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We have determined the entire nucleotide sequence of a 4 4 kbp fragment of pMOP, a plasmid involved in 4-rnethylphthalate catabolism in Burkholderia cepacia (formerly Pseudomonas cepacia) Pc701. T w o complete ORFs were identified and termed mopA and mopB. mops encodes a 4-methylphthalate permease which is a member of a superfamily o f symport proteins found in both prokaryotes and eukaryotes. Functionality was assigned to MopB by detailed analysis of the predicted amino acid sequence, resulting in the identification of 12 hydrophobic membrane-spanningdomains and motifs associated with this class of protein. An assay was developed to demonstrate MopB function in substrate uptake. Of 4-methylphthalater 4hydroxyisophthalate, benzoate, p-toluate and phthalate, only uptake of 4methylphthalate and phthalate was demonstrated, suggesting that two carboxyl groups in the artha position are essential for substrate recognition. The predicted protein MopA showed significant levels of homology to reductase proteins implicated in aromatic and aliphatic catabolism, and contained motifs recognized as binding the ADP and flavin moieties of FAWNAD. Northern hybridization experiments determined that mopA and mop8 are cotranscribed, but expression was only seen in cells grown o n 4methylphthalate and not in cells grown on closely related structural analogues, including phthalate. mopA and mopB may be situated a t the 3’ terminus of a cistron about 10 kbp in size. The isolation and characterization of a 4-methylphthalatc permease gene may lead to the identification of other permeases involved in bacterial biodegradation processes and possibly the construction of strains with enhanced degradative abilities. 1



Keywords: Rtrrkholderia (Pxetrdomonas), phthalates, gene organization, phthalate-specific permease



INTRODUCTION Phthalate wastes are discharged into the environment by the plastics, paper and paint industries. Phthalates can accumulate at air-water interfaces and reach toxic levels in the tissues of animals that feed at such interfaces, and so ...., .., , .., .., , ......, ...... , , .. . , , , .., .. ..... , ..... ..... ..... , ..... , ...... ..... , ..... , , .... , ..... , , ..... , ..... , , .., . , , ..... . . ....., .... . . . ..... The Cooperative Research Centre for Water Quality andTreatment, Australian Water Quality Centre, Bolivar, SA5108, Australia.
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Abbreviations: DIG, digoxigenin; MCS, multiple cloning site. The GenBank accession number for the sequence reported in this paper i s U29532.
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their presence in the environment is of some concern (Autian, 1973; Peakall, 1975; Keith & Telliard, 1979). Studies OR the genetics and biochemistry of phthalate degradation by micro-organisms may result in improved biodegradation of industrial wastes prior to environmental release arid the conversion of such wastes to useful intermediates for the organic synthetic chemicals industry.



Aerobic phthalate degradation appears to proceed via phthalate dioxygenase, consisting of phthalate oxygenase and phthalate oxygenase reductase, and a dehydrogenase, yielding 4,5-dihydroxyphthalate in Psctldomonas fl.mr*escens (Pujar & Ribbons, 1985), Psezldomonas te~taste~ont (Naka-
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zawa & Hayashi, 1977) and Cornamonasacidouorans (Dutton et at., l995>, or 3,4-dihydroxyphthalate in ~Vi~rucocc~.r sp. (Eaton & Ribbons, 1982). The products are subsequently decarboxylated to yield protocatechuate, which is further converted to amphibolic intermediates via an orthhocleavage pathway. Anderson (1980) isolated a soil pseudomonad capable of the degradation of 4-methylphthalate, 4-hydroxyisophtbalate and phthalate. Through enzyme assays and analysis of mutants which accumulated pathway intermediates, a tentative pathway for 4-methylphthalate degradation was proposed (Anderson, 1980 ; Saint, 1986). A 4-methylphthalate 2,3-dioxygenase followed by a dehydrogenase convert the substrate to 2,3dihydroxy-p-toluate, which is subsequently subjected to meta-cleavage at the 3,4 position. The ring cleavage product is [hen decarboxylated and converted to tricarboxylic acid cycle intermediates. The ability to utilize 4-methylphthalate (Mop) was unstable and Mop- derivatives were also found to have lost the ability to utilize 4hydroxyisophthalate (Hip) but retained the ability to grow on phthalate. Subsequently the ability to utilize 4-methylphthalate and 4-hydroxyisophthalate was demonstrated to be plasmidencoded (Saint & Ribbons, 1990). The plasmid was sized at between 226 and 232 kbp and PUIop' and Hip' phenotypes could be reintroduced to an isogenic cured (pMOP-) derivative of the wild-type isolate Burkbolderia cepacid Pc701. Transposon mutagenesis with T n I produced a Mop- €lipf derivative of B. cepacia Pc701, termed B. cepacia Pc704. It was confirmed that ' r d had inserted into a 2.1 kbp HindIII-derived fragment of pMOP in this isolate. A partial Hind111 digestion of pMOP was performed and the resultant fragments were cloned into pKT230. One recornbinant, pCS1 (pMQP1000), was able to restore a Mop' phenotype to B. ctpzcia Pc704 by complementation, and was found to contain two contiguous HivadllI fragments of 2 3 and 2.1 kbp derived from pMOP. This was the first report of genes involved in the catabolism of phthalates being plasmid-encoded, although subsequently Nornura s t al. (1990) and Dutton ef a/. (1995) have described large plasmids involved in phthalate catabolism in Pse~dumona~ p ~ t i d aand C. a d o voram, respectively.



In this paper, we report the entire nucleotide sequence of a pMOP-derived 4-4 kbp insert in pMOP1000. We present evidence that the region involved in complementation encodes a 4-rnethylphthalate/phthalate-specif~ permease and identify an ORF upstream which may encode a 4methylphthalate reductase. To our knowledge, this is the first molecular and functional demonstration of a perrnease involved in aromatic uptake as a prelude to catabolism. METHODS Bacterial strains and plasmids. The Aurkholdtria cepucia and Escberichia C Q I ~strains and the plasmids used and constructed during the course of this study are detailed in Table 1. Chemicals and enzymes. All chemicals were of analytical grade and purchased from BDH, Sigma or Boehringer Mannheim
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unless otherwise indicated. Restriction endonucleases and other DNA- and R N A-modifying enzymes and kits were purchased from Boehringer Mannheim unless otherwise indicated. Media and culture conditions. L agar and L broth were prepared according to Sambrook e t al. (1983). F o r growth of B. cefiacka strains, solid and liquid minimal media were prepared according to Eaton & Ribbons (1982) and carbon sources were added to a final concentration of 5 mM from a 500 mM sterile stock solution. E. coli hosts containing plasmid clones were maintained on L agar containing ampicillin (100 pg ml-l) for derivatives of pKK233-3 and pUC18, and L agar containing streptomycin (25 pg mi-') or kanamycin (20 pg ml-l) for pKT230 derivatives. Where pRK311 was used for cloning, E. coli recombjnants were maintained on L agar containing tetracycline (10 pg m1-l). Complementation studies. Bacterial conjugations were carried out as previously described (Saint ef al., 1990). E. coli recombinants containing either pMOP1210 or pMOP1211 were transformed with pMOPl10O or pMOPl101 using standard techniques (Sarnbrook e t al., 1989). Transformants were selected on LB agar incorporating 25 pg streptomycin rn1-l. Colonies were subsequently tested for retention of either pMOP1210 or pMOP1221 by growth on LB agar containing 10 pg tetracycline ml-'. Transformants containing one o€ these two plasmids and pMOP1100 or pMOP1101 were used in triparental filter matings with E . coli(pRK2013) and B. cepaciu Pc704. pRK2013 provides mobilization functions which permit transfer of the recombinant plasmids into B. cepacia Pc704. Selection for transconjugants was made on minimal medium containing 4-methylphthalate, Other cumplementation studies involving pMOP1300, pMOP1400 and pMOPl730 were carried out using similat methods ; however, E. cali DH5a(pNJSOOO) was used in place of DHh(pRK2013) to provide mobilization functions. Transfer of pMOP1000 from E. coli DH5g to B. cepacia Pc704 was employed as a positive control in a11 of these experiments. Plasmid DNA extraction and manipulation. Plasmid DNA for restriction enzyme analysis and subcloning was extracted from E . c d i hosts by the alkaline lysis procedure described by Sambrook e t ul. (1989), with the addition of the phenol/ chloroform extraction step. In addition, where DNA was to be used for cloning procedures, a final RNase treatment was employed. RNase stock (10 mg ml-') (in 10 mM Tris/HCl, 1 rnM EDTA, pH 8) was added to a final concentration of 1 pg ml-' and the sample was incuhated at 37 "C for 20 min. Restriction endonuclease digestion, treatment with calf intestinal phosphatase and ligation with T4 Iigase were all performed in the buffer provided under the conditions specified by the manufacturer. O n occasion, DNA fragments were gelpurified and extracted using Geneclean (Biolab 101) following the manufacturer's protocol.



pMOP1430 was constructed using the €allowing protocol. pKK233-3 contains two BnmHI sites; one is upstream of P,,, and the other is within the multiple cloning site (MCS). pKK233-3 was partially digested with BamHI, and singly c u t vector gel purified and recovered using Geneclean. The recovered DNA was then digested to completion with EcuRI, purified and ligated to a 3.5 kbp BarnH1-EcoRI fragment of pMOP1420, which included map3. Ligation into the MCS downstream of Ptac was confirmed by digestion with ,Tall. pMUP1430 yields a 1 kbp fragment when digested with SaA. DNA-RNA hybridization. B. cepacict Pc701 was grown on minimal medium containing 0.05 'Yo (w/v> Casamino acids and the appropriate carbon source at 5 mM concentration. A 5 mI starter culture was inoculated and grown overnight at 37 "C with shaking. This culture (2 ml) was used to inoculate 200 ml
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Table I . Bacterial strains and plasmids Strain or plasmid



Strains Escherichia coli JMlO5



DH5a



Description



Source/reference



tbi rpsL endA s b d I5 asdR4 mpE A ~ u G - ~ Y v AFB' (traD36 pruAB' lacP hcZAM15) F- e n d 4 I hsdR 17 (r; rn;) thi- I r e c A I gyrd496 re/-4lQ8UdlacZAM 15



Bu rkhojder ia cepacia Pc701 Mopr Hip ', pMOP Pc704 Mop- Hip', pMOP : :T n I (Ap")



Plasmids pRK2013 pNJ 5000 pKT230 pRK3 11 pWSK29 pKI(233-3



pUCl8 pMOPlO00



pMOPl100



pMOP 1 101



p h I 0 P 12 10 ph/lOP1211 pMOPl300



pMOP1400 pMOPl800 pMOP1730 pMOP1120 pMOPlZ20 pMOP1250



pMOPl420 phIOP1430



Ptiu



Figurski & Welinski (1979)



ApR hCz 2.3 and 2.1 kbp Hind111 pMOP fragments in KT230, Srnn Km', formerly pCSl 2-3 kbp Hind111 fragment from pMOPlO0O in pKT230, SmR Kms, formerly pCS4 pMOPl100 insert in reverse orientation in pKT230, SmR Km", formerly pCS5 2.1 kbp Hind111 fragment from pMOPl000 in pRK311, TcR phlOP1210 insert in reverse orientation in pRK311, TcH 3.3 kbp XhoI fragment from pMOPl(IO0 in pKT230, Km' SmR 4-85 kbp EcoRl fragment from pMOPlO00 in pKT230, SmS KmR 1-2 kbp EcaRI-XbuI fragment of phfOPlOO0 in pWSK29, Ap" 1.2 kbp XhoI-SmaI fragment from pMOPl800 in pKT230, Kms SmR 2-3 kbp Hind111 fragment of pMOPlO0O in pUCl8, ApR 2.1 kbp Hind111 fragment of pMOPlO00 in pUC18, ApR 1.2 kbp XhoI-EcoRI fragrnenc of ph-iOP1000 cloned Into the EcaRI-Sad site of pUC18, Ap" 485 kbp E'coRI fragment of pRiiOPl000 in pUCl8, h p R 3-5 kbp BQVZHI-EGURI fragment of pMOP1420 in pKK233-3, hpR



medium in a 500 ml conical flask, which was incubated with shaking at 37 "C. In initial experiments, samples were taken at early- (ODeoo= 044), mid- (OD,,, = 0.15) and late-exponential phase (OD,,, = 0.41, rapidly cooled on ice and ccntrifuged at 3000 g for 10 min at 4 "C. Cell pellets were resuspended in 200 ml 100 m M phosphate buffer (pH 6.8) at 4 O C and recentrifuged. Pellets were frozen at - 70 "C until used, For slot blot experiments, cells were routinely harvested at an OD,,, of 0.3. Total liNA was extracted from cell pellets using the RNeasy



protocol incorporating spin column purification (Qiagen), Pellets were adjusted s o that approximately 10' cells per extraction were used. The final elution volume was 40 pl diethyl pyrocarbonate (DEPC)-treated water. DNase treatment was performed by adding 1 pl(1 U)DNase (Promega), 1 pl RNAsin (Promega), 4.7 pl 10 x DNase buffer (I00 mM MgCl,, 200 mM Tris/HCl, pH 8.0) and incubating for 45 min at 37 "C. If at this stage RNA required concentration, this was achieved by ethanol precipitation and the vacuum-dried pellet was resu spended in DEPC treated water.



Bethesda Research Laboratories Saint & Ribbons (1990) Saint & Ribbons (1990)



RK2 derivative, KmR Mob Tra RP4 derivative, TcR Mob Tra Jim" SmR TcR lacZ cos ApR /acZ



*PR



Yanisch-Perron et at. { 1985)



Grinter (1 '383) Bagdasarian ef a/. (1981) Ditra et ni. (1385) Wang & Kushner (1991) Brosius Bi Holy (1984) Yanisch-Perroii ~t d (1385) Saint & Ribbons (1990)



This study



For Norrhern transfer following gel electrophoresis of samples, RNA was electrophoresed through formaldchyde agarose gels ' nylon in appropriate buffer (Sambrook e t al., 1983). Hybond N membrane (Amersharn) was used for all experiments. A Minifold I1 system (Schleicher and Schell) attached to a vacuum pump was used for slot blot analysis and the procedure of sample preparation and transfer was essentially as described bv Sambrooh tt a/. (1989). Prehybridiaation and hybridization buffer consisted of 7 /o' (W/V-> SDS, 50 YO(v/v> fxmamide, 5 x SSC (75 m M sodium citrate, 750 m M sodium chloride), 2% (w/v> blacking reagent, 0.1 YO X-lauroylsarcosint: and 0.1 % ( v / v > sodium phosphate, pH 7-0.



DNA probes were prepared by PCR incorporating digoxigenin (DIG)-dUTP. A standard reaction consisted of: 10 ng template DNA, 18 p1 4 mM dNTP solution [prepared from stocks of dCTP, dATP, dGTP and dTTP (100 mmoi I-')], 2 pl DIGDNA labelling mixture [dATP, dCTP, dCTP (0-65 mmol I-'> ; 0-35 mmol DIG-dUTP l-'], 10 pi 10 x PCR reaction buffer, oligonucleotide 1 (I00 pM), oligonucleotide 2 (100 pM), 1 U 7'aq DNA polymerase and double glass-distilled water to 100 PI, 2409



~
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For the internal probe to mupA, the template was pMOP1120 and oligonucleotides were mopAF (GGCGAGATTATGATGCTCGG) position 898-91 7, and mopAR (TCCGGAAGG ATGCTCGAXCG), position 1652-1671. For the probe to mops, the template was pMOPl420 and oligonucleotides were mopBF (AGCTTTTGAAACCTCGCAGG), position 21 972216, and mopBR (CGAAGGCGAGGCAGAGATAG), position 3463-3482. PCR was performed under the following conditions: 94 "C 1 rnin, 55 "C 1 min, 72 *C 1 min, 30 cycles; 94 "C 1 min, 55 "C 1 min, 72 "C 5 min, 1 cycle. Reactions yielded fragments of expected size and control reactions lacking DIG-dUTP yielded identical fragments which, when analysed by restriction digcstion, confirmed the correct regions had been amplified. DIG-dUTP-labelled products were electrophoresed through low -melting-point agarose and the relevant band was excised and boiled for 15 min before being added direcily to the hybridization solution. Approximately 1 pg of labelled probe was used per hybridization, Following hybridization at 65 'C for 16 h, membranes were subjected to t ~ washes o in 2 x SSC, 0.1 YO(w/v) SDS for 5 rnin at room temperature, followed by two washes in 0.1 x SSC, 0.2 % (w/v) SDS for 15 rnin at 65 "C. Detection of hybridization was performed using a DIG chemiluminescent detection kit according to the manufacturer's protocol, using disodium 3-(4-methoxyspiro{1,Z-dioxetane-3,2'-(5'chloro)tricycl0[3.3.1. l33']decan}-4-yl) phenyl phosphate as the substrate. Primer extension analysis. RNA extracted from cells used in the Northern blotting experiments was also used for primer extension studies. Two oligonucleotides were designed to bind just downstream of the putative translation start codons of mopA (GATTGGTTGAGTGGTACG), position 797-814, and mop3 (CTGCGAGGTTTCAAAAGC), position 21 38221 5. End-Iabclling of oligonucleotides and primer extension reactions were performed using a kit according to the manufacturer's instructions (Promega). Fifty micrograms of total RNA from B. cepacia Pc701 was used in each reaction. Aromatic uptake assays. E.coli JMl05 containing pKK233-3 o r phIOP1430 was grown in hf9 minimal medium (Sambrook et al., 1989) containing 0.05 % (v/v) Casainino acids, 10 pg thiamin ml-' and 5 mM sodium succinate. Initially 5 ml starter cultures were grown overnight with shaking at 37 "C. Two rnillilitres of culture was added to 200 ml of €resh medium in a 500 ml conical flask and the culture was incubated at 37 "C with shaking until an OD,,, of 0.6 (late-exponential phase) was reached. Cells were collected by centrifugation at 3000g for 10 min, and the pellet was resuspended in 40 ml M9 minimal medium containing 2.5 mM sodium succinate and the relevant aromatic substrate at a concentration of 50 pM. The culture was shaken at 37 "C for 1 h. IPTG was then added to a final concentration of 100 ph/L Samples (1.5 ml) were removed at 10 min intervals, rapidly cooled on ice, centrifuged at lG0OOg for 2 min at 4 "C, and the supernatant was scanned directly between 190 and 300 nm using a Variant DMS 1005 model UV/visible spectrophotometer. Disappearance of ammatic substrate from the medium was revealed by a reduction in absorbance at approximately 210 nrn.



DNA sequencing. Sequencing was performed using an Applied Biosystems 373A DNA sequencer and raw data were collected using the manufacturer's software installed on a Macintosh system. D N A extraction and sequencing reactions were performed using a PRISM ready reaction DyeDeoxy terminator cycle sequencing kit, according to the manufacturer's protocol. Plasmids pMOP1120, pMOPl220 and pMOP1250 were used to acquire sequence data. pUCl8 forward (5'-TGTAAAACG-
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ACGGCCAGT-3') and revcrse (5'TAGGAAACAGCTATGXC-3') primers were used, along with a series of 18-mers



designed to 'walk' along the cloned DNA in both the forward (F) and reverse (R) directions to complete the sequence of both strands. The coordinates of these oligonucleotides were as follow^ : 207-2241;) 207-224R) 532-549F, 575-592R, 559-576F, 924-941F, 885-902R, 902-919R, 1198-1215F, 1242-1259R, 1548-1 565R, 1815-1 832F, 1 8 5 M 867R, 1833-1 85OF, 21122129F, 2139-21 56F, 2262-2279R, 2550-2566F, 2897-2914F, 29@1-2918R, 3192-32@9R, 3198-3215R, 3206-3223F, 36133629F, 3614-3631R, 3980-3997F, 3980-3997R.



Computer analysis. DNA sequence contigs were constructed using GeneJockey I1 (Biosoft) and screening of the sequence for secondary structure and possible promoter sequences was carried out using The DNA Inspector IIe program (Textcoj. Primers for PCR were designed using the Amplify I program (Unjversity of Wisconsin, USA). Examination of proteins by BLAST, Clustal V, Scrutineer (Sibbald & hrgos, 1990), the algorithm of Kyte & Doolittle (1982), and the Almn program of Kaneshisa (1982) was performed via the Australian National Genornic Information Service (ANGIS) facility a t the University of Sydney. BLAST analysis was performed at high stringency using a single-letter match score of 5, single-letter mismatch score of -4 and word size (ktup) of 5 (Altschul et- af., 1990j.



RESULTS AND DISCUSSION Subcloning and complementation analysis



A series of subclones containing regions within the 4.4 kbp insert of phfOP1000 was constructed in pKT230



and pRK311 and introduced into B. ~ t p c i aPc704 by conjugation. Fig. 1 shows these plasmids and their varying ability to restore a Mop+ phenotype. We previously reported that plasmids pCS2-5, containing either the 2.1 or 2-3 kbp Hind111 fragment in either orientation in pKT230, could not complement B. cepacia Pc704 (Saint & Ribbons, 1990). W e cloned the 2.1 kbp fragment in both orientations into pRIC311 to give pMOP1210 and plc10P1211. pKK311 is compatible with pKT230; therefore pMOP1210 and pMOP1211 were mobilized to B. cepacia Pc704 along with either phlOPl100 or pMOPl101. None of the four possible Combinations resulted in complementation. This confirmed that a region spanning the central Hind111 site of pMOPl000 was essential for complementation. h 3.3 kbp Xbol fragment of pMOP1000, containing the 2.3 kbp Hind111 fragment and 0.5 kbp of the 2-1 kbp HifidIII fragment, was cloned into pKT230 to give pMOP1300 (Fig. 1). By digestion of pMOPlOOO with EGuRTand ligation oE the resulting 4.8 kbp fragment into pKT230, all the 2-1 kbp Hind111 fragment and 700 bp of the 3' region of the 2.3 kbp Hind111 fragment were cloned to give pMOP2400. A region of 1.2 kbp bounded by EGoRI and XhoI sites and encompassing the central HiBdlIl site was cloned into pYVSK24 to give pMOP1800. The MCS of pWSK29 allowed this region to be conveniently excised on a SmaI-XboI fragment and subcloned i n t o pKT230 to give pMOP1730. Neither pMOPl300 or pMOP1730 restored a Mop' phenotype to B. c e p i a Pc704, whereas pMOP1.100 did. This defined the start of the complementing region, with respect to Fig. 1,
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as downstream of the EcaRI site and running into the 2.1 kbp Hind111 fragment beyond the XhoI site. Both the 2-3and 2.1 kbp Hind111 fragments and the central 1.2 kbp EcoRI-XhoI region were cloned into pUC18 to give pMOPl120, pMOP1220 and pMOP1250, respectively. Initial sequence analysis was performed on pMOPl25O and pMOPl220, which encompass the compkmenting region, followed by pMOP1120, to complete the entire sequence of the original pMOPlOOO insert.



Identification of mopA and mopB Fig. 2 shows the complete nucleotide sequence of the insert in pMOPl0OO derived from pMOP. There are three predicted ORFs, which appear to be transcribed from left to right with respect to pMOPlOOO (Fig. 1). The first ORF is incomplete and terminates at position 774. The putative translated product showed significant homology to PdxA, a pyridoxal phosphate biosynthetic protein of E. c d i (Roa e t a/., 1989). There was 54% similarity and 32% identity over the complete translated region of ORFZ. p d x A encompasses approximately I kbp DNA, producing a polypeptide of 35-1 kDa in size (Roa e t d., 1989). If ORFl is of comparable size, then we estimate that between 200 and 300 bp of the 5' end are missing from pMOP1000.



ORF2 begins 13 bp downstream of ORFl and there is a putative Shine-Dalgarno sequence, AGGAG, 8 bp upstream of the putative ATG start codon (Shine & Dalgarno, 1975; Fig. 2j. The predicted polypeptide is 431 amino acids in length and has a predicted molecular mass of 45.6 kDa. Predicting functionality for this protein was done by alignment with known proteins from the sequence database and the identification of motifs of known function. A BLAST analysis of the putative translated product of ORF2 revealed significant homologies to reductase proteins of both aromatic and aliphatic degradative pathways: 33 % identity and 47 YO similarity to TodA, a reductase component of P. pztfida toluene 1,2dioxygenase (Zylstra & Gibson, 1989); 31 % identity and 47% similarity to BphA, a reductase component of biphenyl dioxygenase from P~e~dornopzas psez.iducn%aligenes (Ericksan & Mondello, 1902); 31 % identity and 45 %



Fig- 1. pMOPlOOO and i t 5 subclones. Insert DNA is represented by a line, vector pKT230 by an open box and vector pRK311 by a hatched box. Arrows denote the direction of transcription from the vector promoter. The ability of each plasrnid t o restore a Mop' phenotype to B. cepacia Pc704 is indicated in the right-hand column. The subsequently mapped positions of mopA and mopB and their direction of transcription are indicated by arrows above pMOP1000. H, Hindlll; E, EcoRI; X, Xhol.



similarity to BedA, the reductase component of benzene dioxygenase from P. p t i d d hflL 2 (Tan e t al., 1993) ; 31 identity and 43% similarity to TerA, a terpredoxin reductase from Psedomonas sp. (Peterson ef a/., 1992) ; 30 % identity and 42 Yo similarity to CamA, an NADHputidaredoxin reductase involved in camphor metabolism in P . p ~ t i d a(Koga e t at., 1989); and 26 % identity and 38 96 similarity to AlkT, the rubredoxin reductase component of alkane hpdroxylase from Pseudomunas oleovorans (Eggink ef a/., 1990). We have called ORF2 mopA and refer to its putative protejn product as MopA. There are two conserved motifs which are associated with reductase proteins. The first is GXGX2GX,AX6G (where X is any amino acid), which forms a fold responsible for binding the ADP moiety of FAD or NAD (LVierenga e t d., 1985). The second consensus is TX,AXGD, which is responsible for binding the flavin moiety of FAD (Eggink e t d., 1990). When a Clustal V alignment of MopA was performed with the six reductases showing high homologies, three conserved regions were identified in MopA. The first was at the N-terminal end between amino acids 17 and 33, followed by a second region between amino acids 159 and 175. Both these regions match the FAD and NAD consensus motif, respectively, except that an alanine replaces the third glycine in the first motif. A third motif situated between amino acids 274 and 281 matches the second consensus, known to bind the flavin moiety of FAD.



We investigated further the presence of an alanine in place of glycine in the first motif. The third conserved glycine is considered important to allow for a close interaction between the #strands I and the a helix (Wierenga c t a/., 1985).Wierenga etaL (1986) went on to propose that these three glycine residues are strictly required for NAD- or FAD-binding pa/? units. Eggink c t al. (1990) found that the second fingerprint, which binds the ribityl moiety of FAD/NAD, was an excellent predictor for FAD-binding oxidoreductases. We examined the Swiss-Prot and PIR databases for proteins which invariably retained the second fingerprint but which contained either glycine or alanine at the third position of the first motif. The analysis was carried out using the Scrutineer program (Sibbald & Argos, 1990). The sequence search tag initially was 241 1
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Fig- 2. For legend see facing page.
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Table 2. Glycine substitution in the ADP-binding moiety of reductase proteins Organism



Protein



Sequence



kscherichia



Glutathione reductase



1 7 4 GAGYIAVELAGVINGLG 190



GSHRECOLI



253 173 174 195 182



GSHR-PEA S15236 S41386 SO8979



Tutic e t a/. (1990)



104 GSGGAAMAAALKAVEQG 120



RDERHA



h k a et a/. (1985)



91 GTGGAAMALALKAVERG 107 105 GSGGAAMAAALKAVEQG 126



JQOl53 MERA-PSEAE



14



GSGAGAFAAAIAARNKG



MERA-STRLI



92



GSGGAAFSAAIKANENG 108



Inoue e t al. (1989) Fox & Walsh (1983) Sedlrneier & Altenbuchner (1992) Laddaga e t al. (I 987)



CO/~



Pea Psendomona.i aevughosu Streptococcus tbrrmopbiltrr Human Mouse JbigelLu Jexneri



Mercuric(1 ) reductase



T h obacilltts firrooxiduns Pseudomonas aeruginosu ,



Escberichia cali



269 189 190 211 198



30



MERA-STAAU



Thioredoxin reductase



152 GGGNTAVEEALYLSNIA 1 6 8



TRXL-ECOLl



135 GGGDSAMEEANFLTKYG 151



S44026



i’viopA



17



Anddopsh tbaldanla Rurkbolderiu cepacia Pc701



GGGYIALEFAGIFNGLK GGGYLAVEFASIFNGLG GAGYIAVEVAGVLNALG GAGYIAVEMAGILSALG GAGYIAVEIAGILSALG



Accession no./reference



Consensus



GAGQAAAAVAKTLRAEG G-G--G---A------G



GXGX,[GA]X,A, and all proteins extracted were then searched with the second consensus sequence, TX,hXGD. The results are presented in Table 2. There are clearly a variety of both prokaryotic and eukaryotic reductases which contain alanine in place of the third glycine in the ADP-binding motif. We found that the second consensus sequence by itself only extracted proteins identified or putatively identified as ferredoxins, reductases or dehydrogenases. Our analysis suggests that the second consensus is the more definitive search tool for the putative identification of reductase proteins, Downstream of mupA there is another ORF which we have termed mop& The ORF is preceded by a putative Shine-Dalgarno sequence and begins with the rare codon GTG (Fig. 2j. mopB is 1347 nucleotides and encodes a predicted protein of 449 amino acids in length and 48-3 kDa in size. Further evidence to suggest that GTG is the start codon of mopB is provided by the position of the Hi;ndIIT site just downstream. Previous subcloning demonstrated that the Hind111 site bisects a gene functional in complementation. The predicted amino acid sequence for the protein encoded by mops shows a proportion of non-polar amino acid residues typical of integral membrane proteins (69.5% Ala, Cys, Phe, Gly,



Greer & Petham (1 986)



Russel & Model (1988)



33



Ile, Leu, Met, Pro, Val, Trp and Tyrj (Culham e t al., 1993). Using the BLAST protein alignment program, the predicted protein showed high overall identity, between 48 and 57%, with several members of a superfamily of symport-type transporter proteins, including E.cali ProP, a proline-betaine transporter (Culham e t d., 1773), E. d i KgtP, a 2-oxoglutarate (a-ketoglutarate) transporter (Seol & Shatkin, 1991), and several citrate-proton symport proteins, namely Citl (Sasatsu e t a/., 1985) and Cit2 (Ishiguru & Sato, 1985) of E . c o l i ; CitA of Jalmonella ~phimw-im (Shimamoto etal., 1991) and CitH of Klebsiella pnezwzoniae (van der Rest e t d., 1990j. Fig. 3 shows a Clustal V alignment of representatives of this group with MopB. Additionally, all the proteins shown were analysed using the algorithms of Kyte & Doolittle (1982) and Kaneshisa (1982) to predict possible hydrophobic membrane-spanning domains. The analysis revealed 12 predicted highly hydrophobic membrane-spanning regions, shown in Fig. 3. The regions were in good agreement with those previously predicted for these proteins. CitA has been found to be a member of a membrane transporter gene superfamily that includes a number of eukarpotic transporter proteins (Maiden e t ul., 1787). Seol & Shatkin (1991) aligned KgtP with CitA, E. culb AraE and the human hepatoma glucose carrier (Gluj. They



Fig, 2. Nucleotide sequence and predicted translation products of the pMOP1000 insert. Some restriction sites are shown for ease of orientation with regard t o the data presented in Fig. 1. Putative Shine-Dalgarno sequences are shown in bold type whilst the positions of primers used for primer extension analysis are underlined. Arrows indicate the positions of inverted repeat sequences which may form a transcription termination signal.
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Fig. 3. Alignment of MopB with members of a family of



bacterial symport proteins. Asterisks indicate identities across all proteins and dots indicate conservative substitutions. Boxed amino acids are those predicted to form hydrophobic transmembrane domains. Motifs which are typical of this class of proteins are indicated. 1, 2 and 3 are motifs described by Culham e t a / . 11993). The duplicated motif described by JessenMarshall et a / . (1995) i s shown underlined within motifs 1 and 3. Kp CitH, K. pneumoniae citrate permease; S t CitA, S. typhirnurium citrate permease; Ec KgtP, E. coli 2-oxoglutarate (x-ketoglutarate)permease; Ec Prop, E. coli proline permease; Bc MopB, B. cepacia 4-methylphthalate permease.
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