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Evidence for the evolution of a single component phenol/cresol
hydroxylase from a multicomponent toluene monooxygenase
RH Olsen, JJ Kukor?, AM Byrne? and GR Johnson?®

Department of Microbiology and Immunology, University of Michigan Medical School, Ann Arbor, Michigan 48109-0620,
USA

We have previously reported on the organization of a unique toluene-3-monooxygenase pathway for the degradation

of alkyl-substituted petroleum hydrocarbons including characteristics of the second step in the pathway trans-
forming phenols to catechols. In the present work we have focused on the regulation and unusual genetic organiza-

tion of this metabolic step. In particular, we have sequenced the 3-kb DNA interval between the region encoding

the tbuD gene product (phenol/cresol hydroxylase) and part of the toluene-3-monooxygenase operon of strain PKO1.
Then, various regions of this DNA were fused to a LacZ expression system to ascertain the location of the tbuD
gene promoter and the binding site for its regulator, TbuT. The 5 " end for transcripts for the putative promoter of
the tbuD gene was also analyzed using primer extension analysis. Collectively, these results revealed that the pro-
moter was located 2.5-kb upstream of the region encoding the tbuD gene product whose N-terminal region had been
previously determined by peptide sequencing. Remarkably, the intervening 2.5-kb region showed sequence identity

to results we reported previously for a multi-subunit toluene-2-monooxygenase cloned from a different bacterium,
strain JS150, for which phenols are also substrates and effectors. When the DNA sequence for the tbuD gene and
its contiguous 2.5-kb upstream region were compared to the entire toluene-2-monooxygenase sequence cloned from
strain JS150, a promoter proximal region encoding three reading frames showed 99% identity to subunits for the
toluene-2-monooxygenase operon. Within the contiguous tbuD gene region, however, DNA sequence homology was
reduced to 64% overall identity and deduced amino acid sequence homology was only 21% similar. Although regions
internal to the tbuD gene showed homology to corresponding toluene-2-monooxygenase subunits, domains associa-

ted with the putative functions proposed for such subunits were deleted. We believe that these results suggest

that through evolution either  tbuD was derived from the 2-monooxygenase pathway by deletions and molecular
rearrangements, or alternatively the  tbuD gene recruited part of the 2-monooxygenase pathway and its regulatory
system which is activated by benzene, alkyl-substituted benzenes and phenols.

Keywords: Burkholderia pickettii PKO1; Pseudomonas sp strain JS150; phenol hydroxylase; multicomponent oxygenases;
molecular evolution; transcriptional regulation

Introduction TbuT, in combination with appropriate low-molecular-
weight effectors, regulates the expression of the toluene-
@-monooxygenase locushuA1UBVA2C[4], the catechol
|metacleavage operontbuWEFGKIHJ [14], and a locus
designatedbuX the precise function of which is unknown

We have investigatedurkholderia pickettiPKO1 as a
model organism for determination at the molecular geneti
level of features that may relate to its unique physiological
ability to utilize aromatic petroleum hydrocarbons in oxy- : . .
gen-iimited (hypoxic) aquifer environments. The toluene@t this point [6]. The regulatory geneuT, is expressed as
pathway from strain PKO1 has been cloned as a 26.5-kbfj!€ result of a cascade. Transcription totiT occurs by
DNA fragment, designated pRO1957. Tti®i regulon is eadthrough transcription from the toluene-3-monooxygen-
comprised of four operons as shown in Figure 1. Transcrip@S€ promoter when an effector, such as toluene, benzene,
tion starting points are depicted as circles with arrows for€thylbenzene, trichloroethylene orcresol, is present [S].
each of the operons. The transcriptional activator that con- In the present work we have focused on the regulation
trols thetbu regulon is the NtrC-like protein, TbuT [5]. and unusual genetic organization of the second step in the
tbu catabolic pathway which transforms phenols to cat-
echols and which is encoded HyuD. We have previously
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Present address: Center for Agricultural Molecular Biology, Foran Hall,it [15]. In our previous work we demonstrated titatD
Dudley Road, Cook College, Rutgers University, PO Box 231, New Brun-was expressed from a 3.1-kbindlll fragment of pRO1957,
swick, NJ 08903-0231, USA however we were not able to demonstrate regulabed
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sity of Michigan School of Dentistry expression from this fragment when the regulatory gene,
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Figure 1 Organization of thebu regulon ofB. pickettiiPKO1. The transcriptional activator, TbuT (T), interacts with low molecular weight effectors
(E) resulting in initiation of transcription from thbuA1UBVA2CtbuWEFGKIHJ andtbuX operons. The double-headed arrow betwiberD andtbuAl
indicates the DNA region investigated in the present study. Details are given in the text.

Materials and methods structs, tetracycline was added to media ap@aml—?. Iso-
propyl-B-d-thiogalactopyranoside (IPTG) and 5-bromo-4-

hloro-3-indolyl3-d-galactopyranoside (X-Gal) were used
Ih solid media at concentrations of 50 and @@ ml™,
respectively.

Bacterial strains, plasmids, and culture conditions

The bacterial strains and plasmids used in this study ar
described in Table 1Pseudomonas putidR2PO200 was
routinely cultured on plate count complex medium (TN)
[24] at 3C°C, andP. aeruginosaPAOlc was cultured on
TN medium at 37C. E. coli strains DHw and BL21 were  Molecular techniques

cultured on Luria-Bertani medium [26] at 3Z. For main-  Plasmids were introduced int. coli by the procedure of
tenance of plasmids iR. aeruginosaPAO1c, carbenicillin Hanahan [9] and inf®. aeruginosaby the procedure of

was added to media at 5Q@ ml™, and trimethoprim was Mercer and Loutit [18]. Plasmid pKRZ1 and its derivatives
added at 60Qug mi~2. For plasmid maintenance . coli  were introduced intd®. putidaPPO200 by electroporation
strains, ampicillin was added to media at 100 mgtnffor  using the method of Smith and Iglewski [29]. Restriction

P. putidaPPO200 carrying pKRZ1 constructs, kanamycin ~ endonuclease digestion and molecular cloning were done
was added to media at @y mi™, and for pRO1614 con- as described previously [22]. DNA for sequencing was rou-

Table 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant markers) Reference or derivation
Strains
E. coli

DH5« F®80dacZAM15 A(lacZYA-argjU169 [9]

deoR recAl endAl phoA hsdR17
(re=, mc*) supE44\~ thi-1 gyrA96 relAl

BL21 F ompT(rg™, mg") [30]
P. aeruginosaPAOlc Prototroph [10]
P. putidaPP0O208 Prototroph [31]
Plasmids
pKRZ1 HaczZ Ap'’Km'"; 13.3-kb promoter [25]
probe vector
pBluescript 1l KS lacZAp'; 2.96-kb cloning vector Stratagene Cloning Systems
pRO1963 CbtbuD [13]
pRO2354 TptbuT [23]
pRO1614::3.1-kktbuT Tc tbuT [5]
pBS::7.2-kbtbuD Ap’ tbuD tbuWE 7.2-kb Xhd-Sad fragment of pRO1957
[13] cloned into pBluescript
pKRZ1:pRO1963: AKmtbuD 3.4-kb Xhd-Bglll fragment of pRO1957
Xhad-Bglll [13] cloned intoSal and BanHI-cleaved
pKRZ1

@Abbreviations: Ch Tp", Tc", Ap', Km', resistance to carbenicillin, trimethoprim, tetracycline, ampicillin, kanamycin, respectively.
PP. putida PPO200 is a derivative of strain mt-2 cured of its TOL plasmid.
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tinely prepared by the method of Birnboim and Doly [2] labeling witb*fP]ATP, template annealing and extension
and was further purified by passage through Qiagemeactions were performed as described previously [16]
(Qiagen Inc, Chatsworth, CA, USA) tips as recommended  except that oligonucleotides were annealed with RNA in
by the supplier. Plasmid pBluescript 1l KYStratagene hybridization buffer at 95C for 3 min, transferred to 6C
Cloning Systems, La Jolla, CA, USA) was used to construct ~ for 30 min, and then were slowly cooledQofat2
the subclones necessary for DNA sequencing. Orderedl5 min.

deletions of overlapping subclones were made by pre-

viously described procedures [15]. Nucleotide sequenceBrotein analysis

were determined directly from plasmids by the dideoxyFor protein analysis, 100-ml cultures &f. aeruginosa
chain termination technique [27] using T3 and T7 primers  PAO1c carrying pRO1963 (aXfhdtkHindlll fragment
(Stratagene). Sequencing reactions were performed with thef pRO1957 that containtbuD and its upstream promoter
modified T7 polymerase, Sequenase version 1.0, and a  region) and pRO2354 (which ¢bniadmsa compatible
Sequenase kit (United States Biochemical Co, Clevelandylasmid vector) were grown in MMO medium with 0.3%
OH, USA) as recommended by the supplier, except that  Casamino Acids plus 0.5 mM pherf@ &b 2nA,,s of
dITP was used in place of dGTP to eliminate band com-1.5. Cells were harvested by centrifugation and washed

pression in GC-rich regions. twice in 10 ml of 50 mM Tris hydrochloride, pH 6.8.
Washed cells were then broken by sonic oscillation using
DNA sequence analysis multiple 15-s, 200-W bursts with a Braun-Sonic 2000

A complete double-stranded composite sequence was  apparatus, and cellular debris was removed by centrifug-
assembled from sequenced fragments with AssemblyLIGNtion at 10000 g for 30 min. Similarly, 100-ml cultures
sequence assembly software (Oxford Molecular Group, E.ofoli BL21 carrying pBluescript Il KS:7.2-kb tbuD
Oxford, UK). Nucleotide and deduced amino acid (which contains a 7.2-kiXhd-Sad fragment of pRO1957
sequences were analyzed with MacVector version 4.5.3  that cotiaiDsand its upstream region oriented so that
sequence analysis software (Oxford Molecular Group). transcription is controlled by thelac promoter of
pBluescript) were grown in Luria-Bertani medium plus
Quantitation of promoter activity 0.5mM IPTG. Cells were harvested and broken as
Promoter activity was determined by assayjggalacto-  described for the. aeruginosaultures. The cleared super-
sidase activity in cells ofP. putida PPO200 carrying natant solutions were used immediately for denaturing
pKRZ1 derivatives intrans with tbuT cloned as a 3.1-kb  gel electrophoresis.
EcaRI-Pvdl fragment on the compatible plasmid, Denaturing gel electrophoresis was performed on sodium
pRO1614P. putidaPPO200 cells that carried test plasmids ~ dodecyl sulfate (SDS)-polyacrylamide gels by the method
were grown overnight in TN broth that contained kanamy-of Laemmli [17]. Samples were boiled for 5 min in solubil-
cin (60ug mI?) and tetracycline (2mg mi™), to select for  ization buffer (64 mM B-mercaptoethanol 2% SDS,
maintenance of pKRZ1- and pRO1614-based plasmids, antl4 mM phenylmethylsulfonyl fluoride, 12.5% glycerol,
2.5 mM of either phenol or toluene as effectgésGalacto-  0.05% bromphenol blue in 10 mM Tris, pH 6.8). Gels were
sidase activity was assayed as described by Miller [19]yun for 30 min at 100 V through a 4% acrylamide stacking
except that cells were permeabilized by addition to chloro-  gel and a further 3 h at 200V through either 10, 12 or
form and sodium dodecyl sulfat@-Galactosidase activity 15% acrylamide separating gels. Protein standards used for

values are expressed in units as specified by Miller [19]. molecular mass estimation and their approximate molecular
masses in kilodaltons were: myosin, 2@%pgalactosidase,
RNA isolation and primer extension analysis 116; phosphorylase B, 97.4; bovine albumin, 66; ovalbu-

Total RNA was isolated from toluene-induced and un- min, 45; glyceraldehyde-3-phosphate dehydrogenase, 36;
induced cells of P. putida PPO200 carrying carbonic anhydrase, 29; trypsinogen, 24; trypsin inhibitor,
pKRZ1:pRO1963hd-Bglll in transwith a 3.1-kbEcaRI-  20; a-lactalbumin, 14.2. To visualize proteins, the gels
Std DNA fragment expressingbuT carried on plasmid were stained with Coomassie brilliant blue R-250.

vector pRO1614. Typically, cells &. putidaPPO200 car-

rying these constructs were grown in stoppered 150-mlnalysis of phenol hydroxylase activity

flasks containing 25 ml of MMO basal salts medium [7] For phenol hydroxylase assays, cells Bf aeruginosa

with 0.3% Casamino Acids (Difco Laboratories, Detroit, PAO1c carrying pRO1963 and pR0O2354 were grown in
MI, USA), appropriate antibiotics, and 2.5mM toluene 100 ml of MMO medium with 0.3% Casamino Acids,
(added neat). Uninduced cultures were grown in the  appropriate antibiotics, plus 0.5 mM phenol (or without
absence of toluene. Cultures were incubated 8€3® an  phenol for uninduced cultures) to ak.s of 1.5. Cells of

orbital shaker for 18 h and were subsequently diluted 1:10E&. coli BL21 carrying pBluescript Il KS:7.2-kbtbuD were

into the same medium and were grown for an additionagrown in Luria-Bertani medium plus 0.5 mM IPTG (or

18 h. RNA was extracted from 2 ml of the cultures using  without IPTG for uninduced cultures) #g.amf 1.5.

Trizol Reagent (Gibco BRL) essentially as described preCells were harvested by centrifugation and washed twice
viously [16]. in 10 ml of 50 mM sodium phosphate buffer (pH 7.6) con-

The B ends of transcripts were determined by primertaining 1 mM B-mercaptoethanol, 0.1 mM EDTA, and
extension analysis with oligonucleotide primér S85CAA- 1 uM flavin adenine dinucleotide. Washed cells were then
CAGGTCGACACTCAGTTCGG, which was complemen- broken by sonic oscillation using multiple 15-s, 200-W
tary to nucleotides 2—26 of the nucleotide sequence. Primer  bursts with a Braun-Sonic 2000 apparatus, and cellular
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30 min. Cleared supernatant solutions were used for phendlhe complete nucleotide sequence of the region between
hydroxylase assays as described previously [13]. Protein  the translational dtamDodnd the translational start of

was determined by the method of Bradford [3]. tbuAlwas determined. A portion of this sequence is dis-
played in Figure 3. Downstream of téhd site (position
Chemicals 573) are the TbuT-binding site (positions 583—645), sigma

All aromatic hydrocarbons were obtained from Aldrich 54-dependent promoter (positions 765-799) and transcrip-
Chemical Co (Milwaukee, WI, USA) and were used with- tional start site (position 790) for ttbuA1UBVA2Qperon

out further purification. Bacteriological medium compo- that were determined in our previous work [5]. Upstream of
nents were purchased from Difco. Enzymes and reagentke Xhd site (position 573), sequence inspection revealed a

for nucleic acid manipulations were purchased from Gibco- region (positions 413-364) showing extensive nucleotide
BRL (Gaithersburg, MD, USA), Boehringer Mannheim sequence homology to the palindromic regions upstream of
Biochemicals (Indianapolis, IN, USA), Stratagene CloningPu, the XyIR-binding site of the upper TOL operon [1],
Systems, Promega Corp (Madison, WI, USA), UnitedPo, the DmpR-binding site of thelmp operon [28], and

States Biochemical Corp, and Qiagen Inc and were used &tbm the putative TbmR-binding site of the toluene-2-
suggested by the suppliers. Sodium ampicillin, tetracyclinenonooxygenase operon [12]. In addition, a potential sigma
hydrochloride, kanamycin monosulfate and trimethoprim 54-dependent -24, -12 promoter sequence was found at pos-
(2,4-diamino-5-[3,4,5-trimethoxybenzyl]-pyrimidine) were itions 235-221. Taken together, these findings are consist-
obtained from Sigma Chemical Corp (St Louis, MO, USA), ent with the LacZ expression results shown in Figure 2 and
and disodium carbenicillin (Geopen) was from Pfizer (Newdemonstrate that thisuD promoter is dependent on ThuT

York, NY, USA). and is separate from thbuA1UBVA2Cpromoter.

Determination of 5 mRNA start of tbuD transcript

In order to determine whether the putative promoter and
Locating the tbuD promoter upstream activating sequences detected by DNA sequence

In order to identify thebuD promoter we used a two-plas-  analysis (Figure 3) were associated with theo tran-

mid transcriptional fusion assay system. DNA fragmentsscriptional start of thebuD operon, we performed primer
upstream of thetbuD translational start (Figure 2) were extension analysis. Total RNA was isolated from toluene-
fused to the promoterlesscZ gene on the broad-host-range induced and uninduceH. putidaPPO200 strains carrying
plasmid pKRZ1 [25]. To provide the necessamgns-activ- pKRZ1::pR0O1963Xhd-Bglll in the presence otbuT in

ating function,tbuT was cloned as a 3.1-klBcdRI-Pvul pRO1614. A 25-mer oligonucleotide primer (complemen-
fragment onto a compatible plasmid, pRO1614, and these  tary to the double-overscored sequence in Figure 3, pos-
constructs were introduced by electroporation iRseudo- itions 2—26) located 195 bp downstream of the putative
monas putid@P0200. Expression was monitored by meas- sigma 54-dependent promoter, was used. As shown in Fig-
uring B-galactosidase levels from cells grown in the pres-ure 4, the analysis revealed a major toluene-induced tran-
ence or absence of the effectors, toluene or phenol. Results  script (lane 1) with RNA isolate®. fpotda PPO200

are reported in Figure 2 as Miller units of activity (plus or carrying both  pKRZ1::pRO1963 Xhd-Bgll and

minus the standard error of the mean) for three separate pRO1614::3thtkb Because of the compressions

and independent experiments. From the results shown iencountered when sequencing this region of DNA (Figure
Figure 2 it is clear that toluene- or phenol-responsive, 4, sequencing ladder), we were unable to determine
TbhuT-dependent promoter activity fabuD is located whether the primer extension product corresponded to a

Results

between thabuD- proximal Sal and Xhd sites. transcriptional start at the G, the two Cs, or G residue
g 53 =
& S = S PB-galactosidase (U) B-galactosidase (U)
| | 1 |
. Effector Effector

- Induction =—————————— Induction
—p ! .
tbuD thuAl None Toluene ratio None Phenol ratio

LacZ@—— 1.3(0.2) 12.1(0.4) 9.3(0.3) 1.1(0) 2.8(0.5) 2.5(0.5)

LacZ< 2.8(0.2) 144.0(0.3) 51.4(0.3) 3.0(0.3) 16.6(0.5) 5.7(0.6)

LacZ< 10.7(0.3)  8.2(0.2) 0.8(0.3) 9.0(0.4) 82(0.4) 0.9(0.2)

Figure 2 Analysis of the putativébuD promoter region. The double-headed arrow betwtbeid and tbuAlindicates the DNA region investigated in

the present study. The single-headed arrows denote portions of the ptiativ@romoter region that were cloned upstream of the promoteldes

gene of pKRZ1. Pertinent restriction endonuclease cleavage sites that bound each cloned insert are shown. To the right of each insert are the corresponding
B-galactosidase values obtained frémputidaPPO200 cells carrying the indicated pKRZ1 derivativesrams with pRO1614::3.1-klibuT and grown

either in the presence (Toluene or Phenol) or absence (None) of an effector. The results are the average (plus or minus the standard error) of three
separate and independent experiments. Induction ratio indicates the rgtigatéictosidase determined from effector-induced cells compared with cells

grown without an effector.
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3' GTC GTT GTC CAG CTG TGA GTC AAG CCC GGT CGG CTA 5! 36
L L L D v s L E P W G I

Sall
37 3' CCG CTT GAG CTT CGA GTG GTC GGG TAG CCA CGC GGC GAG CTA CGC TGA GTG CAT GAA CGC GCA CTC CAG CTG CTG 5 111
A F E F S v L G D T R R E I R S v Y K R T L D v v

|-xrbs-|
112 3' CCC GTA GAG CAA CCT CCC GAC CCT TTC AAC TTA CCA GTA CC CGCATAGGCG ACAACTCCAG CCCAAACGGT GGCCTCGTCT 5’ 192
P M E N S P (0] S L Q I T M
ORF 1 <--

193 5' GCGATCGCCC GGTGACGGCT CCTCTTTTGC AGAAGGTGTG CCAGCCGCTC GCTCCCACCC CAAAAATCTC GATATTTCTA GGGAAAACCC 3 282
3' CGCTAGCGGG CCACTGCCGA GGAGAAAACG TCTTCCACAC GGTCGGCGAG CGAGGGTGGG GTTTTTAGAG CTATAAAGAT CCCTTTTGGG 5°'
+1 | ---promoter----|

Bcll
283 5' CGACAGAAAG GCCGTTTTTA TGCGGTGCCC AGCACGTGGA AAGCACGGCA AGCGCCCCGG ATTTCTGTTG ATCAGGCAGG CTAATTGATG 3 372
3' GCTGTCTTTC CGGCAAAAAT ACGCCACGGG TCGTGCACCT TTCGTGCCGT TCGCGGGGCC TAAAGACAAC TAGTCCGTCC GATTAACTAC 5°
' [NARERARE!

373 5' ATTTGATGCA GCCGCCCAGG GCTGCTTTCA TCAAATCGTC GAACCCTCAC AGGTATTTGG ATGCCGACGA TCTGGCGCGC GATCTGCCAC 3! 462
3' TAAACTACGT CGGCGGGTCC CGACGAAAGT AGTTTAGCAG CTTGGGAGTG TCCATAAACC TACGGCTGCT AGACCGCGCG CTAGACGGTG 5
FEEIEIIETI D) Homology to Ptbm 11NV

Clal
463 5' CCGATGTCGT CATGGCGGGC TCTGCGCTCC GCTGCTGAGG ACGCATTCGG CTCCAGACAG CCACCTCTCG GGCGCGCGGG TCGTGATCGA 3 552
3' GGCTACAGCA GTACCGCCCG AGACGCGAGG CGACGACTCC TGCGTAAGCC GAGGTCTGTC GGTGGAGAGC CCGCGCGCCC AGCACTAGCT 5!

Bcll
Xhol PICEVETETRCET LI El Tl Homology to Pu IITVEILEIOEII0EEISTETETT
553 5' TCCGAAGAGG AAACACAATT CTCGAGATTC TTACCAATTG ATGAAATCAA CCGGCCCGAT GCCGGTGGCC TGATCTGATC AAAAACTGAA 3! 642
3'  AGGCTTCTCC TTTGTGTTAA GAGCTCTAAG AATGGTTAAC TACTTTAGTT GGCCGGGCTA CGGCCACCGG ACTAGACTAG TTTTTGACTT 5°'

(AN
643 5' ATCGCGGGAC CGCTTGACGC TTCTGCACTG CACACAAGCG GCGCACAGGT GTGTCGGAGG CGTGCGTCGC CACAGGCGTC TTTGAATTTT 3 732
3' TAGCGCCCTG GCGAACTGCG AAGACGTGAC GTGTGTTCGC CGCGTGTCCA CACAGCCTCC GCACGCAGCG GTGTCCGCAG AAACTTAAAA 5

| ~--promoter---| +1
733 5' GCGTTGCACC AAGCCGGCAG ATGCGCAGCG GTTGGCACCG GCCTTGCAAT GGAGGACLGC CCCAGCGCGG ACGCGATCCC GCTGGAGCCG 3! 822
3' CGCAACGTGG TTCGGCCGTC TACGCGTCGC CAACCGTGGC CGGAACGTTA CCTCCTGGCG GGGTCGCGCC TGCGCTAGGE CGACCTCGGC 5

|-rbs-1i
823 5' CCAAGCAAAA AACACTACAG ACCCTACCAA_GGAGACATCA CC ATG GCG TTA CTG GBA CGC GCC GCCG TGG TAC GAC ATC GCA CGC 3' 906
M A L L E R A A W Y D I A R
--> TbuAl

Figure 3 Analysis of the putativébuD promoter region. The nucleotide sequence between positions 573 and 906, as well as the functions ascribed

to these sequences, are from our previous work [5] and are displayed here for reference. The sequence between positions 413 and 364, indicated by
short vertical lines, shows homology to the TbmR-binding site oftbre promoter ofPseudomonasp strain JS150 [12], reported previously by us.

At positions 235-221 are the -24 and -12 sequences of a putative promoter. The underlined C residue at position 24D desigaation indicates

the tbuD transcriptional start site as determined by primer extension analysis (described in Results). A putative ribosome-binding site is indicated at
positions 163-158. An open reading frame (ORF 1) beginning at position 150 and a portion of its translated sequence are displayed. The double overscore
between positions 2 and 26 denotes the sequence complementary to the oligonucleotide primer used in primer extension analysis (described in Results).

complementary to positions 208-211 in Figure 3. Nonethe-  two monooxygenase enzymes reported by us (Tbu) and
less, these results place the start of the transcript at a posthers (Tmo) previously [32], is shown in Figure 5. Based

ition consistent with the initiation of transcription from the  on the juxtaposition and size of subunits for which function
promoter sequence identified at positions 235-221 (Figurbas been ascribed there seem to be two families of

3). This transcript was present at a greatly reduced concen-  enzymes. However, the substrate range for the phenol
tration in uninduced cells (Figure 4, lane 2), which could hydroxylase dmpgene product) from strain CF600 [20] is

be due to the promoter being present on a multicopy plas- restricted to phenols, unlike the 2-monooxytignase (
mid in P. putidaPPO200. A slightly larger minor transcript gene product) reported by us [12] and an apparently similar

was also detected in this analysis, however this transcript ~ enzyme reported previously by others [8].

was detected at approximately the same concentration in

both toluene-induced as well as in uninduced cells, suggestNucleotide sequence relationships between the tbuD

ing that a secondary, low level constitutive promoter isphenol hydroxylase and toluene-2-monooxygenase

present upstream abuD. We have previously characterized a toluene-2-monooxy-
genase for which phenol is also a substrate [12]. This
Organization of monooxygenases operon, in turn, is similar in its organization and DNA

Preliminary analysis of the sequence for the region span-  sequence to a phenol hydroxylase described by others [20],
ning thetbuD promoter and the structural gertbuD, sug-  but whose substrate range does not include alkyl-substi-
gest a possible relationship to a 2-monooxygenase for  tuted benzenes. The complete nucleotide sequence from the
which both phenol and alkyl-substituted benzenes are sulpromoter to the start of the structural gene for the unit pep-
strates, which we reported previously [12]. The organiza-  tide encodethliy was obtained, and these sequence
tion of this enzyme (Tbm) for which phenol and cresolsdata have been submitted to the DDBJ/EMBL/GenBank
are substrates, a multipartite phenol hydroxylase (Dmp) and  databases under accession number AFO12632. When the
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the adjacent promoter-distal region touD. The first three

reading frames of the toluene-2-monooxygenase operon
and the corresponding region associated withD were
nearly identical. However, when the DNA sequence from
the amino- to carboxy-terminal coding region fbuD was
compared to thébmF, tbmEand part of thébmD genes for
toluene-2-monooxygenase, much less homology was seen.
Although within this region there were scattered regions of
identity, there were also regions where no identity was
ATCG 1 found and there were regions where deletions and additions

C* had occurred during the formation of thleuD gene from

G* a possible progenitor gene such as the toluene-2-monooxy-

G* genase operon.

C* Peptide analysis of the region downstream of the

ool Iola lala L k-

tbuD promoter

Since the results frontacZ transcriptional fusion analysis
and primer extension analysis both indicated thattths®
transcriptional start is located 2.5-kb upstream of the trans-
lational start of the TbuD peptide, and since DNA sequence
analysis of the intervening 2.5-kb region revealed the pres-
ence of three open reading frames (ORFs), we sought to
determine whether peptide products are produced from
these ORFs. The predicted size for the peptide products
deduced from the DNA sequence for each of the three
ORFs is 10.3, 43 and 11.6 kDa. SDS-polyacrylamide gel
(SDS-PAGE) electrophoresis of 100 00@-cleared sol-

5 uble cellular proteins ofP. aeruginosaPAO1 carrying
pRO1963 (a 7-kbXhd-Hindlll fragment of pRO1957 that

Figure 4 Determination of the Send of thetbuD operon transcript by contains tbuD and its upstream promoter region) and
primer extension analysis. RNA was isolated frdtn putida PPO200 P P gion)

(PKRZL:pRO1963Khd-Bglll + pRO1614:3.1-ktibuT) grown in the pres-  PRO2354 (which containgbuT on a compatible plasmid
ence (lane 1) and absence (lane 2) of toluene. A sequence ladder usiMgCtor), grown in 0.3% Casamino Acids plus 0.5 mM phe-
the same oligonucleotide primer and the pBluescript derivative containingiol (Figure 7a, lane 3) revealed a novel peptide band with
tr}etﬁhd Bgllll f{a(ljgment is also shown. dTo thtfm Ieit is an etxpanldefl vtle\é\lltan apparenM, of 74 000 when visualized in a 10% polyac-
O € nucleotide sequence surroundin e transcriptional star
(marked with asterlskg) Refer to Resultgl for mformauc?n regarding the ?ylamlde gel. This peptide was not detected in the soluble
marked transcriptional start sites. ®cellular proteins from uninduced cells (Figure 7a, lane 4).
Similarly, SDS-PAGE analysis of soluble cellular proteins
from E. coli BL21 carrying pBS::7.2-klibuD (which con-
s tains a 7.2-kbXhd-Sad fragment of pRO1957 that con-
D I]:m@m tains tbuD and its upstream region oriented so that tran-
scription is controlled by théac promoter of pBluescript),
grown in Luria-Bertani medium plus 0.5 mM IPTG, also

PEAOQOOCOQAEQ >

* toluene 4-monooxygenase

"”‘“e“” ‘“°“°°" e“ase revealed a novel peptide band with an appakéntf 74 000

D : when visualized in a 10% polyacrylamide gel (Figure 7a,

« phenol hydroxylase lane 2), which was not present in the soluble cellular pro-

i teins from uninduced cells (Figure 7a, lane 1). This peptide
L 1kb corresponds to the size of ThuD, as determined in our pre-

- Oxygenase subunits

erredoxin [D:I:I]o,ﬁd.,,edwase vious work [13,15]. No novel peptides of approximate
of 10300, 43000 or 11600 were detected. Since these

Figure 5 Organlzatlon of aryl monooxygenases. A schematic represen- I tid Id not b il lved 10% |

tation of the relative sizes and subunit juxtaposition of representatives opMalier peptides would not be easily resoived on o poly-

two families of six-component aryl monooxygenases is shown. Function®Crylamide gels, electrophoretic profile analyses were also
ascribed to subunits are designated by differences in shading. Toluene ¢arried out in 12% (Figure 7b) and 15% (Figure 7c) polyac-
monooxygenase is fro. mendocin&KR1 [32], toluene 3-monooxygen- rylamide gels. In the 12% gel, a novel peptide band with

ase is fromB. pickettii PKO1 [4], toluene 2-monooxygenase is from an apparentM, of 74000 was detected in 100000 g-

Pseudomonassp strain JS150 [12], and phenol hydroxylase is from | | Ir il . .

Pseudomonasp strain CF600 [21]. cleared soluble cellular proteins &f. aeruginosaPAO1
carrying pRO1963 and pR0O2354 grown in the presence of
phenol (Figure 7b, lane 2). This peptide was not detected

complete sequence from the promoter to the termination oin the soluble cellular proteins from uninduced cells (Figure

the structural gene for the unit peptide encodedttiyD  7b, lane 1). In the 15% gel (Figure 7c) the peptideMyf
was compared as shown in Figure 6, a high degree of iden#4 000 was not detectable owing to the compression of the

ity was obtained between toluene-2-monooxygenase and higher molecular weight peptides at the top of the gel.
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Figure 6 Homology relationships betwegbuD and its promoter region frorB. pickettiiPKO1 and thebm-encoded toluene 2-monooxygenase operon

of Pseudomonasp strain JS150. A portion of thbv-encoded toluene 3-monooxygenase regulon from strain PKO1 is shown in the upper portion of
the figure, together with relevant restriction endonuclease cleavage sites and their coordinates from pRO1957 [13]. The locatibnAbBMA2C

encoded toluene 3-monooxygenase operon and its promatex) (8hd thetbuD-encoded phenol hydroxylase and its promoteg, @P are indicated.

Percent similarities between thbmencoded toluene 2-monooxygenase peptides of strain JS150 and the corresponding regions from strain PKO1 are
shown in the rectangles in the center of the figure.

However, in neither the 12% nor the 15% gels were pep-  included the recruitment of the 2-monooxygenase operon

tides of approximateM, of 10300, 43000 or 11600 for the metabolism of phenols resulting from the transform-

detected. ation of alkyl-substituted benzenes, but as a result of further
evolution, the redundant pathways for strain JS150 had

Expression of phenol hydroxylase activity in cells of evolved in the case of strain PKO1 to more specificity and

E. coli BL21 or P. aeruginosa PAO1 carrying tbuD therefore a requirement for less complexity in the case of

and its upstream promoter region the formation oftbuD.

In order to determine whether phenol hydroxylase activity The foregoing observations suggest that for two bacterial

was expressed in cells &f. aeruginoseor E. coli that had  strains showing disparate overall properties, there may be
exhibited a novel peptide band &f, 74000 when grown common progenitor species which have accommodated
under inducing conditions, we assayed these cells for phesimilar substrates either as a source of carbon and energy
nol hydroxylase. As shown in Table 2, both tRecolicells  or perhaps have developed similar pathways for detox-
and theP. aeruginosacells carrying clonedbuD-bearing ification of their environments. Strain JS150 was isolated
DNA fragments from strain PKO1, and expressing a novel  for growth on chlorobenzenes and its 2-monooxygenase
peptide band o, 74000 when grown under inducing con- pathway can utilize chloro-substituted benzenes as well as
ditions, also exhibited phenol hydroxylase enzymatic  alkyl-substituted benzenes. Strain PKO1, however, does not
activity. transform chloro-substituted substrates either as chloro-sub-
stituted benzenes or chloro-substituted phenols. Moreover,
unlike strain JS150, strain PKO1 does not carry the modi-

fied ortho pathway for chlorocatechols which might result

Not only is there some apparent relationship between théfom such transformations. A comparison of these two
strain JS150 2-monooxygenase pathway and the PKO1 phe- strains therefore suggests that, based on the organization of
nol hydroxylase pathway as suggested by the foregoingheir respective pathways, they shared a common progeni-
work, but also our previous work suggests that this relation-  tor but further evolved to accommodate their respective
ship may extend further to include a toluene-4-monooxy-environments, a chlorobenzene site for strain JS150 and a
genase for strain JS150 [11] and the toluene-3-monooxy-  gasoline-contaminated site for strain PKOL. Incidental to
genase of strain PKO1 described by us [23]. Phenol is nathis evolution for strain PKO1 was a diminution in the com-

a substrate for either the 3- or the 4-monooxygenases, but plexity of its phenol metabolism evolving from a multipar-
their substrate range for alkyl-substituted benzenes is simtite enzyme to a unit peptide enzyme, but retaining the

lar. Alkyl-substituted benzenes and phenols are also sub-  organization of its progenitor pathway, possibly a 2-
strates for the 2-monooxygenase of strain JS150, but onlgnonooxygenase operon.

phenols are substrates for the derivatized gene product car- Another unusual finding of the present work is apparent
ried by strain PKO1. Interestingly, however, the organizadack of peptides for regions of the PKO1 pathway corre-

tion of the pathways including the location of their regulat-  sponding to the homologous regions of the strain JS150 2-
ory genes tbmR for strains JS150 andbuT for strain  monooxygenase pathway. Clearly these regions are tran-
PKOL1) are juxtaposed similarly. Perhaps a progenitor strain ~ scribed to allow expressiontimiBhgene unit peptide,

led to the formation of strains JS150 and PKO1 whichbut do not persist to allow their isolation along with the

Discussion
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Figure 7 SDS-polyacrylamide gel electrophoretic profiles of 10080@-cleared soluble cellular proteins Bf aeruginosaand E. coli cells carrying

DNA fragments expressintpuD and its upstream promoter region. (a) 10% resolving gel analysis of proteindHreonli BL21 (lanes 1 and 2) carrying
pBS::7.2-kbtbuD grown in the absence (lane 1) or presence (lane 2) of IPTGPaadruginosd?AO1c (lanes 3 and 4) carrying pRO1963 and pRO2354

grown in the presence (lane 3) or absence (lane 4) of phenol. (b) 12% resolving gel analysis of proteiRs &emginosaPAO1Lc (lanes 1 and 2)

carrying pRO1963 and pRO2354 grown in the absence (lane 1) or presence (lane 2) of phenol. (c) 15% resolving gel analysis of profeins from
aeruginosaPAO1c (lanes 3 and 4) carrying pRO1963 and pR0O2354 grown in the absence (lane 3) or presence (lane 4) of phenol. Sizes of molecular
weight markers X 1¢°) are shown to the right of panels (a) and (b), and to the left of panel (c).

tbuD gene product. This observation may suggest that the
tbmA B, andtbmClike peptides illustrated in Figure 6 are

Table 2 Phenol hydroxylase activity expressedEncoli andP. aerugi- Iab_”e in the absence of their association with the other sub-
nosa units of the 2-monooxygenasthi) pathway.
Strain (plasmid) Activity (units mg™* protein)

Induced Uninduced Acknowledgements
BL21 (pBS::7.2-kbtbuD) 1.16 (0.13) 021 (0.03)  This research was supported by the NIEHS Superfund
PAO1 (pRO1963+ pRO2354) 0.70 (0.18) 0.01 (0.002) Basic Research Program under grant ES04911. Additional

partial support for nucleotide sequence analyses was pro-
2Values are the mean (standard error of the mean) of at least three separatided by the General Clinical Research Center at the Uni-
and independent experiments. One unit of enzyme activity is defined as th@ersity of Michigan funded by grant MO1RR00042 from
iTL?n“;}t gff NADDH ‘F’,":r'crni'r?uttge presence of phenol causes the oxidation gfy o National Center for Research Resources, National Insti-
bBL21 constructs were induced with 0.5 mM IPTG. PAO1 constructs weretUt€S Of Health, USPHS. W_e thank Lisa Ramey for her dili-
induced with 0.5 mM phenol. gence in sequence analysis and for technical support.
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