cresol
methylhydroxylase (PCMH), have been sequenced. The DNA and deduced amino acid sequences for pchC
and pchF have been published.” In these fragments, a coding region (dhal) for an aldehyde dehydrogenase
has been identified. It is proposed that this gene encodes for the aldehyde dehydrogenase which converts p-
hydroxybenzyaldehyde to p-hydroxybenzoate. p-Hydroxybezealdehyde is the product of oxidation of p-cresol
by PCMH. The fragment from P. putida 9869 also harbors the genes for the o (pcaG) and B (pcaH) subunits
of protocatechuate 3,4-dioxigenase. The fragment from 9866 does not have any portion of these genes in the
corresponding region A possible open reading frame (ORF) between pchC and pchF is seen for both clones,
and a second putative open reading frame (ORF') also exists in the 9866 clone. The gene organizations are
dhal-pchC-ORF-pchF-pcaGH for the DNA fragment from 9869, and ORF'-dhal*pchC-ORF-pchF for the DNA

fragment from 9866.(Received June 19, 1996; accepted September 23, 1996)

Introduction

A fair amount is known concerning the biochemistry
and molecular biology of the enzymes in the bacterial
pathway for p-hydroxybenzoate degradation. Seven en-
zymes are required for its conversion to succinyl-CoA,
acetyl-CoA, and compounds that feed into the citric acid
cycle. The seven enzymes are p-hydroxybenzonate hy-
droxylase (PHBH), protocatechuate 3,4-dioxygenase
(PcaG and PcaH subunits), B-carboxymuconate lac-
tonizing enzyme (PcaB), Y-carboxymuconolactone de-
carboxylase (PcaC), PB-ketoadipate enol-lactone hy-
droxylase (PcaD), PB-ketoadipate succinyl-CoA
transferase (PcaE) and P-ketoadipyl-CoA thiolase
(PcaF). In Acetobacter calcoacticus the structural (pca)
genes coding for the last six of these enzymes are or-
ganized in a cluster (pcaEFDBCHG) on the chro-
mosome,*” where pcaG codes for the o subunit and
pcaH for the P subunit of protocatechuate 3,4-diox-
ygenase. This organization varies between species. For
example, in P. putida, pcaE, pcaF and pcaBCD are
separated from each other on the chromosome and are
transcribed separately, although they are under positive
control of the transcriptional activator, pcaR’® The or-
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ganization of pcaBDC is different from that of A. cal-
coacticus. Additionally, genes coding for enzymes with
the same activity as those produced by pcaEFG in A.
calcoaceticus, are duplicated in the cat gene cluster
(catEFD) which encodes for enzymes required for ca-
techol catabolism in the organism."” The catEFD cluster
does not exist in P. putida, so for the catabolism of ca-
techol, this organism makes use of pcaE and pcaD. So
far, various other aspects of the regulation of these
genes have been known.”*®

A number of pca genes have been cloned and sequenc-
ed.®™ The pdbA gene for PHBH from A. calcoaceticus,”
and from two species of Pseudomonas have also been
cloned and sequenced.*® PobA is about 5 Kbp down-
stream from the pcaG locus of the pcaEFDBCHG clust-
er in A. calcoaceticus, and together likely constitute
members of a supraoperonic cluster.”

In contrast, less is known about these aspects of en-
zymes which produce p-hydroxybenzonate from more
reduced compounds. The most reduced analog of p-hy-
droxybenzonate is toluene, however, this compound is
usually metabolized via an extradiol dioxygenase path-
way, for which p-hydroxybenzonate is not an in-
termediate (meta-cleavage pathway involving the en-
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zymes are encoded by xy/ genes).” The next most
reduced species are benzyl alcohol, o-cresol, me-cresol,
and p-cresol (2-, 3- and 4-methylphenol, respectively).
Benzyl alcohol is oxidized to benzonate, which is con-
verted to catechol. 0-Cresol and m-cresol are converted
to 3-methylcatechol by toluene monooxigenase, and 3-
methyl catechol feeds into the meta cleavage pathway.”
On the other hand, p-cresol is oxidized to p-hy-
droxybenzonate by the combined action of p-cresol
methylhydroxylase (PCMH) and a specific NAD*-linked
aldehyde dehydrogenase.” A bezaldehyde dehy-
drogenase of this type has never been isolated. In-
terestingly, P. mendocina KR1 is capable of converting
toluene to p-cresol by toluene-4-monooxigenase.”

PCMH oxidizes p-cresol to p-hydroxybenzyl alcohol,
and then to p-hydroxybenzaldehyde.” Although we
have extensively studied the physical and biochemical
properties of PCMH from various strains of P. putida,
until recently, nothing was known of its molecular biol-
ogy. We have cloned and sequenced the structural
genes of the o flavoprotein (PchF) and the B cy-
tochrome ¢ (PchC) subunit of this enzyme from P. pu-
tida NCIMB 9869 and NCIMB 9866. Several open read-
ing frames, in the cloned DNA fragments harboring,
pchF and pchC have been identified.” This report fo-
cuses on the identity of these coding regions.

Materials and Methods

Materials

Ampicilin, bromophenol blue, CsCl, Tris, EDTA, SDS
Acrylamide and ammonium persulfate were purchased
from Sigma Chemical Co., St. Louis, MO. Agarose and
restriction enzymes were obtained from Gibco/BRL.,
Life technologies, Gaitherburg, MD.

Cloned DNA

The details for cloning, identifying cloned fragments
of DNA from plasmid pRA4000 from P. putida 9866
and plasmid pRA500 from P. putida 9869, construction
of gene library, etc., are described previous paper.” For
sequencing genes from P. putid 9866, clone 12 which
consist of 6.2 kb Sst/ fragment from plasmid pRA4000"
was digested with Sst/ and Smal. The resulting 2.9 kb
SstI-Smal fragment and the 3.3 kb Smal-Sstl fragment
were sequentially subcloned into the pUC18. A 3.0 kb
Smal fragment from P. putida 9869, which containing
pchC, pchF and the 3' end of the putative aldehyde
dehydrogenase (dhal) gene was sequenced in both direc-
tion (Fig. 1). Only the first 620 bases of the sense
strand of 1.6 kb Smal subfragment, harboring pcaH and
peaG, could be sequenced due to instability of the nest-
ed deletion insert for the following region. The an-
tisense strand of the 1.6 kb Smal subfragment was also

sequenced until the unstable region was reached.

DNA sequencing

Plasmids with progressive unidirectional deletions
were constructed by exonucleaselll digestion using
Erase-a-base system from Promega Corp (Madison, WI).
Double-stranded DNA sequencing was performed by di-
deoxynucleotide chain termination method™ using
Sequenase, Version 2.0 from United Biochemical, Inc.
(Cleveland, OH). The sequence data were analyzed
with the PCGENE group program (Intelli- Genetics, Inc.,
Mountain View, CA).

Results and Discussion

The entire 6.2 kb Sstl fragment from plasmid pRA
4000 of P. putida harboring pchC and pchF was
sequenced. The entire 3.0 kb Smal subfragment, and 620
bases of the coding strand and 320 bases of the non-
coding strand of a Smal subfragment of a SstI-HindIIl
fragment from plasmid pRA500™ were sequenced (Fig.
1). The gene organization of the 9866 and 9869 region
are identical, except that the far end of the 9866 frag-
ment lacks a coding region found at the far end of 9869
fragment.

In both the P. putida 9866 and 9869 clones, between
pchC and pchF, resides a putative open reading frame
(ORF) that is not homologus with any protein in sev-
eral databases. This region was sequenced several times
in both directions. The nucleotide and the presumed,
translated amino acid sequences for ORF for both
clones is provided in Fig. 2.

Near the far end of the 9869 clone, the beginning of
an ORF was easily identified as coding for pcaH. Its
DNA and translated amino acid sequences are displayed
in Fig. 2. PcaH follows pchG by about 200 bp. A pu-
tative ribosomal binding site (RBS) was found at nu-
cleotides 4229 to 4234 (Fig. 2). A signal sequence was
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Fig. 1. The organization of the genes neighboring pchC and pchF.
9866 and 9869 denote fragments cloned from the degradetive
plasmids, pRA4000 from P. putida NCIMB 9866, and pRA500 from
P. putida NCIMB 9869. The region marked by ???? indicates the
locus that contains the unstable DNA. Fragments isolated from
this region were unstable in the sequencing plasmid. The arrow in-
dicates the direction of transcription.
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atgcgtgi%%gg;acact!\m'rﬂ CAACGCCTTGCTGCTTATGAGAACATGAGTCTGCAACTGATCGLCGGTGAATGGCGTGTT 34
METSerGlnArgleuAladlaTyrGluAsnMETSerLeudinleuileAlaGlyGlulrpArgVal 22

DHAL —~
GETARAGCCGGTCGGGATCTCGATSTCCTCGATCCTTI TACCCAGGAGAAACTGCTGCAGATTCCCTIGGCCAACCGTGAAGAT 168
GlyLysAlaGlyArgAspleuAspValleuAspProPheThrGlnGlulysleuleuSlnlleProleuAlaAsnArgGluAsp 50

CTCGACGABGCCTACCGCAGCGECCSCCAGGCACAAGBTAGCCTGEGCEECOTECOCEBCCCTTOCSAGCGTCOCTCAGGTGATS 252
LeuAspGluAlaTyrArgSerGlyArgGlnAlaGlnValAlaTrpAlaAlaCysAlaAlaleuProSerValAlaGlnValMET 78

CTCAACGCGGTACGTATT TTTGACGAGCECCGCGACGAGATCATCGACTOCATCATCCOTGAGTCGGGCGCAACCCOTATCAAG 336
LeuAsnAlaValArgIlePheAspGluArgArgAspG;uIleIleAspTrleeAleArgGluSerGlySerThrArg'leL/s 106

GCACAGATCGAATOGGGCECCECGCECCATCACTCAGGAGTCCGCCAGCCTACCGAGCCGCGTTCACGECCSCATCCTEGCCTC 420
AlaGlnlleGluTrpSlyAlsAlaArgHisHisSerGlyValArgGlnProalaGluProArgSerArgProtisProGlyleu 134

CBATGTGCCTEGCAAGGAAAGTCECGTCTANCCGTGAGTCCOCTGGGTGTGATCGGTATCATCAGCCCCTGEAACTTCCCSCTG 504
ArgCysAlaTrpGlnGlyLysSer ArgleuXAAValSerProLeuGlyValileGlyllelleSerProTrpAsnPheProley 162

CACCTGACTSCTCGCTCOCTGGCTCCGECTCTGGCGCTCEECAACGCGTCCGTGATCAAGCCGGCCAGCGATACGCCGETTACC 588
H.xsLeuThrAlaArgSerLeuAlaPraAlaLeuA_\aLeuGlyAsnAlaCysValIleLysProAlaSerAspThrProVal'mr 190

GCCTGCTGCTGGCGCACAT TTTCGAAGAAGCGGGCCTECCCAAGGECETECTCAGCSTCOTGETCGGTTCCGGTABCGAR 672
GlyGlyLeuJ.euLeuAlamsIlePheGluGluAlaGlyLeuProLysGlyValLeuSerValValValGlySerGAySerGlu 218

TTGGCGACGCCTTCG! TGGGCTTCATTTCCTTCACTGBCTCEACCCAGGTTGGCOGCAATATCGETCGT 756
IleGlyAspAlaPheValGludxsGlu&yValGlyPheIleSerPheThrGlySerThr 1nValGlyArgAsnlleGlyArg 246

ATTGCCGCTGECAGECACCTCAAGCACGTGSCACTGBAGCTGGECGCAACAGCCCTTCETEETGCTGGCEGACGCEACCTCEAT 840
IleAlaArgGlyArgHisieulysHisValAlaLeuGluleuGlyAlaThrAlaLeuArgGlyAlaGlyGlyArgAspleuAsp 274

CAGGCGETAAATGCCGCGETAGNTGGC AAG TTCCTGCACCAGGGGCAGATCTGCATGBCGATCAACCGCATCATCATTGAAGAC 924
GlnAlaValAsnAlaAlaValXAAGlyLysPheleutisGInGlyGlnlleCysMETALalleAsnArgllelleValGluAsp 302

TCTGTCTACSATGAGTTCETCAATCSCTACGCCGAACGCSTCAAGTCGCTGCCCTATGGCGACCCGAGCAAGCCTGARACCETG 1008
SerValTyraspGluPheValAsnArgTyrAlaGluArgVallysSerLeuPraTyrGlyAspProSerLysProGluThrval 330

GTOGGCCCEGT AATCAATGCCAAGCAACTGGCCGETCTGCAAGACAAAATCGCAACCGCCAAATCCGAAGGCGCTCSCGTCATG 1092
ValGlyProValIleAsnAlaLysGlnLeuAlaGlyLeuGlnAspLysIleMaThrMaLysSerGluGl yAlaArgValMET 358

GTGGAAGGCGAGGCGCAGBBCAACET ACTGCCGCCTCATGTGTTCOCCEATGTGACGGCCGATATGGAAATCGCACGCGAAGAA 1176
¥alGluGlyGluAlaGlnGlyAsnValLeuProProHisValPheAlaAspValThrAlaAspMETGlulleAlaArgGluGlu 386

CBECCCEETEETCEGCATTCAGCGCECTCBCGACGAGGCGCAGGCCCTTGAGCTSGCCAACAGCAGCGAGTACGGCCTE 1260
IlePheGlyProLeuValGlyI1eGlnArgAlaArgAspGluAlaHlsAlaLeuGluLeuAlaAsnSerSerG;uTyrGlyLeu 414

CGAGCGCCETBTTCACCTCGAGCCTTGAACG TEECETG: CCGEGGCATCCGCGCCGCEATGACTCACATCAACGAC 1344
SerSerAlaValPheThrSerSerLeuGluArgGlyValLysPheAlaArgGlyIleArgAlaAlaMETl'hrHJsIleAsnAsp 442

TTCCGETCAACGATGAGCCCAACGCGOCGTT TGECHGTGAGAAGAACTCGEGCCTGEGCCGCTTCAACGGCGACTGGGCGA’ 1428
IleProValAsnAspGluProAsnAlaProPheGlyGlyGluLysAsnSnglyLeuGlyArgPheAsnGlyAspTrpA_\aIle 470

AGTTCACCACCGATCACTGGATTACCGTGCAGCACGCCCCECECCGCTATCCGTTCIGAgt tgacggettgectaaccgt 1512
GluGluPheThrThrAspH;sTrpIleThrValeHstlaProArgArgl’ PmPhHRER 490

tgaaatt ! eage 1596
M:T LeuVal ﬂ)rGl yVal

PchC-—
GTGCTTCCCTT TG TCTGCTOETCECAGCEGEACAGECGCABGCCS, AGTGGGECAGTEGCAAGAACCTGY > 222>
ValleuProPheGlyLeuleuValAlaAlaGl, yGlmllaGlMlaAspSerG].nTrpGlySerGl yLysAsnleud>>>>>>>>

33232222 >TCCTATGTTGATGACGAATCCCTTACTCASGTGGCTEAA: TCGAGCCTGCCGGCCOCAGCEGCTCAGCCT 1989
»¥> >)>>>SerTera1AspAspGluSerLeul'hrGanalMaGluTereuSerSerLeuProAla.PrcAlaAlaGln?ro

2 C tcATGAEIATGMTC&TCG \GGGCATGGCCCTGAGCAGTA! CGCCGGTATGGCCATGGCCGGT 2076
Tl Rig::a g HEI‘AsnArgArgPheValLeu.LysGlmAlaLeuSerSerIleAlaGlyHEl‘AlaHEl'Al aGly

[o2]
COBCTEORGECECTEEC AGCTGECEAGAGCCCEGCECBAGCECTRCOGTACGACCGETGTTBECCCTEETCAGCGCGGETGCG
ProLeuArgAlaLeuAlaAlaGlyGluSerProAlaProSerAlaAlaValArgProValLeuAlaLeuValSerAlaGlyAla

GCTGAGTCEETT I TOCTGCBCE6CGCT CABGC TGCEGCAGGETCGCAGCTGCASGTTCAGCGCTITGATCATGATCTCGOTORC 2244
AlaGluSerValPneLeuArgGlyAlnGlnAlaAlaAlaGlySerGlnLeuGlnValGlnArtheAsp!hsAspLe\.GlyArq
CT6TTGEGCTICGAGCETCACTGCGCAGTEETCAGCCBATECETETGATCRGCCTGCTEEA 2328
LeuLetGlyPheGluArgHJ.sO/SAla‘lalValSerArgCysValTER

2160

2412
cat: 2496
g 2580

ttggctatttgotg: 2664

t

Fig. 2. The nucleotide and translated amino acid sequence for reading
frames depicted in Fig. 1.The first reading frame is that of the pu-
tative bezaldehyde dehydrogenase (dhal) determined for the
clones from P. putida 9866 and 9869. The main nucleotide and
translated amino acid sequences are those for the genes from the
P. putida 9866 clone. Following the dhal sequence, the pchC and
pchF are not displayed completely. Putative open reading frame
(ORF) between pchC and pchF, for the cloned 9866 and 9869, vary
by four nucleotides. Following these regions are the sequences for
the pchF and PchF are denoted by the >>>>>symbols. Next is
the reading frame for the 5'-end of pcaH, and the corresponding N-
terminal portion of the deduced amino acid sequence for PcaH,
only found in the P. putida 9869 clone. The following region, de-
noted by ????, contains the unstable portion of DNA described in
the text. The last reading frame in this figure is for the 3' end of
peaG, shown with the corresponding C-terminal amino acid se-
quence for PcaG. The sites labeled RBS are putative ribosomal
binding sites. TER indicates termination codons. Putative leader se-
quences of cytochrome are italicized.

not identified for PcaH, thus it is a cytoplasmic protein.
A comparison of its partial, N-terminal amino acid se-
quences with that of PcaH from other species indicates
that all are very similar (Fig. 3A). By comparison,
tyrosyl groups that are iron ligands in this protein were
located at position 105 and 144 in the protein sequence
for the B subunit iof the enzyme from P. putida 9369.

At the far 3' end of the 9869 clone, a region cor-
responding to the C- terminus of the deduced amino

tetertt S CCGAGCAAMCAATSCTOTGTTGCCCARAGOSOTANCECAGGEC 2748
Freeree cgatcgaggCC[gaﬁi§agmgam”g%g%luslnAsEAsniuaVaxLeuproLysGlyValThrGlnGly

P
GAGTTCARCY>>>2>33333>33323>3535>> 35> TOCTCOCTCCR6ICCSCTORAGCATCRACCTCAATAACGATTTCTGAT 4170
GluPheAsn>d>>33535555555555 55555553 sSerSer LeuArgAlaAlaArgalaSer ThrSerlleThrIleSerAsp

GCTGACGGCTGGTTAGCCACCGET TAAS C tatt cgaa 4254
MaAspGlyTrpLeuAlaT?r(’;l]inER
C

tcaacctgtgggcaat ggtcegttc 4338

tgaggttggataaccaatggtiaticatgtegty

T e tra ATGTGCACGTCAAGAACGTCGTTTGTCATGCGTGACCSCAAT 4421
gatraachacceteegtea caaaaaca&i%agatcgac erT]’\rSerArgThrSkérPheValMﬂArgAspA;gAsn

Pcali
TBGCACCCAARGGCCTTGACCCCTGATTACAAGACCTCOGNNCG T ICCCBCGCACAGBCACGGTCGAGATT TCCTCAATCATTT 4505
TrpH1sPraLysMaLeuThrProAspTerysThrSerXAAArgSerArgAlaGlnMaArgSerArgPhePrcGlnSerPhe

CGAGATCA»CGCGGAmACCCACCFGAAGATGGGCCAGCACGACAACGATCI‘GCYGCK’CMCUCAATACCGG TGCGCTGCCG 4589
ArgAspGlndrgGlyPheThrHisLeulysMETG1yG1nl uleul ThrGlyAlaLeuPro

ATCGGTGAACGCATCATCGTTCACGGCOGGETGRTCGATCAGT TCOG TAAGCCGATCCCGCACACCCTGETGGAARTGTGGCAA 4673
[leGlyGluArgIleIleValHlsGlyArgValValAspGlnPheGlyLysProlleProHlsThrLeuValGluMETTrpGln

GCCAACGCCEGOGGCEGCTACCECCACAAGAACGACCGCTACCTRGC TCCGTCGATCCBARCTTCGETEECGRECETGCCT! 4757
AlaAsnAlaGlyGlyGlyTyrArgHisLysAsnAspArgTyrieuAlaProSer lleArgThrSerValluaGlstuArgXM

CTGACTGACAGCGARGSCTGTTACCATTTCCGCACCATCAAGCCOGGTCCGTATCCGTGECETAACARCCC? 772772227277 4841
Leul'hrAspSerGluGlyArgTyrHlsPheArgThrIleLysProGlmeTerroTrpArgAsnAsn

TACAACCTCGACAAGCCGTTCAATGGGTTCGCCETACCGCCAGSACCOGCGATECCOECAGCNGAGTGBACCATCGAGAACGTC  (84)
TyrasnLeuAspLysProPheAsnGlyPheAlaValProProGlyProAlaMET] ProAlaXAAGIuTrpThrIleGludsnVal

Pcat
AAGCCGEBCGTEETEAACGCAGCOATGECGTCCACAGCGCCBCACATCAACGTGTCGCTATTTBCCCGCGTTAACATCCAGCTG (168)
LysProGlyValValAsnAlaAlaMETAlaberThrAlaProHlSIleAanalSerLeuPheAlaArgVal)\snIleGlnLe

GCGACCCGCATCTACTT TGATGACGARGCCGARGCCAACSCCOCTEATCCOGTGCTCAACCTGATCGAACAGCCCGAACGCCET (252)
AlaI'hrArgIleTyrPheAspAspGlquaGluAlaAsnMaAlaAspProValLeuAsnLeuIlebluGlnProGluArgAr

CAGACCGTGATCCCCOCEAAGCAGGACGECAAAGTGGTOTACCGCTTCGATATOCGCATTCAGGGCGAGAACGABACTTCTTTT (336)
Gln‘I’hrValI1eProAlaLysGlnAspGlyLysValValTyrArgPheAsplleArgIIeGlnGlyGluAsnGIuThrSerPhe

Trgamc: GAGACATCCCGGCGCA (360)
Pca6

Fig. 2. Continuted

acid sequence is identified as a PcaG. A comparison of
PcaG sequences from various organism is shown in Fig.
3B. There exist an unstable locus that precluded
sequencing the portions of pcaH and pcaG cor-
responding to the C-terminal portion of PcaH and the N-
terminal portion of PcaG (the region marked by ??? in
Fig. 1 and Fig. 2).

Another coding region, named DHAL, was identified a-
bout 90 bp upstream from the 5'-end of pchC in the
cloned fragment from P. putida 9866 (Fig. 1). Its nu-
cleotide and deduced amino acid sequences are provided
in Fig. 2. Using the method of Stormo et al.'” in the
PCGENE program SIGNAL, the RBS for this gene gave
a score higher than any other RBS in the clone. A
search of Protein Identification Resource (PIR) da-
tabase demonstrated that the protein encoded by this
gene is very similar to numerous NAD*-dependent al-
dehyde dehydrogenases. Fig. 3C presents a comparison
of selected aldehyde dehydrogenase and DHAL. All
have characteristic “active site’ glutanyl and cysteinyl
residues® (position 248 and 281 in DHAL), and a pu-
tative NAD* binding domain located at DHAL residue
224~229 (Fig. 3C). The N-terminal sequences of three
benzaldehyde dehydrogenases from the benzyl alcohol
and mandelate pathway of A. calcoaceticus, and toluene
pathway of P. putida have been published (1), however,
there is no similarity between any of these sequences
and the N-terminal sequence of DHAL.

Although we have no biochemical evidence, we spec-
ulate this DHAL is the specific aldehyde dehydrogenase
needed to convert p-hydroxybezaldehyde to p-hy-
droxybenzonate and experiment is going on to prove
this. If there is operonic control of the enzymes re-
quired for the catabolism of p-cresol, via the ortho
cleavage pathway, to citric acid cycle intermediates,
they should be clustered on the P. putida plasmids.
Three enzymes of in this pathway are clustered on pRA
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cal-PSP-2 ROCLAVREDIVLAGORKITERNG 239
'caH-PSEAE RFDIV] 7
caH-ACICA EADSRCYRFDI 7
caH-PSECE  EGHALGYEFDIVLRCRDATPMER- 235
DHAL-PSEE6 M SLOLIAGEWRVGKAGRDLDVLDPETGEKLLQIPLAN 37
DHAL-ASPNT M- FINNEFVKGVEGKTFQUINPSNEKVITSVHEAT 54
DHAL-HUMAN AY EVFCNQIFINNEWHDAVSRKTFPTYNPSTGEVICOVAEGD 72
ALD-ECOLI ~SVBYQHP----~ MYIDGOFVIRRGDARIDVVNPATERVISRIPOGY 41

DHAL-PSEEE RF_DLDEAYRSGRQA———QVAWAACGPSERAQVM.LNAVRIFDERRDEI IDWI IRESGSTRIKA QIEWGAARR 105
DHAL-ASPNI  EKDVDVAV QVTPSERGILINKLADLMERDIDTL LONGKAFTMA-KVDLANSIG 123
DHAL-HUMAN KEDVDKAVKAARAAFQ HRGRL LNRLADLAERDRT‘{LAALETLDNGKP‘{VISYLV DLDMVLK 144
ALD-ECOLI :\EDARKAI DMERJ\A——QPEWEALPAIERASWLRKISAG[RERASEZSALIVEEGGKIQQL{\ -EVEVAFTAD 109

DHAL-PSES6 HSGYI QPREPRSRP}{PGLRCAWOGKSRLXVS———FLGVIGI TSPWNEPLHLTARSLAPALALGNACVIKPAS 174
DHAL-ASPNI  CLRYYAGWADKTHGQT- [DTN-—-PETL]YTRHEPYGVCGQ] IPWNF| PLLM"SWKIJPAVMGNTVVLKTAQ 191
OHAL-HUMAN ~ CLRYYAGWADKYHGKT-~ IPID—-AGDFFSYTRHEPVGVC.:QIIPWNF LLMOAWKLGPALATGNVVVMKVAE 212
ALD-ECOLT YIDYMAEWARRYH;EI IQSDRPGEN LLFKR- ALGVT[GILPWNFPFFLIARKMAPALLTGNTIVIKPSE 178

DHAL~PSES6  DIPYTGGLLLAHI FEEAGLPKGVLSVVVGSGSEI GDAFVEHEGVGETSFTSSTOVGRNIGRIARGRHLKEVA 246
DHAL-ASPNI  QTPLSA-LYAAKLIKEAPFPAGVINVISGFGRTAGAAISSHMDIDKVAFTGSILVGPTILOAAAKSNLKKVT 262

~HUMAR QTPLTA—L‘{VANL!KEA CFPPGYYNTVPGEGPTAGAAT ASHEDVDKVAFTGSTEICRVIQVAAGSSNLKRYVT 283
ALD-ECOLI PNNA IAFAKIVDEIGLPRGVFNLVLGRGETVGQELAGNPKVAMVSMTGSVSAGEKIMATAAK NITKVC 248

DHAL-PSE66 LELGATALRGA GGRDLDQAVNMVXGKFLHQGQICHAINRI IVEDSVVDEFVNRYAERVKSLPYGDPSKPE 317
R s e
ALD-ECOLI LELGGKAPAIVMDDADLELAVKAIVDSRVINSGQVCNCAERVWQKGI‘{DQFVNRLGEAM}AVQFGNPAERN 320

DHAL-PSE66 TV~ VGPVINA](QLAGLODKIATAKSEGARVMVEG~~—-EA(I;NVLPP’HVFADVTADMEIAREEIFGPLVGIQR 385
DHAL-ASPNI  TFQ-GPQVSQLOFDRIMEYINHGKKAGATVATGGDRHGNEGYFIQPTYFTDVISDMKIAQEEIFGPVVTIQK 405
DHAL-HUMAN TEQ-GPQVDETQFKKILGYINTGKQEGAKLZEGGGIAADRGYFIQPTVFGDVQDGMTIAKEEIFGP VMQILK 426
ALD-ECOLI DIM‘B NAAALERVEQKVARAVEEGARVAF GGKAVEGKCY‘{YPPTLLLDV'RQNSIMHEETFGPVLPVVA 392

DHAL-PSEE6 AHALEIANSSEYGLSSAVHSSLERGVKFARGIRAAHTHI NDIPVNDEPNAPFGGEKNSGLGRENGDW 457
DHAL-ASPNI FKDVAEAIKIGNSI D‘{GLAMVHTKNVNTAIRVSNALKAGTVHINNYNMISY QAPFG:FKQSGLGRELGS‘{ 476
DHAL-HUMAN  FKT IEEVYGRANNSTYGLAAAVFT! YLSQALQAGTVWVNCYDVFGA-QSPFGGYKMSGSGRELGEY 497
ALD-ECOLI FDTLEDAISMANDSDYGLTSSIYTQNLNVAMKAIKGLKFGE[ ‘{INRENFEAM—OGFHAGWRKSuIGCAmKH 463

DHAL-PSE66 AIEEFTTDHWITVQHAPRRYPFX 480
DHAL-ASPNI ~ ALENYTQIKTVHYRLGDAL——FA 497
DHAL-HUMAN GLQAYTEVKTVTVKVPQ] S 517
ALD~-ECOLI GLHHLQTQVV‘{LQ ------ S 478

Fig. 3. Amino acid sequences for the o subunits (Pane/ A) and su-
bunits (Pane/ B} of protocatechuate 3,4-dioxygenase from P. putida
NCIMB 9869 (PcaG-PSP-1 and PcaH-PSP-1), P. putida ATCC 23975
(PcaG-PSP-2 and PcaH-PSP-2) (5), P. ceppacia {PcaG-PSECE and
PcaH-PSECE), P. aeruginosa (PcaG-PSEAE and PcaH-PSEAE)} and A.
calcoaceticus {PcaG-ACICA and PcaH-ACICA). Only about 60~65%
of the P. putida 9869 sequences are known. The ¥ symbol indicate
the ligands for essential iron bound in the B subunits. The P. cepa-
cia, P. aeruginosa, and A. calcoaceticus sequences were obtained
from the EMBL database. Panel C. A comparison of the amino acid
sequence of the putative bezaldehyde dehydrogenase derived from
the cloned DNA of P. putida 9866 (DHAL-PSE66), with sequences
for other aldehyde dehydrogenases: DHAL-ASPNI, aldehyde dehy-
drogenase from Aspergillus nidulans; DHAM-HUMAN, human mi-
tochondrial aldehyde dehydrogenase precursor (class2); ALD-
ECOLIL lactaldehyde dehydrogenase from E. coli. The ¥ symbols
mark the position of the active site glutamyl and cysteinyl residues
common for all NAD-linked aldehyde dehydrogenases. The | sym-
bols indicate a putative NAD" binding domain. The dehydrogenase
sequences are from the Swiss Protein databank. The *** denote
identical residue, and the period denotes residues with similar pro-
perties.

500 in P. putida 9869: PCMH, the putative p-hy-
droxybezaldehyde dehydrogenase and protocatechuate 3,
4-dioxygenase. The first is a periplasmic protein'™ and
the latter two cytoplasmic. It has been suggested” that
the unusual periplasmic location of an enzyme involved
in the catabolism of aromatic compounds, i.e.,, PCMH, is
to prevent the formation of “toxic aldehydes’ in the cy-
toplasm. However, one must realize that the four elec-
trons extracted from p-cresol to produce p-hy-
droxybezaldehyde, are passed into the cytoplasmic elec-
tron transport chain for ATP production. Thus, PCMH
must be in the periplasm.

The results indicate yet another variant of the or-
ganization of genes for ortho-cleavage-pathway enzymes.
For A. calcoaceticus, the chromosomal organization is
pcaEFDBCHG and pobA at two loci, for P. putida, it is
peaE, pcaF and pcaBDC at three separate loci, and for
P. putida 9869, it is dhal-pchC-ORF-pchF-pcaHG at a
single loci on plasmid pRA500. It is not unusual for de-
gradative plasmids to have altered gene orgamization of
ortho-cleavage enzymes, in particular, the gene clusters
coding for enzymes required for the catabolism of chlo-
rinated aromatics.”® For P. putida 9869, PCMH that is
encoded on plasmid pRA500, is made constitutively.
The plasmid readily loses the pch genes and constitutive
genes required for the catabolism of 3,5-xylenol when
grown on nonselective media.”® Perhaps, other enzymes
of the protocatechuate pathway, encoded on pRAS500,
are constitutively produced. When P. putida is cured of
this plasmid, the organism is still able to grow of p-
cresol, due to a second, chromosome-encoded (B form)
of PCMH.™ It will be interesting to see how the chro-
mosome-encoded ortho-cleavage enzymes are organized.
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