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Abstract 

The mobile genetic element, DEH found in Pseudomonas putida PP3 carries a 2-haloalkanoic acid dehalogenase 
structural gene, dehI, and its associated regulatory gene, dehRx. The nucleotide sequence ofdehRi was determined. 
The gene had an open reading frame putatively encoding for a 64 kDa protein containing 571 amino acid residues. 
The protein was similar to previously published sequences of several other cr54-dependent activator proteins. Amino 
acid sequence analysis showed that the deduced DehRI protein clustered with the NifA nitrogenase regulatory 
activator family, and was most closely related, with 47.7% similarity, to a 'NifA-like' deduced partial sequence 
from a plasmid-encoded ORF in Pseudomonas sp. strain NS671, associated with L-amino acid production. The 
domain structure of DehRi was analysed by alignment with other NifA-like and NtrC-like sequences and showed 
a highly conserved central region of approximately 230 amino acids, and a potential DNA-binding domain. No 
homology was detected between the deduced DehRi and other tr54-dependent activator sequences at the N-terminus, 
a result which was consistent with that region being the domain which recognised inducer. 

Introduction 

Pseudomonas putida strain PP3 was isolated from 
a microbial community growing on the herbicide 
Dalapon (2,2-dichloropropionic acid - 22DCPA) 
(Senior et al. 1976). P. putida PP3 produced two dif- 
ferent 2-haloalkanoic acid dehalogenases, DehI and 
DehlI, which catalysed the hydrolytic removal of halo- 
gens from compounds, such as 22DCPA, and relat- 
ed substrates, such as 2-monochloropropionic acid 
(2MCPA) (Slater et al. 1979; Weightman et al. 1979). 
Slater et al. (1985) suggested that the genes encoding 
DehI and DehlI, namely dehl and dehH, were carded 
on one or more transposons. Thomas et al. (1992a) 
confirmed that dehI was present on an unusual mobile 
genetic element, DEH, which inserted at a high fre- 
quencies into target plasmids, such as pWW0 and 
RP4.5. When hybrid plasmids containing dehI were 
transferred to other Pseudomonas putida, P. aerugi- 

nosa and Escherichia coli strains, dehI was regulated 
in a manner identical to the parental strain. These and 
other results indicated that DEH carried a regulatory 
gene, designated dehRi, as well as dehI. 

Thomas et al. (1992b) mapped an 11.6-kb EcoRI- 
G restriction fragment from a derivative of a TOL 
plasmid containing the dehalogenase transposon, 
pWWO::DEH. The position of dehI was determined 
and an adjacent activator gene which regulated deM 
expression was identified by transposon mutagenesis 
and complementation analysis (Thomas et al. 1992b) 
(see Fig. 1). Expression of dehI was dependent on the 
presence of a functional cr 54 polymerase, since it was 
not expressed in rpoN mutants of P. putida (Thomas 
et al. 1992b). A promoter motif of the -12/-24 type 
was identified upstream from the dehI initiation codon 
(Thomas 1990; Topping 1992). These promoters are 
recognized by cr s4 family of sigma factors associated 
with RNA polymerases involved with the expression 
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3.80 4.69 4.97 6.69 

Fig. 1. A physica• map •f part •f the transp•s•n• DEH• sh•wing the re•ati•nship between the 2-ha••a•kan•ic acid deha••genase gene• deh•• and 
its adjacent regulator gene, dehRx. The arrows indicate the direction of transcription deduced from the promoter motifs located within a control 
region designated C. The distances indicated are in kb and are related to a key PstI site located within the complete transposon (see Fig. 2). 

of a variety of metabolic functions in Gram-positive 
and Gram-negative bacteria (Dixon 1986; Th6ny & 
Hennecke 1989; Merrick 1993). Little is know about 
the regulation of dehalogenase genes, and this is the 
first report describing a dehalogenase gene transcribed 
from a tr54-dependent promoter. 

The detailed analysis of the nucleotide sequence of 
dehRi described in this paper provides further evidence 
that the dehalogenase regulatory system is related to 
other o'54-dependent activators. The domain structure 
of the deduced DehRi amino acid sequence is also 
reported and shows similarities with a number of NifA- 
like activators. 

Materials and methods 

Bacterial strains and plasmids 

Pseudomonas putida strain PP3 (DCA s, 2mcpa +, 
DehI +, DehlI +) was isolated from a microbial com- 
munity growing on the herbicide Dalapon (2,2- 
dichloropropionic acid, 22DCPA) (Senior et al. 1976), 
and grown as previously described (Slater et al. 1979). 
Escherichia coli strain JM107 (Yanish-Peron et al. 
1985) was used as the host for all recombinant plas- 
mids and grown as previously described (Thomas et al. 
1992a, b). 

Plasmid pAWT6, derived from priG327, con- 
tained the EcoRI-G restriction fragment of TOL plas- 
mid pWW0 into which DEH had inserted natural- 
ly (Thomas et al. 1992b). Plasmid pAWT43 was 
the vector plasmid pBTacl (Boehringer Mannheim, 
Lewes, UK) with a 4.2-kb HindIII restriction frag- 
ment insert from pAWT6 which overexpressed of dehl 
under tac promoter control. M 13mp 18 phage and plas- 
mid pUC18 (see Sambrook et al. 1989) were prepared 
from E. coli JM107. 

DNA template preparation and DNA sequencing 

Restriction fragments of plasmid pAWT6 were isolated 
from agarose gels using GeneClean II (Stratech, Luton, 
UK) and the manufacturer's protocol, and sequenced 
by both manual and automated procedures. Fragments 
were sonicated for 2 x 60 sec with cooling in a Heat 
Systems W375 sonicator at full power and 42% duty 
cycle (Dr M M Binns at The Animal Health Trust, New- 
market, Suffolk, UK). Klenow fragment of DNA poly- 
merase I (Boehringer Mannheim) and T7 DNA poly- 
merase (Boehringer Mannheim) were used to repair 
the sonicated fragments (Sambrook et al. 1989). The 
fragments were separated on a 1% (w v -])  agarose 
gel and fragments in the range 600 to 900 bp eluted 
from the gel with GeneClean II. Fragments were either 
cloned directly or via EcoRI linkers into M13mpl8 
phage or pUC18 plasmid using standard procedures 
(Sambrook et al. 1989). DNA templates were pre- 
pared for sequencing using a Pharmacia Miniprep Plus 
kit (Pharmacia UK), a phenol/chloroform extraction 
and purification with GeneCleanII, resin according 
to manufacturer's protocol (Stratech). Single strand- 
ed DNA was isolated using the polyethylene glycol 
(PEG) 8000 phage precipitation technique (Sambrook 
et al. 1989). 

DNA templates were sequenced manually using a 
Sequenase II kit (Amersham International, Amersham, 
Bucks, UK) with 35S-dATP label (Amersham Interna- 
tional) and universal or reverse M13 primers, using 
the manufacturer's protocol. Electrophoresis was car- 
ried out at 1500 W (constant power) in 6% (w v -1) 
polyacrylamide gel incorporating 7 M urea. After elec- 
trophoresis the gel was transferred to 3M filter paper 
(Whatman, Maidstone, Kent, UK) and dried slowly 
under vacuum. The dried gel was exposed to X-ray 
film (Fuji, London, UK) at room temperature. 

Sequencing reactions with ALF automated DNA 
sequencer (Pharmacia UK) were carried out using a 
cycle sequencing protocol (Dr T Hawkins, MRC Lab- 
oratory, Cambridge, UK, personal communication). 
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Fig. 2. A detailed physical map showing the detailed arrangement of the regulator gene, dehR1, and the key restriction sites within transposon 
DEH. 

The reaction mixtures of 7 #1 contained: 60 ng double- 
stranded template DNA; 70 mM Tris-HC1 pH 8.9; 
16 mM (NH4)2SO4; 5 ~ MgC12; 7% (v v-  l) DMSO; 
0.25 pmoles fluorescein labelled primer; 0.5 units Taq 
DNA polymerase (Boehringer Mannheim, Lewes, Sus- 
sex, UK), and deoxynucleotides at final concentrations 
of 40 #M each, except the 'stop' deoxynucleotide 
which was added at 10 #M. Dideoxynucleotides were 
added to the following concentrations: ddATP 240 #M; 
ddCTP 100#M; ddGTP 20 #M; ddTrP 200 #M. The 
sequence cycle conditions were: denaturation at 930 C 
for 30 sec, primer annealing at either 550 C for the 
M13 universal primer or 490 C for the M13 reverse 
primer for 30 sec, and extention at 700 C for 72 sec. 
These cycles were repeated 20 times followed by 6 
cycles with denaturation at 930 C for 30 sec and exten- 
tion for 150 sec. When the reactions were complete, 
5 #1 formamide (50% v v-  1) in blue dextran was added 
to each tube and the stopped reaction mixtures taken 
from under the oil to a fresh tube. Sample loading, elec- 
trophoresis and sequence reading using ALF apparatus 
was carried out following manufacturer's instructions 
(Pharmacia UK). 

Synthesis of sequencing primers 

A single concensus sequence was derived from the 
individually sequenced sonicated fragments. Any gaps 
or under-represented regions were re-sequenced using 
DEH specific oligonucleotide primers. These primers 
were manufactured on a PCR-Mate DNA synthesis- 

er (Applied Biosystems Ltd., Warrington, UK) with 
the addition a fluorescein phosphoamidite (Pharmacia 
UK) to allow use of the ALF equipment. When syn- 
thesis was completed the oligonucleotides were flushed 
from the column using fresh, concentrated NH3 solu- 
tion. Deprotection of oligonucleotides was carried out 
overnight at 560 C in theNH3 solution. Purification was 
performed using a NAP- 10 column (Pharmacia UK) in 
accordance with the manufacturer's instructions. The 
concentration of the eluted solution was determined 
from the absorbance at 260 nm and adjusted to 0.14 
A260 unit ml- 1. 

Sequence analysis 

Sequencing data were connected into a single concen- 
sus sequence using the DNASIS computer program 
(Hitachi, Japan). Translations and homology searches 
were carded out using the UWGCG and PHYLIP soft- 
ware available on the SEQNET computer (BBSRC, 
Daresbury, UK). The conserved central region of 
the derived DehRi amino-acid sequence (Fig. 2) was 
aligned with sequences of other tr54-dependent acti- 
vators selected from the GenEMBL and SWISSPROT 
databases, using the CLUSTALV package (Higgins et 
al. 1992). The alignment was edited to remove all 
but the conserved regions and analysed by Neighbor- 
Joining programmes in the PHYLIP (Felsenstein 1989) 
package. 
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CTACGCGAGCAGCTCAATCAGGCTG AAAAAATATCGCCCGCTACGAGTCCGAACTGGAG 

R L Q T R N A T C R L V D S S G K A T R 

CGGCTGCAGACGCGAAACGCAACGTGCAGATTGGTGGATTCGTC TGGA.AAAGCGACAAGA 

C A T S Y T W R T R L A K V D T A L L I  

~CGCGACG~ACACTTGGCGCACACGAC~CC~GGTCGATAC~CA~ACTCATC 

T G E S G V G K E V I A K L V H N E S D  

ACC~C~CGTGC-G~G~.G~A~GCC~.GC~GTACAC~G~AC 

R K E G R L I K I N C G A I P E Q L L E  

C G ~ ~ C C G G C T ~ G A T C ~ G C G C C A ~ C ~ I C ~ C ~ A G  

S E L F G Y E K G A F T G S N K Q G K P  

TC~C~TTTGGCTA~AAAAAGGCGCA~ACCGGATCG~T~GCAGGG~.GCCT 

G L L E L A D K G T L F L D E I G E M P 

GGCC~C~AGC~GC~AC~GGG~.CGCTTTTTCTAGA~GGCGAGA~CCG 

L D L Q V K L L Q V L Q D K T F T R V G  

TTGGACC~C~G~C~TTACAGGTC~CA~AT~CC~AC~G~GC 

G T I T V H V D F R V I A A T N R D L E  

GGCAC CATTACGGTCCATGTTGATTTTCGGGTAATTGCAGCCACGAATCGCGATCTGGAA 

D V S A R A T F R E D L F Y R L S V V P 

GATGTTAGTGCGCGCGCGACCTTCAGAGAAGATCTTTTTTATCGCC TAAGCGTAGTGCC A 

L K V P P L R E R Q E D V V P L L E H F 

CTGAAAGTCCCGCCTCTGCGGGAGCGGCAAGAAGACGTTGTTCCACTTCTGGAGCATTTC 

L A E F N K R H H F S K R F S E G V M Q 

CTCGCCGAGTTTAACAAGCGC CATCACTTTTCTAAGCGATTTTC CGAAGGCGTCATGCAG 

Q L L E H S W P G N V R E L R N L V E R 

CAGCTTTTGGAGCACTCATGGCCGGGCAATGTGAGAGAGCTGCGCAAC CTCGTGGAACGT 

L V V I S P T D I I IG T N S L P E K L A 

TTAGTGGTAATTTCACCCACCGATATCATT GGCACAAACTCACTTCCGGAGAAGCTAGCG 

P G F S E D F S A G L D F Q A A V A A Y 

Fig. 3. Continued. 

251 



252 

1620 CCTGGATTI~CTGAGGACTTCTCTGCAGGCTTGGATTTCCAGGCGGCCGTTGCGGCGTAC 

E R K L A R A A I D K Y G S ]I S E A A K 

1680 GAAAGAAAGCTTGCCCGGGCCGCCATCGACAAGTATGGAAGC ATTAGTGAAGCGGCCAAA 

N L IA I S l E S T V K R I< L R IM D A E A S 

1740 AATTTA GCCATCAGC GAGTCAACCGTCAAGAGAAAGCTGCGC ATGGATGCTGAAGCCAGC 

1800 

D L N A D * 

GATTTGAATGCCGACTAACATCTT 

Fig. 3. Nuc~e~tide and deduced amin~ acid sequences ~f dehR ~. The putative-35~-~ ~ pr~m~ter is indicated with the re~evant bases under~ined. 
The double-boxed residues indicate the conserved central region, corresponding to the domain-C of Th6ny & Hennecke (1989). The boxed 
residues indicate a putative helix-turn-helix motif at the C-terminus of DehRi. 

Results and discussion 

The DNA sequenced in this study was cloned from 
plasmid pAWT5 (= pWWO::DEH) (Thomas et ai. 
1992a). Figure 2 shows the location of dehRt relative 
to dehl on DEH as mapped by Thomas et al. (1992b). 
The data shown in Fig. 3 was obtained from sequencing 
of the central SmaI fragment from 4007 bp to 6564 bp, 
and the overlapping PstI fragment from 4409 bp to 
6910 bp in Fig. 2. 

Figure 3 shows the open reading frame from base 
position 102 whose location and size suggested that this 
was the dehalogenase regulatory gene dehR1. Comple- 
mentation analysis and results from transposon muta- 
genesis reported previously were consistent with this 
region encoding a positive regulatory element (Thomas 
et al. 1992b). The 1716 bases of the open reading frame 
coded for a putative protein of 571 amino-acid residues 
and a calculated molecular weight of 64 kDa. Analysis 
of the DNA sequence flanking the dehR1 identified a 
highly conserved -35/-10 type promoter motif about 
60 bases upstream from the putative translational start 
of DehRi (Fig. 3). 

An alignment of the derived amino-acid sequence 
of DehRi with other ~rS4-dependent activators clearly 
showed that the carboxy- and amino-terminal domains 
were divergent, whilst a central domain of approxi- 
mately 230 amino acids was considerably conserved. 
It has been proposed that this central region, designated 
domain-C by Drummond et al. (1986), is responsible 
for interactions with the RNA polymerase and ATP 

binding (Th6ny & Hennecke 1989; Huala & Ausubel 
1989; Kustu et al. 1991; North et al. 1993). A range 
of genes in a variety of bacteria are known to be con- 
trolled by similar proteins, and the similarity of some 
activators has been shown to allow cross activation. 
Two other trS4-dependent catabolic gene activators, 
DmpR, which regulates the dmp operon associated 
with dimethylphenol catabolism in P putida (Shingler 
et al. 1993; Fernandez et al. 1994), and XylR which 
regulates the TOL plasmid xy/-regulon in P putida (de 
Lorenzo et al. 1991), have 67% deduced amino acid 
similarity over their entire lengths and > 79% in the 
conserved central domain. Fernandez et al. (1994) con- 
structed recombinant organisms in which xyl catabolic 
genes were activated by DmpR, and dmp catabolic 
genes were activated by XylR, thus demonstrating that 
these two proteins were also functionally conserved. 
However, plasmids which expressed NtrC and NifA 
constitutively (kindly supplied by Dr R. Dixon) were 
not able to activate dehl expression when placed in 
trans with a plasmid construct containing intact dehl 
and its adjacent control region (A.W. Topping, unpub- 
lished observations). 

Figure 4 shows a cladogram illustrating the rela- 
tionships between a range of trS4-dependent acti- 
vators. The analysis used to construct the clado- 
gram was based on an alignment of amino acids 
in the conserved central domain highlighted in Fig. 
3. It indicates that DehRi is not closely related to 
XylR (25.6% similarity over 229 residues in the 
C-domain) or DmpR (26.1% similarity over 229 
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~ DmpR-P, sp, 
NifA -Azr.c 

" ~ - " ' "  FixD-R.m 
"" NifA-R./ 

NifA-Rhd.c 
~ VnfA-Azb.v 

NifA-/Cp 
NifA-Azb. v 

HyuR -P, sp. 
RocR-B.s 
R-C.m 

C 

DctD-R.I 
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~ ~  NtrC-Ag.t 
~,,~NtrC-R.m 

I \ N, c-B,.p 
[ ~ -- NtrC-Azs.b 
' ~ NtrC-T.f 

NtrC-K.p 
~'l NtrC-E~c 

~ , ~ m l k . . , ¢ ~  LuxO. V.. h 
TyrR -E. c 

NifA-like 

NtrC-like 

Fig. 4. Ac~ad~gramil~ustratingtherelati~nshipshetweenthed~vedDehR~ami~.acidsequenceandth~se~f~thera54-dependentac~vat~rs. 
The cladogram was produced after an alignment of the conserved central regions (see rex0 of the selected activators using CLUSTALV (Higgins 
et al. 1992) and manual editing. Sequence similarities were determined by the Dayhoff PAM matrix method and Neighbor-Joining using the 
PHYLIP package (Felsenstein 1989).The following sequences were obtained from the GenBank database unless noted: AcoR-A.e; acetoia 
catabolic regulator from Alcatigenes eutrophus (P28614 - SWISSPROT database); AcoR-C.m, acetoin catabolic regulator from Clostridium 
magnum (L31844); DctD-R. 1, C4Micarboxylate transport regulator from Rhizobium leguminosarum (X06253); DehRI-P.p, dehalogenase regu- 
lator from Pseudomonasputida (U237 t 6);DmpR-P. sp, dimethylphenol catabolic regulator from Pseudamonas sp. CF600 (X68033); FixD~R.m, 
nitroguaase regulator from Rhizobium meloloti (X03065); GlaB-E.c, glutamine metabolic regulator from Escherichia coli ($67014); HoxA-,~e, 
hydrogenase regulator from A, eutrophus (M64593); HydG-E.c, hydrogenaseregulator from/~ coli (M28369); HydG-S.t, hydrogenase regulator 
from Salmonella typhimurium (M64988); 'HyuR'-P. sp., hydamoin catabolic regulator from Pseudomonassp. NS671 (Q01265-SWISSPROT); 
LuxO-Vh, luminescence regulator from Vibrio harveyi (L26221); NifA-Azb.v, nitrogenase regulator from Azotobac~er vinelandii (Y00554); 
NifA-Azrc, nitrogenase regulator from Azorhizobium caulinodans (X08014); NifA-K.p, nitrogenase regulator from KlebsieUa pneumoniae 
(X02616); NifA -R./, nitrogeaase regulator from R. leguminosarum (L 11084); NifA-Rhd.c, nitrogenase regulator from Rhodobacter capsulatus 
(X07567); NtrC-Ag.t, nitrogenregulatorfromAgrobacteriumtumefaciens(JO3678);NttC-Azs.b, nitrogenregulatorfromAzospirillumbrasilense 
(X67684); NtrC-Br.p, nitrogen regulator from Bradyrhizobium parasponia (M14227); NtrC-E.c, nitrogen regulator form E. coil (X05173); 
NttC.K.p, nitrogen regulator from K. pneumoniae (X02617); NttC-R.m, nitrogen regulator from R. meliloti (M 15810); NtrC-Zf,, nitrogen regula- 
tor from Thiobac~llus ferrooxidans (L18975); PilR -P.a, fimbriae expression regulator from Pseudomanas aeruginosa (QOO934-SWISSPROT); 
RocR-B.s, omithine aminotransferase regulator from Bacillus subtilis (L22006); Tyr-E.c, tryptophan biosynthetic regulator from E. coti 
(M12114); VnfA-Azb.v, nitrogenase regulator from A. vinelandii (M26752); XylR-P.p, methylbenzoate catabolic regulator from P. putida 
(P06519-SWISSPROT). 
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residues in the C-domain)  or DmpR (26.1% similarity 
over 229 residues in the C-domain),  the only other 0 -54- 
dependent xenobiot ic-degrading gene activators whose 
derived amino-acid sequences have so far been report- 
ed. Indeed, according to this analysis DehRI did not 
cluster with either the Ni fA or NtrC groups. The most 
similar sequence identified from searches of  databas- 
es was that derived from part of  a putative regulatory 
protein encoded by a gene sequence (here referred to 
as hyuR) carried on a plasmid in Pseudomonas sp. 
strain. NS672, associated with L-amino acid biosyn- 
thesis (Watabe et al. 1992). Derived DehRi and HyuR 
sequences showed only 48% sequence similarity in the 
conserved central domain. Thus, whilst  DehRi showed 
some sequence similari ty to other 0-54-dependent acti- 
vators, it  was sufficiently different to suggest that it  
may represent a separate line of  evolution. The sim- 
ilarity of  DehRi to other activator proteins, together 
with previous results which showed DehI production 
to be dependent on the presence of  0 -54 and under pos- 

itive control (Thomas et al. 1992b), led to a search for 
other features which might be associated with regula- 
tion by DehRi. A DNA binding helix-turn-helix motif  
(Dodd & Egan 1990) was identified at the C-terminus, 
and is indicated in Fig. 3. 

It is interesting to note that the G+C content of  
dehRx, at 51.7% over the entire ORF, was significantly 
lower than expected for a Pseudomonas species which 
is reported to average 63% (Normore 1976). Although 
there are no other data available for dehalogenase reg- 
ulatory genes in Pseudomonas spp., Murdiyato et al. 
(1992) and Jones et al. (1992) reported similarly low 
G + C contents for dehalogenase structural genes. Such 
inconsistencies between G + C content of  dehalogenase 
genes and their hosts is consistent with acqusition of  the 
genes by Pseudomonas species from other organisms 
in which they originated, a possibi l i ty  which accords 
with the location of  dehRi (and dehl), on a mobile  
genetic e lement  (Thomas et al. 1992a), 

The sequencing of  dehRi has provided data on the 
mode of  regulation of  a 2-haloalkanoic acid dehalo- 
genase. Al though further work is required to confirm 
the biological  activity of  the identified features, these 
results provide useful information in this important 
area, and should stimulate work on the details of  regu- 
lation in other dehalogenase systems. 

Acknowledgements 

We thank Drs Nick McClure, Paul Rochelle  and Sue 
Hinsull  for their invaluable advice and technical exper- 
tise, and acknowledge NERC and SERC for provid- 
ing studentships for A.W. Thomas and A.W. Topping, 
respectively. 

References 

de Lorenzo V, Herrero M, Metze M & Timmis KN (1991) An 
upstream XylR and IHF-induced nucleoprotein complex regu- 
lates the a54-dependent Pu promoter of TOL plasmid. EMBO J. 
10:1159-1167 

Dixon R (1986) The xylABC promoter from the Pseudomonasputi- 
da TOL plasmid is activated by nitrogen regulatory genes in 
Escherichia coli. Mol. Gen. Genet. 203:129-136 

Dodd IB & Egan JB (1990) Improved detection of helix-turn-helix 
DNA-binding motifs in protein sequences. Nucl. Acid Res. 18: 
5019-5026 

Drummond M, Whitty P & Wootton J (1986) Sequence and domain 
relationships of ntrC and n/fA from Klebsiella pneumoniae: 
homologies to other regulatory proteins. EMBO J. 5:441-447 

Felsenstein J (1989) PHYLIP - Phylogeny Inference Package (ver- 
sion 3.2). Cladistics 5:164-166 

Fernandez S, Shingler V & de Lorenzo V (1994) Cross regulation by 
XylR and DmpR activators of Pseudomonasputida suggests that 
transcriptional control of biodegradative operons evolves inde- 
pendently of catabolic genes. J. Bacteriol. 176:5052-5058 

Higgins DG, Bleasby AJ & Fuchs R (1992) CLUSTALV: improved 
software for multiple sequence alignment. CABIOS 8:189-191 

Huala E & Ausubel FM (1989) The central domain of Rhizobium 
meliloti NifA is sufficient to activate transcription from the R. 
meliloti nifl-I promoter. J. Bacteriol. 171:3354-3365 

Jones DHA, Barth PT, Byrom D & Thomas CM (1992) Nucleotide 
sequence of the strauctural gene encoding a 2-haloalkanoic acid 
dehalogenase of Pseudomonasputida A J1 and purification of the 
encoded protein. J. Gen. Microbiol. 138:675-683 

Kustu S, North AK & Weiss DS (1991) Prokaryotic transcriptional 
enhancers and enhancer-binding proteins. Trends Biochem. Sci. 
16:397-402 

Merrick MJ (1993) In a class of its own - the RNA polymerase sigma 
factor a 54 (aN). Mol. Microbiol. I0:903-909 

Murdiyatmo U, Asmara W, Tsang JSH, Baines AJ, Bull AT & Hard- 
man DJ (1992) Molecular biology of the 2-haloacid halidohydro- 
lase IVa from Pseudomonas capacia MBA4. Biochem. J. 284: 
87-93 

Normore MW (1976) Guanine-plus-cytosine (G + C) composition 
of the DNA of bacteria, fungi, algae and protozoa. In: Fasman 
GD (Ed) Handbook of Biochemistry and Molecular Biology. (pp 
65-240) CRC Press, Cleveland, Ohio, USA 

North AK, Klose KE, Stedman KM & Kustu S (1993) Prokaryotic 
enhancer-binding proteins reflect eukaryote-like modularity: the 
puzzle of nitrogen regulatory protein C. J. Bacteriol. 175: 4267- 
4273 

Sambrook J, Fritsch El 7 & Maniatis T (1989) Molecular Cloning, a 
Laboratory Manual, 2rid edition. Cold Spring Harbor Laboratory 
Press, Cold Spring Harbor, New York, USA 



Santero E, Hoover T, Keener J & Kustu S (1989)In vitro activity of 
nitrogen fixation regulatory protein NifA. Prec. Nat. Acad. Sci. 
USA 86:7346-7350 

Senior E, Bull AT & Slater JH (1976) Enzyme evolution in a micro- 
bial community growing on the herbicide Dalapon. Nature Lon- 
don 263:476-479 

Shingler V, Bartilson M & Moore T (1993) Cloning and nucleotide 
sequence of the gene encoding the positive regulator (DmpR) of 
phenol catabolic pathway encoded by pVI150 and identification 
of DmpR as a member of the NtrC family of transcriptional 
activators. J. Bacteriol. 175:1596-1604 

Slater JH, Lovatt D, Weightman AJ, Senior E & Bull AT (1979) The 
growth of Pseudomonasputida on chlorinated aliphatic acids and 
its dehalogenase activity. J. Gen. Microbiol. 114:125-136 

Slater JH, Weightman AJ & Hall BG (1985) Dehalogenase genes of 
Pseudomonasputida PP3 on chromosomally located transposable 
elements. Mol. Biol. Evol. 2:557-567 

Thomas AW (1990) Analysis of a Mobile Genetic Element from 
Pseudomonas putida which Encodes Dehalogenase Functions. 
PhD Thesis. University of Wales, Cardiff, UK 

Thomas AW, Slater JH & Weightman AJ (1992a) The dehalogenase 
gene dehl from Pseudomonasputida PP3 is carded on an unusual 
genetic element, designated DEH. J. Bacteriol. 174:1932-1940 

255 

Thomas AW, Topping AW, Slater JH & Weightman AJ (1992b) 
Localization and functional analysis of structural and regulatory 
dehalogenase genes carded on DEH from Pseudomonas putida 
PP3. J. Bacteriol. 174:1941-1947 

ThSny B & Hennecke H (1989) The -24/-12 promoter comes of ages. 
FEMS Microbiol. Rev. 63:341-358 

Topping AW (1992) An Investigation into the Transposition and 
Dehalogenase Functions of DEH from Pseudomonas putida 
strain PP3. PhD Thesis. University of Wales, Cardiff, UK 

Watabe K, Ishikawa T, Mukohara Y & Nakamura H (1992) Cloning 
and sequencing of the genes involved in conversion of 5- 
substituted hydantoins to corresponding L-amino acids from the 
native plasmid of Pseudomonas sp. strain NS671. J. Bacteriol. 
174:962-969 

Weightman AJ, Slater JH & Bull AT (1979) The partial purification 
of two dehalogenases from Pseudomonas putida PP3. FEMS 
Microbiol. Lett. 6:231-234 

Weightman A J, Weightman AL & Slater JH (1982) Stereospecificity 
of 2-onochloropropionate dehalogenation by the two dehaloge- 
nases of Pseudomonas putida PP3: evidence for two different 
dehaiogenation mechanisms. J. Gen. Microbiol. 128:1755-1762 

Yanish-Perron C, Vieira J & Messing J (1985) Improved M13 
phage cloning vectors and host strains: nucleotide sequences of 
M13mpl8 and pUC19 vectors. Gene 33:103-119 


